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Phosphorylated tau exhibits antimicrobial
activity capable of neutralizing herpes
simplex viruslinfectivity inhumanneurons
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Tauis amicrotubule-associated cytoskeletal protein, which, when
hyperphosphorylated and aggregated, can result in amyriad of different
tauopathies, including Alzheimer’s disease (AD). We previously showed

that the principal component of senile plaques, amyloid beta (Ap), is
anantimicrobial peptide capable of binding and entrapping microbial
pathogens. Here we show that tau is hyperphosphorylated in neuronsin
response to viral infection and can neutralize herpes simplex virus 1 (HSV-1)
infectivity by directly binding to viral capsids. Our data suggest that the
‘pathogenic’ characteristics of tau hyperphosphorylation, microtubule
destabilization and aggregation are part of an antiviral response, in which tau
serves as a host defense protein in the innate immune system of the brain. The
combined antimicrobial activities of AP and phosphorylated tau resulting

in AP plaques and neurofibrillary tangles, along with neuroinflammation,
suggest that AD neuropathology may have evolved as an orchestrated innate
immune host defense response to microbial infection in the brain.

Amyloid beta (Ap) deposited in senile plaques and hyperphosphoryl-
ated tau in neurofibrillary tangles (NFTs) have long been considered
to play pathological roles in the etiology and pathogenesis of AD'. The
presence of abundant levels of amyloid plaques and NFTs are required
foraconfirmed diagnosis of AD. Tauis amicrotubule-associated protein
that promotes and coordinates tubulin polymerization into micro-
tubules in neurons’. Microtubules are essential for axonal transport
between the neuronal synapse and soma. Six different isoforms of tau
exist in the human brain, generated by alternative splicing of the tau
gene MAPT (microtubule-associated proteintau). Theseisoforms vary
by containing three or four microtubule-binding domain repeats (3R
or4R, respectively) and zero to two N-terminal inserts (ON, INand 2N),
with approximately equal representation of 3R and 4R tau isoforms

in adult human brain®. Detachment of tau from microtubules, hyper-
phosphorylation and phosphorylated tau (p-tau) aggregation into
NFTs are the defining pathological elements of tauopathies, including
AD. Various types of tauopathy are differentiated by the isoform of tau
thatis proneto pathological aggregation and by the individual driving
factors that cause tau to dissociate from microtubules—for example,
genetic mutations, increased tau expression, decreased tau clearance
and increased kinase activity*. Although these characteristics are pri-
marily associated with the pathogenic nature of tau, they also share
commonalities with antimicrobial peptides (AMPs)*~.

The innate immune system is an evolutionarily conserved,
broad-spectrum host defense system comprising epitope-recognizing
receptors, small microbial-binding peptides called AMPs and
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phagocytic cells—for example, myeloid cells. AMPs are crucial in the
innateimmune system’s initial response to aninfection, in which AMPs
directly bind to, entrap and neutralize invading pathogens and occas-
ionally function as a modulator of inflammatory response®’. We and
others previously demonstrated that Ap is an AMP capable of entrap-
ping, killing or neutralizing bacterial, fungal and viralinfectionsinboth
in vitro and in vivo model systems'*™, The antimicrobial protection
hypothesis of AD is based on these results, stipulating that Ap is not
an errant catalytic by-product of the AP precursor protein (APP), but
evolved as a physiologically relevant antimicrobial peptide as part of
the innate immune system, particularly in the brain*.

Tau possesses many well-established characteristics and properties
that mirror those of AP, raising the prospect that taumay also havearole
asan AMP. Tauphosphorylationin ADisinduced by A amyloidosis, sug-
gestingthatitmay play atertiary rolein microbial host defense, especially
for pathogens that escape the AMP activity of AB”®. This is most evident
in the ability of Herpes simplex virus 1 (HSV-1) to bypass extracellular
immune networksby retrograde axonal transportalongthe microtubules,
which are stabilized by tau'**°. Aggregates of hyperphosphorylated tau
derived from destabilized microtubules can form NFTs, which share
aggregative properties with Ap in AD pathogenesis. Previous studies
identified multiple pathogenic infections that perpetuate total or p-tau
increasesinvitro™ %, Other recent studies demonstrated that the active
bindingsites of tau possess antibacterial capabilities®. Similar to our argu-
ment for a physiological role of AB, p-taumay, likewise, not simply be an
errantformoftaubutalso play aphysiological role akintothat of an AMP.

