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Abstract: Different mechanisms were proposed as responsible for COVID-19 neurological symptoms
but a clear one has not been established yet. In this work we aimed to study SARS-CoV-2 capacity to
infect pediatric human cortical neuronal HCN-2 cells, studying the changes in the transcriptomic
profile by next generation sequencing. SARS-CoV-2 was able to replicate in HCN-2 cells, that did not
express ACE2, confirmed also with Western blot, and TMPRSS2. Looking for pattern recognition
receptor expression, we found the deregulation of scavenger receptors, such as SR-B1, and the
downregulation of genes encoding for Nod-like receptors. On the other hand, TLR1, TLR4 and
TLR6 encoding for Toll-like receptors (TLRs) were upregulated. We also found the upregulation
of genes encoding for ERK, JNK, NF-«B and Caspase 8 in our transcriptomic analysis. Regarding
the expression of known receptors for viral RNA, only RIG-1 showed an increased expression;
downstream RIG-1, the genes encoding for TRAF3, IKKe and IRF3 were downregulated. We also
found the upregulation of genes encoding for chemokines and accordingly we found an increase in
cytokine/chemokine levels in the medium. According to our results, it is possible to speculate that
additionally to ACE2 and TMPRSS2, also other receptors may interact with SARS-CoV-2 proteins
and mediate its entry or pathogenesis in pediatric cortical neurons infected with SARS-CoV-2. In
particular, TLRs signaling could be crucial for the neurological involvement related to SARS-CoV-2
infection.

Keywords: SARS-CoV-2; nervous system; children; transcriptomic analysis; human neuronal cells;
Toll-like receptors

1. Introduction

COVID-19 is a severe acute respiratory disease caused by the coronavirus SARS-CoV-2.
Since the first cases of infection registered in Wuhan, China in late 2019, it spread widely all
over the world becoming a global pandemic. The clinical manifestations of COVID-19 can
vary going from an asymptomatic infection to mild, moderate, and ultimately severe respi-
ratory illness with multi-organ dysfunctions that may lead to the death of the patient [1].
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The most common symptoms and signs are fever, cough, dyspnea, fatigue/myalgia, anos-
mia and difficulty breathing and also lymphopenia may be present [2]. Airways, and in
particular, the oral cavity and nostrils, represent the access route for SARS-CoV-2 and
protective personal equipment can be used to stop virus spreading also among high risk
jobs [3].

An increasing number of studies reported abnormalities of the central nervous system
(CNS) and the peripheral nervous systems (PNS) in adult patients with COVID-19 [4-7].
Hyposmia is a common neurological symptom of COVID-19 that in the worst cases culmi-
nates in anosmia. Very different neurological manifestations were observed after SARS-
CoV-2 infections such as headache, dizziness, impaired consciousness, Guillain—Barré
Syndrome [8], ageusia, seizure, encephalitis, visual and oculomotor impairment, facial
palsy [9-15] but also stroke [16]. Additionally, different neuropsychiatric symptoms, includ-
ing anxiety disorders, mood disorders, psychosis, and insomnia, have been described [17].
It is important to notice that neurological symptoms may continue also after recovery [18].
Indeed, some patients showed anosmia, headache and other symptoms and signs also after
recovery [19,20].

Different mechanisms were proposed to explain neurological symptoms caused by
SARS-CoV-2 but a clear one was not established yet [21]. Possible mechanisms to explain
how SARS-CoV-2 can enter the CNS are the hematogenous or neuronal retrograde dis-
semination. In the hematogenous entry route, a virus can infect endothelial cells of the
blood-brain barrier or leukocytes for dissemination into the CNS. The second entry route
into the CNS suggested that viruses infect neurons in the periphery and use the axonal
transport machinery to enter the CNS [22]. Cranial nerve and olfactory nerve represent
another potential route of entry into the CNS for SARS-CoV-2 [13]. Some coronaviruses
can invade the CNS by penetrating the anatomical structures of ethmoid affecting the
olfactory bulb ability to control viral invasion and supporting a retrograde transsynaptic
propagation. Another retrograde route of propagation may be mediated by SARS-CoV-2
invasion of sensorial receptors located in lung and airways [23]. It has also been proposed
that SARS-CoV-2 can invade brain via the vagal afferents from the gastrointestinal tract,
suggesting a role for gut-brain axis [24].

Interestingly, SARS-CoV-2 was found in the cerebrospinal fluid (CSF) [25] and in the
brains of some patients [26]. Other than the neuroinvasive potential of SARS-CoV-2, it is
necessary also to clarify if ACE2 represents the main route of entry of SARS-CoV-2 into
neuronal cells. Indeed, neuronal ACE2 expression is still unclear [27,28]. However, it is
possible to speculate that also other receptors can be used by SARS-CoV-2 to enter the host
cells [29].

Evidence suggests that combined direct and indirect mechanisms play a role in devel-
oping CNS and PNS involvement. As reported [30], different patho-physiological processes
may be implicated such as neurotropic properties of SARS-CoV-2, damage to microvascu-
lature, brainstem compromise, neuroinflammatory response, cytokine storm, autoimmune
response, demyelination, systemic hypoxia.

Data supporting the SARS-CoV-2 PNS and CNS neurological involvement are limited
in pediatric age. Children account for only 1-5% of COVID-19 cases, of which more than
80% are asymptomatic or mild cases [31-34]. About 25-50% of children, depending on
the studies, with “multisystem inflammatory syndrome in children” (MIS-C) related to
SARS-CoV-2 showed neurological manifestations [31,35,36].

In this study, we performed a next generation sequencing analysis in order to evaluate
the transcriptional changes induced by SARS-CoV-2 infection in pediatric human cortical
neurons (HCN-2). The aim was to elucidate potential pathways involved in SARS-CoV-2
infection of neuronal cells. The discovery of SARS-CoV-2 mechanisms of infection may
help to prevent nervous system early and long term complications in children and to define
better pediatric treatments and prognosis.
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2. Results
2.1. SARS-CoV-2 Replication in Neuronal Cells

In order to verify if SARS-CoV-2 was able to replicate in neuronal HCN-2 cells we
evaluated N1 and N2 copy number at 3 different time point, namely 1, 3 and 6 days post
infection. We observed a time dependent increase in N1 and N2 copy numbers, indicating
that the virus was able to replicate in HCN-2 neuronal cells (Figure 1).
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Figure 1. Virus replication in HCN-2 cortical neurons. N1 and N2 copy number increased in a time
dependent manner. * p < 0.05; ** p < 0.01; **** p < 0.0001.

2.2. SARS-CoV-2 Modulated Pathways Related to Viral and Bacterial Infections

No cut-off was chosen to define the differentially expressed genes (DEGs) but only
genes with g-values lower than 0.05 were inspected. The transcriptomic analysis of non-
infected (HCN2-CTR) against SARS-CoV-2-infected HCN-2 cells (HCN2-SARS-CoV-2)
revealed 7315 DEGs. Among them, 3527 were more expressed in HCN2-SARS-CoV-2 while
3788 were more expressed in HCN2-CTR. We enriched our data with KEGG maps and
we observed 96 pathways overrepresented that are plotted in the bubble plot in Figure 2.
Notably, the “Coronavirus disease—COVID-19” was among the first 10 overrepresented
maps. Then, “Shigellosis”, “Protein processing in endoplasmic reticulum”, “Endocytosis”,
“AGE-RAGE signaling pathway in diabetic complications”, “Focal adhesion”, “Viral car-
cinogenesis”, “Ribosome”, “Salmonella infection” and “Chronic myeloid leukemia” had

the highest score based on —log(g-Value).
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Figure 2. Bubble plot of enriched KEGG maps of DEGs in transcriptomic analysis of HCN2-CTR
against HCN2-SARS-CoV-2. The pathways are vertically sorted by the ratio of the number of DEGs
observed in the map over the total amount of genes that take place there. Ideally, if all the genes
in the map are deregulated, the value is 1, while no DEGs in the map is 0. The size of the circle
gives information about the number of DEGs included in the pathway. From the left to the right we
represented a score for each pathway obtained by —log(g-Value). Interestingly, the “Coronavirus
disease—COVID-19” (hsa05171) is among the first 10 overrepresented maps. Then, “Shigellosis”
(hsa05131), “Protein processing in endoplasmic reticulum” (hsa04141), “Endocytosis” (hsa04144),
“AGE-RAGE signaling pathway in diabetic complications” (hsa04933), “Focal adhesion” (hsa04510),
“Viral carcinogenesis” (hsa05203), “Ribosome” (hsa03010), “Salmonella infection” (hsa05132) and
“Chronic myeloid leukemia” (hsa05220) have the highest score.

’



Int. J. Mol. Sci. 2021, 22, 8059

50f19

2.3. SARS-CoV-2 Modulated Pattern Recognition Receptor Expression

At first, we evaluated if HCN-2 cells expressed the receptors used by SARS-CoV-2
to enter into the cells. ACE2 and TMPRSS?2 that encode, respectively, for the proteins
Angiotensin-converting enzyme 2 and Transmembrane protease, serine 2 were not ex-
pressed in our transcriptomic analysis. Their role in COVID-19 is widely documented
because ACE2 allows the binding of SARS-CoV-2 in the lung cells [37] and TMPRSS2 acts
as protein priming for the virus [38]. For this reason, the Human Protein Atlas and the
Gene Expression Atlas were used to confirm that none of them are detected in the human
cerebral cortex. Moreover, we performed Western blot analysis in order to verify if HCN-2
cell line expressed ACE2 protein. We also evaluated ACE2 protein in A549 cell line and
in A549 cells expressing Human ACE2 (hACE2). We observed that HCN-2 cells did not
express ACE2 that was instead expressed in both A549 cells and in A549-hACE2 (Figure 3).

HCN-2 A549 A549-hACE2

2| B

TLR4 | " W58

Figure 3. Western blot for ACE2 and TLR4. HCN-2 cells expressed TLR4 but not ACE2. A549 and
A549-hACE2 expressed ACE2 and TLR4.

The cells use the pattern recognition receptors (PRRs) in order to recognize pathogens
and start the innate immune response. Table 1 collects the PRRs deregulated in the analysis.
The membrane-bound PRRs include 13 genes among which TLR1, TLR4 and TLR6 are Toll-
like receptors (TLRs) while AGER, CD163L1, CD36, MEGF10, SCARB1, SCARB2, SCARF1,
SSC5D, MRC1 and OLR1 are Scavenger receptors. On the other hand, 3 cytoplasmic PRRs
were deregulated. DDX58 is a Rig-like receptor (RLRs) while NLRC5 and NLRP1 belong to
the Nod-like receptors (NLRs) family. In addition, we showed that HCN-2 cells expressed
TLR4 by western blot (Figure 3).

