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Disruption of cellular proteostasis by HIN1 influenza A
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Neurodegenerative diseases feature specific misfolded or misas-
sembled proteins associated with neurotoxicity. The precise mech-
anisms by which protein aggregates first arise in the majority of
sporadic cases have remained unclear. Likely, a first critical mass of
misfolded proteins starts a vicious cycle of a prion-like expansion. We
hypothesize that viruses, having evolved to hijack the host cellular
machinery for catalyzing their replication, lead to profound distur-
bances of cellular proteostasis, resulting in such a critical mass of
protein aggregates. Here, we investigated the effect of influenza virus
(H1N1) strains on proteostasis of proteins associated with neurode-
generative diseases in Lund human mesencephalic dopaminergic cells
in vitro and infection of Rag knockout mice in vivo. We demonstrate
that acute HIN1 infection leads to the formation of a-synuclein and
Disrupted-in-Schizophrenia 1 (DISC1) aggregates, but not of tau or
TDP-43 aggregates, indicating a selective effect on proteostasis.
Oseltamivir phosphate, an antiinfluenza drug, prevented H1N1-induced
a-synuclein aggregation. As a cell pathobiological mechanism, we
identified H1N1-induced blocking of autophagosome formation and
inhibition of autophagic flux. In addition, a-synuclein aggregates
appeared in infected cell populations connected to the olfactory bulbs
following intranasal instillation of H1N1 in Rag knockout mice. We
propose that H1N1 virus replication in neuronal cells can induce seeds
of aggregated a-synuclein or DISC1 that may be able to initiate further
detrimental downstream events and should thus be considered a risk
factor in the pathogenesis of synucleinopathies or a subset of mental
disorders. More generally, aberrant proteostasis induced by viruses
may be an underappreciated factor in initiating protein misfolding.
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hallmark of neurodegenerative diseases is the occurrence of

misfolded proteins (1), each specific for a clinical disease:
a-synuclein—containing Lewy bodies in synucleinopathies such as
Parkinson’s disease (PD), PD with dementia (PDD), multiple
systems atrophy (MSA), and dementia with Lewy bodies (DLB);
extracellular beta-amyloid plaques and intraneuronal tangles of
hyperphosphorylated tau in Alzheimer’s disease (AD); or TAR-
DNA-binding protein 43 (TDP-43) aggregates in amyotrophic
lateral sclerosis (ALS). The fact that the same proteins form
aggregates in familial cases of neurodegenerative disease where
a mutant protein is involved, and in sporadic cases where ag-
gregates are caused independent of a mutation (2), has led to the
notion that aggregates are a manifestation of a step common to
both familial and sporadic disease that is critical for the disease
process ultimately leading to neuronal death.

The synucleinopathies are characterized by cytosolic Lewy
bodies, consisting of fibrillar a-synuclein associated with neuro-
nal degeneration (3). In PD, degeneration is most prominent in
dopaminergic neurons of the substantia nigra (SN), which leads
to a loss of dopaminergic innervation of basal ganglia and the
characteristic motor symptoms of PD. In PDD, limbic structures
are also involved, while, in DLB, the changes do not extend
widely out of the olfactory system connectome as described and
reviewed (4).

www.pnas.org/cgi/doi/10.1073/pnas.1906466117

Aggregate formation may also occur in at least a subset of
chronic mental illnesses (CMI) such as schizophrenia or the re-
current affective disorders (5). Insoluble Disrupted-in-schizophrenia
1 (DISC1) protein has been identified in 15% of postmortem brains
from patients with schizophrenia, bipolar disease, or major depression
(6), and, in a transgenic rat model modestly overexpressing the
DISC1 protein, modeling this CMI subset features aberrant
dopaminergic homeostasis, as seen in behavioral, neurochemical,
and biochemical changes, including the induction of perinuclear
DISC1 aggregates mainly in dopamine-rich regions (7).

An increasing set of data suggests that misfolded proteins, in-
cluding a-synuclein and DISCI1, amplify their pathogenic signaling
similar to prion replication, i.e., misfolded conformers accelerate
conversion of correctly folded physiological conformers (8-11). In
this case, once a critical threshold of aggregated proteins is
present, a cascade of events is triggered that ends with neuronal
death in affected anatomical areas (11). Similar to prions, mis-
folded a-synuclein can also propagate transneuronally following
anatomical connections (4). The prion hypothesis of a-synuclein as
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vaccines should be investigated for possible long-term effects on
protein misfolding.
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the sole cause for PD or other synucleinopathies in humans is
currently controversial, with valuable arguments on both sides
(12). Experimental transmission experiments in animals, though,
have yielded good support for the prion-like nature of a-synuclein
9, 11).

We currently lack an understanding for the initial phases of
the formation of the critical mass of misfolded proteins (“first
prions”) that can initiate prion replication and trigger signaling
events leading to acceleration of the process and neuronal death.
One hypothesis is that a disturbance in protein homeostasis
(proteostasis), i.e., a cellular imbalance between genesis of mis-
folded proteins and their degradation, can contribute to the steady
accumulation of aggregated proteins (13). Reasons for disturbed
proteostasis can be manifold and involve toxins, inflammation,
oxidative stress, and infections with viruses (14).

Viruses have much shorter replication cycles than their host
cells (15), and thus they have evolved to take advantage of a host
cell’s machinery for an efficient viral replication. We have pre-
viously demonstrated that this catalysis is not limited to the viral
genome but also comprises its capsid assembly that is catalyzed by
host multiprotein complexes (16). During viral replication, host
cell proteostasis is disturbed by affecting quality control mecha-
nisms (17) and depleting energy resources (reviewed in ref. 18).
Viral infections could thus lead to aberrant proteostasis and
misassembly or aggregation of susceptible proteins instrumental in
fatal signaling cascades in neurodegenerative diseases (19).