Here we report that tau phosphorylation increases in response
to HSV-1infection and that p-tau localizes to cellular regions of HSV-1
infection. Moreover, we demonstrate that tau binds to HSV-1and neu-
tralizes infectivity. These datasupportarole for tauas anantiviral AMP
and suggest a physiological role for aggregation of p-tau. The AMP
activities of AP and p-tauleadingto Ap plaques and NFTs, together with
neuroinflammation, suggest the possibility that AD neuropathology
evolved as a multilayered and orchestrated host defense response to
microbial infection in the brain.

Results

Tau inhibits HSV-1infection and viral plaque formation/
growth in human neuronal cell culture

To test for potential antiviral properties of tau, we first pretreated
human ReNcell VM neuronal cell cultures (neuronal cultures) with
p-tau followed by infection with HSV-1 and assessed the response of
theinfection to tau. Mature differentiated two-dimensional (2D) neu-
ronal cultures were preincubated for 24 hours with synthetic 2N4R
GSK-3f p-tau (synthetic p-tau) prior to infection withan mRFP-tagged
HSV-1. We then employed confocal microscopy to assay single-cell
infection counts as well as viral plaque counts and growth (Fig. 1aand
Extended Data Fig.1).

Preincubation with p-tau significantly attenuated both HSV-1
single-cellinfection (P < 0.05) and HSV-1plaque counts (P < 0.01) com-
pared to untreated controls (Fig. 1). P-tau protection against HSV-1
infection was concentration dependent, with statistical significance
achieved at1.25 pg ml™ (Fig. 1b—f). Pretreatment with p-tau also signifi-
cantly reduced HSV-1plaque counts based on the numbers of plaques
persingle-cellinfection (P < 0.05; Fig. 1d). In addition to HSV-1plaque
formation, p-tau inhibited plaque growth (P < 0.05; Fig. 1e). Specifi-
cally, at 1.25 pg ml™ p-tau, the highest quartile of viral plaque sizes
was significantly smaller than untreated controls (P < 0.01; Fig. 1f).
Non-phosphorylated tau isoforms had no effect on HSV-1single-cell
infections or plaque counts (Fig. 1g,h and Extended Data Fig. 1b-g).

Tau properties that increase aggregation promote binding to
HSV-1viral capsid proteins

HSV-1is an enveloped virus that merges its lipid bilayer with the host
cell during infection, allowing the capsid to gain entry. We next tested

theintracellular interaction of tau with the HSV-1 capsid. For this pur-
pose, we assayed different isoforms of tau for binding efficacy to iso-
lated HSV-1 capsid using a modified binding ELISA as described in the
Methods. Although human tau exists in sixisoforms, we focused on the
two most prominent forms in the central nervous system: 2N4R and
2N3R.2N4Ris the wild-type or full-length form of tau and aggregates
efficiently at near physiological conditions. Additionally, full-length
tau (441amino acids) preserves the most phosphorylation sites. In
a healthy adult brain, equal quantities of 3R and 4R tau isoforms are
present. We chose 2N3R torepresent our 3Risoform for comparison to
4R, thereby preserving the same N-terminal repeat number to isolate
the comparison between the microtubule-binding domain repeats.
These microtubule-binding domain repeats were previously identified
as containing potential antimicrobial sequences*?”.

We observed significantly increased binding affinity of p-tau
with HSV-1capsids compared to whole enveloped HSV-1virions when
normalized for available capsid binding targets using anticapsid anti-
bodies VP21/VP22a (P < 0.0001; Fig. 2a and Extended Data Fig. 2).
Similarly, we found increased tau capsid binding affinity over whole
virion for all tested isoforms of tau once normalized for binding tar-
get availability, based on anticapsid antibody binding (P < 0.0001;
Extended DataFig.2b). These findings suggest the possibility of intra-
cellular binding of p-tau to HSV-1 capsid after entry of the virus into
the cell.

