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Abstract
Background  Recent research has postulated that the activation of cGAS-STING-interferon signalling pathways 
could be implicated in the pathogenesis of Alzheimer’s disease (AD). However, the precise types of interferons and 
related cytokines, both from the brain and periphery, responsible for cognitive impairment in patients with AD remain 
unclear.

Methods  A total of 131 participants (78 [59.5%] female and 53 [40.5%] male; mean [SD] age, 61.5 [7.6] years) with 
normal cognition and cognitive impairment from the China Aging and Neurodegenerative Initiative cohort were 
included. CSF and serum IFNα-2a, IFN-β, IFN-γ, TNF-α, IL-6, IL-10, MCP-1and CXCL-10 were tested. The correlation 
between these interferons and related cytokines with AD core biomarkers in the CSF and plasma, cognition 
performance, and brain MRI measures were analysed.

Results  We found that only CSF IFN-β levels were significantly elevated in Alzheimer’s disease compared to normal 
cognition. Furthermore, CSF IFN-β levels were significantly associated with AD core biomarkers (CSF P-tau and Aβ42/
Aβ40 ratio) and cognitive performance (MMSE and CDR score). Additionally, the CSF IFN-β levels were significantly 
correlated with the typical pattern of brain atrophy in AD (such as hippocampus, amygdala, and precuneus). In 
contrast, CSF IL-6 levels were significantly elevated in non-AD cognitively impaired patients compared to other 
groups. Moreover, CSF IL-6 levels were significantly associated with cognitive performance in non-AD individuals and 
correlated with the vascular cognitive impairment-related MRI markers (such as white matter hyperintensity).

Conclusion  Our findings demonstrate that distinct inflammatory molecules are associated with different cognitive 
disorders. Notably, CSF IFN-β levels are significantly linked to the pathology and cognitive performance of AD, 
identifying this interferon as a potential target for AD therapy.

Keywords  Alzheimer’s disease, Interferons, Innate immune, Biomarkers, Neuroinflammation

Brain derived β-interferon is a potential 
player in Alzheimer’s disease pathogenesis 
and cognitive impairment
Qiong Wang1,2*, Shufen Yuan2, Chenxi Wang2, Duntao Huang2, Mengguo Zhang2, Yaxi Zhan2, Feng Gao1,2, Jiong Shi1, 
Allan I. Levey3 and Yong Shen1,2*

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13195-024-01644-z&domain=pdf&date_stamp=2024-12-20


Page 2 of 13Wang et al. Alzheimer's Research & Therapy          (2024) 16:271 

Introduction
The aging population is expanding globally, leading to 
a surge in the prevalence of dementia. It is estimated 
that the number of individuals with dementia will rise 
from 57.4  million in 2019 to 152.8  million by 2050 [1]. 
Alzheimer’s disease (AD), a prevalent form of dementia, 
is marked by progressive cognitive decline that impacts 
various aspects of daily life [2], and is characterized by 
pathological hallmark amyloid plaques and tau-associ-
ated neurofibrillary tangles. Mounting evidence indicates 
that aberrant neuro-immunological mechanisms play 
a role in the onset, progression, and severity of AD [3]. 
However, the key inflammatory cytokines involved in AD 
remain a topic of debate.

Recent studies have highlighted on sterile inflammation 
caused by Cyclic GMP-AMP (cGAMP) synthase (cGAS) 
-stimulator of interferon genes (STING) signaling path-
way in AD mouse models. cGAS recognizes abnormal 
double – stranded DNA from perturbed mitochondria 
[4] and synthesizes cGAMP to activate the STING. The 
activation of STING triggers reactive microglia type I 
interferon (IFN) response, which disturb synapse integ-
rity and plasticity and induced cognitive impairment [5, 
6].

Our recent findings have demonstrated that peripher-
ally dysfunctional CD4 + T cells can induce neuroinflam-
mation by secreting pro-inflammatory cytokines in AD 
patients [7]. Additionally, activated IFN pathways have 
been reported in the brains of various AD mouse models 
[8, 9], and have been confirmed in autopsied brains with 
AD, potentially leading to further neuroinflammation and 
eventual synaptic loss [8]. The blockade of interferon-α/β 
receptor (IFNAR) and microglia-specific Ifnar1 knockout 
alleviate memory deficits in an AD model [10]. Recent 
research has revealed that effectors of the interferon sig-
nalling pathway can regulate Aβ production [11], while 
hyperphosphorylated tau protein mediates cognitive 
impairment through activation of interferon signalling 
[9].

The IFN protein family constitutes an intricate sys-
tem, encompassing biological or chemical inducers, 
toll-like receptors, IFN types, signal transporters, and 
IFN-stimulated genes (ISGs) [12]. IFNs are classified into 
three subtypes: type I IFN (IFN-α, IFN-β), type II IFN 
(IFN-γ), and type III IFN (IFN-λ), which are produced 
by distinct cell types and serve as crucial regulators of 
antiviral responses, antigen presentation, autoimmu-
nity, and inflammation [13–16]. Prior in vitro and in 
vivo studies on AD-related animal models have shown 
that type I and type II IFNs contribute to the develop-
ment of AD pathology and cognitive deficits through 
their effects on microglia [17–21] and neurons [11, 22–
24]. Nevertheless, emerging evidence suggests that acti-
vated type I IFN signalling with diminished type II IFN 

signalling in the choroid plexus correlates with cognitive 
decline in aged mice [25] and AD mouse models [26]. A 
recent study found that anti-interferon treatment led to 
reduced brain atrophy in a tauopathy model [27], further 
supporting the idea that interferon is causally linked to 
neurodegeneration.