2.4. SARS-CoV-2 Modulated TLR Signaling

Given that “Coronavirus disease—COVID-19” is among the most overrepresented
maps and TLRs are upregulated and were reported to bind S protein, we focused on TLRs
signaling using both the “Coronavirus disease—COVID-19” pathway, “Toll-like receptor
signaling pathway” and canonical “NF-kappa B signaling pathway” on KEGG. We also
looked at RIG-1 signaling in the “Coronavirus disease—COVID-19” pathway given the
upregulation of DDX58. Additionally, we evaluated the transcription factors activated
by MAPK in the “MAPK signaling pathway” on KEGG. The genes are shown in Table
2. We found that TLR1, TLR6, CASP8, TLR4, MAP3K7, CHUK, RELA, NFKBIA, MAPK3,
MAPK10, CXCLS, CCL5, TAB2, CCL2, CXCL10, MMP3, PTGS2, ATF4,ISG15 and DDX58
were upregulated. On the other hand, IKBKG, IKBKB, MAPK12, MAPK13, TRAF3, IKBKE,
IRF3, JUN, FOS, IL1B, MAP2K3 and MAP2K7 were downregulated.



Int. J. Mol. Sci. 2021, 22, 8059

6 of 19

Table 1. DEGs identified as pattern recognition receptors.

HCN2-CTR Mean HCN2-SARS-CoV-2

Gene Counts Mean Counts Log Fold Change g-Value PRRs Type
AGER 22.40 6.250 —1.84 6.61 x 107% Scavenger receptors
CD163L1 590.42 754.98 0.35 1.72 x 1079 Scavenger receptors
CD36 116.80 7.50 —3.96 1.63 x 101 Scavenger receptors
DDX58 393.61 507.49 0.37 4.69 x 1077 Rig-like receptors
MEGF10 36.80 58.75 0.67 3.86 x 1079 Scavenger receptors
MRC1 1.60 17.50 3.45 3.24 x 107% Scavenger receptors
NLRC5 622.42 218.74 —1.51 2.73 x 10798 NLR family
NLRP1 228.01 116.25 —-0.97 1.62 x 1014 NLR family
OLR1 2.40 10.00 2.06 7.22 x 1079 Scavenger receptors
SCARB1 198.41 267.49 0.43 255 x 107% Scavenger receptors
SCARB2 1432.04 1694.95 0.24 2.80 x 10710 Scavenger receptors
SCARF1 11.20 1.25 -3.16 6.91 x 1079 Scavenger receptors
SSC5D 1382.44 1993.69 0.53 8.79 x 1074 Scavenger receptors
TLR1 11.20 32.50 1.54 2.38 x 107% Toll-like receptors
TLR4 514.41 629.98 0.29 6.88 x 107% Toll-like receptors
TLR6 46.40 106.25 1.2 5.09 x 10~ 1 Toll-like receptors

Log fold change differences for DEGs identified as pattern recognition receptors between HCN2-SARS-CoV-2 and HCN2-CTR. For each
DEG, we included the mean counts computed after DESeq2 normalization in both conditions. The PRR classes to which they belong are
highlighted.

Table 2. DEGs included in the immune response to SARS-CoV-2 in HCN-2 cells.

HCN2-CTR Mean HCN2-SARS-CoV-2 Log Fold

Gene Counts Mean Counts Change q-Value
TLR1 11.20 32.50 1.54 2.38 x 1079
TLR6 46.40 106.25 1.20 5.09 x 10~ 1
CASP8 148.00 184.99 0.32 1.00 x 10792
TLR4 514.41 629.98 0.29 6.88 x 1070
MAP3K7 359.21 416.24 0.21 9.48 x 1079
IKBKG 52.00 36.25 —0.52 4.35 x 10792
CHUK 618.42 752.48 0.28 1.73 x 1079
IKBKB 740.82 544.98 —0.44 7.54 x 10713
RELA 465.61 554.98 0.25 2.89 x 10704
NFKBIA 724.82 986.22 0.44 494 x 10718
MAPK3 1052.83 1157.47 0.14 473 x 1079
MAPK12 76.80 32.50 —1.24 2.20 x 10797
MAPK13 62.40 42.50 —0.55 1.80 x 10792
MAPK10 155.20 197.49 0.35 3.97 x 1079
CXCL8 25.60 73.75 1.53 7.78 x 10~11
CCL5 0.00 16.25 6.79 1.72 x 10795
TAB2 920.83 1143.72 0.31 383 x 10711
TRAF3 466.41 366.24 —0.35 8.36 x 1070
IKBKE 101.60 76.25 —0.41 1.97 x 1092
IRF3 239.21 147.50 —0.70 2.30 x 1079
CCL2 945.63 4157.38 2.14 0
CXCL10 0.80 5.00 2.64 4.04 x 10792
MMP3 1.60 232.49 7.18 6.30 x 1072
PTGS?2 21.60 343.74 3.99 3.73 x 1082
JUN 413.61 209.99 —0.98 6.81 x 10726
FOS 172.00 11.25 —3.93 1.75 x 1028
IL1B 47.20 8.75 —243 1.65 x 109
ATF4 1512.04 1806.2 0.26 5.75 x 1012
DDX58 393.61 507.49 0.37 4.69 x 10797
MAP2K3 1580.84 1204.97 —0.39 223 x 10724
MAP2K7 122.40 93.75 —0.38 1.66 x 1092
ISG15 52.80 87.50 0.73 1.20 x 107%

Log fold change differences for DEGs involved in immunity obtained between HCN2-SARS-CoV-2 and HCN2-
CTR. For each DEG, we included the mean counts computed after DESeq2 normalization in both conditions.
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Furthermore, DEGs with fold change magnitude higher than 2 were inspected. Among
860 DEGs, 396 were upregulated in HCN2-SARS-CoV-2 compared to HCN2-CTR and 464
were downregulated in HCN2-SARS-CoV-2 compared to HCN2-CTR. Thus, we performed
a network analysis on STRING using DEGs with fold change magnitude higher than 2
together with DEGs selected with KEGG pathways (Table 2). We used the very strict filters
high confidence score and “Experiments” and “Databases” interaction sources. C5AR1,
DRD4, COL9A3, MRC1, CREB5, CHRM2, UBE2V1, PYCARD, JUP, APBBIIP, IL18R1,
GADD45G, CD36, PPARG, TAS2R10, TNFRSF1B, CDON, SSTR2, COL11A2, CDK5R1,
MMP10, IRF6, PSMA2, RCSD1, BCL2, EGR1, DUSP6, PTGS1, IRF7, PLCG2, SDC1, APO,
HERCS5, OLR1, NPY2R, IFI27, HTR1B, BTG2, FGF9, SALL4, REM1, NRG1, SMARCEI,
TNFAIP6, GPR17, COL4A4, OAS1, CHD4, RTP4, FCER1G, GNRH1, C3, NEFL, SUCNRI1,
HCAR1, GNG2, HDAC10, PCYT1B, PTP4A3 are DEGs with fold change magnitude higher
than 2 that are the first neighbors of DEGs in Table 2. Additionally, we put a focus on the
“Stress” parameter obtained after the network analysis on Cytoscape. This value gives
information about the centrality of the nodes. Specifically, the stress of a node is computed
counting the number of shortest paths in which the node is included. For this reason, a
node with a high stress is highly involved in the biological process. In addition to the
aforementioned genes, EGR1, IRF7, PPARG, SDC1 and CHD4 were the 5 DEGs with the
highest stress that were not inspected in the pathways (Figure 4).

Figure 4. The interactomic analysis was focused on DEGs that have a fold change magnitude higher than 2 (blue DEGs on
the right). Nevertheless, we also included in the analysis DEGs that are already known to be associated with immunity
response selected on the bases of KEGG analysis even if only some of them have higher fold change differences (green
DEGs on the left). The size of the nodes is dependent on the stress parameter so the bigger the node size, the higher the
stress of that node in the network. The stress parameter gives an index of the centrality of the node in the network. Among
the blue DEGs, EGR1, IRF7, PPARG, SDC1 and CHD4 in diamond shape had the five highest stress levels. For this reason,
they may have a key role in immunity response to SARS-CoV-2.

2.5. SARS-CoV-2 Modulated Cytokines/Chemokines Levels in the Cell Culture Medium

The levels of cytokines/chemokines in cell culture supernatants were evaluated in
order to verify the existence of a pro-inflammatory state in HCN-2 neurons infected with
SARS-CoV-2. An increase in the levels of IL-1p3, IL-1ra, IL-2, IL-4, IL-6, IL-17, IP-10, MCP-1,
RANTES and Eotaxin was found. On the contrary, IL-10 level decreased in HCN2-SARS-
CoV-2 (Figure 5).
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Figure 5. Concentration of cytokines/chemokines in cell culture supernatants 6 days post infection. *
p <0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001 compared to HCN2-CTR.

IP-10 (CXCL10), MCP-1 (CCL2), and RANTES (CCL5) increase confirmed the results
of our transcriptomic analysis, indeed the corresponding genes were upregulated (Table 3).
IL-2, IL-4 and IL-10 levels showed only slight variations in their levels after infections and
we did not find any significant gene expression modification for their transcripts or for their
receptors. Additionally, a slight increase of IL-1f3 level was noted. In our transcriptomic
analysis we found its downregulation, but its receptor encoded by ILI1R1 increased (Table 3).
The divergent results may depend on the increase of IL-1ra, that inhibits the activity of
IL-1 binding its receptor. In line with the increase in Eotaxin, IL-6 and IL-17 levels we
found in the transcriptomic analysis the upregulation of eotaxin-3, the signal transducer
and receptor subunit, respectively (Table 3).

Table 3. DEGs encoding for cytokines/chemokines and their receptors.

HCN2-CTR Mean HCN2-SARS-CoV-2

Gene Protein Counts Mean Counts Log Fold Change g-Value
IL1B Interleukin-1 8 47.20 8.75 243 1.65 x 108
ILIR1 Interleukin-1 receptor type 1 159.20 456.24 1.52 1.89 x 10762
IL6ST Interleukin-6 receptor 1941.66 2153.69 0.15 147 x 10
subunit beta
IL17RA Interleukin-17 receptor A 340.81 414.99 0.28 4.85 x 10704
C-C motif chemokine 5 05
CCL5 (RANTES) 0.00 16.25 6.79 1.72 x 10
C-C motif chemokine 2
CCL2 (MCP-1) 945.63 4157.38 2.14 0
cxcrro X mo&;ﬂ‘(‘;)m"kme 10 0.80 5.00 2.64 4.04 x 10~
CCL26 C-C motif chemokine 26 8.80 4625 2.39 6.93 x 10~11

(Eotaxin-3)

Log fold change differences for DEGs encoding for cytokines/chemokines and their receptors between HCN2-SARS-CoV-2 and HCN2-CTR.
For each DEG, we included the mean counts computed after DESeq2 normalization in both conditions.
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2.6. SARS-CoV-2 Modulated Genes Associated to COVID-19 in UniProt

The UniProt website contains the genes that are to date associated with the infection
of the SARS-CoV-2 and COVID-19 outbreaks. Among them, the 28 genes represented
in Table 4 were deregulated in our analysis, so they have a potential role also in HCN-2
infection.

Table 4. DEGs associated with SARS-CoV-2 infection in UniProt.

