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Abstract 

Background The early accurate diagnoses for autoimmune encephalitis (AE) and infectious encephalitis (IE) are 
essential since the treatments for them are different. This study aims to discover some specific and sensitive biomark-
ers to distinguish AE from IE at early stage to give specific treatments for good outcomes.

Results We compared the host gene expression profiles and microbial diversities of cerebrospinal fluid (CSF) from 41 
patients with IE and 18 patients with AE through meta-transcriptomic sequencing. Significant differences were found 
in host gene expression profiles and microbial diversities in CSF between patients with AE and patients with IE. The 
most significantly upregulated genes in patients with IE were enriched in pathways related with immune response 
such as neutrophil degranulation, antigen processing and presentation and adaptive immune system. In contrast, 
those upregulated genes in patients with AE were mainly involved in sensory organ development such as olfactory 
transduction, as well as synaptic transmission and signaling. Based on the differentially expressed genes, a classifier 
consisting of 5 host genes showed outstanding performance with an area under the receiver operating characteristic 
(ROC) curve (AUC) of 0.95.

Conclusions This study provides a promising classifier and is the first to investigate transcriptomic signatures for dif-
ferentiating AE from IE by using meta-transcriptomic next-generation sequencing technology.
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Background
Encephalitis is the inflammation of the brain paren-
chyma associated with neurologic dysfunction, which 
can be life-threatening and contributes to high morbid-
ity worldwide [1]. The symptoms of encephalitis mainly 
include fever, altered mental status and seizures [2]. 
The estimated prevalence of encephalitis could reach 
up to 12.6/100,000 per year (range from 0.07/100,000 to 
12.6/100,000) [3]. Encephalitis brought a heavy burden 
to patients and society, as it was reported that the esti-
mated hospitalization expenses for encephalitis reached 
$2.0 billion in US in 2010 [4]. Encephalitis can be clas-
sified into infectious encephalitis (IE) and autoimmune 
encephalitis (AE) based on its etiologies. IE was caused 
by microbial infections including viral, bacterial, fungal 
and parasitic infections [5]. By contrast, AE was induced 
by the autoimmunity which was related with the pres-
ences of antibodies attacking neuronal intracellular and 
surface proteins of brain [6]. Previously, most of encepha-
litis were assumed to result from infections. However, 
recent studies suggested that the incidence rates of auto-
immune encephalitis increased over time and were not 
significantly different from that of infectious encephalitis 
[7].

Since the treatments for AE and IE were different, it 
becomes critical to differentiate AE from IE in the early 
time to ensure specific treatments. Previous studies 
indicated that early immunotherapy was important to 
improve outcomes of patients with AE [8, 9]. The clinical 
presentations of autoimmune encephalitis kind of over-
lapped with that of infectious encephalitis, such as fever, 
seizures and alterations of consciousness [10–13], which 
increased difficulties in distinguishing them. The tradi-
tional diagnosis of autoimmune encephalitis required 
a variety of tests, such as magnetic resonance imag-
ing (MRI), EEG (electroencephalogram), CSF analysis, 
neuronal autoantibodies test (NMDAR, LGI1, GAD65, 
AMPAR, GABAR, and Caspr2 etc.), infection detec-
tion in cerebrospinal fluid, examination of inflammatory 
markers, etc. [14]. However, the combinations of these 
tests were time-consuming and the sensitivity of diagno-
sis was low [15]. Therefore, a simpler and highly sensitive 
approach to distinguish AE from IE is required.

A systematic review of 41 studies on encephalitis 
showed that more than 50% encephalitis cases were 
diagnosed with unknown etiology in 26 studies [12]. 
The etiologies of most of cases with encephalitis were 
not identified, which suggested the requirements of 
more advanced diagnostic technologies. In recent 
years, metagenomic next generation sequencing 
(mNGS) method has been widely used in the detec-
tion of pathogens in clinical samples due to its unbi-
ased, comprehensive, and highly sensitive detection of 

pathogens [16–19]. mNGS has also been increasingly 
applied in the diagnosis of suspected infectious enceph-
alitis [20–22], and these clinical studies showed that 
mNGS could effectively improve the detection of novel, 
rare or unexpected pathogens, thus enhancing the abil-
ity to diagnose infectious encephalitis [23]. Addition-
ally, meta-transcriptomic next generation sequencing 
(mtNGS), which is a type of RNA-seq, can not only 
obtain the information of pathogens and microbiome in 
samples, but also present host gene expression profiles 
which reveal host responses [24]. Although, there have 
been many attempts to find markers to distinguish AE 
from IE from the perspective of clinical characteristics 
[25–27], the specificity and sensitivity of these mark-
ers need further investigation. It has been reported that 
specific biomarkers can be screened from host and/
or pathogen transcription profiles to identify specific 
pathogen infection [28] or to distinguish different types 
of pathogen infections [29] or for early diagnosis [30]. 
So far, there has been no study that takes advantage of 
transcriptomic profiles  by mtNGS to seek biomarkers 
for distinguishing AE from IE.

In this study, through meta-transcriptomic analysis 
of CSF, we compared the host responses and micro-
bial diversities between patients with IE and those 
with AE to explore the differential mechanisms of the 
occurrence of AE compared to IE and find potential 
signatures for distinguishing them. At last, we built 
an efficient classifier, composed with significant DEGs 
between IE and AE, which has the potential to discrim-
inate the diseases in 2 days, and even in several hours 
in the future, much faster compared to the traditional 
approaches that may take several weeks [31].

Results
Samples collection and clinical diagnosis
Eighteen patients (male, 61.1%) were definitely diag-
nosed as AE, according to the approach mentioned in 
the Materials and Methods section, between 1st June 
2019 to 30th July 2019 at Peking Union Medical Col-
lege Hospital, Chinese Academy of Medical Sciences 
were recruited. All the patients with AE were CSF 
anti-NMDAR antibody positive (Cell-based assay). The 
average age of patients with AE was 22 ± 12.49  years 
(ranged from 4 to 48  years). Forty-one patients (male, 
63.4%) finally were diagnosed as IE at the same hospital 
and the same period as AE were enrolled in this study, 
whose average age was 40.39 ± 14.44 (ranged from 12 
to 67 years). Cerebrospinal Fluid (CSF) sample was col-
lected from each patient with IE and patient with AE 
for meta-transcriptomic sequencing (mtNGS).
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RNA‑seq quality assessment
The CSF samples were collected from each individual for 
RNA sequencing. After removing rRNA and low-qual-
ity reads, clean reads were produced for samples from 
patients with  AE and patients with IE. Quality control 
was performed and comparable read depths (4.71 ± 3.34 
million reads per sample) were reached for AE and IE 
samples for the downstream analysis.

Differential host responses in patients with IE compared 
to patients with AE
To characterize the host responses in patients with differ-
ent types of encephalitis, the host transcriptomic profiles 
were compared between patients with AE and patients 
with IE. A principal coordinate analysis (PCoA) was per-
formed with the host gene expression profiles to examine 
the clustering of the global transcriptomic profiles of all 
the samples (Fig. 1A). Two distinct groups were formed 
with overlaps of few samples between two groups, which 
suggested the overall obvious difference in transcrip-
tomic profiles between patients with AE and patients 
with IE. To further analyze the differentially expressed 
genes (DEGs) which drove the difference, volcano-plot 
of DEGs was constructed (Fig.  1B). The result showed 
that 7139 genes (adjusted p < 0.01, |log2FoldChange| > 2) 
were significantly differentially expressed between two 
groups. The exact details of DEGs were listed in Addi-
tional file  1: Table  S1. The top 5 significantly up-regu-
lated genes in patients with IE compared to patients with 
AE, included HIST1H4J (Histone H4), LOC107984138 
(Cytochrome P450 2D6-Like), RNF149 (Ring Finger Pro-
tein 149), PFDN2 (Prefoldin Subunit 2), and TMEM147 
(Transmembrane Protein 147), and the top 5 significantly 
down-regulated genes including DONSON (DNA rep-
lication fork stabilization factor), MS4A4E (Membrane 
Spanning 4-Domains A4E), HYAL1 (Hyaluronidase 1), 
MTRNR2L3 [MT-RNR2 Like 3 (Pseudogene)], PDE6A 
(Phosphodiesterase 6A). HIST1H4J encodes protein His-
tone H4 which is a core component of histone. DON-
SON encoding a protein which is a DNA replication fork 
stabilization factor, plays an important role in maintain-
ing genome stability [32].