An overt influenza-induced encephalitis is rare and concerns
mostly children or immunocompromised individuals, since the
immune system is usually able to prevent CNS invasion (20-22).
In immunodefective mice, HIN1 virus persists in the midbrain
over prolonged periods of time (23) and can enter via olfactory
or trigeminal routes (24, 25). In immunodeficient patients, in-
fluenza virus may enter the CNS via the olfactory tract (26). In
ferrets, an asymptomatic neuroinvasion with H5N1 has been
reported (25). Remarkably, two mutations in the viral NS1
protein are sufficient to change virus tropism from lung to brain
(27), and a variety of host genetic factors affect tropism and
virulence of influenza HIN1 that is subject to constant mutation
(28). Thus, several viral and/or host factors may play a role in
neuroinvasion of influenza and do not necessarily have to exhibit
overt symptoms of classical encephalitis.

Suggestions for a pathogenic role of influenza in nervous
system diseases such as postencephalitic parkinsonism appeared
following the “Spanish flu” of 1918 to 1920 that overlapped with
the lethargic encephalitis epidemic of 1916 to 1926, but are
controversial (29-31). Also, evidence from epidemiological studies
demonstrating a relation between influenza and PD is ambiguous,
with some studies supporting a role of influenza in PD (32, 33) and
some not (34). However, such studies are methodologically very
difficult since (i) up to 60% of influenza-infected individuals are
asymptomatic or have mild symptoms, i.e., there is no correlation
between clinical symptoms and serology (35); and (if) variations in
genetic factors determine clinical outcome (36). In order to per-
form well-controlled studies, extensive diagnostic measures would
have to be taken in order to achieve meaningful epidemiological
results, which has not been done so far.

In this study, we used the HIN1 influenza A/WS/33 strain for
infections in vitro (37) and the mouse-neuroadapted HIN1 in-
fluenza A/WSN/33 in vivo (38). This strain has been used for
studies on molecular and neurophysiological interactions with
neurons (39). Here, we demonstrate that the HIN1 influenza
A/WS/33 strain (37) leads to aggregation of endogenous a-synuclein
and DISCI1 in differentiated, dopaminergic, neuron-like Lund
human mesencephalic (LUHMES) cells. In addition, a-synuclein
aggregates were seen in populations of infected neurons connected
to the olfactory bulb following intranasal viral instillation of the
neuroadapted A/WSN/33 strain in mice. We also show mechanistically
that the proteostatic disturbance of the autophagic flux in LUHMES
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cells caused by HIN1 infection, which impairs protein degrada-
tion, could initiate a critical mass of aggregated proteins.

Results

Influenza A (H1/N1) Infection Disturbs Protein Homeostasis in Human
Dopaminergic Neurons. In order to understand whether influenza A
(HINT) viral infection leads to a specific impairment in protein
homeostasis relevant for PD, LUHMES cells were differentiated
into human dopaminergic neurons (40). At postdifferentiation day
5, the morphology (SI Appendix, Fig. S14) as well as the expres-
sion of dopaminergic cellular markers (dopamine transporter and
tyrosine hydroxylase; SI Appendix, Fig. S1 B and C) indicated
neuronal maturity. In a candidate protein approach, several en-
dogenously expressed proteins related to protein misfolding dis-
eases were investigated in differentiated LUHMES cells. In
undifferentiated, proliferating LUHMES cells, human DISC1 and
a-synuclein protein expression was barely detected (SI Appendix,
Fig. S1D). A small amount of TDP-43 and a noticeable expression
of total tau was already detected in undifferentiated cells (S
Appendix, Fig. S1D). At differentiation day 5, a significant increase
in the expression of all proteins was observed (P < 0.05; SI Ap-
pendix, Fig. S1D). All subsequent experiments were therefore
done in 5-d-differentiated LUHMES cells.

LUHMES cells were infected with a low multiplicity of in-
fection (MOI) of HIN1 influenza A virus strain A/WS/33 (41)
(MOI = 1), which resulted in an infection rate of 30 to 40% in
LUHMES cells 24 h after viral infection (33.3 + 3.92% infected
cells; SI Appendix, Fig. S2A4). The replication kinetics of
HINI1 influenza A virus from 0 to 24 h p.i. were analyzed. The
viral concentration in the medium increased substantially 12 h
p.i. (0.6 x 10* PFU/mL + 0.46 x 10* PFU/mL), being stable at
24 h p.i. (1.7 x 10* PFU/mL + 1.32 x 10* PFU/mL; SI Appendix,
Fig. S2B). Since no morphological changes in the cells 24 h p.i.
were observed, all following analyses in the present study were
done at 24 h p.i.

Immunofluorescence analysis revealed a-synuclein aggregates
in LUHMES cells infected with HIN1 influenza A virus (Fig. 1 4
and B). Quantification of aggregated a-synuclein showed a sig-
nificant increase in aggregate number after viral infection (59 +
19.20%; P = 0.002) in comparison with the noninfected condi-
tion, where a-synuclein aggregates were rarely detectable (Fig.
1C). An immunoblot analysis indicated that total protein levels of
a-synuclein were not affected by HIN1 influenza A infection (Fig.
1D). There was, in part, colocalization of a-synuclein with thio-
flavin S (ThS; S2D), a marker for amyloid fibrils. In order to
perform a functional assay to test the potential a-synuclein seeding
activity of HIN1-induced aggregates in LUHMES cells, we per-
formed a real-time quaking-induced conversion (RT-QulC) assay
(42). With the reservation that this method cannot be considered
fully established for a-synuclein (in contrast to the pathological
prion protein), it nevertheless indicated that the influenza-infected
LUHMES cells displayed increased seeding potential (SI Appen-
dix, Fig. S34) as compared to uninfected control.

To demonstrate the effect of HIN1 influenza A viral infection
on a-synuclein in an independent cell line, human NLF (non-
dopaminergic) neuroblastoma cells (43) transiently transfected
with human a-synuclein were also infected with HIN1 (for 24 h;
MOI of 1), and likewise led to the induction of a-synuclein ag-
gregates (SI Appendix, Fig. S3 B and C).