While basic research has highlighted the pathologi-
cal significance of IFN pathway activation in AD animal 
models, the specific types and sources of IFNs and related 
cytokines associated with AD in clinical practice remain 
uncertain. A literature review revealed that various cyto-
kines participate in distinct cellular interferon signalling 
responses and may be implicated in the pathogenesis of 
cognitive impairment (Supplementary Fig.  S1). Conse-
quently, further investigations are needed to determine 
the primary types of IFNs and related cytokines that con-
tribute to AD core biomarkers and cognitive impairment 
in patients with AD.

In this study, we leveraged an established AD cohort 
in China [28] to analyse paired CSF and serum levels of 
IFNs and related cytokines, as well as their associations 
with AD pathology, cognitive performance, and brain 
MRI measures in participants at different stages of AD, 
in comparison with normal cognition and cognitively 
impaired participants without AD (Supplementary 
Fig. S2).

Methods
CANDI cohort participants and study design
All participants of the study were recruited from a single 
cohort, the China Aging and Neurodegenerative Initia-
tive (CANDI) [28] from the First Affiliated Hospital of 
USTC, which was supported by the Chinese Academy 
of Sciences. The CANDI cohort was established as a 
research platform, following the 2018 National Institute 
on Aging—Alzheimer’s Association (NIA-AA) recom-
mended β amyloid (Aβ) deposition, pathologic tau, and 
neurodegeneration (ATN) research framework [29], to 
characterize neurodegeneration-related cognitive impair-
ment diseases, including Alzheimer’s disease (AD), mild 
cognitive impairment (MCI), vascular dementia (VaD), 
dementia with Lewy bodies (DLB), frontotemporal 
dementia (FTD), and normal cognition (NC) individuals 
aged between 45 and 85. In the CANDI study, partici-
pants were followed up longitudinally and underwent a 
more comprehensive evaluation every year.

A total of 131 CANDI subjects with clinical informa-
tion, brain MRI, CSF, and plasma biomarkers were rig-
orously selected for this study (Supplementary Fig.  S2). 
The inclusion criteria for AD and MCI due to AD were as 
follows: (1) individuals with cognitive complaints, (2) age 
50–79 years, (3) evidence of AD pathophysiology through 
CSF or PET-CT, (4) clinical dementia rating (CDR) score 
of 0.5, 1, or 2, (5) availability of a caregiver, (6) written 
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informed consent to participate in this study. The exclu-
sion criteria were as follows: (1) other neurological con-
ditions that significantly contributed to the participants’ 
cognitive impairment, such as vascular dementia, Lewy 
body dementia, frontotemporal dementia and seizures 
et al., (2) history of clinically significant organ fail-
ure that made it difficult to participate in this study, (3) 
major depression, bipolar disorder and history of schizo-
phrenia, (4) with acute or chronic immune-mediated 
inflammatory diseases in recent 6 months. The inclusion 
criteria for non-AD-related cognitive impairment were as 
follows: (1) individuals with cognitive complaints, (2) age 
50–79 years; (3) without AD pathology detected by CSF 
or PET-CT, (4) CDR score of 0.5, 1, or 2, (5) availability 
of a caregiver, (6) written informed consent to participate 
in this study. The inclusion criteria for NC individuals 
were as follows: (1) age 50–79 years, (2) absence of cog-
nitive symptoms, as assessed by a specialty physician, (3) 
CDR score of 0 at the first visit, and (4) written informed 
consent to participate in this study. The exclusion criteria 
of non-AD-related cognitive impairment and NC indi-
viduals were as follows: (1) history of clinically significant 
organ failure, such as cardiovascular symptoms, renal 
dysfunction, or hepatic dysfunction, (2) major depres-
sion, bipolar disorder and history of schizophrenia, (3) 
with acute or chronic immune-mediated inflammatory 
diseases in recent 6 months.

The neuropsychological assessment, brain MRI, lumbar 
puncture for AD core biomarkers test and/or 18F-flor-
betapir (AV45) PET imaging were performed on all par-
ticipants. In accordance with the 2018 NIA-AA research 
framework, based on the biomarker profile and cognitive 
stage, individuals were classified as AD (Aβ+ AD, n = 37), 
MCI due to AD (Aβ+ MCI, n = 30), non-AD cognitive 
impairment (Aβ− CI, n = 34), and NC (Aβ− NC, n = 30). 
Aβ pathology positively (Aβ+) was defined by CSF Aβ42/
Aβ40 ratio (cut-off value < 0.0642, n = 60) or AV45-PET 
(n = 61) imaging, which was elaborated in our recent 
work [28].

Blood collection, processing, and storage
Blood samples were collected and processed following 
standard protocols [30]. Regular procedures to obtain 
plasma and serum were established at the Institute on 
Aging and Brain Disorder. The blood samples were col-
lected after overnight fasting, separately in EDTA-K2 
tubes and serum separator tubes. They were then centri-
fuged (2000 g, 4  °C) for 10 min. Afterward, plasma and 
serum were separately aliquoted per 0.2  ml into 1.5  ml 
low protein binding tubes and stored at -80 °C within 3 h 
of collection and until measurements were taken.

