


cytoskeletal proteins. Interestingly, blockade of the Janus kinase and signal

transducer and activator of transcription pathway by Ruxolitinib did not increase

SARS‐CoV‐2 infection, but reduced neuronal damage, suggesting that an exacer-

bated neuronal innate immune response contributes to pathogenesis in the PNS.

Our results provide a basis to study coronavirus disease 2019 (COVID‐19) related

neuronal pathology and to test future preventive or therapeutic strategies.

K E YWORD S

interferon, iPSC‐derived peripheral neurons, JAK/STAT, neuronal damage, SARM1,

SARS‐CoV‐2

1 | INTRODUCTION

Severe acute respiratory coronavirus 2 (SARS‐CoV‐2) causes

coronavirus disease 2019 (COVID‐19). Clinical studies indicate that

some patients infected with SARS‐CoV‐2 develop neurological

disease in the central and peripheral nervous systems (CNS and

PNS, respectively).1–7 Diseases associated with the PNS occurring

after SARS‐CoV‐2 infection include nerve pain, Guillain−Barré

syndrome, myasthenia gravis, neurosensory disorders, and peripheral

neuropathy.4,8–13 Moreover, many individuals with long COVID‐19

suffer from neurological disorders including brain fog and cognitive

impairment, implying the persistence of neurological damage or even

progression to neurodegenerative diseases.2,14–16 Interestingly, some

long COVID‐19 patients with neurological symptoms have increased

loss of small nerve fibers in the cornea17 and peripheral neuropathy,

probably due to an exacerbated immune response to infection.18

Currently, it is not clear whether neurological diseases in COVID‐19

patients are due to direct effects of viral infection of the nervous system

or to an indirect impact of the immune response. SARS‐CoV‐2 RNA

genome, transcripts, and antigens were detected in the cerebrospinal

fluid and brains of some, but not all, COVID‐19 patients that developed

neurological abnormalities following infection.19–24 It has been sug-

gested that a dysregulation of the immune response, including the

induction of a cytokine storm, is responsible for neurological complica-

tions during COVID‐19.9,25–29

To investigate the underlying mechanisms of neurological symp-

toms following SARS‐CoV‐2 infection, several groups employed

human neurons and neuronal models derived from stem cells such

as human iPSC‐derived CNS neurons and brain organoids.23,30–36

However, there are differences regarding the efficiency of viral

replication in human CNS. Moreover, there are discrepancies on the

type of CNS cells—neurons, epithelial, glial cells—that are productively

infected.23,30–36 Most of the studies focused on neurons of the CNS

rather than on those of the PNS. In one of the few studies addressing

SARS‐CoV‐2 infection of human PNS neurons, the authors showed

efficient infection of human embryonic stem cell‐derived peripheral

neurons and changes in the expression of chemosensory genes.37

Neurons can detect viruses through pattern recognition recep-

tors as well as express and respond to interferon (IFN) to combat

virus infection.36,38–44 Neurons also respond to viral infections by

inducing axonal degeneration, apoptosis, and autophagy, although

the latter can also be proviral.45–50 Under certain circumstances, the

innate and intrinsic neuronal responses to viral infection can lead to

neurodegenerative processes, for example, through the unfolded

protein response (UPR)51,52 and activation of sterile alpha and Toll/

interleukin (IL) receptor motif‐containing protein 1 (SARM1), a

protein that triggers neurite degeneration.50,53–55

Here, we addressed the impact of SARS‐CoV‐2 infection and the

subsequent innate and intrinsic immune responses on the induction of

neuronal damage using human iPSC‐derived CNS and PNS neurons.

Interestingly, human iPSC‐derived neurons with characteristics of the

PNS were much more permissive to SARS‐CoV‐2 than those resembling

neurons of the CNS. This was accompanied by increased type III IFN

response, loss of cytoskeleton proteins (β‐III‐tubulin and microtubule‐

associated protein 2, MAP2), as well as gene and protein expression

profiles characteristic of neuronal damage. Interestingly, inhibition of

the Janus kinase and signal transducer and activator of transcription

(JAK/STAT) pathway by Ruxolitinib reduced neurite damage. Our results

suggest that there are important differences in the way that CNS and

PNS neurons respond to SARS‐CoV‐2 infection and link the innate

immune response with neuronal damage in human PNS neurons.

2 | METHODS

2.1 | Cells and viruses

Sensory neurons and striatal medium spiny neurons (MSNs) were

derived from iPSC and maintained as previously described.56,57 To

differentiate sensory neurons, we employed small molecule derived

neuronal precursor cells (smNPCs) generated from cord blood‐

derived iPSC.58 The MSNs were differentiated from a control iPSC

line.59 The Vero76 cell line is a derivative of Vero cells, kidney

epithelial cells from African green monkeys. Vero76 cells were

cultured with DMEM supplemented with 10% fetal calf serum (FCS),

10mM 4‐(2‐hydroxyethyl)‐1‐piperazineethanesulfonic acid (HEPES),

and 1% of penicillin/streptomycin (Pen/Strep) in a humidified

incubator at 37°C and with 5% CO2. To prepare virus stocks, Vero76
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cells were incubated with infection medium (DMEM supplemented

with 2% FCS, 10mM HEPES, and 1% Pen/Strep) containing SARS‐

CoV‐2 Beta strain at an multiplicity of infection (MOI) of 0.01 plaque

forming units (PFU)/cell for 48−72 h in a humidified incubator at

37°C and with 5% CO2. Cell supernatant (SN) was collected and

centrifuged at 450g for 5 min. Virus aliquots were stored at −80°C.