We were also interested to understand whether HIN1 influenza
A replication leads to misassembly of other disease-specific pro-
teins such as DISC1, which we had previously identified to ag-
gregate in vitro (44) and in vivo in a subpopulation of CMI
patients (6, 7), tau protein, or TDP-43. As for a-synuclein,
HINI influenza A/WS/33 infection induced aggregation of en-
dogenously expressed DISCI1 as observed by immunofluorescence
in differentiated LUHMES cells (SI Appendix, Fig. S4 A and B).
DISC1 aggregates were quantified, and a significant increase in
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Fig. 1. A/WS/33 (H1N1) infection induces a-synuclein aggregation in human dopaminergic neurons. (A and B) An increase in aggregated a-synuclein was
detected in the cytoplasm of LUHMES cells 24 h after influenza infection (B; MOI of 1) compared to noninfected cells (A; green, a-synuclein; red, influenza A
NP; blue, DAPI). (Scale bars: Left, 10 pm; Right, 3 um; dotted boxes show regions of higher magnification.) (C) Quantification of influenza-induced a-synuclein
aggregates per cell of the infected (black bar) versus the noninfected condition (gray bar) in percent showed an increase of a-synuclein aggregates. Mann-
Whitney U test with one-tailed Dunn'’s post hoc test was used as a statistical test (**P < 0.01; n = 6; means + SEM). (D) Immunoblot of total protein levels of
a-synuclein in lysates of infected and noninfected LUHMES cells. VDAC-normalized a-synuclein levels were comparable between infected (black bar) and
noninfected (gray bar) cells (n = 3; means + SEM). Circles in bar graphs represent results of single experiments. n.s., statistically not significant.

the percentage of aggregates per cell was observed after viral in-
fection (93 + 29.20%; P = 0.01) compared to the noninfected
condition (S Appendix, Fig. S4C). We thus clearly demonstrate
that endogenous human DISCI protein aggregates if stressed by
HINI infection. Induction of aggregated DISC1 by HIN1 infec-
tion was corroborated in human NLF neuroblastoma cells tran-
siently transfected with human mRFP-DISC1 (SI Appendix, Fig.
S$4D). Of note, a-synuclein and DISC1 did not coaggregate, excluding
cross-seeding mechanisms (S Appendix, Fig. SAE). Protein half-life
time of both a-synuclein (SI Appendix, Fig. S5 A and B) and DISC1
(ST Appendix, Fig. S5 C and D) was increased by HIN1 infection.

HIN1 influenza A infection in LUHMES cells did not lead to
abnormal accumulation of cytoplasmic TDP-43 aggregates (SI Ap-
pendix, Fig. S64). Neither tau protein changes such as aggregation
or hyperphosphorylation were seen after HIN1 infection (SI Ap-
pendix, Fig. S6B). Neither DISCI1 nor tau or TDP-43 costained with
amyloid fibril marker ThS (SI Appendix, Fig. S7 A and B).

These data demonstrate that influenza A/WS/33 infection in-
duces aggregation of a-synuclein and DISC1, but not tau or TDP-
43, and suggest a protein-selective effect of the viral replication on
molecular circuitry of proteostasis.

Influenza A Infection Dramatically Increases o-Synuclein Protein

Levels In Vivo. Next, we wanted to understand the direct effect
of HIN1 influenza A virus infection on neuronal proteostasis of

Marreiros et al.

a-synuclein in vivo. In order to prevent any interference of an
influenza infection with the adaptive immune system, genetically
modified mice lacking B and T cells due to a deletion of the
recombinant activating gene 1 (Rag™'"), necessary for an MHC-
dependent adaptive immune response, were used (38). Three- to
5-mo-old female knockout mice were intranasally instilled with
3.6 x 10° PFU/uL of A/WSN/33 (H1N1) strain (38) or with PBS
and euthanized 28 d later. Notably, in these animals, HIN1 viral
antigens were mainly detected in brain areas connected to the
olfactory and trigeminal pathway projections (38). Sections of
the lateral hypothalamus from the study by Tesoriero and co-
workers (38) taken at 28 d p.i. showed cells with punctuated and
cytoplasmic immunolabeling for a-synuclein only in those sec-
tions also immunolabeled for viral antigens. In neighboring
noninfected areas of infected animals or in noninfected animals,
a-synuclein was not detected (Fig. 2). Previous research dem-
onstrated the infection to affect mainly neurons, few microglia,
and many astroglia (38). Even though there was basal immuno-
reactivity of a-synuclein, levels were dramatically increased after
HINI infection (Fig. 2). To assess whether the different a-synuclein
protein expression levels observed in the H1N1-infected brain area
were due to an effect in the promoter activity of a-synuclein gene
(SNCA), a luciferase reporter assay was performed. A pGL3
luciferase reporter vector with the canonical transcriptional start
site 5’ of exon 1 of the SNCA gene was transiently transfected
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into NLF neuroblastoma cells, and the cells were subsequently
infected with HIN1 influenza A/WS/33. Changes in the expres-
sion of an SNCA 5’-promoter construct upon influenza infection
were not detected (SI Appendix, Fig. SSE), suggesting that the
increase in a-synuclein levels was not due to increased expression
but decreased degradation.

Next, we investigated whether HIN1 influenza A/WSN/33
infection in mouse brain affected Discl protein levels as well as
tau and Tdp-43. For Discl, an increase in immunoreactivity was
observed in brain areas infected with HIN1 influenza A (S/
Appendix, Fig. S84) compared to PBS-inoculated mice, where a
low background Disc1 expression level was observed (SI Appendix,
Fig. S84). In a control experiment in vitro, promoter activity of the
DISCI gene after HIN1 infection was probed using a luciferase
reporter assay. NLF neuroblastoma cells transiently transfected
with a construct comprising the DISC1 promoter, from —2,300 to
+45 bp relative to the transcription start site (45), in front of the
luciferase gene were infected with HIN1 influenza A/WS/33. No
change in DISC1 promoter activity in infected vs. noninfected
controls was observed (SI Appendix, Fig. SS5F), likewise suggesting
that the increase in Discl protein levels was not due to an effect of
increased transcription or translation but likely decreased deg-
radation. For tau and Tdp-43, we observed protein expression
patterns that were independent of HIN1 influenza A infection
and without signs of aggregation (SI Appendix, Fig. S9 A-D) in
contrast to what we observed for a-synuclein and Discl. These
data suggest that HIN1 influenza A infection increased aggre-
gation propensity of a-synuclein and Discl but not of tau and
Tdp-43 in mouse brains, and thus that HIN1 infection modulates
a particular proteostatic molecular circuitry.