To display the differential expression level of the top 30 
DEGs across all the samples, a heatmap combined with 

hierarchical clustering was constructed with the top 15 
(ranked by adjusted p value) significant upregulated and 
downregulated genes of patients with IE versus patients 
with AE. We found that IE and AE samples were clus-
tered into two groups, indicating that all IE samples had 
similar expression profiles of the 30 genes which were 
different from those of AE samples (Fig. 1C). The top 15 
upregulated genes in IE were enriched in translation and 
regulation of cytoskeleton organization (Additional file 2: 
Fig. S1A). The top 15 upregulated genes in AE may be 
involved in Meningioma (Additional file 2: Fig. S1B).

Further, functional enrichment analysis of the DEGs 
(up-regulated genes with  log2FoldChange > 5, down-
regulated genes with  log2FoldChange < − 2 in group IE 
versus AE, adjusted P < 0.01, Additional file 1: Table S2) 
were carried out. The top 20 representative enriched 
terms were first figured out by Metascape website with 
the default setting. The upregulated genes in patients 
with AE versus patients with IE were mainly enriched 
in 9 terms while these downregulated genes were 
representatively enriched in 11 terms (Fig.  1D). The 
upregulated DEGs in patients with AE were mainly 
associated with olfactory transduction (−  log10P = 15.5), 
naba matrisome associated (−  log10P = 13.2), sensory 
organ development (−  log10P = 11.7), renal system 
development (−  log10P = 10.7), as well as cell differen-
tiation and adhesion. The upregulated DEGs in patients 
with IE were significantly enriched in pathways such 
as neutrophil degranulation (−  log10P = 26.87), anti-
gen processing and presentation of exogenous peptide 
antigen (−  log10P = 14.9) and adaptive immune system 
(−  log10P = 14.27). Neutrophil degranulation was the 
most significantly enriched term of these DEGs. These 
results showed that the genes upregulated in patients 
with IE versus patients with AE were mainly involved in 
host immune response, while the genes upregulated in 
AE versus IE were largely associated with organ develop-
ment (like olfactory, skin, and renal system) and cell fate 
(like growth, differentiation, and adhesion).

Since AE was related with the presence of various 
autoantibodies against proteins localized in or around 
neuronal synapses [33–36], in addition to the top 20 rep-
resentative terms described above, we further checked 
all the functional enrichment terms of these genes to 

Fig. 1 Differential host responses in patients with IE compared to patients with AE. A The principal coordinate analysis plot showing the grouping 
of samples from the two groups based on global gene expression profiles. B The volcano plot of DEGs. The significant DEGs are highlighted in red 
(upregulated genes in IE) or green (down-regulated genes in IE). The unsignificant DEGs are marked in grey. The top 5 distinctly expressed genes 
are labeled. C The heatmap of differential expression of the top 15 significantly upregulated and downregulated genes across all the samples. The 
genes are ranked by P value. The color scale shows different values of  log2(TPM + 1) which indicates different gene expression levels. The red of 
the top group bar indicates samples from group IE and the cyan indicates group AE. D Gene functional enrichment analysis of DEGs. The heatmap 
indicates the top 20 representative enriched GO terms. E The heatmap showed the enriched GO terms associated with synapse. The color scale 
indicates the value of −  log10P 

(See figure on next page.)
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Fig. 1 (See legend on previous page.)
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see whether there were some enriched terms associ-
ated with synapse. Interestingly, we found that a large 
number of genes were enriched in terms related with 
neuronal synapse organization and synaptic signal 
transmission (Fig.  1E, Additional file  1: Table  S3), such 
as synapse organization (−  log10P = 6.3), modulation of 
chemical synaptic transmission (−  log10P = 6.1), regula-
tion of trans-synaptic signaling (−  log10P = 6.1), chemi-
cal synaptic transmission (−  log10P = 3.2), anterograde 
trans-synaptic signaling (−  log10P = 3.2), regulation of 
postsynaptic neurotransmitter receptor internalization 
(−  log10P = 3.1), synaptic signaling (−  log10P = 3.1), and 
trans-synaptic signaling (−  log10P = 3). And these terms 
were all upregulated in patients with AE compared to 
patients with IE.

Differential microbial diversity in patients with IE 
compared to patients with AE
To examine the diversity of microbes detected in CSF 
samples of patients with IE and patients with AE, a PCoA 
plot was generated based on the differences in beta-diver-
sity of CSF microbiome among all the samples. The fig-
ure (Fig. 2A) shows that the samples of patients with AE 
were distinctly separated from those of patients with IE 
and all samples were clustered into two isolated groups. 
This indicated that there was significant difference in 
microbial diversity between patients with IE and patients 
with AE. To compare the dissimilarity of composition of 
microbes in CSF among samples from patients with IE 
and among samples from patients with AE, beta-diversity 
indices including Bray–Curtis distance, Jaccard distance 
and Jensen-Shannon divergence (JSD) were analyzed in 
the two groups (Fig.  2B). Larger values of Bray–Curtis 
distance (p < 2.2e−16), jaccard distance (p < 2.2e−16) and 
JSD (p = 8.8e−06) in patients with IE, suggested that there 
was a greater difference in CSF microbial diversity among 
patients with IE than that among patients with AE. This 
may be attributed to that the dominant infectious patho-
gens, such as virus, bacteria and fungus, varied among 
different CSF samples from patients with IE, and these 
distinct pathogens may have different impacts on CSF 
microbial composition. To further determine diversity of 
microbes within each CSF sample from these two groups, 
alpha-diversity indices including ACE, Shannon and 

Simpson were analyzed (Fig.  2C). ACE index indicates 
richness while Shannon or Simpson index represents 
diversity of microbes in samples. The overall diversity 
of microbes decreased in patients with IE compared to 
patients with AE, since the values of ACE (P = 8.3e−07), 
Shannon (P = 3.3e−06) and Simpson (P = 2.2e−05) indi-
ces in patients with IE were significantly less than that 
in patients with AE. A lower alpha-diversity in CSF sam-
ples of patients with IE can be due to that the infectious 
pathogens were dominated in the microbiomes of CSF 
from patients with IE, which decreased the relative abun-
dances of other microbes.

We then investigated the differences in abundances of 
microbes in CSF at genus level between IE group and 
AE group. Total 3620 microbial taxa (at genus level) 
were detected in these two groups. The volcano-plot 
(Fig.  2D) showed the differentially abundant microbes 
(at genus level) in CSF between the two groups. There 
were 416 genera (adjusted p < 0.01, |log2FoldChange| > 2) 
which had significantly different abundances in patients 
with IE versus patients with AE, and among them, 92 
and 324 genera showed upregulated and downregulated 
abundances in group AE compared to group IE, respec-
tively (Additional file  1: Table  S4). Pseudopuniceibac-
terium (P = 1.48e−09), Carboxydocella (P = 3.19e−07), 
and Agreia (P = 3.37e−07) were the top three signifi-
cantly upregulated genera in group IE. Saccharospirillum 
(P = 2.23e−25), Avulavirus (P = 6.84e−20), Alphainfluen-
zavirus (P = 2.49e−18), Alpharetrovirus (P = 5.61e−18) 
and Alishewanella (P = 1.47e−16) were the top five 
upregulated genera in patients with AE.

To further examine the abundances of microbes at 
genus level across all the samples, a hierarchical clus-
tered heatmap was constructed according to the abun-
dances of the top 15 (ranked by  log2FoldChange, adjusted 
P < 0.01) significantly up-regulated and down-regulated 
microbial genera (Fig.  2E). All AE samples were clus-
tered together into one group, as the same as all IE sam-
ples. According to the abundance levels of microbials, 
the 30 microbial genera were clustered into 3 distinct 
groups. The abundance levels of microbials clustered 
into the group 2 showed significant upregulation in AE 
group versus IE group. The microbial taxa of group 2 
included Alishewanella, Quasibacillus, Alpharetrovirus, 

(See figure on next page.)
Fig. 2 The CSF microbial diversity analysis of patients with IE compared to patients with AE. A The principal coordinate analysis plot showing the 
grouping of samples based on the differences in beta-diversity of CSF microbiome. B The beta-diversity analysis of CSF microbiome, including 
Bray–Curtis distance, jaccard distance and jsd distance. The Wilcoxon rank-sum test was performed to assess the statistical significance. C The 
alpha-diversity analysis of CSF microbiome, including ACE, Shannon and Simpson index. The Wilcoxon rank-sum test was performed to assess the 
statistical significance. D The volcano plot of differentially abundant microbes between the two groups. The significantly differentially abundant 
microbes are highlighted in red (upregulated microbes in IE) or green (down-regulated microbes in IE). The unsignificant differentially abundant 
microbes are marked in grey. The top (ranked by adjusted p) differentially abundant microbes are labeled. E The heatmap of differential abundances 
of the top 15 (ranked by  log2FoldChange, adjusted p < 0.01) significantly upregulated and downregulated genera across all the samples
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Alphainfluenzavirus, Avulavirus, Saccharospirillum and 
Serinicoccus genera, which interestingly comprised three 
viral genera that showed lower abundances in almost 
100% patients with IE compared to each of patients with 
AE. This means that Alpharetrovirus, Alphainfluenzavi-
rus, and Avulavirus genera might have great potentials to 
act as biomarkers to differentiate patients with IE from 
patients with AE.