To determine the virus titer, we performed a plaque assay in

VeroB4 cells, a derivative of Vero cells, which were maintained in a

humidified incubator at 37°C and with 5% CO2. 7 × 105 VeroB4 cells/

well grown in six‐well plates were inoculated with 10‐fold serial

dilutions of the virus in infection medium (1 x MEM, 5% FCS, 25mM

HEPES, 0.5% Glutamax) for 1 h at 37°C and 5% CO2. During inoculation,

the plates were rocked gently every 15min to prevent the cells from

drying out. The inoculum was then replaced by 2mL of carboxymethyl

cellulose (CMC) overlay (1 x MEM, 1% CMC, 5% FCS, 0.37% NaHCO3,

25mM HEPES) per well. After an incubation period of 3 days at 37°C

and 5% CO2, the CMC overlay was removed and the cells washed twice

with PBS. The cells were fixed with 10% formalin for 30min at room

temperature and the plates air‐dried under a chemical fume hood. The

plaques were visualized by applying 0.05% (w/v) crystal violet solution

in 20% methanol for 20min and rinsing the cells with ddH2O. The viral

titer, expressed as PFU per mL, was calculated using the formula PFU/

mL =Number of plaques/infection volume× 10dilution.

2.2 | Infection of iPSC‐derived human neurons and

Vero cells

To test for productive infection: 70 days differentiated MSNs were

infected with SARS‐CoV‐2 β strain at an MOI of 0.01−1. One hour

after the addition of the virus (humidified incubator at 37°C and with

5% CO2), the inoculum was removed and 1:1 DMEM/F12 medium

and Neurobasal medium supplemented with XN2, XB27, 1% of Pen/

Strep/glutamine, 10 ng/mL of BDNF, 10 ng/mL GDNF, 25 ng/mL

NGF, and 50 μM dbcAMP was added to the cells. Cells were

incubated in a humidified incubator at 37°C and with 5% CO2 for 24

and 48 h; Vero76 cells were infected with SARS‐CoV‐2 Beta strain at

an MOI of 0.01 (or with UV‐inactivated SARS‐CoV‐2 β strain, kindly

provided by Thomas Pietschmann, Experimental Virology, Twincore)

for 72 h and maintained with DMEM supplemented with 2% FCS,

10mM HEPES, and 1% of Pen/Strep.

For the remaining experiments, differentiated CNS and PNS neurons

were infected with SARS‐CoV‐2 Beta strain at an MOI of 0.01 for 72 h,

without removal of the inoculum after 1 h. MSNs were incubated in 1:1

DMEM/F12 medium and Neurobasal medium supplemented with XN2,

XB27, 1% of Pen/Strep/glutamine, 10 ng/mL BDNF, 10 ng/mL GDNF,

25 ng/mL NGF, and 50μMdbcAMP; PNS neurons were incubated in 1:1

DMEM/F12 medium and Neurobasal medium supplemented with 0.5%

N2, 1% B27, 1% of Pen/Strep/glutamine, 10 ng/mL BDNF, 10 ng/mL

GDNF, and 25 ng/mL NGF. To determine the role of the JAK/STAT

pathway, we added 10μM of Ruxolitinib (Adipogen) 18 h before

infection. Mock‐infected cells were treated as infected ones without

addition of the virus.

2.3 | Multiplex assay

SN of SARS‐CoV‐2‐ and mock‐infected neurons, pretreated with

10µm Ruxolitinib or mock‐treated, was collected. Virus was inacti-

vated by incubating the SN with 7.5% NaHCO3 on ice for 10min.

Then, the SN was incubated with 0.1% of β‐propiolactone (BPL) for

72 h at 4°C. BPL was hydrolyzed by incubating the SN at 37°C for 2 h.

The SN was then stored at −20°C until use. To measure the cytokines/

chemokines present in the SN, we chose the LEGENDplexTM bead‐

based immunoassay and quantified the following cytokines/chemo-

kines from the panels COVID‐19 Cytokine Storm 1 (CCL2, CCL5,

CXCL10, IFN‐γ, IL‐10, IL‐6; Biolegend cat. No. 741088) and Human

Neurodegeneration Biomarkers 1 (neurofilament light [NFL], Tau,

α‐synuclein; Biolegend cat. No. 741197). The assay was performed

following the manufacturer's instructions. We used the SN without

applying any dilution factor. Data acquisition was achieved as advised

in the manufacturer's manual. Data analysis was performed using

the LEGENDplexTM Data Analysis Software. Protein concentration

(pg/mL) was measured as the predicted concentration relative to the

standards of each panel. Error bars represent standard deviation of the

arithmetic mean from three independent experiments.

2.4 | Statistical analysis

The p value was calculated using GraphPad Prism by performing

one‐way ANOVA followed by Dunnetts' multiple comparison

posttest. Each gene was analyzed separately and group compari-

sons were performed. In most of the cases Mock untreated control

was set as 1. For most of the data, logarithmic transformation was

performed to reinsure Gaussian distribution. Error bars represent

standard deviation of the arithmetic mean from three independent

experiments. Statistical significance was shown as *p < 0.03;

**p < 0.002; ***p < 0.0002; ****p < 0.0001; ns, not significant.

3 | RESULTS

To determine the effect of SARS‐CoV‐2 infection in PNS and CNS

neurons, we employed protocols developed in our laboratories to

differentiate human iPSC into neurons with characteristics of sensory

and striatal MSN (schematic depiction in Figure 1A,B).56,57 For the

sake of clarity, we will refer to the sensory neurons and MSN as PNS

and CNS neurons, respectively.