CSF collection
Lumbar puncture was performed and CSF samples 
were obtained according to a previously described stan-
dardised operating procedure [31]. The CSF samples 
were collected in the morning in 15 ml sterile tubes after 
overnight fasting during the baseline inpatient period. 
They were then centrifuged (2000  g, 4  °C) for 10  min 
within 2 h and separately aliquoted per 0.2 ml into 1.5 ml 
low protein binding tubes. CSF aliquots were stored at 
-80 °C before analysis.

CSF and plasma core biomarker measurements
CSF and plasma Aβ42, Aβ40, total-tau (T-tau), and phos-
pho-tau (181P) (P-tau) were analysed using commercially 
available Simoa kits (Quanterix, 101995, and 103714). All 
samples and protocols performed according to the manu-
facturer’s instructions and were conducted on the same 
HD-X analyser (Quanterix, USA) at the Neurodegenera-
tive Disorders Research Centre of USTC.

Analysis of IFN-related cytokines
To investigate which subtypes of IFN and IFN-related 
cytokines were associated with the manifestations of 
AD, a multiplex panel were created, including IFNα-2a, 
IFN-β, IFN-γ, TNF-α, interleukin (IL)-6, IL-10, monocyte 
chemoattractant protein-1 (MCP-1), and C-X-C Motif 
Chemokine Ligand 10 (CXCL-10) using a multiplex 
MSD (Mesoscale discoveries) U-plex Biomarker Group 
1 (human) assay (K15067L) [32, 33]. The paired CSF and 
serum from participants were prepared and analysed 
according to the manufacturer’s instructions, using the 
same MSD imager. IFN-α-2a in the CSF and serum was 
not counted because it was lower than the lower limit of 
detection (LLOD).

Analysis of brain magnetic resonance imaging
The baseline brain MRI of subjects was performed within 
1 month after enrollment in CANDI cohort. The MRI 
protocol was elaborated in our recent work [28]. A three-
dimensional (3D) Bravo sequence was processed to anal-
yse the thickness of cortex and volume of brain regions 
using FreeSurfer 6.0 with standard protocol. Some of 
scans were excluded due to unqualified raw data. 109 
available measures from 104 subjects were included in 
this study. The measures were listed in Supplementary 
Table S1.

Human brain samples
Frontal cortices of human brains from patients with AD 
were obtained from the Brain Bank of USTC, which 
applied according to the standard procedure approved by 
the Committee of USTC. The cases used in this study are 
summarized in Supplementary Table S2. The expression 
of IFN-β, IFNAR1 with amyloid plaques, and P-Tau (AT8) 
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were detected by immunofluorescence staining and 
imaged by Confocal Laser Scanning microscope (ZEISS, 
LSM 800). Primary antibodies included anti-IFN-β 
(Invitrogen, PA5-20390, 1:200), anti-IFNAR1(Sigma, 
HPA018015, 1:200), anti-APP (Biolegend, SIG-39320, 
1:1000), and anti-P-tau (Invitrogen, MN1020, 1:100) for 
immunofluorescence. Secondary antibodies used were 
Alexa Fluor donkey anti-mouse 555 and Alexa Fluor don-
key anti-Rabbit 488 (Invitrogen) at a dilution of 1:1000.

The quantification analysis of IFN-β and IFNAR1 was 
detected by western blot according to standard proce-
dures. Primary antibodies used for western blotting were 
IFNAR1 (Abcam, ab124764, 1:1000), IFN-β (Invitrogen, 
PA5-20390, 1:1000) and β-Actin (Proteintech, 66009, 
1:1000). Secondaries used were anti-rabbit HRP (Cell sig-
nalling technology, 7074, 1:5000) and anti-mouse HRP 
(Cell signalling technology, 7076, 1:5000).

Statistical analysis
For each CSF and serum cytokine, the normality distribu-
tion was checked using the Shapiro-Wilk test and visual 
inspection via histograms. CSF Aβ42, T-tau, P-tau, Aβ42/
Aβ40 ratio, IFN-related cytokines, plasma Aβ40, P-tau, 
T-tau, and serum TNF-α, IFN-β, IFN-γ, IL-6, IL-10, and 

CXCL-10 levels did not exhibit a normal distribution, so 
they were log10 transformed for analysis when needed. 
Plasma Aβ42 and Aβ42/Aβ40 ratio demonstrated a nor-
mal distribution. Outliers with indicator levels greater 
than 3 standard deviations above the mean were removed 
from the analysis.

Data are presented as median (interquartile range) or 
mean ± s.e.m unless otherwise indicated. All the tests 
were two-tailed, and p < 0.05 was considered statistically 
significant after adjustment for multiple comparisons. 
Details of the statistical analysis are provided in the cor-
responding Figure legends. Analyses were performed 
using SPSS v.25 (IBM) and Prism 8 (GraphPad). Data 
were visualised using either Prism 8 or R Studio.