Gene HCN2-CTR HCN2-SARS-CoV-2 Log Fold 4-Value
Mean Counts Mean Counts Change

APOE 80.00 2.50 —5.00 5.65 x 10711
BSG 1677.65 2341.18 0.48 3.23 x 10748
CTSL 911.23 679.98 —0.42 213 x 10714
DDX1 1523.24 1806.20 0.25 424 x 10711
DHX58 46.40 21.25 -1.13 226 x 10~
EEF1A1 29 ,637.64 24,050.57 —0.30 410 x 10~240
FURIN 693.62 1074.97 0.63 1.55 x 10736
HIF1A 13,913.99 17,284.51 0.31 1.18 x 10157
HLA-A 3641.70 4224 .88 0.21 3.09 x 10719
HLA-E 2016.86 1858.70 —0.12 1.27 x 1079
IFITM?2 540.02 608.73 0.17 1.04 x 10792
IFNAR1 234.41 281.24 0.26 8.82 x 10793
IKBKG 52.00 36.25 —0.52 435 x 10702
IL17RA 340.81 414.99 0.28 4.85 x 10704
IL6ST 1941.66 2153.69 0.15 1.47 x 1079
IRF3 239.21 147.50 —0.70 2.30 x 10799
IRF7 11.20 2.50 -2.16 1.17 x 10792
ISG15 52.80 87.50 0.73 1.20 x 10794
NLRP1 228.01 116.25 —0.97 1.62 x 10714
NUP98 1358.44 1553.71 0.19 1.88 x 10796
PHB 1110.43 1261.21 0.18 549 x 1079
PHB?2 1071.23 861.23 —0.31 3.61 x 10710
PIKFYVE 884.83 1006.22 0.19 3.07 x 10704
PPIA 29,713.64 29,005.43 —0.03 1.71 x 107%
SMAD3 1147.23 459.99 -1.32 1.49 x 10106
SMPD1 838.42 956.22 0.19 3.25 x 10704
VAMPS8 51.20 75.00 0.55 6.78 x 10703
VPS41 872.82 1321.21 0.60 1.32 x 10740

Log fold change differences between HCN2-SARS-CoV-2 and HCN2-CTR for DEGs associated with SARS-CoV-2
infection in UniProt. For each DEG, we included the mean counts computed after DESeq2 normalization in both
conditions.

3. Discussion

A prevalence of the nervous system’s involvement in patients with COVID-19, rang-
ing from 22.5 to 36.4% among different studies, has been described [30]. Neurological
involvement of COVID-19 in neonates and children is still quite rare, but recent case re-
ports document the potential neurologic involvement also in pediatric age [34,39]. Long
period of SARS-CoV-2 infection was associated with psychiatric and cognitive disorders in
adolescents and children [40]. The dormant persistence of SARS-CoV-2 in the CNS may
lead to neurological complications [40].

In this work we aimed to study the capacity of SARS-CoV-2 to infect HCN-2 neuronal
cortical cells, studying the changes in the transcriptomic profile. Indeed, it is not clear if
SARS-CoV-2 can infect neuronal cells.

3.1. SARS-CoV-2 Replicated in Neuronal Cells and Modulated PRR Expression

Our results showed that SARS-CoV-2 was able to replicate in HCN-2 cells as suggested
by the increase in copy number of N1 and N2 genes. Our results agree with a study that
showed viral particles inside a human induced pluripotent stem cells-derived brain sphere
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model supporting the replication of the virus [41]. On the contrary, Ramani et al. found
that SARS-CoV-2 targeted neurons of 3D human brain organoids but it did not appear
to efficiently replicate [42]. In parallel, Tiwari et al. found that the infection of cerebral
organoids was less efficient compared to lung organoids due to low ACE2 and TMPRSS2
expression [43]. On the contrary, other studies in brain organoids indicated that SARS-CoV-
2 infected choroid plexus but not neurons [44,45].

Interestingly, Yi et al. found ACE2 expression in brain organoids, in the somas of
mature neurons, but not in neural stem cells, but SARS-CoV-2 was observed in the axons
which lack ACE2 [46].

In our experimental model, we did not find the expression for ACE2 and TMPRSS2
as confirmed also by Human Protein Atlas and the Gene Expression Atlas that reported
no expression in the human cerebral cortex. Additionally, Western blot analysis showed
no expression of ACE2 in HCN-2 cells. ACE2 expression in neurons is not clear and may
depend on the brain area. ACE2 is expressed in choroid plexus and paraventricular nuclei
of the thalamus, but not in the prefrontal cortex [27] and in mature or immature olfactory
receptor neurons [47].

KEGG “Coronavirus disease—COVID-19” pathway was among the most overrepre-
sented together with pathways related to immune system, viral and bacterial infections, as
reported also in other studies [48,49].

It is possible to speculate that also other receptors may interact with SARS-CoV-2
proteins and mediate its entry or pathogenesis. For this reason, we looked at the expression
of genes belonging to known PRR families, that take part in the innate immune response.
The main families of PRRs are TLRs, NLRs, RLRs, and also Scavenger receptors [50]. We
found the deregulation of different scavenger receptors (Table 1) and in particular one of
them, SR-B1, was shown to facilitate SARS-CoV-2 entry into ACE2-expressing cells [51].

A downregulation of NLRs was found in our transcriptomic analysis (Table 1). This
could indicate that SARS-CoV-2 infection may induce different cell-specific pathways as
suggested by Tiwari et al. that reported induction of interferons, cytokines, and chemokines
and inflammasome activation in lung organoids, while in neuronal cells SARS-CoV-2
activated TLR3/7, OAS2, complement system, and apoptotic genes [43]. Instead, TLRs and
RIG-1 were upregulated. In particular, TLRs seem to be involved in COVID-19 pathogenesis
and emerged as potential entry factors [29,52].

We also found the upregulation of DDX58, encoding for RIG-1, a known receptor for
viral RNA, that led to transcriptional induction of genes encoding type I interferons [53].
However, downstream RIG-1, the genes encoding for TRAF3, IKKe (IKBKE), and IRF3
were downregulated. It was already reported that SARS-CoV-2 is able to antagonize IFN-I
production and signaling [54-56]. We also found ISG15 upregulation, that is targeted by
SARS-CoV-2 protease, to attenuate type I interferon responses [57]. Moreover, a negative
regulation of RIG-I-mediated antiviral activity due to ISG15 conjugation was reported [58].
In our transcriptomic analysis interferon response seemed to be attenuated, in line with
previous results in which human brain organoids were infected but no type I interferon
response was detected [26].

3.2. SARS-CoV-2 Induced TLRs, NF-xB and MAPK Signaling

In our transcriptomic analysis we found the upregulation of TLR1, TLR4 and TLRé6.
The expression of TLR4 was also confirmed by Western blot analysis. Interestingly, a
molecular docking study indicated the binding of native spike protein of SARS-CoV-2 to
TLR1, TLR4, and TLR6 and specifically, TLR4 possessed the strongest binding affinity to
spike protein [59]. Other evidence suggested that SARS-CoV-2 S-protein can bind with
TLR4/MD-2 complex [60] and can activate TLR4 in monocyte, neutrophil and macrophage
cell lines [61]. It is important to notice that activation of TLR4 by spike protein was not
regulated by ACE2 and TMPRSS2 or virus entry [61]. These results may indicate a role for
TLRs in the manifestations of COVID-19 pathology as suggested by an enhancement of
TLR4 mediated inflammatory signaling in PBMCs of COVID-19 patients [62].
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The canonical pathway of TLR signaling leads to NF-«B activation, that in turn
increases the expression of cytokines and chemokines. In particular, TLRs, through an
activation cascade, activate TAK1 and TAB2, encoded by MAP3K7 and TAB2, respectively.
Activated TAK1 leads to the activation of IkB kinase (IKK), that phosphorylates and
degrades the inhibitory molecule IkB [63] allowing dimerization and nuclear translocation
of the p65 and p50 subunits of NF-kB. TAK1 can also activate the ERK1/2 mitogen-activated
protein kinases (MAPK), JNK, and p38 [63]. Our transcriptomic analysis seemed to indicate
the activation of TLR4 signaling and of its downstream mediators NF-«B and MAPK. In
our transcriptomic analysis we found the upregulation of the genes encoding for TAB2
and TAK1. Moreover, we found the upregulation of CHUK encoding for the catalytic
subunit IKK«, while IKBKB and IKBKG encoding for IKKf3 and IKKy were downregulated
(Table 2). We also found the upregulation of NF-«B p65 subunit (RELA) and of its inhibitor
IxBoe (NFKBIA). The upregulation of NFKBIA is not surprising because it depends on a
negative feedback loop.

In addition, ERK (MAPK3) and JNK (MAPK10) were upregulated in our transcriptomic
analysis, while p38 (MAPK12 and MAPK13) and MKK3/7 (MAP2K3 and MAP2K7) were
downregulated (Table 2). ERK activation may prevent host cell apoptosis causing viral
spread and the persistence of viral infection [64]. MAP2K7 downregulation may depend
on feedback mechanisms or on mutual regulation by the different pathways. Indeed, it
is known that the NF-kB pathway is able to modulate JNK, acting on MKK?7 [65]. The
involvement of JNK instead of p38 may be a feature of infected neurons. A previous work
reported that JNK cascade was activated in influenza A virus-infected neurons, while a
delayed p38 activation was visible in astrocytes [66]. JUN and FOS were downregulated, as
found also in a transcriptomic analysis of nasopharyngeal swabs of SARS-CoV-2 positive
compared to negative subjects [67]. Interestingly, JUN transcript was restricted at post
transcriptional level by SARS-CoV-2 [68], also due to its short half-life [69]. However,
looking at the transcription factors activated by MAPK in KEGG, we found the upregulation
of ATF4, reported to be activated by TLR4 pro-inflammatory signaling [70]. Interestingly,
ATF4 and NF-«B were suggested as drivers of the proinflammatory cytokine response in
human airway epithelial cells infected by SARS-CoV-2 [71].

These results indicated that SARS-CoV-2 infection of cortical neurons led to TLR
activation, with the induction of NF-kB and MAPK signaling. The ability of SARS-CoV-2
S1 protein to induce pro-inflammatory mediators through NF-«B and JNK activation via
TLR4 was also demonstrated in macrophages [72]. These results should also be confirmed
in other neuronal cell lines, in order to verify if this mechanism is valid for other cortical
neurons and for other neuronal cell types.

3.3. Cytokines and Chemokines Expression

NEF-«B activation induces the expression of cytokines and chemokines. In particular,
we found the upregulation of CXCL8, CXCL10, CCL2, MMP3, CCL5, and PTGS2 encoding
for IL-8, IP-10, MCP-1, MMP3, RANTES and COX2, respectively (Table 2). IL-8, IP-10, MCP-
1 and MMP-3 serum levels were suggested as biomarkers for COVID-19 disease [73-75].
RANTES and COX-2 increased in SARS-CoV-2 infection [76,77]. In accordance with tran-
scriptomic analysis, cytokines/chemokines increased in the medium (Figure 5 and Table 3).
Interestingly, IL-1ra, IL-6, IL-8, MCP-1, IP-10, and Eotaxin levels were higher in children
with MIS-C related to SARS-CoV-2 than in those without [78]. These results suggested that
in these experimental conditions neurons produced mainly chemokines in order to recruit
cells of the immune system.