3.1 | iPSC‐derived human CNS and PNS neurons

express low levels of SARS‐CoV‐2 receptors and

entry factors

SARS‐CoV‐2 cell entry normally requires processing of the

S protein by transmembrane protease, serine 2 (TMPRSS2),

followed by binding to ACE2.60,61 Neuropilin‐1 (Nrp‐1) is thought
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to facilitate SARS‐CoV‐2 infection62,63 and mediates entry into

human astrocytes in brain organoids.64 Therefore, we determined

the mRNA levels of ACE2, TMPRSS2, and Nrp‐1 using quantitative

PCR. Both neuronal subtypes expressed low mRNA levels of

ACE2, TMPRSS2, and Nrp‐1 and no detectable ACE2 protein,

while Vero76 cells, used to prepare SARS‐CoV‐2 stocks, ex-

pressed higher ACE2 mRNA and protein (Figure 1C,D).

3.2 | SARS‐CoV‐2 infects a low number of iPSC‐

derived human CNS neurons and does not trigger a

strong innate immune response

We addressed whether SARS‐CoV‐2 infected iPSC‐derived human

CNS neurons despite the low expression level of known SARS‐CoV‐2

entry factors. Infection of CNS neurons with SARS‐CoV‐2 Beta strain

(A)

(B)

(C)

(D)

F IGURE 1 Differentiation of human iPSC‐derived CNS and PNS neurons, and their expression profiles of SARS‐CoV‐2 receptors and entry

factors. (A, B) PNS (A) and CNS (B) neurons were differentiated from iPSC adding the indicated supplements at the corresponding time points.56,57

(C) Graphs showing relative expression of ACE2, TMPRSS2, and NRP1 in iPSC‐derived CNS neurons (left) and PNS neurons (middle) and that of

ACE2 inVero76 cells (right). Gene expression was set relative to β‐actin or 18S. Error bars represent standard deviation of the arithmetic mean from

three independent experiments. (D) Western blot analysis showing detection of ACE2 and MAPK in cell lysates of iPSC‐derived CNS and PNS

neurons and Vero76 cells. One representative blot, out of three independent ones, is shown. BDNF, brain‐derived neurotrophic factor; BMP4,

bone morphogenetic protein 4; CNS, central nervous system; DAPT, γ‐secretase inhibitor; dbcAMP, dibutyryl cyclic adenosine monophosphate;

DM, dorsomorphin; GDNF, glial cell line‐derived neurotrophic factor; iPSC, induced pluripotent stem cells; IWP2, Wnt antagonist 2; NGF, nerve

growth factor; PMA, purmorphamine; PNS, peripheral nervous system; SARS‐CoV‐2, severe acute respiratory coronavirus 2; SB431542, TGF‐β

inhibitor; Y27632, rock inhibitor.
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(A)

(D)

(B) (C)

F IGURE 2 SARS‐CoV‐2 infects CNS neurons with low efficiency without eliciting a robust IFN and ISG response. (A) Western blot analysis

showing SARS‐CoV‐2 NC and MAPK in CNS neurons lysed at 3 dpi. NC levels relative to MAPK were measured with ImageJ. Shown is a

representative blot from three independent experiments. (B) Graphs showing relative expression of SARS‐CoV‐2 Membrane and Nucleocapsid

mRNA in CNS neurons at 3 dpi. (C) Immunoblot showing TUJ1 and MAPK in cell lysates of CNS neurons at 3 dpi. TUJ1 levels relative to MAPK

were measured using ImageJ. One representative blot, out of three independent ones, is shown. (D) Immunofluorescence of CNS neurons fixed

at 3 dpi. The cells were stained with anti‐SARS‐CoV‐2 NC, anti‐TUJ1, and DAPI. Scale bar = 20 µm; amplification: ×100. (E, G, I) Graphs showing

relative expression of host genes in CNS neurons at 3 dpi. (F) Graph showing protein concentrations of several cytokines in supernatants (SN)

obtained from CNS neurons at 3 dpi determined by ELISA. (H) Immunoblot to detect ISG15 and MAPK in cell lysates of CNS neurons. Relative

ISG15 levels were measured using ImageJ. A representative blot, out of three independent ones, is shown. (J) Graph showing protein

concentrations of several cytokines in SN obtained from CNS neurons at 3 dpi determined by cytometric bead array multiplex analysis. In all

immunoblots, the numbers below the blot represent the fold change to mock‐infected, untreated control. In all graphs showing gene expression,

this was quantified by RT‐qPCR and set relative to β‐actin. Fold‐change is relative to mock‐infected, untreated control. In all graphs, error bars

represent standard deviation of the arithmetic mean from three independent experiments. Statistical analyses for all experiments were

determined using one‐way ANOVA followed by the Dunnetts multiple comparison posttest. *p < 0.03; **p < 0.002; ***p < 0.0002;

****p < 0.0001; not significant comparisons are not indicated. CNS, central nervous system; IFN, interferon; SARS‐CoV‐2, severe acute

respiratory coronavirus 2.
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at an MOI of 0.01 led to low expression of nucleocapsid (NC) protein

compared to the results obtained with infected Vero76 cells

(Figure 2A and Figure S1A). We could not detect NC protein in

Vero76 cells infected with UV‐inactivated SARS‐CoV‐2, suggesting

that the detected protein corresponded to newly expressed NC

(Figure S1A). We also detected NC and Membrane transcripts in CNS

neurons infected with SARS‐CoV‐2 (Figure S1B). SARS‐CoV‐2 mRNA

expression increased in a time and MOI dependent manner

(E) (F)

(G)

(I)

(J)

(H)

F IGURE 2 (Continued).
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(Figure S1B). These results suggested that SARS‐CoV‐2 replicated in

CNS neurons, although at low efficiency. To address whether the

neuronal innate immune response could limit virus replication, we

blocked the JAK/STAT pathway with Ruxolitinib before exposure of

CNS neurons to SARS‐CoV‐2. Interestingly, Ruxolitinib did not

modulate the infection efficiency of SARS‐CoV‐2 at the translational

or transcriptional level (Figure 2A,B).