Results
Participants’ characteristics
Table 1 summarizes the demographics, CSF, and plasma 
core biomarker levels of the participants. The APOE ε4 
status prevalence varied between Aβ− (NC and CI) and 
Aβ+ (MCI and AD) groups, while the MMSE cognitive 
score decreased in Aβ− CI and Aβ+ groups compared to 
the Aβ− NC group. However, there were no differences in 
age, education, and sex distribution among the groups. 

Table 1  Participants’ characteristics and AD core biomarkers among groups
Aβ− NC
n = 30

Aβ− CI
n = 34

Aβ+ MCI
n = 30

Aβ+ AD
n = 37

p values

Age, yr 59 (54–65) 62 (54–67) 63 (57–71) 61 (54–67) 0.161
Sex, F/M, n 15/15 23/11 16/14 24/13 0.395
Education, yr 6.5 (4.5–10.3) 5.5 (3–11) 9 (7.7–14) 8 (3–11) 0.055
APOE ε4 carriers 2 (6.7%) 3 (8.8%) 16 (53.3%)a, b 22 (59.5%)a, b < 0.001*
MMSE 27.5 (25–29) 16 (4.5–21)a 20 (13.3–23.2)a 11 (4.8–15.5)a, c < 0.001*
CSF biomarkers1

Aβ42, pg/ml 670 (482–871) 479 (297–604) 283 (237–337)a 203 (158–246)a, b < 0.001*
Aβ40, ng/ml 10.3 (6.1–10.3) 7.2 (3.6–7.2) 8.6 (5.8–8.6) 7.8 (3.7–7.8)a 0.027*
Aβ42/Aβ40 0.095

(0.077–0.104)
0.082
(0.071–0.092)

0.042
(0.036–0.050)a, b

0.040
(0.035–0.048)a, b

< 0.001*

P-tau, pg/ml 31 (28–40) 35 (28–41) 102 (79–147)a, b 118 (94–150)a, b < 0.001*
T-tau, pg/ml 79 (63–99) 88 (70–117) 168 (121–255)a, b 183 (122–238)a, b < 0.001*
Plasma biomarkers2

Aβ42, pg/ml 11.9 (8.3–13.7) 11.1 (7.9–12.1) 9.1 (7.6–11.1)a 9.7 (7.8–11.1)a < 0.001*
Aβ40, pg/ml 179 (155–199) 188 (163–207) 177 (163–218) 191 (162–209) 0.860
Aβ42/Aβ40 0.067

(0.060–0.076)
0.060
(0.053–0.068)

0.048
(0.040–0.059)a, b

0.053
(0.045–0.057)a, b

< 0.001*

P-tau, pg/ml 2.1 (1.5–2.6) 1.9 (1.6–2.8) 5.0 (2.7–7.3)a, b 6.6 (4.4-8.0)a, b < 0.001*
T-tau, pg/ml 2.4 (2.0-2.9) 2.5 (2.0-3.5) 2.9 (2.4–4.4)a 2.9 (2.4–3.6) 0.038*
Data are median (interquartile range) except sex and APOE ε4 carriers. p values are derived from ANCOVA adjusted for age and sex and chi-square (sex and APOE ε4 
carriers). 1In CSF biomarker, Aβ42, Aβ40, Aβ42/Aβ40 were missing for six participants in Aβ−NC group, five in Aβ− CI group, one in Aβ+ MCI group, three in Aβ+ AD 
group; p-tau and t-tau were missing for seven participants in Aβ− NC group, three participant in Aβ−CI group, one participant in Aβ+ MCI group, two participants 
in Aβ+ AD group. 2In plasma biomarker, Aβ42, Aβ40, Aβ42/Aβ40 and p-tau were missing in one participant in Aβ− NC, Aβ− CI, Aβ+ MCI group. *Significant values. 
Abbreviations: NC, normal cognition; CI; cognitive impairment; F, female; M, male; yr, years; MMSE, Mini-Mental State Examination; P-tau, phosphorylated tau; T-tau, 
total tau; Aβ42, amyloid-β 42; Aβ40, amyloid-β 40
aSignificant values versus Aβ− NC group
bSignificant values versus Aβ− CI group
cSignificant values versus Aβ+ MCI group
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As anticipated, significant differences were observed in 
the levels of CSF Aβ42, Aβ42/Aβ40 ratio, P-tau, T-tau, 
and plasma Aβ42, Aβ42/Aβ40 ratio, P-tau between the 
Aβ− (NC and CI) and Aβ+ (MCI and AD) groups.

Analysis of IFN subtypes and related cytokines in CSF and 
serum across groups
Figure 1 displays the differences in CSF IFN-related cyto-
kine levels among groups. Significant differences were 
found in CSF IFN-β levels between the Aβ− and Aβ+ 
groups. Specifically, CSF IFN-β levels were significantly 
higher in the Aβ+ MCI (p = 0.005) and AD (p < 0.001) 
groups than in the Aβ− NC group. Additionally, the CSF 
IFN-γ level was significantly higher in Aβ+ AD group 
(p = 0.046) compared to the Aβ− CI group. Interestingly, 
IL-6 levels in the CSF (but not in the serum; Supplemen-
tary Fig.  S3) were significantly elevated in the Aβ− CI 
individuals compared to Aβ− NC (p = 0.016), Aβ+ MCI 
(p = 0.016) and Aβ+ AD (p = 0.005) groups. No other cyto-
kines in CSF and serum displayed significant changes 
between the Aβ− and Aβ+ groups.