In the cell culture medium, we also found a slight increase in the levels of IL-1f3.
However, we found IL1B downregulation, but the expression of its receptor IL1R1 was
upregulated. The low levels of IL-13 may depend on the increase of IL-1ra, that binds to
IL1R1 and inhibits the activity of IL-1. Additionally, an increase in IL-6 and IL-17 levels
in the medium was found and in parallel their receptor subunits showed an increased
expression.
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We found the upregulation of the gene encoding for caspase 8, that mediates cell death
and inflammation caused by SARS-CoV-2 infection of lung epithelial cells [79].

3.4. Network Analysis and UniProt Repository Inspection

Then, we performed a network analysis to find the genes with fold change >2 of
our transcriptomic analysis that interact directly with the selected genes. In particular,
we evidenced that among the interacting genes, EGR1, IRF7, PPARG, SDC1 and CHD4
were the five with a higher stress value, that indicate their relevance in connecting the
regulatory molecules. These genes were all downregulated and in particular EGR1 and
IRF7 are involved in interferon signaling, PPARG and SDC1 may be involved in SARS-CoV-
2 pathogenesis [80,81], while CHD4 belonged to the pathway viral carcinogenesis reported
to be significant in our transcriptomic analysis.

Moreover, in order to deepen the knowledge about the SAR-CoV-2 infection of neu-
rons, we searched for genes known to be involved in COVID-19 reviewed by UniProt. In
total, 28 genes showed a significantly changed expression and some of them were involved
in interferon, cytokine, and RIG-1 signaling. We also found the upregulation of IFNARI, a
receptor for Type I interferon with low affinity. This may indicate also the lack of interferon,
indeed, it was reported that interferon stimulation led to the downregulation of its recep-
tor [82]. Other genes were reported to play a role in virus entry, such as FURIN, needed
for proteolytic activation of SARS-CoV-2 [83], BSG encoding for CD147, with contrasting
results about its role as an entry factor [84,85], and PIKFYVE [86]. This result indicated that
also in neurons, even in the absence of ACE2, SARS-CoV-2 is able to induce transcriptional
changes of genes associated to its pathogenesis.

However, it is important to notice that no cut-off was chosen to define DEGs but only
genes which g-value was lower than 0.05 were inspected. For this reason, some of the genes
present a low, even if significant, fold change. Indeed, even if a gene shows a low fold
change, it can play an important role in a biological signaling.

4. Materials and Methods
4.1. Virus

SARS-CoV-2 (Human 2019-nCoV strain 2019-nCoV /Italy-INMI1, Rome, Italy) was
provided by the European Virus Archive goes Global (EVAg) through the National Institute
for Infectious Diseases “Lazzaro Spallanzani” IRCCS organization. The virus was expanded
on Calu-3 cells (ATCC® HTB-55™) and viral titers were determined by TCIDsg endpoint
dilution assay. Briefly: serial 10-fold dilutions, from 10° to 10~* TCDI5/mL (50 uL), were
plated onto 96-well plates, incubated at 37 °C in 5% CO, and checked daily to monitor
the virus-induced cytopathic effect. Seventy-two hours post infection (hpi) viral titer was
determined as previously described [87]. All the experiments with SARS-CoV-2 virus were
performed in a BSL3 facility.

4.2. In Vitro HCN-2 SARS-CoV-2 Infection Assay

HCN-2 cells (ATCC CRL-10742) were cultured in DMEM (Euroclone, Milan, Italy)
with 10% FBS medium and 100 U/mL penicillin and 100 pg/mL streptomycin, in a 25 cm?
culture flask. DMEM containing 100 U/mL penicillin and 100 pug/mL streptomycin was
used as inoculum in the mock-infected cells. Cell cultures were infected with 1 multiplicity
of infection (MOI) and incubated at 37 °C and 5% CO,. After 3 h cells were washed two
times with lukewarm PBS and refilled with the proper growth medium (10% FBS). Optical
microscope observation (ZOE™ Fluorescent Cell Imager, Bio-Rad, Hercules, CA, USA)
was performed daily to investigate the cytopathic effect. SARS-CoV-2 RNA was extracted
from 1, 3 and 6 days post infection (dpi) supernatant using the Maxwell® RSC Instrument
with Maxwell® RSC Viral Total Nucleic Acid Purification Kit (Promega, Fitchburg, WI,
USA). Viral RNA was reverse transcribed in a single-step RT-qPCR (GoTaq 1-Step RT-qPCR;
Promega, Fitchburg, WI, USA) on a CFX96 instrument (Bio-Rad, Hercules, CA, USA) using
primers specifically designed to target two regions of the nucleocapsid (N1 and N2) gene of
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SARS-CoV-2 (2019-nCoV CDC qPCR Probe Assay emergency kit; IDT, Coralville, IA, USA),
together with primers for the human RNase P gene. Viral copy quantification was assessed
by creating a standard curve from the quantified 2019-nCoV_N positive Plasmid Control
(IDT, Coralville, IA, USA). The infected cells were harvested for mRNA collection 6 dpi.
RNA was extracted from mock and infected HCN-2 with the acid guanidium thiocyanate—
phenol-chloroform method by using the RNAzolTM B (Tel-Test, Inc., Friendswood, TX,
USA) and dissolved in RN Ase-free water.

4.3. RNA-seq Analysis

The library preparation was performed following the TruSeq RNA Exome protocol
(Ilumina, San Diego, CA, USA) following the instruction, as previously described by
Silvestro et al. [88]. The Illumina MiSeq Instrument was used to obtain the raw data
from the libraries. The tool fastQC (version 0.11.5, Babraham Institute, Cambridge, UK)
was used to check the quality parameters of the raw data in Fastq format. We counted
17,605,130 reads for the HCN2-CTR and 10,128,701 reads for HCN2-SARS-CoV-2. The low
quality bases and the adapters were filtered out by Trimmomatic (version 0.38, Usadel Lab,
Aachen, Germany) [89]. The remaining reads were aligned against the GRCh38 version of
the human reference genome with Spliced Transcripts Alignment to a Reference (STAR)
RNA-seq aligner (version 2.7.3a, New York, NY, USA) [90]. We checked for coverage of
bam files using the tool samtools [91] with the command depth. We observed a mean
coverage of 4.02624 for HCN2-CTR and of 2.71703 for HCN2-SARS-CoV-2. Then, the
python package htseq-count (version 0.6.1p1, European Molecular Biology Laboratory
(EMBL), Heidelberg, Germany) [92] associated the counts to each transcript and the package
DESeq?2 of Bioconductor [93] were used to compute the analysis of differentially expressed
genes in R (version 3.6.3, R Core Team). No fold change threshold was used to discard the
DEGs but the post hoc Benjamini-Hochberg procedure was adopted to adjust the p-value
and discard DEGs with a g-value higher than 0.05.

4.4. In Silico Data Analysis

The Human Protein Atlas (http:/ /www.proteinatlas.org (accessed on 11 June 2021)) [94]
and the Gene Expression Atlas (https:/ /www.ebi.ac.uk/gxa/home (accessed on 11 June
2021)) [95] databases were used to confirm the absence of ACE2 and TMPRSS2 in the
human cerebral cortex. In R, we searched for the pathways overrepresented in the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database [96] using the enirchKEGG function
of the library clusterProfiler [97]. The name of each DEG was converted in its related entrez
using the ensembl package biomaRt [98]. The Benjamini-Hochberg method was adopted to
reduce the false positives. Only the maps with a g-value lower than 0.05 were represented
in the Bubble Plot realized with the library ggplot2 [99]. To have a clear representation of
the maps we replaced the g-value with a score —log(g-value). Additionally, KEGG was used
to inspect the curated biological pathways related to Coronavirus Disease—COVID-19
(hsa05171), Toll-like receptor signaling pathway (hsa04620), NF-kappa B signaling pathway
(hsa04064). Then, a final interactomic analysis was carried out with STRING database [100].
The high confidence (0.700) level and “Experiments” and “Databases” interaction sources
were required. Finally, CYTOSCAPE (version 3.8.2, Institute for Systems Biology, Seattle,
WA, USA) [101] was used to customize the network and perform network analysis. The
HUGO Gene Nomenclature Committee (HGNC) website [102] was used to characterize
the PRRs in the Toll like receptors (group 948), NLR family (group 666) and Scavenger
receptors (1253). Additionally, the category Rig-like receptors from the PRRDB 2.0: Pattern
Recognition Receptor Database [103] was included. The COVID-19 section of the UniProt
(https:/ /covid-19.uniprot.org/ (accessed on 11 June 2021)) [104] website contains the
reviewed proteins associated with SARS-CoV-2.
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4.5. Protein Extraction and Western Blot Analysis

Human Lung Carcinoma Cells (A549) Expressing Human Angiotensin-Converting
Enzyme 2 (hACE2) (Catalog No. NR-53821) were purchased by Bei Resources. A549-
hACE2 were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) (Euroclone, Milan,
Italy) containing 4 mM L-glutamine, supplemented with 10% FBS, 100 U/mL penicillin
and 100 pg/mL streptomycin and cultured at 37 °C and 5% CO,. HCN-2 cells, A549
cells and A549-hACE2 were harvested and proteins were extracted using RIPA following
manufacturer protocol. Protein concentrations were evaluated using the Bradford assay
(Bio-Rad, Hercules, CA, USA). Proteins were heated for 5 min at 95 °C, subjected to SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a PVDF membrane
(Immobilon-P, Millipore, Burlington, MA, USA). Membranes were blocked in 5% skim
milk in PBS for 1 h at room temperature followed by incubation overnight at 4 °C with
the following primary antibodies: ACE-2 (1:1000; Abcam, Cambridge, UK), TLR4 (1:500;
Abcam, Cambridge, UK). Then, membranes were washed in PBS 1 x and incubated with
HRP-conjugated anti-rabbit or anti-mouse IgG secondary antibody (1:2000; Santa Cruz
Biotechnology Inc, Dallas, TX, USA) for 1 h at room temperature. The relative expression
of protein bands was visualized using an enhanced chemiluminescence system (Luminata
Western HRP Substrates, Millipore, Burlington, MA, USA) and protein bands were acquired
with ChemiDoc™ MP System (Bio-Rad).

4.6. Cytokine and Chemokine Measurement by Multiplex Assay

Concentration of cytokines/chemokines was assessed in cell culture supernatants
6 days post infection by using immunoassays formatted on magnetic beads (Bio-Plex Pro
Human Cytokine 27-plex Assay #M500KCAFQY) (Bio-Rad, Hercules, CA, USA), accord-
ing to manufacturer’s protocol via Luminex 100 technology (Luminex, Austin, TX, USA).
Briefly, the capture antibody-coupled beads are first incubated with antigen standards
or samples for a specific time. The plate is then washed to remove unbound materials,
followed by incubation with biotinylated detection antibodies. After washing away the
unbound biotinylated antibodies, the beads are incubated with a reporter streptavidin-
phycoerythrin conjugate (SA-PE). Following removal of excess SA-PE, the beads are passed
through the array reader, which measures the fluorescence of the bound SA-PE. For the tar-
gets over-range an arbitrary value of 4000 pg/mL is assigned, while 0 pg/mL is attributed
to values below limit of detection.