Costaining of the NC protein and β‐III‐tubulin (TUJ1) indicated that

only a few neurons were infected (Figure 2D). The number of NC

positive CNS neurons was low and dispersed in the culture. We did not

detect a clear cytopathic effect and the protein level of the cytoskeleton

protein β‐III‐tubulin did not decrease upon SARS‐CoV‐2 infection

(Figure 2C). Instead, we observed more β‐III‐tubulin compared to the

mock‐infected cells, suggesting no degradation of this cytoskeletal

protein upon infection of CNS neurons. Inhibition of the JAK/STAT

pathway resulted in higher β‐III‐tubulin level in CNS neurons that were

either mock‐ or SARS‐CoV‐2‐infected (Figure 2C). Overall, these results

show that SARS‐CoV‐2 infects a limited number of iPSC‐derived human

CNS neurons, which do not appear to be severely damaged by the

presence of the virus. Moreover, they suggest that the activity of the

JAK/STAT pathway did not influence the level of infection.

We then addressed whether CNS neurons responded to

infection with SARS‐CoV‐2 by expressing IFN and interferon‐

stimulated genes (ISGs). Infection with SARS‐CoV‐2 increased the

expression of type I (IFN‐β) and type III IFN (IFN‐λ2) and decreased

that of IFN‐γ (Figure 2E), but IFN‐λ2 protein levels did not

significantly increase (Figure 2F) and IFN‐γ protein levels did not

change (Figure 2J and Figure S3A). Expression of most ISGs analyzed

did not change with infection, with the exception of IFN induced

protein with tetratricopeptide repeats 1 (IFIT1) and 2′‐5′‐

Oligoadenylate synthetase like (OASL) that were increased, and

STAT2 that was slightly decreased (Figure 2G). There was no

detectable ISG15 (Figure 2H). Ruxolitinib decreased the expression

of IFN‐β, IFN‐λ2, IFN‐γ, IFIT1, and OASL in SARS‐CoV‐2 infected

neurons, indicating that the treatment was effective (Figure 2E,G).

We then investigated the expression level of pattern recognition

receptors known to be involved in SARS‐CoV‐2 recognition, namely

melanoma differentiation‐associated protein 5 (MDA‐5), retinoic acid‐

inducible gene I (RIG‐I), mitochondrial antiviral‐signaling protein

(MAVS), and Toll‐like receptor 3 and 7 (TLR3 and TLR7, respectively).

Interestingly, RIG‐I was decreased in the presence of SARS‐CoV‐2

(Figure 2I).

We then determined the level of cytokines present in the SN of

mock‐ and SARS‐CoV‐2‐infected CNS neurons in the absence and

presence of Ruxolitinib. The level of CXCL10 was lower in infected

cells and, with the exception of IL‐6, none of the analyzed cytokines

increased during SARS‐CoV‐2 infection (Figure 2J), suggesting that

CNS neurons were not in a state of inflammation at 3 dpi with SARS‐

CoV‐2. Surprisingly, inhibition of the JAK/STAT pathway resulted in

high IL‐6 protein levels in both mock‐ and SARS‐CoV‐2‐infected CNS

neurons (Figure 2J).

Altogether, SARS‐CoV‐2 infected CNS neurons with low effi-

ciency and did not elicit a robust innate immune response.

3.3 | SARS‐CoV‐2 does not induce endoplasmic

reticulum (ER) stress nor neuronal damage in

iPSC‐derived CNS neurons

The UPR pathway controls ER homeostasis and becomes activated upon

induction of ER stress. Chronic activation of the UPR can lead to

neurodegenerative diseases.65–67 We investigated whether SARS‐CoV‐2

infection induced ER stress in CNS neurons by determining the

expression level of activating transcription factor 4 (ATF4), CCAAT/

enhancer‐binding protein homologous protein (CHOP), binding immuno-

globulin protein (BiP), and 94 kDa glucose regulated protein (GRP94).

There were no signs of ER stress, such as upregulation of ATF4 and

CHOP, neither downregulation of BiP upon infection of CNS neurons

compared to the mock‐treated cells (Figure 3A). Interestingly, BiP

expression was significantly increased both at the transcriptional and

translational level in the CNS neurons exposed to SARS‐CoV‐2

(Figure 3A,B). Moreover, both SARS‐CoV‐2 infection and Ruxolitinib

treatment reduced the expression of GRP94 (Figure 3A). Overall, these

results suggest that CNS neurons responded to SARS‐CoV‐2 without

severe dysregulation of the UPR pathway.

We also investigated the impact of SARS‐CoV‐2 infection on the

expression of several genes involved in neurodegeneration such as

SARM1, nicotinamide mononucleotide adenylyltransferase 2 (NMNAT2),

β‐amyloid precursor protein (APP), and the structural protein MAP2.