Relationship between IFN-related cytokines and AD core 
biomarkers in CSF and serum
To evaluate the impact of IFN-related cytokines on AD 
pathology, we analysed the association between IFN-
related cytokines and AD core biomarkers in CSF (Fig. 2) 
and peripheral blood (Supplementary Fig. S4). In a partial 
correlation analysis adjusted for age, sex, and APOE ε4 
carriers, among these cytokines, only CSF IFN-β showed 
a significant positive correlation with P-tau (r = 0.230, 

p = 0.017) and T-tau (r = 0.237, p = 0.013), and a negative 
correlation with Aβ42/Aβ40 ratio (r = -0.250, p = 0.010), 
indicating a connection between IFN-β and AD core 
pathologies. Additionally, CSF IL-6 and MCP-1 positively 
correlated with the Aβ42/Aβ40 ratio.

Furthermore, we tested the correlation between serum 
IFN-related cytokines and plasma AD core biomarkers 
among the groups (Supplementary Fig.  S4). We found 
that only serum IL-10 (r = 0.235, p = 0.010) and MCP-1 
(r = 0.235, p = 0.009) positively correlated with plasma 
P-tau. These findings suggest that a peripheral AD core 
biomarker, plasma P-tau, may trigger (or link with) a dif-
ferent set of inflammatory markers (such as IL-10 and 
MCP-1).

Association of IFN-related cytokines with APOE ε4 carriers
Research has shown that APOE ε4 plays a critical role in 
neuroinflammation and neurodegeneration in Alzheim-
er’s disease [34]. To investigate the effect of APOE ε4 
status on IFN-related cytokines, we conducted a linear 
regression analysis to evaluate the association of each 
IFN-related cytokine with APOE ε4 status (Supplemen-
tary Table S3). Interestingly, APOE ε4 carriers were sig-
nificantly associated with CSF IFN-β (β = 0.194, p = 0.037), 
IFN-γ (β = 0.232, p = 0.014) and serum IFN-β (β = 0.204, 
p = 0.023), but not with the other IFN-related cytokines. 
As there is a significant association between APOE ε4 
carriers and AD core biomarkers, and AD core biomark-
ers with CSF IFN-β, AD core biomarkers could be a 
mediator of the association between APOE ε4 and CSF 
IFN-β. Thus, we performed a mediation analysis with 

Fig. 1  Comparison of CSF IFN-related cytokines among groups. Dot and violin plots depicting the levels of each IFN-related cytokines in each group. 
Violin plots depict the median (horizontal bar) and interquartile range (IQR, dashed bars). p values are assessed by one-way analysis of covariance adjusted 
for age and sex, followed by Bonferroni corrected pairwise multiple comparisons
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CSF Aβ42/Aβ40 ratio and P-tau as mediators. The effect 
of APOE ε4 carriers on CSF IFN-β was largely medi-
ated by AD core biomarkers, while the direct effect of 
APOE ε4 carriers on CSF IFN-β was no longer significant 
(Supplementary Fig. S5A). Similarly, the effect of APOE 
ε4 status on CSF IFN-γ was partly mediated by AD core 
biomarkers (Supplementary Fig. S5B). Unlike CSF IFN-β 
and IFN-γ, the significant association of serum IFN-β 
with APOE ε4 status was not mediated by AD core bio-
markers (Supplementary Fig. S5C). These results indicate 
that the observed differences in CSF IFN-β and IFN-γ 
with APOE ε4 status may be driven by AD pathology, 

while the difference in serum IFN-β with APOE ε4 status 
may be driven by other factors.

Association of IFN-related cytokines with cognitive 
performance
In the entire sample, only CSF IFN-β showed a signifi-
cant negative correlation with MMSE score (β = -0.230, 
p = 0.011) (Fig. 3A). Furthermore, CSF IFN-β levels were 
significantly higher in cognitively impaired subjects 
(CDR ≥ 0.5) compared to those with normal cognition 
(CDR = 0) (Fig.  3B), suggesting that higher CSF IFN-β 
levels are associated with worse cognitive performance. 

Fig. 2  Correlation analysis of IFN-related cytokines with AD core biomarkers in the CSF. Partial correlations between IFN-related cytokines and AD core 
biomarkers in the CSF, corrected for age, sex, and APOE ε4 status. Red colour indicates negative correlation and blue indicates positive correlation. The 
colour intensity and size of the circle are proportional to the correlation coefficient (r). The crossed cells showed no significant correlations
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When dividing the sample into Aβ− and Aβ+ groups, a 
significant negative correlation between CSF IFN-β and 
MMSE score (β = -0.473, p < 0.0001) was observed in the 
Aβ− groups. However, no significant relationship was 
found between CSF IFN-β and MMSE score in the Aβ+ 
group, which is consistent with the lack of difference 

in CSF IFN-β levels between Aβ+ MCI and Aβ+ AD 
groups. Additionally, in the Aβ− group, CSF IL-6 showed 
a significant negative correlation with MMSE score (β 
= -0.244, p = 0.003), while in the Aβ+ group, MCP-1 was 
significantly negatively correlated with MMSE score (β = 
-0.437, p = 0.002) (Fig. 3A).

