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Abstract
SARS-CoV-2 infection can damage the nervous system with multiple neurological 
manifestations described. However, there is limited understanding of the mechanisms 
underlying COVID-19 neurological injury. This is a cross-sectional exploratory prospec-
tive biomarker cohort study of 21 patients with COVID-19 neurological syndromes 
(Guillain–Barre Syndrome [GBS], encephalitis, encephalopathy, acute disseminated 
encephalomyelitis [ADEM], intracranial hypertension, and central pain syndrome) 
and 23 healthy COVID-19 negative controls. We measured cerebrospinal fluid (CSF) 
and serum biomarkers of amyloid processing, neuronal injury (neurofilament light), 
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1  |  INTRODUC TION

Patients with COVID-19 can suffer from loss of smell, cognitive impair-
ment, encephalitis, stroke, and Guillain–Barre Syndrome (GBS) as well 
as other neurological conditions (Ellul et al., 2020; Helms et al., 2020; 
Mao et al.,  2020; Matschke et al.,  2020; Paterson et al.,  2020; 
Varatharaj et al., 2020). COVID-19 has also been linked to the develop-
ment of cognitive impairment, particularly among hospitalized patients 
(Al-Aly, Xie, & Bowe,  2021; Beaud et al.,  2021; Becker et al.,  2021; 
Meppiel et al., 2021; Miners, Kehoe, & Love, 2020; Romero-Sánchez 
et al., 2020; Taquet, Geddes, Husain, Luciano, & Harrison, 2021; Zhou 
et al.,  2020). It remains unclear if COVID-19 neuropathology arises 
because of direct viral CNS infection or indirectly from the accompa-
nying immune response and resulting hypercoagulability and critical 
illness (Iadecola, Anrather, & Kamel,  2020; Varatharaj et al.,  2020). 
SARS-CoV-2 can cross the blood–brain barrier and infect vascular 
and immune cells, where it may damage the CNS (Cantuti-Castelvetri 
et al.,  2020; Jacob et al.,  2020; Meinhardt et al.,  2021; Neman & 
Chen, 2015; Solomon, 2021; Song et al., 2021; Yang et al., 2021).

Mechanistic links have been reported between COVID-19 and 
Alzheimer's Disease (AD), centered around neuroinflammation 
and microvascular injury (Zhou et al.,  2021). Accumulation of am-
yloid plaques is associated with neurodegeneration, particularly in 
AD (van der Kant & Goldstein, 2015). Neurotoxic β-amyloid (Aβ) is 
formed from cleavage of the trans-membrane amyloid precursor 
protein (APP), by β and 𝛾 secretases. ɑ-secretase releases soluble 
APP (sAPP)-ɑ (large N-terminal soluble fragment) and ɑ-CTF (short 
C-terminal fragment) via the non-amyloidogenic pathway while β-
secretase generates sAPPβ and β-CTF via the amyloidogenic path-
way. CTFs can be further processed by 𝛾-secretase, generating 

Aβ monomers that can self-associate forming toxic Aβ oligomers. 
Although Aβ aggregation increases in the brain in AD and during 
normal aging, Aβ accumulation also accelerates in other contexts, 
including some infections, for example, HIV (Chai et al., 2017). As 
yet, it remains unclear whether COVID-19 impairs APP processing, 
and if so whether this could directly contribute to future neurode-
generation (Abbott, 2020; Miners et al., 2020). Here, we aimed to 
investigate biomarkers of APP processing and how these relate to 
amyloidosis, neuronal injury, astrocyte activation, and neuroinflam-
mation in patients with COVID-19 who manifest clinically apparent 
neurological syndromes.