Complete Influenza A Replication Is Required to Disrupt a-Synuclein
Protein Homeostasis. Influenza virus is an RNA coding virus with
a helical nucleocapsid that comprises the viral genome and four
viral proteins with the nucleocapsid protein (NP) as the quan-
titatively major component. During the viral replication cycle,
NP plays a central role in transcription, replication, and pack-
aging. Each viral RNA segment is associated with NP molecules
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Fig. 2. Twenty-eight days of A/WSN/33 (H1N1) influenza virus infection affects mouse a-synuclein protein levels in vivo. Mouse a-synuclein protein levels
were highly up-regulated and exclusively detected in influenza A (hemagglutinin [HA] protein)-positive cells of Rag1 knockout mice (green, a-synuclein; red,
influenza A HA; blue, DAPI). In noninfected areas and in noninfected mice, there was no detectable a-synuclein signal. Arrows mark a-synuclein aggregates
colocalized with influenza A HA protein. (Scale bars as labeled on the images; dotted boxes show regions of higher magnification.)
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in order to protect the viral genome from nuclease degradation
by the host cell (46).

To understand whether a complete influenza A virus replica-
tion with assembly of all polypeptides was required for proteo-
stasis disruption or whether NP assembly alone was sufficient to
induce a-synuclein proteostatic changes, NLF neuroblastoma
cells were transiently cotransfected with influenza A virus
(A/WS/33) segment 5 NP and human a-synuclein. Forty-eight hours
after transfection, changes in the o-synuclein proteostasis were
analyzed by immunocytochemistry (Fig. 34). In NLF neuro-
blastoma cells, expression of the viral NP alone was not able to
trigger a-synuclein aggregates to the same extent as a complete
HINT1 influenza A infection (147 + 50.40% increase; P = 0.04;
Fig. 3B). Viral antigen detection in the immunolabeling con-
firmed that the helical capsid protein was expressed by the host
cell (Fig. 34).

NLF neuroblastoma cells were also cotransfected with HIN1
NP and mRFP-DISC1. Forty-eight hours after transfection, im-
munocytochemistry was performed (ST Appendix, Fig. S104). A
slight but not significant increase in DISC1 aggregate number was
detected in cells cotransfected with NP (14 + 21.70% increase) in
comparison with the noninfected condition (SI Appendix, Fig.
S10B). As expected, the number of DISC1 aggregates after HIN1
influenza A infection (63 + 31.30% increase; P = 0.05) was in-
creased. We conclude that replication of a complete viral genome
of HIN1 influenza virus is required to trigger aberrant proteostasis
of a-synuclein and DISCI.

An Antiviral Compound Can Prevent the Alterations in o-Synuclein
Protein Homeostasis Caused by Influenza A Infection. Next, we
wanted to understand whether a pharmacological compound that
interferes with HIN1 viral life cycle would inhibit a-synuclein
aggregation. Oseltamivir phosphate inhibits the neuraminidase
enzyme of influenza A and B, preventing the efficient release of
newly replicated influenza virus (47). Differentiated LUHMES
cells were used to assess the effect of the antiviral compound on
H1N1-induced a-synuclein aggregates. Cells were treated with two
different concentrations of oseltamivir phosphate, 0.5 or 50 pM.
Oseltamivir phosphate concentrations were selected according to
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Fig. 3. Influenza A virus (A/WS/33) segment 5 nucleocapsid protein (NP) is not sufficient to induce a-synuclein aggregates. (A) Influenza-induced a-synuclein
aggregation was only detected in NLF neuroblastoma cells transiently transfected with human a-synuclein and infected with A/WS/33 virus. In cells double-
transfected with a-synuclein and influenza virus segment 5 nucleocapsid, a-synuclein aggregates were not visible. Noninfected cells did not show aggregated
a-synuclein (green, a-synuclein; red, influenza A NP; blue, DAPI). (Scale bars, 10 um; dotted boxes frame the area magnified in the picture on Right.) (B)
Quantification of percentage of aggregated a-synuclein per cell infected for 24 h with A/WS/33 virus (MOI of 1; black bar) or transfected with AAWS/33 nucleo-
capsid (light gray bar) relative to the noninfected condition (dark gray bar). Infection led to an increase in a-synuclein aggregates per cell, whereas transfection of
nucleocapsid did not (n = 3; means + SEM). One-way ANOVA was used as a statistical test [Dunnett’s multiple comparisons test, F(2,4) = 10.12; *P < 0.05;
noninfected vs. infected P = 0.0401; infected vs. capsid only P = 0.0356; *P < 0.05; n.s. not significant]. Circles in bar graphs represent results of single experiments.

their known ECs, against influenza virus (ECsg, 0.0008 to 35 pM)
(48). After 8 h of compound treatment, cells were infected with
HINT1 influenza A virus (MOI of 1 for 24 h). The antiviral activity
of oseltamivir phosphate was assessed by TCIDs, assay, and a
reduction in influenza infectivity was observed in a concentration-
dependent manner. In the supernatant of LUHMES cells treated
with oseltamivir phosphate, the viral infectivity decreased by 75%
for 0.5 pM and 99.9% for 50 pM (Fig. 44).