Fig. 3  Association of CSF IFN-related cytokines with cognitive performance. Scatter plots and line charts display the association of each IFN-related cyto-
kines in the CSF with MMSE score (A) and CDR score (B) in all individuals. (A) Each point depicts the value of the IFN-related cytokines of an individual and 
the solid lines indicate the regression line for each index in Aβ− and Aβ+ groups. Red circle indicates Aβ− individuals and green indicates Aβ+ individuals. 
The standardized regression coefficients (β) and p values are shown and analyzed using a linear regression model adjusted for age, sex, APOE ε4 status 
and the years of education. (B) The levels of each IFN-related cytokines among subjects with different CDR score. Data are mean ± SEM. p value < 0.05 
means significant
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Moreover, serum TNF-α levels (β = -0.208, p = 0.015) 
were also negatively associated with MMSE score (Sup-
plementary Fig. S6A), primarily in Aβ+ group (β = -0.244, 
p = 0.033). Mediation analysis suggested that the rela-
tionship between serum TNF-α and MMSE score was 
independent of the effect of CSF IFN-β (Supplemen-
tary Fig. S7A) and AD core biomarkers (Supplementary 
Fig.  S7B) on MMSE score. Additionally, serum IL-10, 
an anti-inflammatory cytokine, was significantly higher 
in dementia subjects (CDR ≥ 1) compared to cognitively 
normal individuals (CDR = 0) (Supplementary Fig.  S6B), 
which aligns with the previous finding that IL-10 was 
increased in Aβ+ AD group compared to the Aβ− NC 
group. These results suggest that changes in different 
types of cytokines may correspond to various forms of 
cognitive impairment, particularly CSF IFN-β and IL-6.

Association of CSF IFN-β and IL-6 with brain atrophy
Elevated CSF IFN-β levels were observed in Aβ+ MCI 
and AD groups, and were correlated with AD core bio-
markers and cognitive performance as shown in Figs.  2 
and 3. Since neuron loss related brain shrinkage is also 
a hallmark of AD, we examined the correlation between 
CSF IFN-β and brain MRI measures in these subjects 
using partial correlation analysis adjusting for age and 
sex (data not shown). We found that 13 brain MRI mea-
sures, such as thickness about posterior-dorsal part of the 
cingulate gyrus, supramarginal gyrus, superior parietal 
lobule, precuneus, hippocampus and amygdala (Fig. 4A), 
all negatively correlated with CSF IFN-β (Supplemen-
tary Table S4). Almost all of these cortical atrophies 
were significantly greater in Aβ+ MCI and AD individu-
als compared to Aβ− individuals, except for mid-anterior 
and anterior corpus callosum volume (Supplementary 
Fig.  S8). As expected, we observed that CSF IFN-β was 
inversely associated with all selected measures in brain 
MRI using a linear regression model (Fig.  4B). Further-
more, mediation analysis suggested that the effect of CSF 
IFN-β on brain atrophy (such as hippocampus and amyg-
dala) was largely mediated by AD core biomarkers (P-tau 
and Aβ42/Aβ40 ratio) (Supplementary Fig.  S9). These 
findings indicate that increased CSF IFN-β is involved in 
AD pathology, leading to distinct atrophy.

Additionally, CSF IL-6 levels were elevated in the Aβ− 
CI group and correlated with cognitive performance. 
Similar analysis was performed to examine the correla-
tion between CSF IL-6 and brain MRI measures using the 
above method. Eight brain MRI measures, such as thick-
ness of thalamus, pallidum, precentral gyrus and volume 
of white matter hyperintensity, were correlated with CSF 
IL-6 (Supplementary Table S5). Interestingly, these mea-
sures distinct from those correlating with IFN-β, par-
tially align with the MRI markers indicative of vascular 
cognitive impairment [35, 36], such as whiter matter 

hyperintensities and thalamus atrophy. CSF IL-6 was sig-
nificantly associated with these measures using a linear 
regression analysis (Supplementary Fig. S10). Unlike CSF 
IFN-β, mediation analysis found that the effect of CSF 
IL-6 on these measures was independent of AD core bio-
markers (Supplementary Fig. S11).

Pathological association of IFN-β and IFNAR1 in AD brain 
tissues
Our analysis revealed that CSF IFN-β is significantly 
associated with AD markers, cognitive decline, and cor-
tical atrophy. To further confirm the expression and 
distribution of IFN-β in the brains, we examined the 
expression of IFN-β and IFNAR1 proteins with typi-
cal AD pathology, amyloid plaques (6E10) and p-tau 
(Ser202 and Thr205, AT8), to assess the expression of 
these proteins in autopsied brain tissues with AD. Along-
side the labelling of plaques and neurofibrillary tangles, 
we observed widespread IFN-β expression in AD brains, 
especially in some tangles and plaques regions (Fig. 5A) 
and overexpressed in AD brains (Fig.  5C-D) compared 
to non-AD brains. Additionally, IFNAR1 was extensively 
expressed in both non-AD patient control brains and 
AD patient brains, particularly in neurofibrillary tangles 
regions and plaques regions (Fig.  5B), but without dif-
ference in expression between groups (Fig.  5C-D). This 
is consistent with IFN pathway activation in human AD 
brains [8]. Collectively, these data suggest that the activa-
tion of IFN-β signalling pathway may represent a promi-
nent feature of neuroinflammation in AD patients.