4.7. Statistical Analysis

GraphPad Prism 6.0 software (GraphPad Software, La Jolla, CA, USA) was used to
perform the statistical analysis. The multiple comparison was performed using one-way
ANOVA test and the Bonferroni post hoc test. The comparison between two groups was
performed using Student’s t-test. A p value less than or equal to 0.05 was considered
statistically significant.

5. Conclusions

This study indicated that SARS-CoV-2 induced a pro-inflammatory response in cortical
neurons even if ACE2 receptor is not expressed. The transcriptomic analysis evidenced
that different PPRs are deregulated and in particular TLR1, TLR4 and TLR6 signaling is
upregulated leading to the activation of NF-kB and MAPK signaling. As a consequence,
COX-2, MMP3 and chemokines, that may represent a damage signal in order to enroll
immune system cells, were upregulated. Moreover, we observed a deregulation of type
I interferon pathway, supporting the idea that SARS-CoV-2 attenuates this pathway to
evade the immune system. These results evidenced that SARS-CoV-2 can activate a pro-
inflammatory state also in cells not expressing ACE2.



Int. J. Mol. Sci. 2021, 22, 8059 15 of 19

Author Contributions: Conceptualization, V.C., G.P. and E.M.; data curation, L.C.; formal analysis,
L.C,; funding acquisition, P.B.; investigation, A.G., M.B. and G.C.; methodology, A.G.,S.C., G.Z. and
M.A.A,; software, L.C.; writing—original draft, A.G.; writing—review and editing, V.C., P.B., G.P.
and E.M. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by Current Research Funds 2021, Ministry of Health, Italy and
Bando Regione Lombardia DG Welfare cod. RL_DG-WEL20MBIAS_01; CARIPLO—EXTRABANDO
E PROGETTI TERRITORIALI cod. CAR_EXT20MBIAS_01.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are openly available in the NCBI
Sequence Read Archive at BioProject accession number PRJNA742373.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Huang, C; Wang, Y.; Li, X;; Ren, L.; Zhao, J.; Hu, Y;; Zhang, L.; Fan, G.; Xu, J.; Gu, X,; et al. Clinical features of patients infected
with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497-506. [CrossRef]

2. Khalaf, K.; Papp, N.; Chou, ].T.; Hana, D.; Mackiewicz, A.; Kaczmarek, M. SARS-CoV-2: Pathogenesis, and Advancements in
Diagnostics and Treatment. Front. Immunol. 2020, 11, 570927. [CrossRef]

3. Bordea, LR.; Xhajanka, E.; Candrea, S.; Bran, S.; Onisor, E; Inchingolo, A.D.; Malcangi, G.; Pham, V.H.; Inchingolo, A.M,;
Scarano, A.; et al. Coronavirus (SARS-CoV-2) Pandemic: Future Challenges for Dental Practitioners. Microorganisms 2020, 8, 1704.
[CrossRef]

4. Leonardi, M.; Padovani, A.; McArthur, ].C. Neurological manifestations associated with COVID-19: A review and a call for action.
J. Neurol. 2020, 267, 1573-1576. [CrossRef]

5. Mao, L,; Jin, H,; Wang, M.; Hu, Y.; Chen, S.; He, Q.; Chang, J.; Hong, C.; Zhou, Y.; Wang, D.; et al. Neurologic Manifestations of
Hospitalized Patients with Coronavirus Disease 2019 in Wuhan, China. JAMA Neurol. 2020, 77, 683-690. [CrossRef] [PubMed]

6.  Zubair, AS.; McAlpine, L.S.; Gardin, T.; Farhadian, S.; Kuruvilla, D.E.; Spudich, S. Neuropathogenesis and Neurologic Manifesta-
tions of the Coronaviruses in the Age of Coronavirus Disease 2019: A Review. JAMA Neurol. 2020, 77, 1018-1027. [CrossRef]

7. Ellul, M.A,; Benjamin, L.; Singh, B.; Lant, S.; Michael, B.D.; Easton, A.; Kneen, R.; Defres, S.; Sejvar, J.; Solomon, T. Neurological
associations of COVID-19. Lancet Neurol. 2020, 19, 767-783. [CrossRef]

8.  Bigaut, K,; Mallaret, M.; Baloglu, S.; Nemoz, B.; Morand, P.; Baicry, F; Godon, A.; Voulleminot, P.; Kremer, L.; Chanson, J.B.; et al.
Guillain-Barre syndrome related to SARS-CoV-2 infection. Neurol. (R) Neuroimmunol. Neuroinflamm. 2020, 7. [CrossRef]

9.  Whittaker, A.; Anson, M.; Harky, A. Neurological Manifestations of COVID-19: A systematic review and current update. Acta
Neurol. Scand. 2020, 142, 14-22. [CrossRef]

10. Munhoz, R.P; Pedroso, J.L.; Nascimento, F.A.; Almeida, S.M.; Barsottini, O.G.P,; Cardoso, EE.C.; Teive, H.A.G. Neurological
complications in patients with SARS-CoV-2 infection: A systematic review. Arg. Neuro-Psiquiatr. 2020, 78, 290-300. [CrossRef]

11. Asadi-Pooya, A.A.; Simani, L. Central nervous system manifestations of COVID-19: A systematic review. J. Neurol. Sci. 2020, 413,
116832. [CrossRef]

12.  Elmashala, A.; Chopra, S.; Garg, A. The Neurologic Manifestations of Coronavirus Disease 2019. J. Neurol. Res. 2020, 10, 107-112.
[CrossRef]

13.  Zhou, Z.; Kang, H.; Li, S.; Zhao, X. Understanding the neurotropic characteristics of SARS-CoV-2: From neurological manifesta-
tions of COVID-19 to potential neurotropic mechanisms. J. Neurol. 2020, 267, 2179-2184. [CrossRef]

14. Keyhanian, K.; Umeton, R.P.; Mohit, B.; Davoudi, V.; Hajighasemi, F.; Ghasemi, M. SARS-CoV-2 and nervous system: From
pathogenesis to clinical manifestation. J. Neuroimmunol. 2020, 350, 577436. [CrossRef] [PubMed]

15.  Bellocchio, L.; Bordea, I.R.; Ballini, A.; Lorusso, F.; Hazballa, D.; Isacco, C.G.; Malcangi, G.; Inchingolo, A.D.; Dipalma, G.;
Inchingolo, F; et al. Environmental Issues and Neurological Manifestations Associated with COVID-19 Pandemic: New Aspects
of the Disease? Int. |. Environ. Res. Public Health 2020, 17, 8049. [CrossRef]

16. Hassan, M.; Syed, F.; Mustafa, F; Faiza Mushtaq, H.; Ullah Khan, N.; Badshah, M. SARS-CoV-2 infection with pneumonia and
stroke. Brain Hemorrhages 2021, 2, 88-90. [CrossRef] [PubMed]

17. Nalleballe, K.; Reddy Onteddu, S.; Sharma, R.; Dandu, V.; Brown, A.; Jasti, M.; Yadala, S.; Veerapaneni, K.; Siddamreddy, S.;
Avula, A,; et al. Spectrum of neuropsychiatric manifestations in COVID-19. Brain Behav. Immun. 2020, 88, 71-74. [CrossRef]

18. Nuzzo, D.; Vasto, S.; Scalisi, L.; Cottone, S.; Cambula, G.; Rizzo, M.; Giacomazza, D.; Picone, P. Post-Acute COVID-19 Neurological
Syndrome: A New Medical Challenge. J. Clin. Med. 2021, 10, 1947. [CrossRef]

19. Carvalho-Schneider, C.; Laurent, E.; Lemaignen, A.; Beaufils, E.; Bourbao-Tournois, C.; Laribi, S.; Flament, T.; Ferreira-Maldent,
N.; Bruyere, F.; Stefic, K.; et al. Follow-up of adults with noncritical COVID-19 two months after symptom onset. Clin. Microbiol.
Infect. Off. Publ. Eur. Soc. Clin. Microbiol. Infect. Dis. 2021, 27, 258-263. [CrossRef]

20. Carfi, A,; Bernabei, R.; Landi, F. Persistent Symptoms in Patients After Acute COVID-19. JAMA 2020, 324, 603-605. [CrossRef]


http://doi.org/10.1016/S0140-6736(20)30183-5
http://doi.org/10.3389/fimmu.2020.570927
http://doi.org/10.3390/microorganisms8111704
http://doi.org/10.1007/s00415-020-09896-z
http://doi.org/10.1001/jamaneurol.2020.1127
http://www.ncbi.nlm.nih.gov/pubmed/32275288
http://doi.org/10.1001/jamaneurol.2020.2065
http://doi.org/10.1016/S1474-4422(20)30221-0
http://doi.org/10.1212/NXI.0000000000000785
http://doi.org/10.1111/ane.13266
http://doi.org/10.1590/0004-282x20200051
http://doi.org/10.1016/j.jns.2020.116832
http://doi.org/10.14740/jnr603
http://doi.org/10.1007/s00415-020-09929-7
http://doi.org/10.1016/j.jneuroim.2020.577436
http://www.ncbi.nlm.nih.gov/pubmed/33212316
http://doi.org/10.3390/ijerph17218049
http://doi.org/10.1016/j.hest.2020.12.003
http://www.ncbi.nlm.nih.gov/pubmed/34095787
http://doi.org/10.1016/j.bbi.2020.06.020
http://doi.org/10.3390/jcm10091947
http://doi.org/10.1016/j.cmi.2020.09.052
http://doi.org/10.1001/jama.2020.12603

Int. J. Mol. Sci. 2021, 22, 8059 16 of 19

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Swain, O.; Romano, S.K.; Miryala, R.; Tsai, J.; Parikh, V.; Umanah, G.K.E. SARS-CoV-2 Neuronal Invasion and Complications:
Potential Mechanisms and Therapeutic Approaches. J. Neurosci. Off. ]. Soc. Neurosci. 2021, 41, 5338-5349. [CrossRef] [PubMed]
Pennisi, M.; Lanza, G.; Falzone, L.; Fisicaro, E; Ferri, R.; Bella, R. SARS-CoV-2 and the Nervous System: From Clinical Features to
Molecular Mechanisms. Int. . Mol. Sci. 2020, 21, 5475. [CrossRef]

Tsatsakis, A.; Calina, D.; Falzone, L.; Petrakis, D.; Mitrut, R.; Siokas, V.; Pennisi, M.; Lanza, G.; Libra, M.; Doukas, S.G.; et al.
SARS-CoV-2 pathophysiology and its clinical implications: An integrative overview of the pharmacotherapeutic management of
COVID-19. Food Chem. Toxicol. Int. |. Publ. Br. Ind. Biol. Res. Assoc. 2020, 146, 111769. [CrossRef]