2  |  MATERIAL S AND METHODS

2.1  |  Subjects

We prospectively recruited patients presenting to University 
College London Hospital between March and June 2020. 
Participants were included if they met both (i) the European 
Centre for Disease Prevention and Control definition of COVID-19 
and (ii) had new neurological symptoms or signs according to 
agreed definitions (Ellul et al.,  2020) within 40  days of sympto-
matic COVID-19 infection. Neurological diagnoses were made ac-
cording to clinical, biochemical, and imaging findings and based 
on internationally accepted criteria. Patients not meeting both of 
these criteria were excluded. These COVID-19 neurological cases 
were compared to neurologically healthy controls, which were 
derived from the healthy aging study from individuals who are 
amyloid and tau PET-negative (non-COVID controls) as previously 

astrocyte activation (GFAp), and neuroinflammation (tissue necrosis factor [TNF] ɑ, 
interleukin [IL]-6, IL-1β, IL-8). Patients with COVID-19 neurological syndromes had 
significantly reduced CSF soluble amyloid precursor protein (sAPP)-ɑ (p = 0.004) and 
sAPPβ (p = 0.03) as well as amyloid β (Aβ) 40 (p = 5.2 × 10−8), Aβ42 (p = 3.5 × 10−7), 
and Aβ42/Aβ40 ratio (p  =  0.005) compared to controls. Patients with COVID-19 
neurological syndromes showed significantly increased neurofilament light (NfL, 
p = 0.001) and this negatively correlated with sAPPɑ and sAPPβ. Conversely, GFAp 
was significantly reduced in COVID-19 neurological syndromes (p = 0.0001) and this 
positively correlated with sAPPɑ and sAPPβ. COVID-19 neurological patients also dis-
played significantly increased CSF proinflammatory cytokines and these negatively 
correlated with sAPPɑ and sAPPβ. A sensitivity analysis of COVID-19-associated GBS 
revealed a non-significant trend toward greater impairment of amyloid processing in 
COVID-19 central than peripheral neurological syndromes. This pilot study raises the 
possibility that patients with COVID-19-associated neurological syndromes exhibit 
impaired amyloid processing. Altered amyloid processing was linked to neuronal in-
jury and neuroinflammation but reduced astrocyte activation.

K E Y W O R D S
Alzheimer's disease, amyloid processing, APP, beta amyloid, COVID-19
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148  |    ZIFF et al.

reported (ethics approval IUSMD 16–60) (Gobom et al.,  2021; 
Paterson et al., 2021). All cerebrospinal fluid (CSF) samples were 
collected in polypropylene tubes and spun, aliquoted, and frozen 
within 24 hours, alongside samples collected as part of standard 
clinical care with written informed consent. All CSF samples were 
SARS-CoV-2 PCR-negative. Subjects' consent was obtained ac-
cording to the Declaration of Helsinki. This exploratory study was 
approved by the Queen Square ethics committee (12-LO-1540) 
and was not pre-registered.

2.2  |  Biomarker collection, analysis, and 
interpretation

CSF sAPPα, sAPPβ (cat. no. K15120E), NfL, GFAp (in-house assays 
as previously described in detail (Gaetani et al.,  2018; Rosengren 
et al., 1992)), TNFα, IL6, IL8, and IL1β (cat. no. K15052D) were meas-
ured by ELISA. For TNFα and IL1β, when samples were below 0.165 
and 0.285 pg/ml, respectively (the lower limits of their assay detec-
tion) the values were truncated. T-tau (cat. no. 230312), P-tau (cat. no. 
230350), amyloid β 1–40 (Aβ40; cat. no. 231524), and 1–42 (Aβ42; 
cat. no. 230336) were analyzed by Lumipulse assays (Fujirebio). The 
Aβ42/Aβ40 ratio was calculated and used as a marker of amyloid ac-
cumulation (Hansson, Lehmann, Otto, Zetterberg, & Lewczuk, 2019). 
Serum NfL (cat. no. 103186) and GFAp (cat. no. 102336) were meas-
ured by single-molecule array (Simoa). All assays except NfL were 
performed using a single batch of reagents (intra-assay coefficient 
of variation was <10%), on randomized samples and blinded to the 
clinical data. In patients with COVID-19, assays were performed at a 
single time point during the acute phase of the illness.