Interactions between host genes involved in neutrophil 
degranulation as well as genes associated with synaptic 
transmission and signaling and CSF microbes
As described above, functional enrichment analysis of 
DEGs showed that neutrophil degranulation pathway 
was the top significantly enriched pathway and 60 genes 
involved in this term were upregulated in patients with IE. 
In contrast, 49 genes associated with synaptic transmis-
sion and signaling were upregulated in patients with AE. 
To investigate the interactions between genes enriched 
in these two pathways and the microbes, the correlations 
between the 109 genes and 3620 detected microbial taxa 
(at genus level) were analyzed in patients with IE and 
patients with AE respectively by spearman’s rank correla-
tion coefficient. The genes and microbes (microbial taxa 
at genus level) with an correlation coefficient |rho| ≥ 0.6 
were selected and used for the correlation-based network 
analysis. The correlation networks from group IE and 
AE showed significantly different structures (Fig. 3A, B). 
The network from group IE consisted of 42 host genes 
including 41 genes involved in neutrophil degranulation 
and one gene related to synaptic transmission and signal-
ing, and 100 microbial genera (including 87 bacterial, 2 
archaea and 11 eukaryotic genera), while that from group 
AE were comprised of 20 genes associated with neutro-
phil degranulation and 21 genes involved in synaptic 
transmission and signaling, and 101 microbial genera 
(including 87 bacterial, 4 archaea, 6 eukaryotic and 4 viral 
genera). In addition, there was a total of 63 direct correla-
tions between 36 host genes and 46 microbial genera in 
group IE (Fig. 3A, Additional file 1: Table S5), while only 
a total of 19 direct interactions between 13 genes and 18 
microbes were found in group AE (Fig.  3B, Additional 
file 1: Table S6). Specifically, in patients with IE, 35 genes 
from neutrophil degranulation pathway (such as ALOX5, 
FGR, IQGAP1) had direct and negative correlations with 

42 microbial genera including 41 bacteria (such as Lewi-
nella and Cohnella) and one fungus (Parastagonospora), 
and one gene (ADORA2B) from synaptic transmission 
and signaling were observed to be positively correlated 
with one microbial genera Trypanosoma. In compari-
son to patients with IE, 8 genes (such as CXCL1, LCN2, 
FGR) from neutrophil degranulation pathway were 
directly associated with 12 microbial genera (including 
11 negative and 2 positive correlations) and 5 genes from 
synaptic transmission and signaling (DRD3, SNCAIP, 
GFAP, HAP1, SLC8A3) were observed to be correlated 
with 6 microbes (including 4 negative and 2 positive 
associations) in patients with AE. These indicated that 
a smaller number of host genes directly interacted with 
microbes in patients with AE compared to patients with 
IE. In addition, interestingly, the microbial genera asso-
ciated with genes in neutrophil degranulation pathway 
in patients with IE were remarkably different from that 
found in patients with AE except for one shared genus 
which is Rubrobacter. The interactions between genes in 
synaptic transmission and signaling and microbes were 
distinct in patients with IE and patients with AE, since 
no shared genes and microbes were found between them. 
Only one gene involved in synapse organization and sign-
aling were presented in the correlation network in IE 
group while 21 genes related with that showed 36 posi-
tive inner associations in AE group, indicating that these 
genes were specifically co-expressed in AE groups. These 
suggested that the host gene expression patterns and 
host-microbe interactions were different between the two 
groups, which supports the above results that patients 
with IE and patients with AE had distinct host responses. 
And noteworthy, all the microbes showed negative cor-
relations with genes related to neutrophil degranulation. 
These suggested that neutrophil degranulation induced 
by pathogen infections in patients with IE may decrease 
the abundance of microbials such as Lewinella, Cohnella, 
Helicobacter, Pectobacterium, Euzebya, and Oceanobacil-
lus, or that these microbials may have a negative impact 
in neutrophil degranulation.

Classifiers to distinguish AE from IE
As mentioned above, many genes were significantly 
differentially expressed between patients with IE and 
patients with AE. To discriminate AE from IE, the top 

Fig. 3 Network analysis of the correlations of DEGs involved in neutrophil degranulation with CSF microbes and microbe-microbe interactions. 
A The interactions detected in patients with IE. B The interactions detected in AE cases. Each node represents one human gene or one microbial 
genus and the corresponding gene or microbe names are labeled. The yellow (P1) and magenta (P2) nodes indicate human genes involved in 
neutrophil degranulation and synaptic transmission and signaling respectively. The green, purple, blue and orange nodes indicate microbial 
genera belong to eukaryota, archaea, bacteria and viruses respectively. Red edges indicate negative correlations and green edges indicate positive 
correlations. The width of edge indicates interaction weight, and increases with the rise of weight. The size of node indicates the number of 
connections with other nodes, namely, the degree

(See figure on next page.)
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Fig. 3 (See legend on previous page.)
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1000 significant DEGs were selected and applied for the 
screen of markers. The classifiers were developed by 
Lasso regression, and ten-fold cross validation were used 
to produce AUC (area under the ROC  curve) value of 
each classifier. The classifier with one host gene signature 
MS4A4E (Membrane Spanning 4-Domains A4E) had 
an AUC of 0.9 (Fig. 4A). With the increase  in the num-
ber of gene signatures, the performance of classifier 
improved. The classifier with five host gene signatures 
including MS4A4E, TGS1 (Trimethylguanosine Syn-
thase 1), POLE3 (DNA polymerase epsilon 3), EAPP (E2F 
Associated Phosphoprotein), and RASAL3 (RAS Protein 
Activator Like 3) had an AUC of 0.95 (Fig. 4B). The best 
host gene signature MS4A4E that encodes protein Mem-
brane Spanning 4-Domains A4E, which may be related 
with Alzheimer’s disease [37]. MS4A4E was significantly 
(P adjust = 2.56E−16) upregulated in patients with AE 
compared to patients with IE, which may also potentially 
play a role in the occurrence of AE. Interestingly, except 
MS4A4E gene, the other four genes (TGS1, POLE3, 
EAPP, RASAL3) were all upregulated in patients with 
IE. TGS1 is also known as PRIP-interacting protein with 
methyltransferase domain (PIMT) which interacts with 
coactivator peroxisome proliferator-activated receptor-
interacting protein (PRIP), and may be involved in gene 
transcription regulation [38, 39]. POLE3 is involved in 
DNA replication and lymphocyte (T and B) development 
in mice [40]. RASAL3 plays an important role in survival 
of peripheral naive T cells in mice [41].

Discussion
As the treatments for AE and IE are different, distin-
guishing AE from IE in the early time is essential for spe-
cific treatment. So far, it is still a big challenge for doctors 

to differentiate AE from IE due to the lack of effective 
and comprehensive signatures. The methods used to dis-
criminate them yet require a variety of tests, with low 
sensitivity. Meta-transcriptomic sequencing can provide 
information on host response and microbial composition 
in the sample at the same time. In this study, we identi-
fied significant differences in host response and micro-
bial composition of CSF between patients with IE and 
patients with AE, as well as the interactions between neu-
trophil degranulation-related genes or synaptic transmis-
sion and signaling-associated genes and microbes of CSF. 
On the base of these differences, we further developed 
a classifier composed of 5 host genes to distinguish AE 
from IE, which has an outstanding performance with an 
AUC of 0.95. To the authors’ knowledge, this is the first 
study to investigate biomarkers for differentiating AE 
from IE from the perspective of host transcriptomic pro-
files by using mtNGS technology.