Discussion
In this study, we aimed to identify changes in IFN-related 
cytokines in AD patients using a U-Plex MSD multiplex 
panel. This was the first study to demonstrate that the 
main subtype of IFNs, IFN-β, is significantly higher in 
the CSF of Aβ+ MCI and AD patients compared to cog-
nitively normal Aβ− individuals. Additionally, we demon-
strated that CSF IFN-β levels significantly correlate with 
CSF AD core biomarker levels. Interestingly, we found 
that CSF IFN-β levels are inversely associated with cogni-
tive performance and AD specific brain atrophy in MRI 
scans. Consistently, we observed upregulated levels of 
IFN-β in post-mortem brain tissue of AD patients, par-
ticularly in regions with amyloid plaques and neurofibril-
lary tangles. Overall, our study provides pathological and 
clinical evidence suggesting that CSF IFN-β may contrib-
ute to AD pathology and disease progression.

Prior research has explored the role of type I IFNs in 
cognitive function in various diseases [4, 5, 8, 37, 38]. 
Several studies have shown elevated type I IFNs signal-
ling in amyloid related AD models [5, 8], P301S-tau 
mouse models [38, 39], Down syndrome brain organoids 
[37] and ageing mice [4], which aligns with our findings 
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of increased IFN-β levels in the brains of AD patients. 
This elevation might result from abnormal double-
stranded DNA accumulation due to disease-induced 
mitochondrial damage, activating the cGAS-STING-type 
I interferon pathway [4], promoting neuroinflamma-
tion, synaptic loss, and cognitive impairment. Suppress-
ing type I IFNs pathway activation through inhibiting 

IFNAR or Ifnar1 deletion [10, 38], blocking STING or 
Cgas deletion [5], ameliorating the synaptic loss and 
cognitive impairment. Inhibiting age-induced type I 
IFN-dependent gene expression in the choroid plexus 
promoted neurogenesis and partially rescued cognitive 
function [25]. Furthermore, other forms of cognitive 
impairment have been linked to microbiota-gut-brain 

Fig. 4  Association of measures of interest in brain MRI with CSF IFN-β. (A) Pial view of the regions of measures of interest associated with CSF IFN-β in 
brain from different perspective. (B) Scatter plots representing the association of each measure of interest in brain MRI with CSF IFN-β in all individuals. 
Each point depicts the value of the measures of an individual and the solid lines indicate the regression line for each index. The standardised regression 
coefficients (β) and p values are shown and analysed using a linear regression model adjusted for age and sex. p value < 0.05 means significant
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axis dysregulation driven by microbiome-dependent 
intestinal IFN-γ from Th1 cells of the peripheral system 
[40]. Studies in animal models and our patients highlight 
that chronic type I IFNs signalling plays a role in cogni-
tive impairment, indicating its potential as a therapeutic 
target.

In this study, we also measured several pro-inflam-
matory (TNF-α, IL-6, MCP-1, and CXCL-10) and anti-
inflammatory (IL-10) cytokines that can be regulated by 
IFNs [41]. However, we found no difference in the expres-
sion levels of these cytokines between the Aβ+ and Aβ− 
groups, except for higher CSF IL-6 in the Aβ− CI group 
compared to Aβ− NC and Aβ+ groups.

Higher CSF IL-6 levels were observed in the Aβ− CI 
group compared to Aβ− NC and Aβ+ groups, which is 
consistent with previous findings [42–44]. Longitudinal 
cohort studies have indicated an association between 
elevated plasma IL-6 levels and cognitive decline over a 
10-year fellow-up period [42]. Our data also showed that 
CSF IL-6 negatively correlated with cognition in non-AD 
individuals and was associated with some brain MRI fea-
tures of VCI/VaD. This is consistent with previous stud-
ies that found high levels of IL-6 can cause dysfunction 
in vascular endothelium [45], higher WMH volumes 
[46, 47], involvement in the progression of VCI [48, 49]. 
However, a meta-analysis [50] and recent population-
based cohort studies revealed that IL-6 increase the risk 

of all-cause dementia [51]. Therefore, the cause effect of 
IL-6 levels on VCI and other types of dementia should be 
further validated in high-quality longitudinal cohort and 
basic experimental studies.

APOE, the strongest genetic risk factor for AD, has 
been linked to different inflammatory responses in 
APOE ε4 carriers and noncarriers [52]. Our data showed 
that CSF IFN-β, IFN-γ and serum IFN-β levels were 
significantly higher in APOE ε4 carriers than in other 
genotypes. However, including AD core pathology bio-
markers as mediators altered the results, suggesting 
that the observed differences in CSF IFN-β and IFN-γ 
between APOE ε4 carriers and non-carriers are driven 
by Aβ and tau pathology. This aligns with studies show-
ing that APOE ε4 carriers alone doesn’t directly cause 
neurological damage in AD brain organoids, its interplay 
with AD status accelerates AD pathological changes [53]. 
In contrast, changes in serum IFN-β with APOE geno-
types were not affected by Aβ or tau-related biomarkers, 
indicating that this difference was independent of AD 
pathology. Studies have established a significant associa-
tion between APOE ε4 and hypercholesterolemia [54]. 
However, APOE gene knockout-induced hypercholester-
olemia still activates the cGAS-STING-type I interferon 
pathway [55], implying that variations in serum IFN-β 
with APOE genotypes might be related to hypercholes-
terolemia. Further studies on the relationship between 
periphery lipids and IFN-β could strengthen these 
hypothesis.