2.3  |  Statistical analysis

Continuous variables were summarized using medians and interquar-
tile range (IQR, reported as median ± IQR), and compared using the 
two-sided Wilcoxon test. Assessment of the normality of the data was 
performed with the Shapiro–Wilk test, which revealed that although 
Aβ42, Aβ40, sAPPα, and sAPPβ were normally distributed all other as-
says were non-normally distributed. Outliers were tested for using the 
boxplot method using thresholds of < Q1–1.5 * IQR and > Q3 + 1.5 * 
IQR. Effect sizes were calculated with Cohen's d measure and post 
hoc power analysis was performed with the pwr.t2n.test function 
from the pwr R package. Correlation coefficients were calculated 
using Spearman's rank correlation and relationships were measured 
using linear regression, with an examination of the distribution of re-
sidual errors. To improve the visualization of outlier values, scales are 
log10 transformed. All statistical analyses and graphs were generated 
using R v4.0.3; p < 0.05 was considered significant. Boxplots repre-
sent the median, hinges correspond to the first and third quartiles and 
whiskers to 1.5 * IQR and outliers are plotted individually.

3  |  RESULTS

A total of 44 individuals were included. Twenty-one COVID-19 
neurological cases and 23 non-COVID controls were included. The 
COVID-19 neurological group consisted of Guillain–Barre Syndrome 
(GBS) n  =  8; encephalopathy n  =  6; encephalitis n  =  3; acute dis-
seminated encephalomyelitis (ADEM) n  =  2; intracranial hyper-
tension n = 1; and central pain syndrome n = 1. All patients were 
hospitalized, of which six patients required oxygen therapy and four 

COVID neurological syndrome
Non-COVID 
controls p-value

N 21 23

Diagnosis Guillain–Barre syndrome 9
Encephalopathy 6
Encephalitis 3
Acute disseminated encephalomyelitis 2
Idiopathic intracranial hypertension 1
Central pain syndrome 1

NA

median Age (IQR), 
years

57 (15) 68 (4) 0.01

Male sex (%) 62 35 0.13

Ethnicity

Non-white, % 58 NA

White, % 42 NA

TA B L E  1  Demographic information 
for the COVID neurological CNS and PNS 
syndrome and non-COVID control group

F I G U R E  1  (a) Scatter plot of soluble amyloid precursor protein (sAPP)-ɑ (x-axis) against sAPPβ (y-axis). Linear regression correlation 
spearman coefficient R = +0.89. Red dots represent COVID-19 neurological patients (n = 21), while green dots represent non-COVID 
controls (n = 23). (b–c) Boxplots of (b) sAPPɑ and (c) sAPPβ in COVID neurological syndromes (red) and non-COVID controls (green). (d) 
Scatter plot of amyloid-β (Aβ) 40 (x-axis) against Aβ42 (y-axis). Linear regression correlation spearman coefficient R = +0.9. (e–g) Boxplots 
of (e) Aβ40, (f) Aβ42 and (g) Aβ42/Aβ40 ratio in COVID neurological syndromes and non-COVID controls. ****p < 0.0001 ***p < 0.001, 
**p < 0.01, *p < 0.05 from Wilcoxon test; ns, non-significant. (h–k) Scatterplots for sAPPɑ (left facet) and sAPPβ (right facet) on x-axis against 
Aβ40, Aβ42, Aβ42/Aβ40 ratio, total tau (y-axis). Wilcoxon test *p < 0.05, **<0.01, ***<0.001, ****<0.0001
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    |  149ZIFF et al.

required intensive care for ventilatory support. The COVID-19 neu-
rological groups were younger (57 ± 15 years, median ± IQR) than 
the non-COVID control group (68 ± 4 years, p = 0.01) and there were 

relatively more males in the COVID-19 neurological group compared 
to the non-COVID controls (COVID neuro 13 [62%] and non-COVID 
8 [35%], p = 0.1; Table 1). In the COVID-19 neurological groups, CSF 
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was acellular (<5 white cells [WC] /μl) except for a case of encephali-
tis (95 WC/μl) and a case of GBS (12 WC/μl). CSF protein was normal 
(<0.5 g/dl) except in two cases of GBS (0.6 g/dl and 1.2 g/dl) and in 
one individual with encephalopathy (1.0 g/dl).