According to the functional enrichment analysis of 
DEGs, the most significantly enriched term was neutro-
phil degranulation, which was upregulated in IE cases 
versus AE cases. The neutrophils, also termed polymor-
phonuclear leukocytes (PMNs), accounting for about 
70% of all leukocytes essential for the innate immunity, 
form the first line of defense against pathogen infections 
especially for bacteria and fungi [42]. One mechanism of 
neutrophils killing microbials is degranulation by releas-
ing various microbicidal components such as elastase, 
myeloperoxidase (MPO) and defensins [43]. Since IE is 
caused by pathogen infection which would induce neu-
trophils infiltration and activate neutrophils, it is rational 
to see upregulations of genes involved in neutrophil 
degranulation. Similar phenomenon was observed by 
Michael et  al. [27] who found that MPO level in CSF 

Fig. 4 The receiver operating characteristic curve showing the performance of host transcriptomic signatures to distinguish AE from IE. A The ROC 
curve indicates the performance of 1-gene classifier. B The ROC curve indicates the performance of 5-gene classifier
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was higher in patients with IE than that in patients with 
AE, and neutrophils were more frequently detected 
in patients with IE versus patients with AE. It was also 
reported that the infection of Japanese encephalitis virus 
(JEV) which causes human encephalitis, activated neu-
trophil degranulation in mice [44]. In addition, SARS-
Cov2 infection significantly increased the expression of 
genes involved in neutrophil degranulation in the lungs 
of rhesus macaques [45]. These suggest that neutrophil 
degranulation is common in response to pathogen infec-
tions. The neutrophil degranulation pathway was the 
top significantly enriched pathway and upregulated in 
patients with IE, which suggests that neutrophil degranu-
lation also played an essential role in defensing pathogen 
infections in brain parenchyma.

The significantly downregulated genes in IE com-
pared to AE were enriched in olfactory transduction. It 
was reported that the increased expression of cathepsins 
(cathepsins A, D, and S) in olfactory bulbs of mice with 
induced autoimmune encephalomyelitis may contribute 
to olfactory dysfunction in these mice [46]. The Cathep-
sin S may inhibit the binding of the olfactory transcrip-
tion factor (Olf-1) to the target genes (including olfactory 
receptors), and its overexpression significantly down-
regulated the transcription of olfactory receptor such as 
OR10AD1, OR10H3 and OR56A4 [47]. Olfactory recep-
tor family was critical for odor perception [48]. We found 
that cathepsins D and S were significantly transcribed in 
CSF of patients with IE versus patients with AE (Addi-
tional file  1: Table  S1), and a lot of olfactory receptors 
were significantly downregulated in patients with IE 
versus patients with AE, such as OR10AD1, OR10H3, 
OR3A3, OR2F1, OR10G2, OR10H3, OR7E24, OR1J2, 
OR7D4, OR1N1, OR52I2, OR5D14, OR5L1, OR5M8, 
OR5AR1, OR4D5, OR6Q1, OR52B2, OR4C3, OR51V1, 
OR52L1, OR2AG2, and OR1B1. Landis et al. [49] showed 
that functional anosmia happened to three patients with 
herpetic meningoencephalitis and the dysfunctions were 
not recovered significantly even after 3  years. Consist-
ently, two patients with SARS-CoV-2-associated enceph-
alitis/meningitis were reported with loss of smell [50, 51]. 
Besides, about 47.85% COVID‐19 patients showed olfac-
tory dysfunction, which was concluded from 83 studies 
[52]. These results may suggest that IE may have a greater 
impact on olfactory function than AE. Or olfactory path-
way may play a role in the entry or spread of pathogens 
into brain, as this was also questioned by Landis et  al. 
[49].

The genes related with synapse organization and sign-
aling were upregulated in patients with AE compared to 
patients with IE. This may be due to that the autoantibod-
ies produced in patients with AE target proteins localized 
in neuronal synapse (synaptic membrane or space), such 

as NMDAR, LGI, AMPAR, GABA receptors, mGluR5, 
D2R, and Neurexin-3α, causing these proteins crosslink-
ing and internalization and affecting synaptic signal 
transmission [34], which may induce the host response to 
repair the synapse organization and recover the synaptic 
signaling. Besides, the presence of Anti-NMDA recep-
tor antibodies is a common cause of AE [12, 53]. It was 
reported that these autoantibodies may lead cross-link-
ing and internalization of NMDA receptors (NMDAR) 
resulting in impaired NMDAR-mediated functions such 
as the decrease in synaptic NMDAR-mediated currents 
[54]. In this cohort of patients with AE, the CSF samples 
from patients with AE were tested anti-NMDAR antibod-
ies positive, which may explain why the genes involved 
in the positive regulation of NMDA glutamate receptor 
activity were downregulated in patients with AE.

The microbial diversity of CSF was compared between 
patients with IE and patients with AE, which may be 
astonishing since the CSF of healthy person has been 
thought to be sterile for a long time. However, in recent 
years, taking advantage of unbiased next generation 
sequencing technology, a study showed that there was 
a community of DNA viruses which mainly comprised 
bacteriophages in CSF of healthy people [55]. Since CSF 
microbiome profiles in healthy individuals were not 
determined yet, therefore we set strict controls to ensure 
the same treatment for AE and IE samples to eliminate 
the possible impact of other unrelated factors. Besides, 
RNA sequencing was applied in this study to analyze 
microbial composition, which also enhanced the reli-
ability of the results by presenting more active microbes 
compared to DNA sequencing. Hence, the differentially 
abundant microbes discovered in this study should be 
meaningful. The significant difference in microbial diver-
sity between group IE and AE, suggested that microbial 
composition or at least the microbial RNA levels in CSF 
of encephalitis patients were associated with the types of 
encephalitis.

As presented above, threefold microbial genera in 
patients with IE than patients with AE were found to be 
negatively correlated with genes in neutrophil degranu-
lation. This can be explained by that pathogen infection 
recruit neutrophils and induce neutrophil degranulation, 
which may reduce the abundances of some microbes. 
Besides, it’s interesting that the associated microbes with 
genes involved in neutrophil degranulation in IE were 
completely different from that found in AE, which may 
be due to the distinct divergence of microbial composi-
tion between patients with IE and patients with AE, as 
presented by PCoA plot (Fig. 2A).

Massive efforts have been carried out to find features 
and predictors or markers to distinguish IE from AE in 
clinic [7, 10, 15, 27, 56, 57], but most of the attempts 
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were from the perspective of clinical characteristics 
which require a variety of tests such as microbial culture, 
blood test (cell count, serum test), various imaging tests 
(MRI), autoantibody detection and etc. Huang et al. [56] 
showed that patients with AE tended to be more related 
with symptoms like memory deficits, involuntary move-
ment as well as seizures and were more often found with 
hippocampus lesions, while patients with IE presented 
higher positive rates in Pandy tests and had lower counts 
of serum erythrocyte and platelet. They suggested that 
the combination of these features may provide a clue for 
differentiating AE from IE. However, these tests were 
time-consuming and the accuracy required further deter-
mination. Graus et al. [8] developed a clinical algorithm 
on the base of clinical features, MRI, CSF analysis, and 
EEG to identify AE. Then Wagner et al. [15] applied this 
algorithm to differentiate their cohort of encephalitis 
patients, and found that the sensitivity and specificity was 
very low for the diagnosis of AE and the accuracy was not 
only time-dependent but also relied on the microbiologi-
cal tests such as PCR for the detection of various virus 
and cultures for bacteria. It was also reported that there 
was significant difference in CD4:CD8 cells ratio in CSF 
between anti-N-methyl-d-aspartate receptor AE and 
herpes simplex virus encephalitis [58], while this marker 
need verified widely in more other types of AE and IE. 
As mentioned above, mNGS has been increasingly used 
in the diagnosis of suspected infectious encephalitis to 
find the exact pathogens to ensure specific treatments 
[20–22]. In addition to pathogen identification, RNA-
based mtNGS can provide information on host response 
and microbial diversity. In this study, we also tried to take 
advantage of RNA-based mtNGS to discover signatures 
from the view of differences in host gene expressions to 
enhance the discriminability. Markedly different markers 
were found compared to previous studies. And interest-
ingly, the best host gene signature MS4A4E that encodes 
protein Membrane Spanning 4-Domains A4E, which may 
be related with Alzheimer’s disease [37]. MS4A4E was 
significantly (p adjust = 2.56e−16) upregulated in patients 
with AE compared to patients with IE, which may also 
potentially play a role in the occurrence of AE. Besides, 
the marker RASAL3, which was significantly upregulated 
(62-fold change, adjusted p = 4.6e−25) in patients with 
IE versus patients with AE, played an important role in 
modulating the number and function of natural killer T 
(NKT) cells in mouse liver [59]. It was reported that NKT 
cells contributed to the defense of host against bacte-
rial and fungal infections [60, 61], which may explain 
why RASAL3 was more expressed in patients with IE. 
In summary, this study indicates that the use of mtNGS 
will facilitate the differentiation of AE from IE. So far, 
many hospitals in China have established their own 