We also examined the relationships between IFN-
related cytokines and cognition performance using 
MMSE and CDR scores. After adjusting for age, sex, 
APOE ε4 status, and education years, we found an 
inverse association between CSF IFN-β and cognitive 
performance. The association is consistent with find-
ing from studies animal model studies, which showed 
that type I IFN signalling activation occurs in AD mouse 
models [10, 26], while blocking IFNAR can rescue mem-
ory and synaptic deficits [10]. The subgroup analysis 
revealed that CSF IFN-β levels were significantly higher 
in the Aβ+ group than Aβ− group. However, nonsignifi-
cant correlation was observed between CSF IFN-β and 
MMSE score in Aβ+ group. This aligns with our previous 
findings, which showed nonsignificant difference in CSF 
IFN-β levels between Aβ+ MCI and AD groups. These 
results indicated that while CSF IFN-β may be implicated 
in cognitive impairment related to AD, it does not signifi-
cant link to disease progression.

In addition, we found a significant negative correla-
tion between CSF IFN-β levels and MMSE score in the 
Aβ− group, implying that chronic IFN-β activation may 
contribute to cognitive decline in non-AD patients. 
These findings align with recent research indicating that 
long-term activation of interferon signalling in the brain 

Fig. 5  Expression of IFN-β and IFNAR1 in AD patients’ brain tissues. Exami-
nation of IFN-β and IFNAR1 in AD and non-AD patients’ brain specimens. 
Amyloid plaques are stained with Aβ (6E10, magenta) and neurofibrillary 
tangles with P-tau (AT8, red). Representative amplified confocal images 
of (A) IFN-β (green) widespread expression in neurofibrillary tangle and 
plaque regions; (B) IFNAR1 (green) expressed in neurofibrillary tangle and 
plaque regions; Scale bar: 20 𝛍m. (C) Western blot for IFN-β, IFNAR1 and 
β-Actin using brain tissue lysates from AD patients (n = 12) and non-AD 
patients (n = 8). (D) Ratio of IFN-β and IFNAR1 to β-Actin from C. Data are 
reported as mean ± SEM. Data are analyzed by two-tailed unpaired t-test
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during aging may lead to cognitive deficits [4]. These 
observations suggest that CSF IFN-β may play a part in 
the pathological processes underlying various types of 
cognitive impairment. Additional studies comparing the 
activation of interferon signalling pathways across cog-
nitive disorders and exploring pathological mechanisms 
should be carried out.

We observed an inverse association between CSF 
IFN-β and typical cortical atrophy in AD patients, such 
as superior parietal lobule, hippocampus and amygdala, 
which were similar regions of atrophy to the typical AD 
atrophy subtype reported in the literature [56]. Moreover, 
recent finding demonstrated that imaging of cortical neu-
roinflammation was positively associated with structural 
and functional network disruption [57]. In contrast, CSF 
IL-6 is associated with motor cortex atrophy, thalamus 
and pallidum volume, and white matter hyperintensity 
volume. These associations are comparable to findings 
from community volunteers, showing higher peripheral 
inflammation (IL-6) associated with lower cortical gray 
and white matter, hippocampus volumes [43].

Our study identified subtypes of interferon and related 
cytokines in Aβ+ MCI and AD patients. We discovered 
that CSF IFN-β is causally associated with AD pathology 
and cognitive impairment. In line with our CSF findings, 
IFN-β was primarily upregulated, especially in regions 
near amyloid plaques and neurofibrillary tangles in post-
mortem AD brain tissues. This finding suggests that 
CSF IFN-β may be involved in AD-related cortical atro-
phy, accelerating cognitive impairment. The monoclonal 
antibody antagonist of IFNAR, anifrolumab, has been 
approved for the treatment of systemic lupus erythema-
tosus [58] but have not yet been tested in AD patients. 
Therefore, we can conduct exploratory clinical trials to 
evaluate whether inhibiting the type I interferon response 
could improve AD markers and cognition.

The study has certain limitations. To minimize the 
impact of confounding factors, we strictly screened the 
participants in our CANDI cohort. However, the sub-
groups in this cross-sectional study were relatively small. 
Further research is needed to confirm the role of CSF 
IFN-β in AD pathogenesis using large populations and 
longitudinal cohorts. Additionally, it is crucial to identify 
the specific cells that contain and secrete high levels of 
IFN-β. A thorough investigation into how IFN-β impacts 
AD pathology, such as plaque formation and tau phos-
phorylation, is also essential for future research.

Our study pinpointed IFN-β as the primary isoform of 
interferon in the brain and CSF related to AD. We dem-
onstrated that CSF IFN-β level was significantly higher in 
Aβ+ MCI and AD patients. Importantly, we discovered 
that IFN-β levels are associated with AD core pathol-
ogy, cognitive performance, and brain atrophy. Our 
findings support the hypothesis of targeting the type I 

IFN response, particularly the IFN-β signalling pathway, 
in AD patients with high CSF IFN-β concentrations to 
potentially reverse or slow down cognitive decline.
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