3.1  |  Diminished amyloid processing in COVID-19 
neurology syndromes

To examine how amyloid processing differs between patients with 
COVID-19-associated neurological syndromes and controls, we 
measured CSF sAPPɑ and sAPPβ. We first confirmed that, as re-
ported previously (Gabelle et al.,  2010), sAPPɑ with sAPPβ were 
strongly positively correlated (Spearman's R + 0.89, p = 9.5 × 10−16; 
Figure  1a), irrespective of COVID-19 status. Comparing amyloid 
processing biomarkers between groups revealed that both sAPPɑ 
and sAPPβ were significantly lower in COVID-19 neurological pa-
tients compared to non-COVID controls (sAPPɑ 194  ±  154 vs. 
304 ± 177 pg/ml [median ± IQR], Wilcoxon test p = 0.004, Cohen's 
d = 0.98; sAPPβ 497 ± 366 vs. 635 ± 346 pg/ml, p = 0.03, d = 0.80; 
Figure 1b,c). This suggests that amyloid processing is altered in the 
central nervous system in acute COVID-19 infection.

To understand the relationship between Alzheimer's Disease (AD) 
pathology and amyloid processing in acute COVID-19, CSF Aβ42, and 
Aβ40 were measured and compared against local clinical cut-points. 
COVID-19 neurological patients exhibited significantly lower Aβ40 
and Aβ42 than controls (Aβ40: 5367 ± 5638 vs. 12 582 ± 3154 ng/L, 
p  =  5.2  ×  10−8, d  =  2.1; Aβ42: 417  ±  499 vs. 1145  ±  441  ng/L, 
p = 3.5 × 10−7, d = 1.9; Figure 1d–f). Given that a reduced Aβ42/Aβ40 
ratio is a more predictive indicator of amyloid pathology, we next exam-
ined the Aβ42/Aβ40 ratio and found that it was significantly reduced in 
COVID-19 neurological patients compared to controls (0.077 ± 0.02 vs. 
0.094 ± 0.014 ratio, p = 0.005, d = 0.71; Figure 1g). Despite this differ-
ence, only one individual had an Aβ42/Aβ40 below the clinical thresh-
old to suggest AD pathology. We correlated both sAPPɑ and sAPPβ 
with Aβ40, Aβ42, and the Aβ42/Aβ40 ratio and found that patients with 
COVID-19 neurological syndromes displayed stronger positive correla-
tions (R ~ +0.6 to +0.7) than controls (R ~ +0.1 to +0.4; Figure 1h–j). In 
contrast, neither T-tau nor P-tau was correlated with sAPPɑ or sAPPβ in 
either COVID-19 neurological patients or controls (Figure 1k).

3.2  |  Biomarkers of neuronal damage and 
blunted astrocyte activation correlate with impaired 
amyloid processing

We next explored the relationship between amyloid process-
ing and neuronal injury and astrocyte activation biomarkers. 

We first confirmed that serum and CSF NfL were significantly 
raised in COVID-19 neurological patients compared to controls 
(serum 91.5 ± 188 vs. 16.7 ± 12.9 pg/ml, p = 0.001, d = 0.80; CSF 
881 ± 1975 vs. 862 ± 496 pg/ml; p = 0.047, d = 0.61, Figure 2a,b). 
In COVID-19 neurological patients, we found weak negative corre-
lations between serum NfL with both sAPPɑ (R = −0.1) and sAPPβ 
(R = −0.08; Figure 2a). However, CSF NfL showed weak positive cor-
relations with sAPPɑ (R = 0.3) and sAPPβ (R = 0.05; Figure 2b).