Llorens, S.; Nava, E.; Munoz-Lopez, M.; Sanchez-Larsen, A.; Segura, T. Neurological Symptoms of COVID-19: The Zonulin
Hypothesis. Front. Immunol. 2021, 12, 665300. [CrossRef]

Moriguchi, T.; Harii, N.; Goto, J.; Harada, D.; Sugawara, H.; Takamino, J.; Ueno, M.; Sakata, H.; Kondo, K.; Myose, N.; et al. A
first case of meningitis/encephalitis associated with SARS-Coronavirus-2. Int. ]. Infect. Dis. IJID Off. Publ. Int. Soc. Infect. Dis.
2020, 94, 55-58. [CrossRef]

Song, E.; Zhang, C.; Israelow, B.; Lu-Culligan, A.; Prado, A.V,; Skriabine, S.; Lu, P; Weizman, O.E.; Liu, E; Dai, Y,; et al.
Neuroinvasion of SARS-CoV-2 in human and mouse brain. J. Exp. Med. 2021, 218. [CrossRef]

Chen, R.; Wang, K.; Yu, J.; Howard, D.; French, L.; Chen, Z.; Wen, C.; Xu, Z. The Spatial and Cell-Type Distribution of SARS-CoV-2
Receptor ACE2 in the Human and Mouse Brains. Front. Neurol. 2020, 11, 573095. [CrossRef] [PubMed]

Xia, H.; Lazartigues, E. Angiotensin-converting enzyme 2 in the brain: Properties and future directions. J. Neurochem. 2008, 107,
1482-1494. [CrossRef]

Gadanec, L.K.; McSweeney, K.R.; Qaradakhi, T.; Ali, B.; Zulli, A.; Apostolopoulos, V. Can SARS-CoV-2 Virus Use Multiple
Receptors to Enter Host Cells? Int. |. Mol. Sci. 2021, 22, 992. [CrossRef]

Guerrero, J.I; Barragan, L.A.; Martinez, ].D.; Montoya, ].P.; Pena, A.; Sobrino, FE.; Tovar-Spinoza, Z.; Ghotme, K.A. Central
and peripheral nervous system involvement by COVID-19: A systematic review of the pathophysiology, clinical manifestations,
neuropathology, neuroimaging, electrophysiology, and cerebrospinal fluid findings. BMC Infect. Dis. 2021, 21, 515. [CrossRef]
[PubMed]

Chen, T.H. Neurological involvement associated with COVID-19 infection in children. J. Neurol. Sci. 2020, 418, 117096. [CrossRef]
Guimaraes, D.; Pissarra, R.; Reis-Melo, A.; Guimaraes, H. Multisystem Inflammatory Syndrome in Children (MISC): A systematic
review. Int. ]. Clin. Pract. 2021, e14450. [CrossRef]

LaRovere, K.L.; Riggs, B.J.; Poussaint, T.Y.; Young, C.C.; Newhams, M.M.; Maamari, M.; Walker, T.C.; Singh, A.R.; Dapul, H.;
Hobbs, C.V,; et al. Neurologic Involvement in Children and Adolescents Hospitalized in the United States for COVID-19 or
Multisystem Inflammatory Syndrome. JAMA Neurol. 2021, 78, 536-547. [CrossRef] [PubMed]

Siracusa, L.; Cascio, A.; Giordano, S.; Medaglia, A.A.; Restivo, G.A.; Pirrone, I; Saia, G.E; Collura, F.; Colomba, C. Neurological
complications in pediatric patients with SARS-CoV-2 infection: A systematic review of the literature. Ital. ]. Pediatr. 2021, 47, 123.
[CrossRef]

Baradaran, A.; Malek, A.; Moazzen, N.; Abbasi Shaye, Z. COVID-19 Associated Multisystem Inflammatory Syndrome: A
Systematic Review and Meta-analysis. Iran. J. Allergy Asthma Immunol. 2020, 19, 570-588. [CrossRef] [PubMed]

Abrams, ].Y.; Godfred-Cato, S.E.; Oster, M.E.; Chow, E.J.; Koumans, E.H.; Bryant, B.; Leung, ].W.; Belay, E.D. Multisystem
Inflammatory Syndrome in Children Associated with Severe Acute Respiratory Syndrome Coronavirus 2: A Systematic Review.
J. Pediatr. 2020. [CrossRef]

Yang, J.; Petitjean, S.J.L.; Koehler, M.; Zhang, Q.; Dumitru, A.C.; Chen, W.; Derclaye, S.; Vincent, S.P.; Soumillion, P.; Alsteens, D.
Molecular interaction and inhibition of SARS-CoV-2 binding to the ACE2 receptor. Nat. Commun. 2020, 11, 4541. [CrossRef]
Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Kruger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu, N.H.; Nitsche,
A.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell
2020, 181, 271-280.e278. [CrossRef] [PubMed]

Schober, M.E.; Pavia, A.T.; Bohnsack, J.F. Neurologic Manifestations of COVID-19 in Children: Emerging Pathophysiologic
Insights. Pediatr. Crit. Care Med. 2021. [CrossRef]

Singh, H.; Singh, A.; Khan, A.A.; Gupta, V. Inmune mediating molecules and pathogenesis of COVID-19-associated neurological
disease. Microb. Pathog. 2021, 158, 105023. [CrossRef]

Bullen, C.K.; Hogberg, H.T.; Bahadirli-Talbott, A.; Bishai, W.R.; Hartung, T.; Keuthan, C.; Looney, M.M.; Pekosz, A.; Romero, J.C.;
Sille, F.C.M.; et al. Infectability of human BrainSphere neurons suggests neurotropism of SARS-CoV-2. Altex 2020, 37, 665-671.
[CrossRef]

Ramani, A.; Muller, L.; Ostermann, PN.; Gabriel, E.; Abida-Islam, P.; Muller-Schiffmann, A.; Mariappan, A.; Goureau, O.; Gruell,
H.; Walker, A.; et al. SARS-CoV-2 targets neurons of 3D human brain organoids. EMBO ]. 2020, 39, e106230. [CrossRef]

Tiwari, S.K.; Wang, S.; Smith, D.; Carlin, A.F; Rana, T.M. Revealing Tissue-Specific SARS-CoV-2 Infection and Host Responses
using Human Stem Cell-Derived Lung and Cerebral Organoids. Stem Cell Rep. 2021, 16, 437-445. [CrossRef]

Pellegrini, L.; Albecka, A.; Mallery, D.L.; Kellner, M.].; Paul, D.; Carter, A.P; James, L.C.; Lancaster, M.A. SARS-CoV-2 Infects
the Brain Choroid Plexus and Disrupts the Blood-CSF Barrier in Human Brain Organoids. Cell Stem Cell 2020, 27, 951-961.e955.
[CrossRef] [PubMed]


http://doi.org/10.1523/JNEUROSCI.3188-20.2021
http://www.ncbi.nlm.nih.gov/pubmed/34162747
http://doi.org/10.3390/ijms21155475
http://doi.org/10.1016/j.fct.2020.111769
http://doi.org/10.3389/fimmu.2021.665300
http://doi.org/10.1016/j.ijid.2020.03.062
http://doi.org/10.1084/jem.20202135
http://doi.org/10.3389/fneur.2020.573095
http://www.ncbi.nlm.nih.gov/pubmed/33551947
http://doi.org/10.1111/j.1471-4159.2008.05723.x
http://doi.org/10.3390/ijms22030992
http://doi.org/10.1186/s12879-021-06185-6
http://www.ncbi.nlm.nih.gov/pubmed/34078305
http://doi.org/10.1016/j.jns.2020.117096
http://doi.org/10.1111/ijcp.14450
http://doi.org/10.1001/jamaneurol.2021.0504
http://www.ncbi.nlm.nih.gov/pubmed/33666649
http://doi.org/10.1186/s13052-021-01066-9
http://doi.org/10.18502/ijaai.v19i6.4927
http://www.ncbi.nlm.nih.gov/pubmed/33463127
http://doi.org/10.1016/j.jpeds.2020.08.003
http://doi.org/10.1038/s41467-020-18319-6
http://doi.org/10.1016/j.cell.2020.02.052
http://www.ncbi.nlm.nih.gov/pubmed/32142651
http://doi.org/10.1097/PCC.0000000000002774
http://doi.org/10.1016/j.micpath.2021.105023
http://doi.org/10.14573/altex.2006111
http://doi.org/10.15252/embj.2020106230
http://doi.org/10.1016/j.stemcr.2021.02.005
http://doi.org/10.1016/j.stem.2020.10.001
http://www.ncbi.nlm.nih.gov/pubmed/33113348

Int. J. Mol. Sci. 2021, 22, 8059 17 of 19

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

Jacob, E; Pather, S.R.; Huang, W.K.; Zhang, F.; Wong, S.Z.H.; Zhou, H.; Cubitt, B.; Fan, W.; Chen, C.Z.; Xu, M.; et al. Human
Pluripotent Stem Cell-Derived Neural Cells and Brain Organoids Reveal SARS-CoV-2 Neurotropism Predominates in Choroid
Plexus Epithelium. Cell Stem Cell 2020, 27, 937-950.€939. [CrossRef]

Yi, S.A.; Nam, K.H.; Yun, J.; Gim, D.; Joe, D.; Kim, Y.H.; Kim, H.].; Han, ].W.; Lee, J. Infection of Brain Organoids and 2D Cortical
Neurons with SARS-CoV-2 Pseudovirus. Viruses 2020, 12, 1004. [CrossRef]

Klingenstein, M.; Klingenstein, S.; Neckel, PH.; Mack, A.F; Wagner, A.P,; Kleger, A.; Liebau, S.; Milazzo, A. Evidence of
SARS-CoV2 Entry Protein ACE2 in the Human Nose and Olfactory Bulb. Cells Tissues Organs 2020, 209, 155-164. [CrossRef]
[PubMed]

Chen, W.Y; Fang, Z.X.; Lv, X.D.; Zhou, Q.H.; Yao, M.; Deng, M. Prediction of potential therapeutic drugs against SARS-CoV-2 by
using Connectivity Map based on transcriptome data. Eur. Rev. Med. Pharmacol. Sci. 2021, 25, 3122-3131. [CrossRef]

Kwan, PK.W,; Cross, G.B.; Naftalin, C.M.; Ahidjo, B.A.; Mok, C.K,; Fanusi, F.; Permata Sari, I.; Chia, S.C.; Kumar, SK.; Alagha, R,;
et al. A blood RNA transcriptome signature for COVID-19. BMC Med. Genom. 2021, 14, 155. [CrossRef]

Kigerl, K.A.; de Rivero Vaccari, ].P; Dietrich, W.D.; Popovich, P.G.; Keane, R.W. Pattern recognition receptors and central nervous
system repair. Exp. Neurol. 2014, 258, 5-16. [CrossRef]