SARM1 is essential and sufficient to trigger neurite degeneration, and

becomes active due to depletion of NMNAT2.53,55,68 CNS neurons

infected with SARS‐CoV‐2 did not show patterns of axonal degeneration,

but rather axonal survival, with increased transcript levels of NMNAT2

and MAP2, reduced expression of SARM1 and no changes in APP levels

compared to the mock‐treated CNS neurons (Figure 3C,D). Addition of

Ruxolitinib further increased mRNA of NMNAT2 cells and restored

SARM1 levels to those observed in mock‐infected cells (Figure 3C).

Interestingly, Ruxolitinib treatment reduced SARM1 protein levels

(Figure 3D). Addition of Ruxolitinib also increased MAP2 transcripts in

both mock‐ and SARS‐CoV‐2‐infected cells compared to the samples

without the inhibitor, while mRNA levels of APP did not significantly

change (Figure 3C). Moreover, the protein levels of tubulin associated unit

(Tau) and NFL chain did not change upon infection and treatment with

Ruxolitinib, while α‐synuclein secretion was lower in the presence of the

virus, regardless of the presence of Ruxolitinib (Figure 3E).

Overall, we demonstrated that infection of human iPSC‐derived

CNS neurons with SARS‐CoV‐2 increased mRNA and protein

expression of BiP, a central regulator of ER function.69 Moreover,

we observed gene and protein expression profiles associated with

neuronal survival and not with neuronal damage.

3.4 | SARS‐CoV‐2 productively infects iPSC‐

derived human PNS neurons and induces a type III

IFN response

There are only a few studies on infection of PNS neurons with SARS‐

CoV‐2. Therefore, we infected human iPSC‐derived PNS neurons with
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(A) (B)

(C)

(E)

(D)

F IGURE 3 SARS‐CoV‐2 infected CNS neurons do not show cytopathic expression patterns. (A, C) Graphs showing relative expression of

host genes in CNS neurons at 3 dpi. Gene expression was quantified by RT‐qPCR and set relative to β‐actin. Fold‐change is relative to mock‐

infected, untreated control. (B, D) Immunoblots showing BiP (B), SARM1 (D), and MAPK (B, D) in cell lysates of CNS neurons obtained at 3 dpi.

BiP and SARM1 levels were measured relative to MAPK using ImageJ. The numbers at the bottom of the blot represent the fold change to

mock‐treated control. One representative blot, out of three independent ones, is shown. (E) Protein concentrations of released Tau, α‐synuclein,

and Neurofilament L (NFL) determined by cytometric bead array multiplex analysis. In all graphs, error bars represent standard deviation of the

arithmetic mean from three independent experiments. Statistical analyses for all experiments were determined using one‐way ANOVA followed

by the Dunnetts multiple comparison posttest. *p < 0.03; **p < 0.002; ***p < 0.0002; ****p < 0.0001; not significant comparisons are not

indicated. CNS, central nervous system; SARS‐CoV‐2, severe acute respiratory coronavirus 2.

SARS‐CoV‐2 employing the same conditions as for the iPSC‐derived CNS

neurons. We observed similar NC protein amounts in the presence or

absence of Ruxolitinib (Figure 4A). We also detected mRNA expression of

Membrane and NC, and transcripts of the former were moderately

reduced in the presence of Ruxolitinib (Figure 4B). Infection of PNS

neurons was productive since SN collected from these cells at 72 h

postinfection formed infectious plaques in VeroB4 cells (Figure S2). The

number of infected PNS neurons was higher than when we infected CNS

neurons (Figure 4D). We also observed cytopathic effects in the cells,

including lack of β‐III‐tubulin staining within some neurites, suggesting

that neuronal damage took place (Figure 4D, yellow box). Neurons treated

with Ruxolitinib had less cytopathic effect (Figure 4D). Moreover, there

was less total β‐III‐tubulin protein upon SARS‐CoV‐2 infection compared

to the mock‐treated neurons, and a reversion to mock levels upon

inhibition of the JAK/STAT pathway (Figure 4C). These results suggest

that iPSC‐derived PNS neurons undergo some degree of neuronal

damage upon SARS‐CoV‐2 infection, which is inhibited or delayed to

some extent through suppression of the JAK/STAT pathway.

Next, we explored the effect of infection and inhibition of the

JAK/STAT pathway in the expression of genes involved in the innate

immune response during SARS‐CoV‐2 infection of PNS neurons.

Interestingly, SARS‐CoV‐2 elicited a type III IFN response in PNS

8 of 16 | PASSOS ET AL.

 1
0

9
6

9
0

7
1

, 2
0

2
4

, 2
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

0
0

2
/jm

v
.2

9
4

5
5

 b
y

 D
eu

tsch
es Z

en
tru

m
 F

ü
r N

eu
ro

d
eg

, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [1

9
/0

2
/2

0
2
4
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n

s) o
n

 W
iley

 O
n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o

n
s L

icen
se



neurons, which significantly increased IFN‐λ1 and IFN‐λ2 gene

expression and released IFN‐λ1 protein, compared to mock‐

infected cells (Figure 4E,F). Addition of Ruxolitinib decreased the

mRNA and protein levels of IFN‐λ1 in SARS‐CoV‐2‐infected cells,

while it increased the protein amount of IFN‐λ2 in the mock‐infected

cells (Figure 4E,F). Infection did not induce type I IFN and decreased

slightly the expression of type II IFN, without affecting the protein

level of IFN‐γ (Figure 4E,J). We observed upregulation of ISG15 and

Mx1 and downregulation of IFIT1, and STAT2mRNA levels in infected

PNS neurons compared to mock‐infected cells (Figure 4G). The

increased ISG15 expression was also confirmed at the protein level

(Figure 4H). The molecular weight of ISG15 was around 50 kDa,

(A)