local next-generation sequencing platforms which were 
applied for pathogen detection by mNGS. Hence, it will 
be easy to transfer the signatures found in this study to 
clinical application and improve the diagnostic capability. 
Besides, five host gene signatures showed excellent per-
formances, suggesting that RT-qPCR or serum test based 
on the five host gene signatures may be applied first in 
clinical practice and may achieve accurate diagnosis in 2 
to 3 h for the differentiation of IE from AE.

It was reported that lactate concentration was a good 
predictor for discriminating bacterial encephalitis from 
other types of encephalitis, and increased number of 
mononuclear cells to some extent can predict viral infec-
tions [57]. Due to the limited number of CSF samples 
from patients with IE, it is not rational to separate them 
into different groups according to different infectious 
pathogens like bacteria, virus, fungus and parasite in 
this study. Further work can be done by comparing dif-
ferences in host response and microbial diversity of CSF 
between different types of infectious encephalitis, to find 
signatures to distinguish viral encephalitis from bacterial 
or fungal or parasitic encephalitis, or even differentiate 
them at the genus or species level.

Conclusion
There were significant differences in host response and 
microbial diversity in CSF between patients with AE and 
IE unraveled by meta-transcriptomic sequencing. Some 
genes upregulated in IE patients were mainly related 
with neutrophil degranulation, antigen processing and 
presentation of exogenous peptide antigen and adaptive 
immune system, while those upregulated in AE patients 
were largely involved in sensory organ development such 
as olfactory transduction, as well as synaptic transmis-
sion and signaling. Comparison of transcriptomic profiles 
between patients with AE and those with IE by meta-
transcriptomic sequencing could be an efficient way to 
find specific and effective biomarkers for distinguish AE 
from IE. A classifier developed with 5 host genes showed 
outstanding performance for distinguishing AE from IE, 
with an AUC of 0.95.

Materials and methods
Study design and ethics
In order to compare differences in host response and 
microbiome diversity in brain parenchyma between 
patients with autoimmune encephalitis (AE) and infec-
tious encephalitis (IE) to find biomarkers for differenti-
ate AE from IE, patients confirmed with AE and IE were 
recruited. Patients who presented with symptoms of 
abnormal (psychiatric) behavior, cognitive dysfunction, 
decreased level of consciousness, or seizures, showed 
pleocytosis, and were tested positive for cerebrospinal 
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fluid (CSF) anti-NMDAR antibody (determined by a 
cell-based assay), as well as met the diagnostic criteria 
for anti-NMDAR encephalitis proposed by Graus et  al. 
[8], were included in the autoimmune encephalitis (AE) 
group. To rule out viral encephalitis, PCR testing for her-
pes simplex virus types 1 and 2 in cerebrospinal fluid or 
metagenomic next-generation sequencing (mNGS) in 
CSF were performed. Furthermore, patients with herpes 
simplex virus-induced anti-NMDAR encephalitis and 
those who cannot be definitely diagnosed as AE were 
excluded from the study. The patients diagnosed with 
AE at Peking Union Medical College Hospital, between 
1 June and 30 July 2019 were all recruited. Meanwhile, 
the patients that had symptoms (such as decreased level 
or loss of consciousness, dizziness, cognitive dysfunc-
tion, seizures, headache and fever) and clinical features of 
infection, in combination with the detection of enceph-
alitis-associated pathogens in CSF, and met the criteria 
suggested by the International Encephalitis Consortium 
[1], were diagnosed as IE and were enrolled in this study. 
Besides, the patients with IE simultaneously tested posi-
tive for common neuronal autoantibodies (NMDAR) 
and those who cannot be definitely diagnosed as IE were 
excluded.

This study was approved by the institutional review 
board (JS-2182) at Peking Union Medical College Hospi-
tal, Chinese Academy of Medical Sciences.

Sample collection and meta‑transcriptomic sequencing
Cerebrospinal Fluid (CSF) sample (1.5 to 3 mL) was col-
lected from each AE and IE patients. RNA of these sam-
ples was extracted respectively using QIAamp Viral RNA 
Kits (Qiagen). rRNA was removed with KAPA RiboErase 
Kit (HMR) (Roche) before the synthesis of cDNA and the 
construction of DNA libraries. The DNA libraries of CSF 
samples from AE and patients with IE were constructed 
and then sequenced by MGISEQ-2000 platform (BGI) or 
Illumina NextSeq 500 platform (Illumina). Two platforms 
were used to extend applicability of results produced in 
this study.

Sequencing data processing
The raw sequencing data were first filtered by fastp (ver-
sion 0.20.0) [62] and the quality control was assessed by 
FastQC (version 0.11.9) [63]. Then the ribosome RNA 
data were removed by SortMeRNA (version 4.3.3) [64] 
by six silva rRNA database (silva-bac-16s-id90, silva-
bac-23s-id98, silva-euk-18s-id95, silva-euk-28s-id98, 
silva-arc-16s-id95 and silva-arc-23s-id98). Some residual 
ribosome RNA data were further completely removed 
manually. The obtained non-rRNA sequencing data 
were then mapped to human hg19 reference, and RSEM 
[65] (version: 1.2.22; parameter: --forward-prob 0.5 

--paired-end -p 8, bowtie2 version 2-2.2.5; parameter: 
bowtie2 -q --sensitive --dpad 0 --gbar 99999999 --mp 
1,1 --np 1 --score-min L, 0, -0.1 -I 1 -X 1000 --no-mixed 
--no-discordant -p 8 -k 200) was used to obtain the raw 
abundance counts of each gene and also TPM values of 
each sample. Besides, non-human sequences derived 
from HISAT2 (version 2.1.0) [66] were used for micro-
biome analysis. Kraken2 (version 2.0.7-beta) [67] with 
in-house built Refseq database (Refseq release 200, May 
4, 2020) was used to produce the microbial abundance 
matrix. And then, Bracken [68] was applied to adjust 
kraken2 results to a more precise and qualified values at 
genus level.

Differential gene expression analysis and gene functional 
enrichment analysis
The differentially expressed genes (DEGs) of the host 
were obtained by R package DESeq2 [69]. The gene 
which had less than 10 total mapping reads from all sam-
ples or was detected in less than 5 samples was filtered 
out. The fitType of Deseq was set to “local” and FDR was 
calculated to adjust p-value. For the obtained differen-
tially expressed gene list, the standard with FDR < 0.01 
and  log2FoldChange > 2 or  log2FoldChange < − 2 was 
used to filter genes up-regulated and down-regulated in 
encephalitis samples. A heatmap combined with hierar-
chical clustering was constructed with the top 15 (ranked 
by adjusted p value) significant upregulated and down-
regulated genes by package Pheatmap (version 1.0.12) 
[70] in R. The DEGs (FDR < 0.01,  log2FoldChange > 5 or 
 log2FoldChange < − 2) were then supplied to Metascape 
[71] to do pathway & process enrichment analysis with 
default parameters. Since 6515 upregulated and only 
624 downregulated genes were found, a higher threshold 
(log2FoldChange > 5) for upregulated genes was used to 
do functional analysis, which was to minimize the pos-
sible false positive effect on DEGs analysis by DESeq 
model due to a higher number of IE patients compared 
to AE patients, and also to focus on the most significantly 
differentially expressed genes.