Wei, C.; Wan, L,; Yan, Q.; Wang, X.; Zhang, ].; Yang, X.; Zhang, Y,; Fan, C.; Li, D.; Deng, Y.; et al. HDL-scavenger receptor B type 1
facilitates SARS-CoV-2 entry. Nat. Metab. 2020, 2, 1391-1400. [CrossRef]

Khanmohammadi, S.; Rezaei, N. Role of Toll-like receptors in the pathogenesis of COVID-19. ]. Med. Virol. 2021, 93, 2735-2739.
[CrossRef]

Rehwinkel, J.; Gack, M.U. RIG-I-like receptors: Their regulation and roles in RNA sensing. Nat. Rev. Immunol. 2020, 20, 537-551.
[CrossRef]

Xia, H; Cao, Z.; Xie, X.; Zhang, X.; Chen, ].Y.; Wang, H.; Menachery, V.D.; Rajsbaum, R.; Shi, P.Y. Evasion of Type I Interferon by
SARS-CoV-2. Cell Rep. 2020, 33, 108234. [CrossRef] [PubMed]

Lei, X.; Dong, X.; Ma, R.; Wang, W.; Xiao, X.; Tian, Z.; Wang, C.; Wang, Y.; Li, L.; Ren, L.; et al. Activation and evasion of type I
interferon responses by SARS-CoV-2. Nat. Commun. 2020, 11, 3810. [CrossRef] [PubMed]

Harrison, A.G.; Lin, T.; Wang, P. Mechanisms of SARS-CoV-2 Transmission and Pathogenesis. Trends Immunol. 2020, 41, 1100-1115.
[CrossRef]

Shin, D.; Mukherjee, R.; Grewe, D.; Bojkova, D.; Baek, K.; Bhattacharya, A.; Schulz, L.; Widera, M.; Mehdipour, A.R; Tascher, G.;
et al. Papain-like protease regulates SARS-CoV-2 viral spread and innate immunity. Nature 2020, 587, 657-662. [CrossRef]

Kim, M.J.; Hwang, S.Y.; Imaizumi, T.; Yoo, J.Y. Negative feedback regulation of RIG-I-mediated antiviral signaling by interferon-
induced ISG15 conjugation. J. Virol. 2008, 82, 1474-1483. [CrossRef]

Choudhury, A.; Mukherijee, S. In silico studies on the comparative characterization of the interactions of SARS-CoV-2 spike
glycoprotein with ACE-2 receptor homologs and human TLRs. J. Med. Virol. 2020, 92, 2105-2113. [CrossRef] [PubMed]
Bhattacharya, M.; Sharma, A .R.; Mallick, B.; Sharma, G.; Lee, S.S.; Chakraborty, C. Imnmunoinformatics approach to understand
molecular interaction between multi-epitopic regions of SARS-CoV-2 spike-protein with TLR4/MD-2 complex. Infect. Genet. Evol.
J. Mol. Epidemiol. Evol. Genet. Infect. Dis. 2020, 85, 104587. [CrossRef]

Zhao, Y.; Kuang, M.; Li, J.; Zhu, L,; Jia, Z.; Guo, X.; Hu, Y.; Kong, J.; Yin, H.; Wang, X_; et al. SARS-CoV-2 spike protein interacts
with and activates TLR41. Cell Res. 2021. [CrossRef] [PubMed]

Sohn, K.M,; Lee, S.G.; Kim, H.J.; Cheon, S.; Jeong, H.; Lee, J.; Kim, 1.S; Silwal, P,; Kim, Y.J.; Paik, S.; et al. COVID-19 Patients
Upregulate Toll-like Receptor 4-mediated Inflammatory Signaling That Mimics Bacterial Sepsis. J. Korean Med. Sci. 2020, 35, e343.
[CrossRef]

Akira, S.; Takeda, K. Toll-like receptor signalling. Nat. Rev. Immunol. 2004, 4, 499-511. [CrossRef] [PubMed]

Hemmat, N.; Asadzadeh, Z.; Ahangar, N.K.; Alemohammad, H.; Najafzadeh, B.; Derakhshani, A.; Baghbanzadeh, A.; Baghi, H.B.;
Javadrashid, D.; Najafi, S.; et al. The roles of signaling pathways in SARS-CoV-2 infection; lessons learned from SARS-CoV and
MERS-CoV. Arch. Virol. 2021, 166, 675-696. [CrossRef]

Papa, S.; Zazzeroni, F,; Bubici, C.; Jayawardena, S.; Alvarez, K.; Matsuda, S.; Nguyen, D.U.; Pham, C.G.; Nelsbach, A.H.; Melis, T.;
et al. Gadd45 beta mediates the NF-kappa B suppression of JNK signalling by targeting MKK7 /JNKK2. Nat. Cell Biol. 2004, 6,
146-153. [CrossRef] [PubMed]

Mori, I.; Goshima, F.; Koshizuka, T.; Koide, N.; Sugiyama, T.; Yoshida, T.; Yokochi, T.; Nishiyama, Y.; Kimura, Y. Differential
activation of the c-Jun N-terminal kinase/stress-activated protein kinase and p38 mitogen-activated protein kinase signal
transduction pathways in the mouse brain upon infection with neurovirulent influenza A virus. J. Gen. Virol. 2003, 84, 2401-2408.
[CrossRef]

Vastrad, B.; Vastrad, C.; Tengli, A. Bioinformatics analyses of significant genes, related pathways, and candidate diagnostic
biomarkers and molecular targets in SARS-CoV-2/COVID-19. Gene Rep. 2020, 21, 100956. [CrossRef]

Alexander, M.R.; Brice, A.M.; Jansen van Vuren, P,; Rootes, C.L.; Tribolet, L.; Cowled, C.; Bean, A.G.D.; Stewart, C.R. Ribosome-
Profiling Reveals Restricted Post Transcriptional Expression of Antiviral Cytokines and Transcription Factors during SARS-CoV-2
Infection. Int. J. Mol. Sci. 2021, 22, 3392. [CrossRef]

Sharova, L.V.; Sharov, A.A.; Nedorezov, T.; Piao, Y.; Shaik, N.; Ko, M.S. Database for mRNA half-life of 19,977 genes obtained by
DNA microarray analysis of pluripotent and differentiating mouse embryonic stem cells. DNA Res. Int. ]. Rapid Publ. Rep. Genes
Genomes 2009, 16, 45-58. [CrossRef]


http://doi.org/10.1016/j.stem.2020.09.016
http://doi.org/10.3390/v12091004
http://doi.org/10.1159/000513040
http://www.ncbi.nlm.nih.gov/pubmed/33486479
http://doi.org/10.26355/eurrev_202104_25567
http://doi.org/10.1186/s12920-021-01006-w
http://doi.org/10.1016/j.expneurol.2014.01.001
http://doi.org/10.1038/s42255-020-00324-0
http://doi.org/10.1002/jmv.26826
http://doi.org/10.1038/s41577-020-0288-3
http://doi.org/10.1016/j.celrep.2020.108234
http://www.ncbi.nlm.nih.gov/pubmed/32979938
http://doi.org/10.1038/s41467-020-17665-9
http://www.ncbi.nlm.nih.gov/pubmed/32733001
http://doi.org/10.1016/j.it.2020.10.004
http://doi.org/10.1038/s41586-020-2601-5
http://doi.org/10.1128/JVI.01650-07
http://doi.org/10.1002/jmv.25987
http://www.ncbi.nlm.nih.gov/pubmed/32383269
http://doi.org/10.1016/j.meegid.2020.104587
http://doi.org/10.1038/s41422-021-00501-0
http://www.ncbi.nlm.nih.gov/pubmed/33907310
http://doi.org/10.3346/jkms.2020.35.e343
http://doi.org/10.1038/nri1391
http://www.ncbi.nlm.nih.gov/pubmed/15229469
http://doi.org/10.1007/s00705-021-04958-7
http://doi.org/10.1038/ncb1093
http://www.ncbi.nlm.nih.gov/pubmed/14743220
http://doi.org/10.1099/vir.0.19188-0
http://doi.org/10.1016/j.genrep.2020.100956
http://doi.org/10.3390/ijms22073392
http://doi.org/10.1093/dnares/dsn030

Int. J. Mol. Sci. 2021, 22, 8059 18 of 19

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Zhang, C.; Bai, N.; Chang, A.; Zhang, Z.; Yin, J.; Shen, W,; Tian, Y.; Xiang, R.; Liu, C. ATF4 is directly recruited by TLR4 signaling
and positively regulates TLR4-trigged cytokine production in human monocytes. Cell. Mol. Immunol. 2013, 10, 84-94. [CrossRef]
Vanderheiden, A ; Ralfs, P.; Chirkova, T.; Upadhyay, A.A.; Zimmerman, M.G.; Bedoya, S.; Aoued, H.; Tharp, G.M.; Pellegrini,
K.L.; Manfredi, C.; et al. Type I and Type III Interferons Restrict SARS-CoV-2 Infection of Human Airway Epithelial Cultures. J.
Virol. 2020, 94. [CrossRef] [PubMed]

Shirato, K.; Kizaki, T. SARS-CoV-2 spike protein S1 subunit induces pro-inflammatory responses via toll-like receptor 4 signaling
in murine and human macrophages. Heliyon 2021, 7, e06187. [CrossRef] [PubMed]

Chen, Y.; Wang, J.; Liu, C.; Su, L.; Zhang, D.; Fan, J.; Yang, Y.; Xiao, M.; Xie, J.; Xu, Y.; et al. IP-10 and MCP-1 as biomarkers
associated with disease severity of COVID-19. Mol. Med. 2020, 26, 97. [CrossRef] [PubMed]

Li, L.L; Li, J.; Gao, M.L.; Fan, HM.; Wang, Y.N.; Xu, X.; Chen, C.F; Liu, ] X.; Kim, J.; Aliyari, R.; et al. Interleukin-8 as a Biomarker
for Disease Prognosis of Coronavirus Disease-2019 Patients. Front. Immunol. 2021, 11. [CrossRef]

Shi, S.J.; Su, M; Shen, G.; Hu, Y; Yi, F; Zeng, Z.Y.; Zhu, P; Yang, G.; Zhou, H.; Li, Q.; et al. Matrix metalloproteinase 3 as a
valuable marker for patients with COVID-19. J. Med. Virol. 2021, 93, 528-532. [CrossRef]

Li, S;Jiang, L.; Li, X,; Lin, F; Wang, Y.; Li, B.; Jiang, T.; An, W.; Liu, S.; Liu, H.; et al. Clinical and pathological investigation of
patients with severe COVID-19. |CI Insight 2020, 5. [CrossRef]

Chen, ]J.S.; Alfajaro, M.M.; Wei, ].; Chow, R.D.; Filler, R.B.; Eisenbarth, S.C.; Wilen, C.B. Cyclooxgenase-2 is induced by SARS-CoV-2
infection but does not affect viral entry or replication. Biorxiv Prepr. Serv. Biol. 2020. [CrossRef]