(D)

(B) (C)

F IGURE 4 SARS‐CoV‐2 efficiently infects PNS neurons and induces robust type III IFN responses and ISG expression. (A) Immunoblot

showing SARS‐CoV‐2 NC and MAPK in PNS neurons lysed at 3 dpi. NC levels were measured relative to MAPK using ImageJ. A representative

blot is shown from three independent experiments. (B) Graph showing relative expression of SARS‐CoV‐2 Membrane and Nucleocapsid mRNA in

PNS neurons at 3 dpi. (C) Immunoblot showing TUJ1 and MAPK in cell lysates of PNS neurons at 3 dpi. TUJ1 levels were measured relative to

MAPK using ImageJ. One representative blot, out of three independent ones, is shown. (D) Immunofluorescence of PNS neurons fixed at 3 dpi

and stained with anti‐SARS‐CoV‐2 NC, anti‐TUJ1, and DAPI. The right panels show a zoom in of 4x, applied using ImageJ. Scale bar = 100 µm;

amplification: ×20. (E, G, I) Graphs showing relative expression of host genes in PNS neurons at 3 dpi. (F) Protein concentrations of released

cytokines determined by ELISA. (H) Immunoblot showing ISG15 and MAPK in lysates of PNS neurons at 3 dpi. ISG15 levels were measured

relative to MAPK using ImageJ. One representative blot, out of three independent ones, is shown. (J) Protein concentrations of released

cytokines determined by cytometric bead array multiplex analysis in the supernatant of infected PNS neurons. In all immunoblots, the numbers

at the bottom of the blot represent the fold‐change to mock‐infected, untreated control. In all graphs showing gene expression, this was

quantified by RT‐qPCR and set relative to β‐actin. Fold‐change is relative to mock‐infected, untreated control. In all graphs, error bars represent

standard deviation of the arithmetic mean from three independent experiments. Statistical analyses for all experiments were determined using

one‐way ANOVA followed by the Dunnetts multiple comparison posttest. *p < 0.03; **p < 0.002; ***p < 0.0002; ****p < 0.0001; not significant

comparisons are not indicated. IFN, interferon; PNS, peripheral nervous system; SARS‐CoV‐2, severe acute respiratory coronavirus 2.
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instead of 15 kDa, suggesting that it was ISGylated or associated with

conjugates rather than the free form of ISG15 (Figure 4H). Ruxolitinib

reduced ISG gene expression in the SARS‐CoV‐2‐infected cells to

basal levels (Figure 4E,G).

Next, we evaluated the expression levels of RNA sensors in PNS

neurons upon SARS‐CoV‐2 infection. Infection increased MDA5 and

TLR7 transcripts and decreased those of RIG‐I and TLR3, suggesting a

relevance for these sensors in the recognition of SARS‐CoV‐2 in PNS

(E) (F)

(G)

(I)

(J)

(H)

F IGURE 4 (Continued).
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neurons (Figure 4I). Analysis of the cytokine/chemokine profile

showed an increase in IL‐6, CCL2, CCL5, and CXCL10 in SARS‐CoV‐

2‐infected PNS neurons compared to mock‐treated cells, revealing a

phenotype that resembles the cytokine storm observed in severe

COVID‐19 patients (Figure 4J). Addition of Ruxolitinib inhibited the

increase in cytokine expression observed during SARS‐CoV‐2

infection of iPSC‐derived PNS neurons (Figure 4J).

Overall, these results showed that SARS‐CoV‐2 productively

infects iPSC‐derived PNS neurons, leading to high innate immune

response and loss of β‐III‐tubulin, which was less pronounced when

the JAK/STAT pathway was inhibited.

3.5 | SARS‐CoV‐2 infection of PNS neurons

increased the expression of genes involved in axonal

degeneration

To study whether the activation of innate immune responses and

the induction of stress pathways could lead to neuronal damage, we

infected PNS neurons with SARS‐CoV‐2 in the presence or absence

of Ruxolitinib and analyzed the expression of genes related to

the UPR pathway. Infection resulted in higher expression of ATF4,

and no significant changes in transcription of CHOP, BiP, and GRP94

(Figure 5A,B). Treatment with Ruxolitinib decreased the expression of

ATF4 and increased that of CHOP in the infected cells, supporting the

hypothesis that the JAK/STAT pathway might play a role in the UPR

in PNS neurons (Figure 5A).

To further explore the reduced level of β‐III‐tubulin in PNS

neurons upon SARS‐CoV‐2 infection, we analyzed the expression

level of genes involved in axonal degeneration. SARM1 mRNA and

protein levels were significantly increased, pointing to its potential

role in axonal degeneration in PNS neurons upon infection with

SARS‐CoV‐2 (Figure 5C,D). Additionally, MAP2 transcript levels were

significantly reduced in SARS‐CoV‐2‐infected cells compared to the

mock‐infected cells (Figure 5C). Interestingly, treatment with

Ruxolitinib reverted the expression profile of SARM1 and MAP2,

suggesting a link between the innate immune response and neuronal

damage in iPSC‐derived PNS neurons infected with SARS‐CoV‐2

(Figure 5C,D). In addition, we observed significantly higher levels of

released α‐synuclein in the SN of PNS neurons infected with SARS‐

CoV‐2 than in mock‐infected neurons (Figure 5E).