The compound concentrations used were nontoxic for the
cells, not demonstrating any effect on cell viability in comparison
with the PBS control condition (PBS, 12.8 + 1.14 cells/mm?;
50 uM, 13.6 + 1.26 cells/mm?; 0.5 pM, 13.18 + 0.56 cells/mm?;
Fig. 4B). The effect of oseltamivir phosphate on HIN1-induced
a-synuclein aggregates was measured 30 h after compound
treatment by immunofluorescence (Fig. 4C). We observed a
significant decrease in the percentage of a-synuclein aggregates
per cell with both concentrations used (0.5 pM, 63 + 10.00%
reduction; P = 0.007; 50 pM, 65 + 14.90% reduction; P = 0.006)
relative to PBS control conditions (Fig. 4D). These data suggest
that pharmacological modulation of HIN1 influenza A/WS/33
replication also affects a-synuclein aggregation levels.

Influenza A Infection Affects the Autophagic Machinery Leading to
Changes of a-Synuclein Protein Homeostasis. A disturbance in the
later macroautophagy stage (hereafter autophagy) in GFP-LC3-
expressing epithelial cells due to the inhibition of autophago-
some fusion with lysosome was previously described (49). Through
modulation of c-Jun N-terminal protein kinase 1 and PI3K-Akt-
mTOR pathways, an inhibition in the autophagosome formation
was also reported (50). Early autophagy disruption was assumed to
affect the clearance of presynaptic a-synuclein. In 20-mo-old mice
with a deletion in an essential gene involved in autophagosome
formation (Atg7), a-synuclein aggregates in striatal neuritic
swellings were detected. The same inclusions were also seen in
cerebellar Purkinje axons from younger animals (1.5 mo old)
(51). Therefore, we hypothesized that the disturbance of
autophagy by an external stressor such as an influenza infection
could lead to the accumulation of influenza-induced a-synuclein
aggregates.

In order to investigate the specific consequences of HIN1
influenza A infection for cellular autophagy in a model as close

Marreiros et al.

to primary human dopaminergic neurons as possible, differen-
tiated LUHMES cells were again used. Cells were infected with
HINI influenza A (MOI of 1 for 24 h), and, by immunolabeling
a decrease in cytoplasmic LC3 punctate structures, a specific
protein involved in the autophagosome formation was observed
(Fig. 5 A and B). Quantification of LC3 punctate structures
showed a significant reduction of autophagosomes after HIN1
influenza A infection (62 + 22.70% reduction; P < 0.05) in
comparison with noninfected cells (Fig. 5C). A tendency in re-
duction of total LC3 levels was observed by immunoblot (Fig.
5D). Immunolabeling of infected LUHMES cells did not show
an overlap between a-synuclein aggregates and LC3 punctate
structures, indicating an inefficient packing of these aggregates
in autophagosomes or an interruption in the maturation of auto-
phagosomes to autolysosomes due to impairment of the fusion
with lysosomes.

Next, we wanted to analyze whether HIN1 infection leads to
impairment of the lysosomal turnover of the autophagosomes.
For that, NLF neuroblastoma cells were transiently transfected
with a tandem-reporter-construct mRFP-GFP-LC3 (52) and in-
fected for 24 h with HIN1 influenza A/WS/33 virus (MOI of 1).
The GFP component is pH-sensitive, thus not emitting light in
the acidic conditions of the lysosome. However, this pH sensi-
tivity does not apply to mRFP. Therefore, the green (GFP) and
red (mRFP) moieties of this construct are both active when
LC3 is localized in autophagosomes (neutral pH), being visible
as yellow color in the images when merged. Upon fusion of
autophagosomes and lysosomes to acidic autolysosomes, the
majority of LC3 is visible in the red channel (Fig. 5E). These
changes in fluorescent signal from yellow to red were used to
analyze the effect of HIN1 influenza A virus on the autophagic
flux and to determine LC3 location (Fig. 5F). In the infected
cells, a nonsignificant decrease in mRFP-LC3 punctate struc-
tures (1.5 = 0.56 autolysosomes per cell) was seen in comparison
with noninfected condition (3.0 + 0.94 autolysosomes per cell;
Fig. 5G). Concomitantly, influenza A infection led to a significant
increase in yellow-LC3 punctate structures (3.6 + 0.50 autopha-
gosomes per cell; P < 0.05) in comparison to the noninfected
controls (2.0 + 0.17 autophagosomes per cell; Fig. 5G). HIN1 in-
fluenza A infection led to a 73 + 7.8% reduction (P = 0.05) in the
autolysosomes formed compared to noninfected cells, suggesting
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Fig. 4. Oseltamivir phosphate prevents a-synuclein aggregate formation in human dopaminergic neurons. The effect of the antiviral drug oseltamivir
phosphate on a-synuclein aggregate formation in infected LUHMES cells (MOI of 1, 24 h) was tested. Black bar represents PBS-treated condition; red bar,
0.5 uM oseltamivir; and blue bar, 50 uM oseltamivir. (A) Compound antiviral activity was measured by reduction in the percentage of PFU/mL of A/WS/33 virus.
TCIDsq assay was performed in MDCK.2 cells. Treatment of LUHMES cells with oseltamivir phosphate led to a decrease in viral infectivity (n = 2; means + SEM).
(B) Quantification of LUHMES cell number per square millimeter did not show a compound-dependent effect in cell viability. (C) Representative image of
LUHMES cells virally infected and treated with 50 uM oseltamivir phosphate or the respective PBS control (green, a-synuclein; red, influenza A NP; blue, DAPI).
(Scale bars: Left, 10 um; Right, 3 pm; dotted boxes show regions of higher magnification.) (D) Calculation of aggregated a-synuclein per cell in infected
LUHMES cells treated with low and high compound concentrations. Oseltamivir phosphate treatment showed a reduction in a-synuclein aggregate for-
mation. Data presented as percentage of aggregated a-synuclein in infected condition normalized to noninfected condition (n = 3; means + SEM). One-way
ANOVA was used as a statistical test [Dunnett’s multiple comparisons test, F(2,4) = 23.69; **P < 0.01; PBS vs. 0.5 uM P = 0.0074; PBS vs. 50 uM P = 0.0064; **P <

0.01]. Circles in bar graphs represent results of single experiments.

an impairment in the autophagosome fusion with lysosomes (Fig.
5H). The effects of influenza infection on colocalization of LC3
with lysosome-associated membrane protein 1 (LAMP1) were also
investigated in LUHMES cells. While, in noninfected cells, a con-
siderable colocalization was detected, 24 h after influenza A infec-
tion, a reduction in the colocalization of autophagosomes with the
lysosomal marker LAMP1 was observed (SI Appendix, Fig. S10 C and
D), again indicating impaired autophagosome-lysosome fusion.