Peart Akindele, N.; Kouo, T.; Karaba, A.H.; Gordon, O.; Fenstermacher, K.Z.].; Beaudry, J.; Rubens, ].H.; Atik, C.C.; Zhou, W.; Ji,
H.; et al. Distinct Cytokine and Chemokine Dysregulation in Hospitalized Children with Acute COVID-19 and Multisystem
Inflammatory Syndrome with Similar Levels of Nasopharyngeal SARS-CoV-2 Shedding. J. Infect. Dis. 2021. [CrossRef]

Li, S.;; Zhang, Y.; Guan, Z; Li, H.; Ye, M.; Chen, X,; Shen, J.; Zhou, Y.; Shi, Z.L.; Zhou, P,; et al. SARS-CoV-2 triggers inflammatory
responses and cell death through caspase-8 activation. Signal Transduct. Target. Ther. 2020, 5, 235. [CrossRef] [PubMed]
Karampoor, S.; Zahednasab, H.; Farahmand, M.; Mirzaei, R.; Zamani, F,; Tabibzadeh, A.; Bouzari, B.; Ajdarkosh, H.; Nikkhah, M.;
Hashemi, M.R.; et al. A possible pathogenic role of Syndecan-1 in the pathogenesis of coronavirus disease 2019 (COVID-19). Int.
Immunopharmacol. 2021, 97, 107684. [CrossRef]

Vallee, A.; Lecarpentier, Y.; Vallee, ].N. Interplay of Opposing Effects of the WNT/beta-Catenin Pathway and PPARgamma and
Implications for SARS-CoV2 Treatment. Front. Immunol. 2021, 12, 666693. [CrossRef] [PubMed]

Severa, M.; Remoli, M.E.; Giacomini, E.; Ragimbeau, J.; Lande, R.; Uze, G.; Pellegrini, S.; Coccia, E.M. Differential responsiveness
to IFN-alpha and IFN-beta of human mature DC through modulation of IFNAR expression. J. Leukoc. Biol. 2006, 79, 1286-1294.
[CrossRef]

Bestle, D.; Heindl, M.R,; Limburg, H.; Van Lam van, T.; Pilgram, O.; Moulton, H.; Stein, D.A.; Hardes, K.; Eickmann, M.; Dolnik,
O.; et al. TMPRSS2 and furin are both essential for proteolytic activation of SARS-CoV-2 in human airway cells. Life Sci. Alliance
2020, 3. [CrossRef] [PubMed]

Wang, K.; Chen, W.; Zhang, Z.; Deng, Y.; Lian, ].Q.; Du, P; Wei, D.; Zhang, Y.; Sun, X.X.; Gong, L.; et al. CD147-spike protein is a
novel route for SARS-CoV-2 infection to host cells. Signal Transduct. Target. Ther. 2020, 5, 283. [CrossRef]

Shilts, J.; Crozier, T.W.M.; Greenwood, E.].D.; Lehner, P.J.; Wright, G.J. No evidence for basigin/CD147 as a direct SARS-CoV-2
spike binding receptor. Sci. Rep. 2021, 11, 413. [CrossRef] [PubMed]

Ou, X,; Liu, Y;; Lei, X,; Li, P; Mi, D.; Ren, L.; Guo, L.; Guo, R.; Chen, T.; Hu, J.; et al. Characterization of spike glycoprotein of
SARS-CoV-2 on virus entry and its immune cross-reactivity with SARS-CoV. Nat. Commun. 2020, 11, 1620. [CrossRef]

Barrow, K.A.; Rich, L.M.; Vanderwall, E.R.; Reeves, S.R.; Rathe, ]J.A.; White, M.P.,; Debley, ].S. Inactivation of Material from
SARS-CoV-2-Infected Primary Airway Epithelial Cell Cultures. Methods Protoc. 2021, 4, 7. [CrossRef]

Silvestro, S.; Chiricosta, L.; Gugliandolo, A.; Iori, R.; Rollin, P.; Perenzoni, D.; Mattivi, F.; Bramanti, P.; Mazzon, E. The
Moringin/alpha-CD Pretreatment Induces Neuroprotection in an In Vitro Model of Alzheimer’s Disease: A Transcriptomic Study.
Curr. Issues Mol. Biol. 2021, 43, 197. [CrossRef]

Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114-2120.
[CrossRef]

Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. STAR: Ultrafast
universal RNA-seq aligner. Bioinformatics 2013, 29, 15-21. [CrossRef]

Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R.; Genome Project Data
Processing, S. The Sequence Alignment/Map format and SAMtools. Bioinformatics 2009, 25, 2078-2079. [CrossRef] [PubMed]
Anders, S.; Pyl, P.T.; Huber, W. HTSeq—A Python framework to work with high-throughput sequencing data. Bioinformatics 2015,
31, 166-169. [CrossRef] [PubMed]

Love, ML.I; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef]

Uhlen, M.; Fagerberg, L.; Hallstrom, B.M.; Lindskog, C.; Oksvold, P.; Mardinoglu, A.; Sivertsson, A.; Kampf, C.; Sjostedt, E.;
Asplund, A; et al. Proteomics. Tissue-based map of the human proteome. Science 2015, 347, 1260419. [CrossRef]
Papatheodorou, I.; Moreno, P.; Manning, J.; Fuentes, A.M.; George, N.; Fexova, S.; Fonseca, N.A; Fullgrabe, A.; Green, M.; Huang,
N.; et al. Expression Atlas update: From tissues to single cells. Nucleic Acids Res. 2020, 48, D77-D83. [CrossRef]

Kanehisa, M.; Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 2000, 28, 27-30. [CrossRef] [PubMed]


http://doi.org/10.1038/cmi.2012.57
http://doi.org/10.1128/JVI.00985-20
http://www.ncbi.nlm.nih.gov/pubmed/32699094
http://doi.org/10.1016/j.heliyon.2021.e06187
http://www.ncbi.nlm.nih.gov/pubmed/33644468
http://doi.org/10.1186/s10020-020-00230-x
http://www.ncbi.nlm.nih.gov/pubmed/33121429
http://doi.org/10.3389/fimmu.2020.602395
http://doi.org/10.1002/jmv.26235
http://doi.org/10.1172/jci.insight.138070
http://doi.org/10.1101/2020.09.24.312769
http://doi.org/10.1093/infdis/jiab285
http://doi.org/10.1038/s41392-020-00334-0
http://www.ncbi.nlm.nih.gov/pubmed/33037188
http://doi.org/10.1016/j.intimp.2021.107684
http://doi.org/10.3389/fimmu.2021.666693
http://www.ncbi.nlm.nih.gov/pubmed/33927728
http://doi.org/10.1189/jlb.1205742
http://doi.org/10.26508/lsa.202000786
http://www.ncbi.nlm.nih.gov/pubmed/32703818
http://doi.org/10.1038/s41392-020-00426-x
http://doi.org/10.1038/s41598-020-80464-1
http://www.ncbi.nlm.nih.gov/pubmed/33432067
http://doi.org/10.1038/s41467-020-15562-9
http://doi.org/10.3390/mps4010007
http://doi.org/10.3390/cimb43010017
http://doi.org/10.1093/bioinformatics/btu170
http://doi.org/10.1093/bioinformatics/bts635
http://doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
http://doi.org/10.1093/bioinformatics/btu638
http://www.ncbi.nlm.nih.gov/pubmed/25260700
http://doi.org/10.1186/s13059-014-0550-8
http://doi.org/10.1126/science.1260419
http://doi.org/10.1093/nar/gkz947
http://doi.org/10.1093/nar/28.1.27
http://www.ncbi.nlm.nih.gov/pubmed/10592173

Int. J. Mol. Sci. 2021, 22, 8059 19 of 19

97.

98.

99.

100.

101.

102.

103.

104.

Yu, G.; Wang, L.G; Han, Y;; He, Q.Y. clusterProfiler: An R package for comparing biological themes among gene clusters. Omiics J.
Integr. Biol. 2012, 16, 284-287. [CrossRef] [PubMed]

Durinck, S.; Spellman, P.T.; Birney, E.; Huber, W. Mapping identifiers for the integration of genomic datasets with the
R/Bioconductor package biomaRt. Nat. Protoc. 2009, 4, 1184-1191. [CrossRef]

Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016.

Szklarczyk, D.; Gable, A.L.; Lyon, D.; Junge, A.; Wyder, S.; Huerta-Cepas, J.; Simonovic, M.; Doncheva, N.T.; Morris, J.H.;
Bork, P.; et al. STRING v11: Protein-protein association networks with increased coverage, supporting functional discovery in
genome-wide experimental datasets. Nucleic Acids Res. 2019, 47, D607-D613. [CrossRef]

Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, ].T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A
software environment for integrated models of biomolecular interaction networks. Genome Res. 2003, 13, 2498-2504. [CrossRef]
Vasiliou, V.; Veselkov, K.; Bruford, E.; Reichardt, ]. K.V. Standardized nomenclature and open science in Human Genomics. Hum.
Genom. 2021, 15, 13. [CrossRef] [PubMed]

Kaur, D,; Patiyal, S.; Sharma, N.; Usmani, S.S.; Raghava, G.P.S. PRRDB 2.0: A comprehensive database of pattern-recognition
receptors and their ligands. Database ]. Biol. Databases Curation 2019, 2019. [CrossRef] [PubMed]

UniProt, C. UniProt: The universal protein knowledgebase in 2021. Nucleic Acids Res. 2021, 49, D480-D489. [CrossRef]


http://doi.org/10.1089/omi.2011.0118
http://www.ncbi.nlm.nih.gov/pubmed/22455463
http://doi.org/10.1038/nprot.2009.97
http://doi.org/10.1093/nar/gky1131
http://doi.org/10.1101/gr.1239303
http://doi.org/10.1186/s40246-021-00312-9
http://www.ncbi.nlm.nih.gov/pubmed/33612096
http://doi.org/10.1093/database/baz076
http://www.ncbi.nlm.nih.gov/pubmed/31250014
http://doi.org/10.1093/nar/gkaa1100

	Introduction 
	Results 
	SARS-CoV-2 Replication in Neuronal Cells 
	SARS-CoV-2 Modulated Pathways Related to Viral and Bacterial Infections 
	SARS-CoV-2 Modulated Pattern Recognition Receptor Expression 
	SARS-CoV-2 Modulated TLR Signaling 
	SARS-CoV-2 Modulated Cytokines/Chemokines Levels in the Cell Culture Medium 
	SARS-CoV-2 Modulated Genes Associated to COVID-19 in UniProt 

	Discussion 
	SARS-CoV-2 Replicated in Neuronal Cells and Modulated PRR Expression 
	SARS-CoV-2 Induced TLRs, NF-B and MAPK Signaling 
	Cytokines and Chemokines Expression 
	Network Analysis and UniProt Repository Inspection 

	Materials and Methods 
	Virus 
	In Vitro HCN-2 SARS-CoV-2 Infection Assay 
	RNA-seq Analysis 
	In Silico Data Analysis 
	Protein Extraction and Western Blot Analysis 
	Cytokine and Chemokine Measurement by Multiplex Assay 
	Statistical Analysis 

	Conclusions 
	References