Microbiome analysis
Due to the natural sparsity of the microbial abundance 
matrix, the differential abundance analysis of micro-
bial taxa (at genus level) was performed by R package 
MetagenomeSeq [72]. This package utilizes normaliza-
tion to deal with biases in annotations and zero-flatted 
Gaussian distribution to deal with the impact of sequenc-
ing depth. On this basis, the differences of microbial 
abundances were identified using linear models. The 
microbial genus which had counts in less than 5 samples 
was removed. We used wrenchNorm functions to differ-
entiate phenotype from cumNorm. A volcano plot was 
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used to present the differentially abundant genera. The 
genera with −  log10(q-value) > 2 and  Log2FoldChange > 2 
were marked as up-regulated taxa in patients with 
IE, and the genera with −  log10(q-value) > 2 and 
 Log2FoldChange < − 2 was marked as down-regulated 
taxa in patients with IE. For the analysis of microbial 
diversity, we used R package Fossil [73] and VEGAN [74] 
to analyze α-diversity, and R package Philentropy [75] to 
analyze β-diversity. PCoA (principal co-ordinates analy-
sis) was conducted by R package vegan [74]. The heatmap 
combined with hierarchical clustering was developed 
with the top 15 (ranked by  log2FoldChange) significantly 
upregulated and downregulated microbes (at genus level) 
by R package Pheatmap [70] in R.

Host‑microbe correlation network construction
Spearman correlation analysis was conducted to pre-
liminarily figure out the correlations of host genes and 
microbes. The interactions (including gene-microbe, 
gene–gene, and microbe-microbe) with correlation coef-
ficient rs > 0.6 or r < − 0.6 were selected out, and then 
these associated genes and microbes were used for the 
construction of SPIEC-EASI network using r-packet 
SpiecEasi [76]. For the network construction, we set the 
parameters as method = ’MB’, lambda.min.ratio = 1e−2, 
nlambda = 20, pulsa.params = list, and Rep. num = 50. R 
package igraph [77] was used to extract network nodes 
and edges, and package Intergraph [78] and ggnetwork 
[79] were used to annotate and show the interaction rela-
tionship. To better show the interactions, the output data 
including correlated genes, microbes, interaction rela-
tionship and weight, were imported into cytoscape [80] 
to generate the final correlation networks.

The development of classifier
Since the dimensionality of features of variables was huge, 
therefore L1 regularized Lasso regression was used to 
achieve feature shrinkage. Specifically, we used the R-pack-
age GLMNET [81] to fit the generalized linear model to 
conduct feature screening and modeling for host genes. 
The model parameter family was set to “binomial”, since the 
dependent variables were binary variables [autoimmune 
encephalitis (AE) or not]. The lambda value was set to 50, 
and ten times cross validation were conducted to produce 
AUC values of each model according to the test set. The 
model with the highest AUC and the minimum number 
of genes was chosen as the best model, and the genes were 
regarded as potential markers to differentiate IE from AE. 
After determining the model, the coefficient of variables 
and optimal variables of the model were obtained.

Statistical analysis
Comparison of differences in the global transcriptional 
profiles and microbial diversity between AE and IE in 
PcoA plot were assessed by Permutational multivari-
ate analysis of variance  (PERMANOVA). The differ-
ences of gene expressions between group IE and AE 
were examined by R package DESeq2. The significance 
of differences in abundances of microbial taxa (at genus 
level) between the two groups was valued by R pack-
age MetagenomeSeq. The comparisons of microbial 
diversity between groups were assessed by Wilcoxon 
rank sum test. The correlations of gene-microbe, gene–
gene, and microbe-microbe were tested by Spearman 
correlation analysis. The performances of models were 
assessed by AUC values.

Abbreviations
IE  Infectious encephalitis
AE  Autoimmune encephalitis
CSF  Cerebrospinal fluid
NGS  Next-generation sequencing
AUC   Area under the ROC curve
DEG  Differentially expressed gene
PCoA  Principal coordinate analysis
mtNGS  Meta-transcriptomic next-generation sequencing

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13578- 023- 01047-x.

Additional file 1: Table S1. Differentially expressed host genes in IE 
versus AE. Table S2. Differentially expressed genes for functional enrich-
ment analysis. Table S3. Functional enrichment analysis of DEGs and the 
enriched terms. Table S4. Differentially abundant microbes (at genus 
level) in IE versus AE. Table S5. Correlations of differentially expressed 
genes involved in neutrophil degranulation or synaptic transmission and 
signaling with CSF microbes in IE patients. Table S6. Correlations of differ-
entially expressed genes involved in neutrophil degranulation or synaptic 
transmission and signaling with CSF microbes in AE patients. 

Additional file 2: Figure S1. The functional enrichment analysis of DEGs. 
(A) The functional enrichment of the top 15 upregulated genes in IE 
compared to AE. (B) The top 15 upregulated genes in AE compared to IE 
may be associated with Meningioma.

Acknowledgements
The authors would like to thank the financial support of National Natural Sci-
ence Foundation of China (No. 82161138018).

Author contributions
MJM, ZHG, WJC and SYF conceptualized and designed the study; ZYZ, CL and 
JLY performed experiments and analyzed the data; ZYZ, XYH and ZLC visual-
ized the data; ZYZ, JLY and SYF validated the data; MJM, ZHG and WJC admin-
istrated and supervised the project as well as acquired the fundings; XYH, ZYZ 
and SYF wrote the original draft and MJM, ZHG and WJC reviewed and edited 
the original draft. All authors read and approved the final manuscript.

Funding
This work was supported by National Natural Science Foundation of China 
(No. 82161138018), and CAMS Innovations Fund for Medical Sciences (CIFMS 
2021-I2M-1-003).

https://doi.org/10.1186/s13578-023-01047-x
https://doi.org/10.1186/s13578-023-01047-x


Page 14 of 15Fan et al. Cell & Bioscience          (2023) 13:111 

 Availability of data and materials
All data are available in the main text or the Additional files. All non-human 
sequencing data generated in this study are available in the CNGB Nucleo-
tide Sequence Archive (CNSA: https:// db. cngb. org/ cnsa; accession number 
CNP0003472).

Declarations

Ethics approval and consent to participate
Ethical approval was not required for this study design.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 7 February 2023   Accepted: 6 May 2023

References
 1. Venkatesan A, Tunkel AR, Bloch KC, Lauring A, Sejvar J, Bitnun A, et al. 

Case definitions, diagnostic algorithms, and priorities in encephalitis: 
consensus statement of the international encephalitis consortium. Clin 
Infect Dis. 2013;57:1114–28.

 2. Roos KL. Encephalitis. Neurol Clin. 1999;17:813–33.
 3. Granerod J, Tam C, Crowcroft N, Davies N, Borchert M, Thomas S. Chal-

lenge of the unknown: a systematic review of acute encephalitis in 
non-outbreak situations. Neurology. 2010;75:924–32.

 4. Vora NM, Holman RC, Mehal JM, Steiner CA, Blanton J, Sejvar J. Burden 
of encephalitis-associated hospitalizations in the United States, 
1998–2010. Neurology. 2014;82:443–51.

 5. Glaser CA, Gilliam S, Schnurr D, Forghani B, Honarmand S, Khetsuriani 
N, et al. In search of encephalitis etiologies: diagnostic challenges 
in the California Encephalitis Project, 1998–2000. Clin Infect Dis. 
2003;36:731–42.

 6. Esposito S, Principi N, Calabresi P, Rigante D. An evolving redefinition of 
autoimmune encephalitis. Autoimmun Rev. 2019;18:155–63.

 7. Dubey D, Pittock SJ, Kelly CR, McKeon A, Lopez-Chiriboga AS, Lennon VA, 
et al. Autoimmune encephalitis epidemiology and a comparison to infec-
tious encephalitis. Ann Neurol. 2018;83:166–77.

 8. Graus F, Titulaer MJ, Balu R, Benseler S, Bien CG, Cellucci T, et al. A clinical 
approach to diagnosis of autoimmune encephalitis. Lancet Neurol. 
2016;15:391–404.

 9. Titulaer MJ, McCracken L, Gabilondo I, Armangué T, Glaser C, Iizuka T, et al. 
Treatment and prognostic factors for long-term outcome in patients with 
anti-NMDA receptor encephalitis: an observational cohort study. Lancet 
Neurol. 2013;12:157–65.

 10. Armangue T, Leypoldt F, Dalmau J. Auto-immune encephalitis as differen-
tial diagnosis of infectious encephalitis. Curr Opin Neurol. 2014;27:361.