In conclusion, our results indicate that iPSC‐derived CNS

neurons were more resistant than PNS neurons to SARS‐CoV‐2

infection. They also suggest that a combination of direct effects of

SARS‐CoV‐2 and innate immune mechanisms induce neuronal

damage in iPSC‐derived human PNS neurons.

4 | DISCUSSION

Many COVID‐19 patients suffer neurological complications. The

protective role of the innate immune response of PNS and CNS

neurons and its potential involvement in pathological outcomes upon

SARS‐CoV‐2 infection are not well understood. Here, we addressed

the role of the innate immune response upon SARS‐CoV‐2 infection

of human iPSC‐derived CNS and PNS neurons. Our results indicate

that SARS‐CoV‐2 infection of PNS neurons induces neuronal damage

through a mechanism that involves the innate immune response—

potentially type III IFN—and SARM1.

Infection of CNS neurons—with properties of striatal MSNs—was

very inefficient and did not change after inhibition of the JAK/STAT

pathway. These results are similar to those obtained in postmortem

human brains, which showed efficient infection of cortical neurons

but not of MSNs.23 Exposure of CNS neurons to SARS‐CoV‐2 did not

lead to a robust innate immune response, ER stress response, or

neuronal damage when investigating changes within the total cell

population, probably due to the inefficient infection. The expression

of IFN‐β and IFN‐λ2 increased upon infection, while that of IFN‐γ

decreased. Bauer and colleagues reported induction of IFN‐λ2 and λ3

as well as IL‐8 during abortive infection of iPSC‐derived forebrain

cortical neurons.35

Interestingly, in our hands, despite the low number of infected

CNS neurons, BiP was upregulated at the mRNA and protein levels.

BiP is a chaperone that acts like a sentinel of the ER and in

homeostatic conditions maintains the UPR pathway inactive. Upon

imbalance, such as a viral infection, BiP is no longer associated to

the ER membrane, allowing activation of the UPR system to restore

homeostasis. If homeostasis is not restored, apoptosis ensues.65–67

There is a degree of controversy on the role of BiP during SARS‐

CoV‐2 infection. One study showed that SARS‐CoV‐2 down-

regulated BiP expression in primary differentiated human bronchial

epithelial cells,70 while others demonstrated the opposite: an

increase of the UPR master regulator in the presence of SARS‐

CoV‐2 in various cell types. The latter studies showed that BiP acts

as a pro‐viral factor, facilitating viral protein synthesis and particle

release.71,72 Additionally, other viruses incorporate BiP into viral

particles to increase their maturation and support infection of new

cells.73 Moreover, BiP can act as an entry cofactor for several

viruses, including SARS‐CoV‐2.74 Imbalance of BiP has different

consequences in the host: inhibition of BiP is detrimental, as the

accumulation of misfolded proteins causes an exacerbated stress

response. Increase of BiP keeps the UPR system inactive, protecting

the host cells from undergoing apoptosis. Therefore, it is possible

that BiP exerts a cytoprotective role and may contribute to the lack

of cytopathic effects observed in CNS neurons upon SARS‐CoV‐2

infection.75 Interestingly, Lindl et al., showed that an increase in the

expression of BiP led to the reduction of CHOP transcripts,76 as

observed here in the iPSC‐derived CNS neurons. Moreover, we

observed also increased expression of NMNAT2, reduced levels of

SARM1, higher level of the cytoskeletal protein β‐III‐tubulin and no

increase in genes associated with neurodegeneration. Increased

NMNAT2 levels are essential for axonal survival by blocking

nicotinamide adenine dinucleotide (NAD+) depletion mediated by

SARM1, which causes axonal degeneration.77 This could also

explain why CNS neurons are protected from neuronal degenera-

tion during SARS‐CoV‐2 infection in our model.
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We cannot directly compare the results with the CNS and PNS

neurons, since the infection of both neuronal subtypes was not

performed simultaneously. However, we employed the same

experimental conditions and internal controls in both sets of

experiments. This allows us to reach relevant conclusions on the

different outcomes of infection. Interestingly, SARS‐CoV‐2 infected

a high number of human iPSC‐derived PNS neurons despite low

expression of ACE2, TMPRSS2, and Nrp‐1. It is possible that SARS‐

CoV‐2 infects PNS neurons through an ACE2‐independent entry

mechanism, as has been previously described for several cell lines

and T lymphocytes.78,79

Infection of PNS neurons correlated with the initiation of a type

III IFN response, expression of Mx1, ISG15, and proinflammatory

cytokines like IL‐6, CCL2, CCL5, and CXCL10 at 3 dpi. We did not

detect induction of type I IFN response under such conditions,

probably because this response occurs earlier and is less sustained

than the induction of type III IFN.80 The increased IFN‐λ1 response in

PNS neurons correlated with increased expression of ATF4, no

(A) (B)

(C)

(E)

(D)

F IGURE 5 Stress response and axonal degeneration upon SARS‐CoV‐2 infection of PNS neurons. (A, C) Graphs showing relative expression

of host genes in PNS neurons at 3 dpi. Gene expression was quantified by RT‐qPCR and set to β‐actin. Fold‐change is relative to mock‐infected,

untreated control. (B, D) Immunoblots showing BiP (B), SARM1 (D), and MAPK (B, D) in cell lysates of PNS neurons at 3 dpi. Relative BiP and

SARM1 levels were measured using ImageJ. The numbers at the bottom of the blot represent the fold‐change to mock‐infected, untreated

control. One representative blot is shown from one experiment out of three independent ones. (E) Protein concentrations of released Tau,

α‐synuclein, and Neurofilament L (NFL) determined by cytometric bead array multiplex analysis. In all graphs, error bars represent standard

deviation of the arithmetic mean from three independent experiments. Statistical analyses for all experiments were determined using one‐way

ANOVA followed by the Dunnetts multiple comparison posttest. *p < 0.03; **p < 0.002; ***p < 0.0002; ****p < 0.0001; not significant

comparisons are not indicated. PNS, peripheral nervous system.