Next, we wanted to understand the effect of HIN1 influenza A
infection on the number of lysosomal structures. LUHMES cells
were infected with HINI influenza A for 24 h (MOI of 1), and
immunolabeling of LAMP1 was performed (Fig. 6 4 and B). A
significant increase in number of lysosomes was observed in in-
fected cells (51 + 8.60% increase; P = 0.05) in comparison with
noninfected cells (Fig. 6C). Immunoblot analysis of total lysates
of infected LUHMES cells did not show a significant effect of
HINT1 influenza A on LAMP1 protein levels (Fig. 6D). When we
investigated the presence of a-synuclein aggregates in the acidified
proteolytic lysosomes by immunolabeling of infected LUHMES
cells, costaining between a-synuclein aggregates and LAMP1 had
decreased 24 h after viral infection (Fig. 6E). Quantification of
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a-synuclein aggregates colocalizing with LAMP1 structures con-
firmed the significant reduction in the aggregate number present
in the lysosomes in the influenza-infected condition (24 + 12.70%
reduction; P < 0.05) in comparison with noninfected cells (Fig. 6F).

These data suggest that HIN1 influenza A virus disrupts (i)
the number of autophagosomes and (ii) the autophagic flux in
neurons, leading to an impairment in autophagy that might ex-
plain the accumulation of a-synuclein aggregates observed after
viral infection.

Discussion

In this study, we demonstrated that HIN1 influenza A viral in-
fection and replication could represent a significant initiating
event in the genesis of a critical mass of misfolded a-synuclein
and DISCI1 species that could trigger disease. We showed that, in
human dopaminergic neuron-like cells, the HIN1 infection dis-
rupts proteostasis at the level of protein degradation by inhibiting
autophagosome-lysosome fusion that could explain the observed
increase in endogenous a-synuclein and DISC1 aggregation levels.
These findings are mirrored in Ragl knockout mice in vivo, where,
4 wk after intranasal HIN1 infection, increased protein levels of
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Fig. 5. Twenty-four hours of influenza A (A/WS/33) infection decreases auto-
phagosome number and impairs autophagic flux in human dopaminergic
neurons. (A and B) Visualization of the decrease in LC3 structures in influenza-
infected LUHMES cells (MOI of 1, 24 h) in comparison with noninfected con-
dition (green, LC3; blue, DAPI). (Scale bars: Left, 10 pm; Right, 3 pm; dotted
boxes show regions of higher magnification.) (C) Quantification of percentage
of LC3 punctate structures in infected condition (black bar) relative to the
noninfected condition (gray bar). After infection, the LC3 punctate structures
per cell were decreased (n = 3; means + SEM). Mann-Whitney U with two-tailed
Dunn'’s post hoc test was used as a statistical test (*P < 0.05). (D) Immunoblot for
LC3B in lysates of infected and noninfected LUHMES cells. VDAC-normalized
LC3B signal in infected (black bar) as percent of noninfected condition (gray
bar) is shown. A tendency in reduction of total LC3 levels after influenza in-
fection was observed (n = 5; means + SEM). Mann-Whitney U with one-tailed
Dunn’s post hoc test was used as a statistical test. (E) Schematic represen-
tation of the tandem reporter construct mRFP-GFP-LC3 used to assess the
changes in autophagic flux under influenza infection. (F) NLF neuroblas-
toma cells transiently transfected with the mRFP-GFP-LC3 construct and
subsequently infected with influenza (MOI of 1, 24 h) or control. GFP and
mRFP fluorescent signals were analyzed. (Scale bars, 10 um; dotted boxes
show regions of higher magnification.) (G) Quantification of yellow
LC3 structures (merged mRFP and GFP signals, yellow bars) labeling auto-
phagosomes and the red LC3 structures (mRFP, red bars) labeling autoly-
sosomes. Under viral infection, an increased number of autophagosomes
was detected (n = 3; means + SEM). Mann-Whitney U with one-tailed
Dunn'’s post hoc test was used as a statistical test (*P < 0.05; n.s. not sig-
nificant). (H) A decrease in the percentage of autolysosomes formed per
cell was visible in infected condition (black bar) relative to the noninfected
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a-synuclein and Discl could be detected in neurons, which was likely
due to decreased degradation rather than up-regulated expression.
Our advances are important for understanding how a critical, initi-
ating concentration of misfolded a-synuclein or DISC1 is built up to
trigger fatal downstream cascades of cellular events.

In our study, we provide a mechanistic link as to how a direct
cellular HIN1 infection leads to a-synuclein and DISC1 aggre-
gates. This makes a scenario possible in which HIN1 infection
initiates a-synuclein seeds by disturbing proteostasis via in-
hibition of autophagosomes and autophagic flux. It is noteworthy
that a-synuclein aggregates themselves inhibit autophagy (53),
thereby leading to a self-reinforcing loop of autophagy inhibition
that promotes a-synuclein aggregation. Inhibition of autophagy, in
turn, facilitates the secretion of a-synuclein containing exosomes
(54) and promotes a-synuclein prion spread in the CNS (55).