 11. Gable M, Gavali S, Radner A, Tilley D, Lee B, Dyner L, et al. Anti-NMDA 
receptor encephalitis: report of ten cases and comparison with viral 
encephalitis. Eur J Clin Microbiol Infect Dis. 2009;28:1421–9.

 12. Granerod J, Ambrose HE, Davies NW, Clewley JP, Walsh AL, Morgan D, 
et al. Causes of encephalitis and differences in their clinical presentations 
in England: a multicentre, population-based prospective study. Lancet 
Infect Dis. 2010;10:835–44.

 13. Gable MS, Sheriff H, Dalmau J, Tilley DH, Glaser CA. The frequency of 
autoimmune N-methyl-d-aspartate receptor encephalitis surpasses that 
of individual viral etiologies in young individuals enrolled in the California 
encephalitis project. Clin Infect Dis. 2012;54:899–904.

 14. Abboud H, Probasco JC, Irani S, Ances B, Benavides DR, Bradshaw M, et al. 
Autoimmune encephalitis: proposed best practice recommendations 
for diagnosis and acute management. J Neurol Neurosurg Psychiatry. 
2021;92:757–68.

 15. Wagner JN, Kalev O, Sonnberger M, Krehan I, Von Oertzen TJ. Evaluation 
of clinical and paraclinical findings for the differential diagnosis of auto-
immune and infectious encephalitis. Front Neurol. 2018;9:434.

 16. Gu W, Miller S, Chiu CY. Clinical metagenomic next-generation sequenc-
ing for pathogen detection. Annu Rev Pathol. 2019;14:319–38.

 17. Schlaberg R, Chiu CY, Miller S, Procop GW, Weinstock G, Committee PP, 
et al. Validation of metagenomic next-generation sequencing tests for 
universal pathogen detection. Arch Pathol Lab Med. 2017;141:776–86.

 18. Gu W, Deng X, Lee M, Sucu YD, Arevalo S, Stryke D, et al. Rapid pathogen 
detection by metagenomic next-generation sequencing of infected 
body fluids. Nat Med. 2021;27:115–24.

 19. Deurenberg RH, Bathoorn E, Chlebowicz MA, Couto N, Ferdous M, Garcia-
Cobos S, et al. Application of next generation sequencing in clinical 
microbiology and infection prevention. J Biotechnol. 2017;243:16–24.

 20. Wang D, Tao X, Fei M, Chen J, Guo W, Li P, et al. Human encephalitis 
caused by pseudorabies virus infection: a case report. J Neurovirol. 
2020;26:442–8.

 21. Xing XW, Zhang JT, Ma YB, He MW, Yao GE, Wang W, et al. Metagenomic 
next-generation sequencing for diagnosis of infectious encephalitis and 
meningitis: a large, prospective case series of 213 patients. Front Cell 
Infect Microbiol. 2020;10:88.

 22. Wilson MR, Sample HA, Zorn KC, Arevalo S, Yu G, Neuhaus J, et al. Clinical 
metagenomic sequencing for diagnosis of meningitis and encephalitis. N 
Engl J Med. 2019;380:2327–40.

 23. Brown JR, Bharucha T, Breuer J. Encephalitis diagnosis using metagenom-
ics: application of next generation sequencing for undiagnosed cases. J 
Infect. 2018;76:225–40.

 24. Ramachandran P, Ramesh A, Creswell F, Wapniarski A, Narendra R, Quinn 
C, et al. Integrating central nervous system metagenomics and host 
response for diagnosis of tuberculosis meningitis and its mimics. Nat 
Commun. 2022;13:1–12.

 25. Hoang HE, Papp JR, Mu L, Thakur K, Dugue R, Harrigan E, et al. Utilization 
of routine biomarkers for prediction of an infectious or autoimmune 
etiology in encephalitis (1128). AAN Enterprises; 2021.

 26. Varun V, Gupta R, Kushwaha S, Chaturvedi M. Elucidating the role of 
myeloperoxidase in distinguishing acute encephalitis syndrome of infec-
tious, immune mediated and unknown etiology (3994). AAN Enterprises; 
2020.

 27. Michael BD, Griffiths MJ, Granerod J, Brown D, Davies NW, Borrow R, et al. 
Characteristic cytokine and chemokine profiles in encephalitis of infec-
tious, immune-mediated, and unknown aetiology. PLoS ONE. 2016;11: 
e0146288.

 28. De Araujo LS, Vaas LA, Ribeiro-Alves M, Geffers R, Mello FC, De Almeida 
AS, et al. Transcriptomic biomarkers for tuberculosis: evaluation of 
DOCK9. EPHA4, and NPC2 mRNA expression in peripheral blood. Front 
Microbiol. 2016;7:1586.

 29. Bhattacharya S, Rosenberg AF, Peterson DR, Grzesik K, Baran AM, Ashton 
JM, et al. Transcriptomic biomarkers to discriminate bacterial from non-
bacterial infection in adults hospitalized with respiratory illness. Sci Rep. 
2017;7:1–12.

 30. van den Esker MH, Koets AP. Application of transcriptomics to enhance 
early diagnostics of mycobacterial infections, with an emphasis on Myco-
bacterium avium ssp. paratuberculosis. Vet Sci. 2019;6:59.

 31. Venkatesan A, Geocadin RG. Diagnosis and management of acute 
encephalitis: a practical approach. Neurol Clin Pract. 2014;4:206–15.

 32. Reynolds JJ, Bicknell LS, Carroll P, Higgs MR, Shaheen R, Murray JE, et al. 
Mutations in DONSON disrupt replication fork stability and cause micro-
cephalic dwarfism. Nat Genet. 2017;49:537–49.

 33. Lancaster E, Martinez-Hernandez E, Dalmau J. Encephalitis and 
antibodies to synaptic and neuronal cell surface proteins. Neurology. 
2011;77:179–89.

 34. Ramanathan S, Al-Diwani A, Waters P, Irani SR. The autoantibody-medi-
ated encephalitides: from clinical observations to molecular pathogen-
esis. J Neurol. 2021;268:1689–707.

 35. Jong Y-JI, Sergin I, Purgert CA, O’Malley KL. Location-dependent signaling 
of the group 1 metabotropic glutamate receptor mGlu5. Mol Pharmacol. 
2014;86:774–85.

https://db.cngb.org/cnsa


Page 15 of 15Fan et al. Cell & Bioscience          (2023) 13:111  

 36. Piepgras J, Höltje M, Michel K, Li Q, Otto C, Drenckhahn C, et al. Anti-DPPX 
encephalitis: pathogenic effects of antibodies on gut and brain neurons. 
Neurology. 2015;85:890–7.

 37. Hollingworth P, Harold D, Sims R, Gerrish A, Lambert J-C, Carrasquillo 
MM, et al. Common variants at ABCA7, MS4A6A/MS4A4E, EPHA1, 
CD33 and CD2AP are associated with Alzheimer’s disease. Nat Genet. 
2011;43:429–35.

 38. Zhu Y, Qi C, Cao WQ, Yeldandi AV, Rao MS, Reddy JK. Cloning and char-
acterization of PIMT, a protein with a methyltransferase domain, which 
interacts with and enhances nuclear receptor coactivator PRIP function. 
Proc Natl Acad Sci USA. 2001;98:10380–5.

 39. Monecke T, Dickmanns A, Ficner R. Structural basis for m7G-cap hyper-
methylation of small nuclear, small nucleolar and telomerase RNA by the 
dimethyltransferase TGS1. Nucleic Acids Res. 2009;37:3865–77.

 40. Siamishi I, Iwanami N, Clapes T, Trompouki E, O’Meara CP, Boehm T. 
Lymphocyte-specific function of the DNA polymerase epsilon subunit 
Pole3 revealed by neomorphic alleles. Cell Rep. 2020;31: 107756.

 41. Muro R, Nitta T, Okada T, Ideta H, Tsubata T, Suzuki H. The Ras GTPase-
activating protein Rasal3 supports survival of naive T cells. PLoS ONE. 
2015;10: e0119898.

 42. Rosales C, Lowell CA, Schnoor M, Uribe-Querol E. Neutrophils: their role 
in innate and adaptive immunity 2017. J Immunol Res. 2017. https:// doi. 
org/ 10. 1155/ 2017/ 97483 45.

 43. Segal AW. How neutrophils kill microbes. Annu Rev Immunol. 
2005;23:197–223.

 44. Khanna N, Srivastav S, Mathur A, Chaturvedi U. Stimulation of neutrophil 
respiratory burst and degranulation by Japanese encephalitis virus-
induced macrophage derived factor. Int J Exp Pathol. 1993;74:339.