12 of 16 | PASSOS ET AL.

 1
0

9
6

9
0

7
1

, 2
0

2
4

, 2
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

0
0

2
/jm

v
.2

9
4

5
5

 b
y

 D
eu

tsch
es Z

en
tru

m
 F

ü
r N

eu
ro

d
eg

, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [1

9
/0

2
/2

0
2
4
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n

s) o
n

 W
iley

 O
n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o

n
s L

icen
se



changes in the master regulator of UPR (BiP), enhanced expression of

neurodegeneration‐related genes (SARM1 and APP), an elevated level

of proteins involved in neuronal damage (SARM1 and α‐synuclein)

and lower levels of β‐III‐tubulin, an essential protein maintaining the

neuronal cytoskeleton. Studies performed in epithelial cells suggest a

link between IFN‐λ and induction of SARM1 and UPR.81,82 The

observed increased expression of ATF4 together with lack of changes

in BiP expression could contribute to apoptosis and autophagy,83 and

thereby neuronal damage in the human iPSC‐derived PNS neurons.

Interestingly, inhibition of the JAK/STAT pathway reverted this

phenotype in PNS neurons, suggesting a link between the innate

immune response, ER stress response, expression of SARM1, and

neurodegenerative processes in the context of SARS‐CoV‐2 infec-

tion. Ruxolitinib also slightly decreased SARS‐CoV‐2 gene expression,

and this could also explain the lower cytopathic effect observed.

Neurons express IFN‐λ and its receptor.38 However, the

potential link between type III IFN and neuronal damage during

infection is understudied. The higher expression of IFN‐λ1 in PNS

neurons correlated with upregulation of ISG15 and Mx1. ISGylation

of ISG15 combined with high level of Mx1 were detected in

peripheral mononuclear cells in symptomatic COVID‐19 patients.84

Moreover, upregulation of ISG15 and its potential ISGylation could

contribute to aberrant protein degradation, promoting the accumula-

tion of cellular proteins such as APP, and to increased autophagy,

contributing to neurodegenerative diseases.85

SARM1 is both necessary and sufficient to initiate axonal

degeneration,53,55 the first stage of many neurodegenerative

diseases, including peripheral neuropathies.86,87 SARM1 is inactive

in healthy axons but becomes active upon injury or insult, including

infection, due to depletion of NMNAT2.68 NMNAT2 promotes the

synthesis of NAD+ through an enzymatic reaction of nicotinamide

mononucleotide and adenosine triphosphate. SARM1 activation leads

to hydrolysis of NAD into Nam, calcium influx, and activation of

calpains that degrade cytoskeletal proteins such as β‐III‐tubulin,

causing neurite degeneration.88–91 Upon infection of PNS neurons

with SARS‐CoV‐2, there was a JAK/STAT‐dependent activation of

SARM1 that correlated with lower levels of β‐III‐tubulin and increase

of neurodegenerative markers.

SARM1 plays different roles in infection with different viruses.

For instance, SARM1 knock out mice responded as wild type

littermates to influenza, but were protected from neurodegenera-

tion after CNS infection with vesicular stomatitis virus.54 This

correlated with reduced levels of cytokine production in the CNS.54

On the contrary, mice lacking SARM1 expression were more

susceptible to West Nile virus infection.92 Sundaramoorthy showed

that SARM1 activation acts as a defense mechanism to inhibit rabies

virus infection of neuronal cell bodies.50 Our results also indicate a

link between the innate immune response and SARM1 upon SARS‐

CoV‐2 infection. The increased expression of SARM1 and reduced

levels of cytoskeletal proteins upon SARS‐CoV‐2 infection of PNS

neurons could lead to axonal degeneration and nerve fiber loss,

causing neurological disease, as observed in some COVID‐19

patients.11,17,18

In conclusion, we show that SARS‐CoV‐2 only infected a reduced

number of iPSC‐derived CNS neurons and did not lead to a robust

innate immune response, nor to a neurodegenerative phenotype. In

contrast, SARS‐CoV‐2 efficiently infected human iPSC‐derived PNS

neurons, triggering the innate immune response that was partially

responsible for the neurodegenerative‐like phenotype. The patho-

logical cytokine responses were characterized by high levels of

IFN‐λ1, expression of ISGs, cytokines, ER‐stress genes, and genes

involved in triggering neuronal damage, like SARM1, and accumula-

tion of cellular proteins responsible for neuronal damage such as

α‐synuclein. In the iPSC‐derived human PNS neurons employed here,

blocking the JAK/STAT pathway ameliorated the neuronal damage

phenotype through decreasing SARM1 and ATF4 expression levels,

and reducing SARM1 protein level. This was accompanied by an

increase in β‐III‐tubulin and MAP2, linking the innate immune

response and neuronal damage in this model. A considerable number

of COVID‐19 patients suffers from many symptoms associated with

neuronal dysfunction in the PNS, including loss of innervation and

increased neuropathy.17,18 Our results cannot explain the broad

range of different neurological symptoms from which COVID‐19

patients suffer, but they provide a model to further explore the role

of the infection and the innate immune response in the neuronal

pathology and to test future preventive or therapeutic strategies.
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