Conversely, GFAp was reduced in COVID-19 neurological pa-
tients compared to control, although this was only significant 
in CSF (serum 109 ± 318 vs. 143 ± 41.9 pg/ml, p = 0.5, d = 0.44; 
CSF 3160 ± 5091 vs. 9533 ± 4650 pg/mL, p = 0.0001, d = 0.02; 
Figure  2c,d). COVID-19 neurological syndromes displayed a posi-
tive correlation between GFAp and both sAPPɑ and sAPPβ in serum 
(R  =  +0.08, + 0.11 respectively; Figure  2c), and CSF (R  =  +0.37, 
+0.44 respectively; Figure 2d), while controls showed weak negative 
correlations (serum R = −0.14,-0.12; CSF R = −0.14, −0.12).

3.3  |  Amyloid processing and CSF biomarkers of 
inflammation

COVID-19 neurological syndromes have been linked to aber-
rant neuroinflammation (Amruta et al.,  2021; Yang et al.,  2021; 
Zhou et al., 2021). Consistent with this, we found that CSF proin-
flammatory cytokines (TNFɑ, IL6, IL1β, IL8) were significantly in-
creased in COVID-19 neurological syndromes compared to controls 
(Figure 3a–d). To investigate this further, we inspected correlations 
between amyloid processing and these pro-inflammatory biomark-
ers. Individuals with COVID-19 neurological syndromes exhibited 
weak negative correlations between sAPPɑ and sAPPβ with TNFɑ 
(R  =  −0.01 and  −0.16, respectively), while controls showed weak 
positive correlations (R  =  +0.28, +0.15; Figure  3a). Similarly, cor-
relations between sAPPɑ and sAPPβ with the other inflammatory 
cytokines (IL6, IL1β, IL8) generally displayed stronger negative cor-
relations in patients with COVID-19 neurological syndromes relative 
to controls (Figure  3b–d). Thus, the neuroinflammatory sAPP cor-
relation profiles of COVID-19 neurological patients are divergent to 
controls and this may in part explain the impaired amyloid process-
ing in COVID-19 neurological syndromes.

3.4  |  Heterogeneity in amyloid processing among 
COVID-19 neurological syndromes

The amyloid processing correlations in this study are generally 
weak and substantial heterogeneity can be observed between pa-
tients in the COVID-19 neurological group. Although most of the 

F I G U R E  2  Boxplots (left) and scatterplots (right) of (a) serum neurofilament light (NfL), (b) cerebrospinal fluid (CSF) NfL, (c) serum glial 
fibrillary acidic protein (GFAp), (d) CSF GFAp in COVID neurological syndromes (red, n = 21) and non-COVID controls (green, n = 23). 
Scatterplots show soluble amyloid precursor protein (sAPP) ɑ (left facet) and sAPPβ (right facet) on x-axis against Log10 NfL and GFAp (y-
axis). Correlation coefficients and p-values are shown in each scatterplot for non-COVID controls (green), COVID neurological patients (red). 
Wilcoxon test *p < 0.05, **<0.01, ***<0.001, ns, non-significant
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neurological syndromes in this study represent CNS pathology, 
GBS predominantly affects the peripheral nervous system (PNS). 
To identify whether amyloid processing differs between COVID-
19-associated CNS conditions and COVID-19-associated GBS, we 
performed a sensitivity analysis splitting the COVID-19 neurological 
syndrome group into patients with GBS and those with CNS condi-
tions. Comparing amyloid processing biomarkers between GBS and 
CNS syndromes revealed a non-significant decrease in both sAPPɑ 
and sAPPβ in CNS syndromes compared to GBS (sAPPɑ 194 ± 71 
vs. 214 ± 165 pg/ml, p = 0.8; sAPPβ 470 ± 343 vs. 623 ± 396 pg/
ml, p = 0.2; Figure 4a,b). Although these subgroups are small (GBS 
n  =  8 and CNS n  =  13), these non-significant trends suggest that 
amyloid processing may be more impaired in central than peripheral 
COVID-19 neurological syndromes. Consistent with this we found 
that CSF Aβ40 and Aβ42 were also non-significantly increased in 
COVID-19-associated CNS syndromes compared to GBS (Aβ40 
5389 ± 5402 vs. 3950 ± 3972 ng/L, p = 0.3; Aβ42 472 ± 451 vs. 
300 ± 419 ng/L, p = 0.4; Figure 4c,d). Furthermore, we found that 
T-tau and P-tau were increased in CNS syndromes compared to 
GBS, however, P-tau did not achieve statistical significance (T-tau 
289 ± 1186 vs. 126 ± 57.8 pg/ml, p = 0.02; P-tau 26.3 ± 10.7 vs. 
17.5 ± 5.7 pg/ml, p = 0.09; Figure 4e).