 45. Rosa BA, Ahmed M, Singh DK, Choreño-Parra JA, Cole J, Jiménez-Álvarez 
LA, et al. IFN signaling and neutrophil degranulation transcriptional 
signatures are induced during SARS-CoV-2 infection. Commun Biol. 
2021;4:1–14.

 46. Kim J, Ahn M, Choi Y, Shin T. Upregulation of cathepsins in olfactory bulbs 
is associated with transient olfactory dysfunction in mice with experi-
mental autoimmune encephalomyelitis. Mol Neurobiol. 2020;57:3412–23.

 47. Chen S-J, Chen L-H, Yeh Y-M, Lin C-CK, Lin P-C, Huang H-W, et al. Targeting 
lysosomal cysteine protease cathepsin S reveals immunomodulatory 
therapeutic strategy for oxaliplatin-induced peripheral neuropathy. 
Theranostics. 2021;11:4672.

 48. Malnic B, Godfrey PA, Buck LB. The human olfactory receptor gene family. 
Proc Natl Acad Sci. 2004;101:2584–9.

 49. Landis BN, Vodicka J, Hummel T. Olfactory dysfunction following herpetic 
meningoencephalitis. J Neurol. 2010;257:439–43.

 50. Vandervorst F, Guldolf K, Peeters I, Vanderhasselt T, Michiels K, Berends 
KJ, et al. Encephalitis associated with the SARS-CoV-2 virus: a case report. 
Interdiscip Neurosurg. 2020;22: 100821.

 51. Huo L, Xu K-L, Wang H. Clinical features of SARS-CoV-2-associated 
encephalitis and meningitis amid COVID-19 pandemic. World J Clin 
Cases. 2021;9:1058.

 52. Saniasiaya J, Islam MA, Abdullah B. Prevalence of olfactory dysfunction in 
coronavirus disease 2019 (COVID-19): a meta-analysis of 27,492 patients. 
Laryngoscope. 2021;131:865–78.

 53. Barry H, Byrne S, Barrett E, Murphy KC, Cotter DR. Anti-N-methyl-d-aspar-
tate receptor encephalitis: review of clinical presentation, diagnosis and 
treatment. BJPsych Bull. 2015;39:19–23.

 54. Hughes EG, Peng X, Gleichman AJ, Lai M, Zhou L, Tsou R, et al. Cellular 
and synaptic mechanisms of anti-NMDA receptor encephalitis. J Neuro-
sci. 2010;30:5866–75.

 55. Ghose C, Ly M, Schwanemann LK, Shin JH, Atab K, Barr JJ, et al. The 
virome of cerebrospinal fluid: viruses where we once thought there were 
none. Front Microbiol. 2019. https:// doi. org/ 10. 3389/ fmicb. 2019. 02061.

 56. Huang C-N, Tian X-B, Jiang S-M, Chang S-H, Wang N, Liu M-Q, et al. Com-
parisons between infectious and autoimmune encephalitis: clinical signs, 
biochemistry, blood counts, and imaging findings. Neuropsychiatr Dis 
Treat. 2020;16:2649.

 57. Dittrich T, Marsch S, Egli A, Rüegg S, De Marchis GM, Tschudin-Sutter S, 
et al. Predictors of infectious meningitis or encephalitis: the yield of cer-
ebrospinal fluid in a cross-sectional study. BMC Infect Dis. 2020;20:1–12.

 58. Zhang Q-Q, Zhang Y-F, Yu N, Lin X-J, Di Q. Differential diagnosis of autoim-
mune encephalitis from infectious lymphocytic encephalitis by analysing 

the lymphocyte subsets of cerebrospinal fluid. Anal Cell Pathol. 2019. 
https:// doi. org/ 10. 1155/ 2019/ 96841 75.

 59. Saito S, Kawamura T, Higuchi M, Kobayashi T, Yoshita-Takahashi M, 
Yamazaki M, et al. RASAL3, a novel hematopoietic RasGAP protein, 
regulates the number and functions of NKT cells. Eur J Immunol. 
2015;45:1512–23.

 60. Vogt S, Mattner J. NKT cells contribute to the control of microbial infec-
tions. Front Cell Infect Microbiol. 2021;11: 718350.

 61. Dempsey LA. NKT cells aid antiviral responses. Nat Immunol. 
2018;19:99–99.

 62. Chen S, Zhou Y, Chen Y, Gu J. fastp: an ultra-fast all-in-one FASTQ preproc-
essor. Bioinformatics. 2018;34:i884–90.

 63. Andrews S. FastQC: a quality control tool for high throughput sequence 
data. 2010. 2017.

 64. Kopylova E, Noé L, Touzet H. SortMeRNA: fast and accurate filter-
ing of ribosomal RNAs in metatranscriptomic data. Bioinformatics. 
2012;28:3211–7.

 65. Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq 
data with or without a reference genome. BMC Bioinform. 2011;12:323.

 66. Kim D, Paggi JM, Park C, Bennett C, Salzberg SL. Graph-based genome 
alignment and genotyping with HISAT2 and HISAT-genotype. Nat Bio-
technol. 2019;37:907–15.

 67. Wood DE, Lu J, Langmead B. Improved metagenomic analysis with 
Kraken 2. Genome Biol. 2019;20:257.

 68. Lu J, Breitwieser FP, Thielen P, Salzberg SL. Bracken: estimating species 
abundance in metagenomics data. PeerJ Comput Sci. 2017;3:e104.

 69. Love MI, Huber W, Anders S. Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15:550.

 70. Kolde R. pheatmap: pretty heatmaps. R package version 1.0. 12. R Packag 
version 10, 8. 2019.

 71. Zhou Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tanaseichuk O, 
et al. Metascape provides a biologist-oriented resource for the analysis of 
systems-level datasets. Nat Commun. 2019;10:1523.

 72. Paulson JN, Stine OC, Bravo HC, Pop M. Differential abundance analysis 
for microbial marker-gene surveys. Nat Methods. 2013;10:1200–2.

 73. Vavrek MJ. Fossil: palaeoecological and palaeogeographical analysis tools. 
Palaeontol Electron. 2011;14(1):16.

 74. Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D, et al. 
vegan: community ecology package. R package version 2.5-7. 2020. 2021.

 75. Drost H-G. Philentropy: information theory and distance quantification 
with R. J Open Source Softw. 2018;3:765.

 76. Kurtz ZD, Müller CL, Miraldi ER, Littman DR, Blaser MJ, Bonneau RA. Sparse 
and compositionally robust inference of microbial ecological networks. 
PLoS Comput Biol. 2015;11: e1004226.

 77. Csardi G, Nepusz T. The igraph software package for complex network 
research. Inter J Complex Syst. 2006;1695:1–9.

 78. Bojanowski M. Intergraph: coercion routines for network data objects. R 
package version 2:0-2. 2015.

 79. Briatte F. ggnetwork: geometries to plot networks with ‘ggplot2’. R pack-
age version 0.5. 8. 2020.

 80. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. 
Cytoscape: a software environment for integrated models of biomolecu-
lar interaction networks. Genome Res. 2003;13:2498–504.

 81. Friedman J, Hastie T, Tibshirani R. Regularization paths for generalized 
linear models via coordinate descent. J Stat Softw. 2010;33:1.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1155/2017/9748345
https://doi.org/10.1155/2017/9748345
https://doi.org/10.3389/fmicb.2019.02061
https://doi.org/10.1155/2019/9684175

	Integrating host transcriptomic signatures for distinguishing autoimmune encephalitis in cerebrospinal fluid by metagenomic sequencing
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	Samples collection and clinical diagnosis
	RNA-seq quality assessment
	Differential host responses in patients with IE compared to patients with AE
	Differential microbial diversity in patients with IE compared to patients with AE
	Interactions between host genes involved in neutrophil degranulation as well as genes associated with synaptic transmission and signaling and CSF microbes
	Classifiers to distinguish AE from IE

	Discussion
	Conclusion
	Materials and methods
	Study design and ethics
	Sample collection and meta-transcriptomic sequencing
	Sequencing data processing
	Differential gene expression analysis and gene functional enrichment analysis
	Microbiome analysis
	Host-microbe correlation network construction
	The development of classifier
	Statistical analysis

	Acknowledgements
	References