A similar effect of HIN1 infection was seen on the DISC1
protein, the product of a gene linked to familial cases of CMI (6)
that has been identified to be insoluble in a subset of cases with
CMI but not controls (6, 44). In continuation to our findings of
insoluble DISCI in the brains of CMI patients (6), we demonstrate
conditions under which endogenous DISC1 protein aggregates are
induced by aberrant proteostasis (SI Appendix, Fig. S4 A-C). This
could mean that, in addition to the suggested effects of influenza
infections on prenatal immune activation (56), influenza virus might
affect DISC1 protein functions directly during neurodevelopment
(57). Furthermore, our data suggest that DISC1 aggregation in-
duced by HINI1 infection may also affect the adult brain and in-
fluence homeostatic processes related to CMI. Interestingly, the
induction of protein aggregation is dramatically stronger for
a-synuclein and DISC1 than for tau and TDP-43, two pro-
teins misfolded in different neurodegenerative diseases. Hyper-
phosphorylated and aggregated tau protein can be found in AD
and frontotemporal dementia (FTD) brains, and TDP-43 protein
in cytoplasmic aggregates in neurons of patients with ALS or FTD.
This suggests that the effects of HIN1 on proteostasis are selec-
tive. The increase in a-synuclein and DISCI protein levels in vivo
was remarkable (Fig. 2 and SI Appendix, Fig. S8). In contrast, the
weak increase in protein half-life time of a-synuclein after
HINT1 infection in vitro in neuroblastoma cells (SI Appendix, Fig.
S5 C and D) could be due to a complex regulation of alternative
degradation pathways well known for a-synuclein (58, 59), but
which still led to increased a-synuclein aggregation. In vivo, it has
been shown that increased expression of the nonmutant form of
a-synuclein is genetically linked to PD (60) and is sufficient to
induce pathology (61).

One of the control mechanisms that cells use to maintain
cellular homeostasis in order to avoid accumulation of protein
aggregates is autophagy (62). Indeed, many pathogens have been
found to interfere with this catabolic process in order to reduce
host cell death during the infection process (63, 64). Previous
publications described a disruption in the autophagy process in
epithelial cells and in human lung samples by influenza A virus
(49, 50). In line with this, our findings showed that a 24-h acute
infection with HIN1 influenza virus (A/WS/33) led to a decrease
in autophagosome formation (Fig. 5 A-C) and an increase in
lysosomes (Fig. 6 A-C) in human dopaminergic neurons. In-
terestingly, we observed a reduction in the number of a-synuclein
aggregates in the acidified proteolytic lysosomes (Fig. 6 E and F).
This might be the effect of a decreased degradation of the cargo
that is targeted to the autolysosomes by the reduced fusion with
autophagosomes. This finding could be a consequence of the
impairment in the autophagic flux in neuronal cells seen after
influenza infection (Fig. 5 F—-H and SI Appendix, Fig. S10). A

control (gray bar; n = 3; means + SEM). Mann-Whitney U with one-tailed
Dunn’s post hoc test was used as a statistical test (*P < 0.05; n.s. not sig-
nificant). Circles in bar graphs represent results of single experiments.
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Fig. 6. Twenty-four hours of influenza A (A/WS/33) infection leads to an accumulation of lysosomal structures and a reduction in a-synuclein aggregate
clearance by autolysosomes in human dopaminergic neurons. (A and B) Immunostaining of LAMP1 showed an accumulation of lysosomes in influenza-
infected LUHMES cells (MOI of 1, 24 h) in comparison with noninfected cells (green, LAMP1; blue, DAPI). (Scale bars: 10 pm; dotted boxes show regions of
higher magnification.) (C) Quantification of the percentage of acidified lysosomes in infected LUHMES cells (black bar) relative to the noninfected condition
(gray bar). Infection led to an increase in LAMP1 puncta per cell (n = 3; means + SEM). Mann-Whitney U with one-tailed Dunn’s post hoc test was used as a
statistical test (*P < 0.05). (D) Immunoblot for LAMP1 in lysates of infected and noninfected LUHMES cells. VDAC-normalized LAMP1 signal in infected (black
bar) as percent of noninfected condition (gray bar) did not reveal differences (n = 3; means + SEM). (E) Orthogonal projections demonstrated a decrease in
the colocalization of aggregated a-synuclein with lysosomal structures in infected LUHMES cells in comparison with noninfected cells (green, a-synuclein; red,
LAMP1). (Scale bars, 10 um.) (F) Quantification of percentage of aggregated a-synuclein associated with LAMP1 per cell in infected condition (black bar)
relative to the noninfected condition (gray bar). After viral infection, less costaining between a-synuclein aggregates and LAMP1 was observed (n = 3;
means + SEM). Mann-Whitney U with one-tailed Dunn'’s post hoc test was used as a statistical test (*P < 0.05). Circles in bar graphs represent results of single
experiments.

similar effect was previously reported by Gannagé et al. in epi-
thelial cells (49).

Tanik and coworkers reported that seeded a-synuclein ag-
gregates, per se, in an in vitro cellular model, were able to impair
autophagy due to a reduction in autophagosome clearance (53).
However, since we already showed a low background of existing
a-synuclein aggregates in noninfected cells (Fig. 1 A-C), the
dramatic increase in a-synuclein aggregates must have been the
consequence of HINT1 infection and cannot have resulted from an
interaction of a-synuclein with autophagosomes alone. Taking this
into account, we propose a possible scenario for the increase in
a-synuclein aggregates: first, influenza A infection suppresses the
autophagy process at an early stage, leading to less available
autophagosomes to transport the misfolded proteins for lysosomal

8 of 11 | www.pnas.org/cgi/doi/10.1073/pnas.1906466117

degradation. Subsequently, infection also affects autophagy at a
later stage, with a blockage of autophagosome fusion with lyso-
somes. These effects will consequently lead to a vicious circle of
increase in misfolded a-synuclein in dopaminergic neurons, pro-
tein homeostasis impairment, and a concomitant loss of dopami-
nergic neurons, one of the neuropathological characteristics of PD
brains (Fig. 7). This scenario is corroborated by reports that im-
pairments in the autophagy system result in a-synuclein accumu-
lation (51, 65).