Comparing serum NfL between COVID-19 CNS syndromes and 
GBS showed a partial decrease in NfL in CNS syndromes (63 ± 148 
vs. 121 ± 243 pg/ml, p = 0.6), whereas CSF NfL was increased in CNS 
syndromes (1320 ± 6304 vs. 656 ± 744 pg/ml, p = 0.1; Figure 4f). 
This disparity may be explained by CSF NfL being more represen-
tative of central neuronal injury, while serum NfL better represents 
peripheral nervous damage (Körtvelyessy et al., 2020). Similarly, we 
found that serum GFAp was non-significantly decreased in CNS syn-
dromes compared to GBS (109 ± 355 vs. 150 ± 189 pg/ml, p = 0.8), 
whereas CSF GFAp trended toward an increase in CNS syndromes 
(3420 ± 6209 vs. 2231 ± 4557 pg/ml, p = 0.8; Figure 4g). Examining 
the CSF proinflammatory cytokines TNFɑ, IL6, IL1β, and IL8 re-
vealed no significant differences between CNS syndromes and GBS 
(Figure 4h–k).

4  |  DISCUSSION

We report the first exploratory biomarker study to examine CNS 
amyloid processing in patients with COVID-19-associated neurologi-
cal syndromes. Using assays for soluble forms of APPs and neurode-
generative markers from the serum and CSF, we provide insights into 
the pathobiology of COVID-19. As well as relating these biomarkers 

to clinical syndromes, we have correlated them with biomarkers of 
neurodegeneration, neuronal injury, astrocyte activation, and neu-
roinflammation. The main finding is that sAPP and Aβ biomarkers 
are lower in patients with COVID-19 neurological diseases, and this 
change correlated with raised NfL and neuroinflammatory markers 
but decreased GFAp.

Although this is an exploratory study and the correlations are 
generally weak, the association between higher NfL levels and lower 
sAPPs raises the possibility that patients with more significant neu-
ronal damage have reduced amyloid processing capacity. One pos-
sibility could be a blunted protective astrocyte response in severe 
infection. Consistent with this, we found lower sAPPs were linked 
to lower GFAp levels, suggesting less astrocyte reactivity which 
may contribute to a diminished regenerative response in COVID-19 
neurological syndromes. Indeed, astrocyte reactivity and sAPP 
have previously been reported to correlate in autism as well as AD, 
where astrocyte dysfunction contributes to impaired amyloid pro-
cessing possibly because of a direct influence on secretase activity 
(Cai, Wan, & Liu, 2017; Ishiki et al., 2016; Lananna et al., 2020; Viejo 
et al., 2022).

An important question is whether the substantial reduction in 
both sAPPs and Aβ biomarkers in COVID-19 neurological syndromes 
is because of (i) reduced amyloid production or (ii) enhanced clear-
ance. We observed stronger correlations between sAPPs and Aβ42 
and Aβ40 in COVID-19 neurological disease than controls, raising 
the possibility that amyloid processing is reduced and consequently 
Aβ40 and Aβ42 production is attenuated in parallel via both the 
normal non-amyloidogenic and abnormal amyloidogenic APP pro-
cessing routes. The reduction in the Aβ42:40 ratio suggests the re-
duction in Aβ42 is greater than the reduction in Aβ40, however, this 
is not fully in keeping with a pathological amyloid setting like AD, 
which is characterized by a selective reduction in Aβ42. These find-
ings are consistent with previous reports in neuroinflammation and 
CNS infection where there are decreases in both Aβ42 and Aβ40 
(Zetterberg & Blennow, 2020).

It is possible that altered sAPPs levels in COVID-19 neuro-
logical syndromes is an appropriate or even protective response 
against infection. A report in HIV infection found that sAPPs func-
tion as an innate antiviral defense factor in macrophages and mi-
croglia, restricting the release of HIV (Chai et al., 2017). However, 
this viral evasion mechanism was linked to increased production of 
neurotoxic Aβ42 and raises the possibility that this contributes to 
neuronal damage in CNS infection. Indeed, the greatest sAPPs re-
ductions were found in HIV patients with CNS opportunistic infec-
tions and AIDS dementia complex, implicating a role of CNS immune 

F I G U R E  3  Boxplots (left) and scatterplots (right) of cerebrospinal fluid (CSF) (a) tissue necrosis factor (TNF) ɑ, (b) interleukin (IL) 6, (c) 
IL1β, (d) IL8 in COVID neurological syndromes (red, n = 21) and non-COVID controls (green, n = 23). Scatterplots show soluble amyloid 
precursor protein (sAPP) ɑ (left facet) and sAPPβ (right facet) on x-axis against Log10 TNFɑ, IL6, IL1β, IL8 (y-axis). Correlation coefficients and 
p-values are shown in each scatterplot for non-COVID controls (green), COVID neurological patients (red). Wilcoxon test *p < 0.05, **<0.01, 
***<0.001
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activation on neuronal amyloid processing (Gisslén et al.,  2009). 
Although it remains unclear whether SARS-CoV-2 infects neurons 
with studies reporting conflicting results (Matschke et al.,  2020; 
Ramani et al., 2020)—expression of sAPPs in infected CNS microg-
lia may serve as a restriction to protect against COVID-19 spread 
across the BBB (Solomon, 2021).

We hypothesized that CSF amyloid processing biomarkers 
would be deranged to a greater degree in CNS than peripheral 
neurological syndromes. However, it is noteworthy that although 
we found divergences in amyloid processing between CNS syn-
dromes and GBS in COVID-19, these generally did not reach sta-
tistical significance. While the subgroup sizes are underpowered 

to detect these changes, it is plausible that patients with COVID-
19-associated GBS exhibit subclinical CNS injury. However, the 
absence of a control group that is COVID-19 positive but without 
neurological disease means that we cannot rule out that this is a 
direct effect of COVID-19 itself. We were unable to obtain CSF 
for biomarker analysis from COVID-19 patients without neurolog-
ical disease because of the ethical issue of sampling from patients 
when not clinically indicated.

A strength of this study is that participants were prospectively re-
cruited and clinically classified according to agreed case definitions, 
across a heterogeneous group of neurological conditions. However, 
numbers are relatively small and samples were collected during acute 

F I G U R E  4  Boxplots comparing COVID-19-associated Guillain–Barre syndrome (GBS, red, n = 8) versus central nervous system (CNS) 
syndromes (blue, n = 13). Statistics shown are from the Wilcoxon test *p < 0.05; ns, non-significant
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infection and because of the absence of serial longitudinal measure-
ments, we are unable to assess the chronic effects on amyloid pro-
cessing. The correlation results between biomarkers do not equate to 
causation and further work is required to validate these relationships 
and examine the underlying mechanisms. Furthermore, these results 
should be interpreted with caution given possible known and masked 
confounders, particularly with respect to differences in baseline char-
acteristics between groups. For instance, the COVID-19 cohort was 
younger than controls, which may act to underestimate the effect of 
COVID-19 on amyloid processing impairment.

In summary, our study uses sAPPs and neurodegenerative bio-
markers in COVID-19 neurological disease to explore altered amyloid 
processing. sAPPs and Aβ are reduced in patients with COVID-19 
neurological diseases, and this change is linked to increased NfL and 
neuroinflammatory markers but decreased GFAp. These findings 
shed light on the mechanisms of neuronal damage associated with 
COVID-19. To clarify whether the impairment in amyloid processing 
is specific to COVID-19 patients with neurological syndromes, fur-
ther study is required in COVID-19 patients who do not exhibit overt 
neurological manifestations.
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