Considering the fact that misassembled DISC1 protein located
in aggresomes has been shown to be degraded by autophagy (66),
it is straightforward to attribute the accumulation of DISC1 ag-
gregates also to impairments in autophagy (SI Appendix, Fig. S4).
It is still not clear what the main degradation pathways for clearing
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aggregated tau (67, 68) and TDP-43 protein (69) are. An equal
involvement of ubiquitin-proteasome system (UPS) and the
autophagy system has been proposed. Links between UPS and
autophagy have being extensively demonstrated (70, 71). Korolchuk
and coworkers showed that autophagy inhibition compromises
the UPS due to accumulation of p62 that inhibits the clearance
of soluble ubiquitinated proteins, leading to an increase in the
levels of UPS-destined proteins (72). For example, aggregation
levels of a mutant, disease-associated polyglutamine (polyQ)-
expanded huntingtin protein fragment were cleared by both UPS
and autophagy systems (72, 73). Thus, if we take into account
that, for different proteins, the clearance mechanisms used by
the cell for degradation of misfolded forms are different, we
cannot exclude a UPS compensatory mechanism as the reason
for the absence of influenza A infection effect in tau and TDP-
43 protein homeostasis.

We observed a >50% reduction of a-synuclein aggregates
in HIN1-infected human dopaminergic neurons treated with
oseltamivir phosphate (Fig. 4 C and D). This compound is com-
monly used in the prophylaxis of influenza A and B and inhibits
neuraminidase, i.e., the exosomal release of the virus from the
host cell. Indirectly, this affects the reinfection rate of the same
cell and neighboring cells through decrease in viral titers (74)
and leads, eventually, to a higher rate of defective viral assembly
(75) and consequently less disturbed proteostasis in the overall
cell population. The effect of oseltamivir phosphate on a-synuclein
aggregates was concentration-dependent, and our data also
confirmed a parallel antiviral activity with a decrease in the
viral titer for both concentrations tested (0.5 pM and 50 uM; Fig.
4A4). These data demonstrate that pharmacological treatment of

Marreiros et al.

H1N1-infected dopaminergic neurons can prevent o-synuclein
aggregation.

In our in vivo study, the changes in a-synuclein were detected
strictly in conjunction with the presence of viral antigens after
viral replication. Our data therefore suggest that influenza A
replication was able to disturb protein homeostasis directly and
not only as a consequence of the activation of the innate or
adaptive immune system. The infection was restricted to areas
connected to the olfactory and trigeminal systems, and there was
no further spread into the neocortex or hippocampus except in
rare instances. From the infection in the olfactory bulbs, the
retrograde axonal spread of the virus has been followed to nerve
cell groups that send projections to the olfactory bulbs (76).
These included the diagonal bands, piriform cortex, cortical
amygdaloid area, lateral hypothalamic areas, and locus coeru-
leus, but not, or only the most medial aspect of, the substantia
nigra (38). The lack of involvement of the substantia nigra does
not reflect a default neurotropism for the virus, since this nucleus
is heavily infected following intracerebral viral injections (77),
probably through retrograde spread in axonal projections to the
striatum. Following injections of fibrillary a-synuclein into the
olfactory bulbs, thread-like aggregates were initially seen only in
areas that send or receive projections from olfactory regions with
a later slow (months) and secondary spread to limbic structures
(4). This distribution of Lewy bodies in neurons tallies well
with that described in DLB disease (reviewed in ref. 78) and
has been proposed as a trajectory for spreading a-synuclein
aggregates (79).

Notably, various strains of the highly pathogenic HSN1 influ-
enza can, without prior adaptation, distribute within the olfac-
tory pathway only, or in combination with the brainstem, in
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ferrets following intranasal infection (25). A systemic infection
with the H5N1 strain, which spread widely in the brain, including
substantia nigra, was followed by appearance of a-synuclein
granules, which were localized to the nuclei of the cells (24).
Whether our present findings of cytoplasmic a-synuclein aggre-
gates could link influenza infections to the postencephalitic
parkinsonism following encephalitis lethargica is not clear, since
neither Lewy bodies nor a-synuclein aggregates have been found
in the brainstem of patients deceased from postencephalitic
parkinsonism. This disease is instead characterized by neurofi-
brillary degeneration and tau aggregates (reviewed by Jellinger
[80]). The initiation of a-synuclein seeding activity in CNS is also
conceivable from a peripheral route through uptake by the gut
(81) followed by retrograde transport to brain nuclei as hypothe-
sized by Braak et al. (79).

In summary, we show that direct effects of HIN1 replication
may lead to a critical mass of a-synuclein aggregates that sub-
sequently have the potential to trigger a synucleinopathy. In light
of the efficient pharmacotherapy presented, our findings may
inspire further research, e.g., on the effects of antiinfluenza
vaccines on synucleinopathy incidence. It should also be carefully
evaluated whether live vaccines taken intranasally could cause
aggregates in the olfactory epithelium, and, if so, whether they
will be cleared by the turnover of neurons in the epithelia or
olfactory bulbs or slowly propagate over months or years as
a-synuclein injected into the bulb does. Since the olfactory epi-
thelium is the only site where neurons are in direct contact with
the environment, effects of vaccine on the recruitment of resi-
dent memory T (Trem) cells (82) to prevent viral-induced mis-
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folding in the olfactory domain, burdened by DLB and PDD,
appears to be an urgent research topic.

Materials and Methods

The A/WS/33 HIN1 influenza A strain, with 1 x 108 PFU/uL, purchased from
ATCC (ATCC VR-1520), was used to infect LUHMES cells (ATCC CRL-2927).
Mouse neuroadapted influenza A virus (A/WSN/33, 1.4 x 10° PFU/mL; pro-
vided by S. Nakajima, The Institute of Public Health, Tokyo, Japan) was used
to infect mice (38). For all immunocytochemistry data, randomized confocal
images were taken in an average of 30 images from two independent wells
per biological replicate, in a total number of at least three independent
biological experiments. For quantification of protein aggregates in LUHMES
and NLF neuroblastoma cell lines, a systematic, manual, blinded counting
procedure was used.

Extensive, detailed information on the methods and materials used in the
study are provided in the S/ Appendix.

Data Availability. All data are published in this publication or the S/ Appendix.
Any further questions can be addressed to the corresponding author.
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