Next, we tested various isoforms of tau for concentration-
dependent binding to HSV-1 capsid (P < 0.001, Fig. 2¢; P< 0.0001,
Extended Data Fig. 3). Previous studies showed that increased bind-
ing repeats and phosphorylation enhance tau aggregation®”. 2N4R
p-tau, which contains the most microtubule-binding domainrepeats,
exhibited the highest binding efficiency to HSV-1 compared to both
unphosphorylated tauisoforms tested, 2N3R (P < 0.001), 2N3R/2N4R
50/50 mix (P<0.001) and 2N4R (P < 0.05) (Fig. 2c). As a control,
the scrambled version of the AMP LL-37 was tested versus p-tau and
failed to significantly bind viral capsid (P < 0.05; Extended Data Fig. 3e).
We next investigated potential binding sites for tau on HSV-1 capsids.
Immobilized HSV-1 capsid was pretreated with antibodies targeting
the viral capsid scaffolding protein (VP21/VP22a), tegument proteins
(VP16 and ICP4) or capsid proteins (ICP5 and UL25) prior to treatment
with tau. Anti-VP21/VP22aand VP16 antibodies significantly decreased
tau binding (P < 0.0001; Fig. 2d,e), whereas ICP4 antibodies had
reduced inhibition (P=0.0056; Extended Data Fig. 4b), and ICP5 and
UL25antibodies failed to inhibit tau binding (Extended Data Fig. 4a,c).
Toassess theimportance of glycosylation of the target binding site, we
preincubated p-tau with the monosaccharide mannose; p-taufailed to
bind effectively to HSV-1, suggesting aglycoprotein binding mechanism
similar to that of AP (Fig. 2f). Collectively, these data support anti-
herpetic activities of tau, in which tau preferentially targets intracel-
lular HSV-1by binding to the viral capsid.

Binding of intraneuronal tau to HSV-1 viral capsids stimulates
tau aggregation

AMPs can form net-like structures trapping microbes and destabiliz-
ing membranes by targeting surface proteins and self-aggregation.
We previously identified the ability of Ap to bind surface glycopro-
teins onbacteriaand viruses, subsequently stimulating the formation
ofamyloid fibrils®**, Using synthetic 2N4R p-tau, we examined whether
HSV-1 capsids are able to seed tau fibril formation. The interaction
of HSV-1 capsid with synthetic tau was imaged by transmission
electron microscopy (TEM) 24 hours after co-incubation. Ina mixture
consisting only of synthetic tau and purified HSV-1 capsids, we observed
examples of both amorphous aggregated tau and fibril tau, serving
to agglutinate multiple HSV-1 capsids together (Fig. 3a,b). Expanding
on these results, we examined HSV-1-infected neuronal cultures by
TEM analysis of ultramicrotomy slices. Tau was previously observed
in the nucleus, nucleolus and pericentromeric heterochromatin®* .
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Fig.1| Phosphorylation of tauis key to inhibiting HSV-1infection and viral
plaque formation in 2D human neuronal cell culture. 2D ReNcell VM cultures
were preincubated with dilutions of synthetic 2N3R tau, 2N4R tau or 2N4R
GSK-3p p-tau followed by HSV-1infection to assay the antimicrobial protective
properties of tau. After HSV-1infection, whole wells were imaged by confocal
microscopy and analyzed for red fluorescence. a, Images comparing HSV-1
plaque formation in the absence or presence of 2N4R GSK-3f p-tau (1.25 pg ml™).
b-f, Whole-well images from the 2N4R GSK-3 p-tau (scale of 2.5 ug ml™ to

0.625 pg ml™) pretreated conditions were analyzed using Nikon Elements GA3 to
compare the number of HSV-1plaques (F; 5, = 7.069, **P = 0.0015) (b), the number
of HSV-1single-cell infections (F; 5, = 2.754, *P = 0.0291) (c), the ratio of plaques
to single-cell infections (F; 5, = 6.428,*P= 0.0169) (d), the size of individual

HSV-1plaques by area (*P=0.0260) (e), and the average size of HSV-1 plaques

by areadistributed into quadrants (F; ; 57, = 1.859, **P=0.0022) (f). In addition,
whole wellimages from the 2N3R and 2N4R tau conditions (1.25 pg ml™) were
analyzed using Nikon Elements General Analysis 3 (GA3) to compare the number
of HSV-1plaques (g) and the number of HSV-1single-cell infections (h). Box plots
arerepresentative of £s.e.m. (n =11) depicting median and interquartile range,
with whiskers denoting variability according to Tukey’s method. Statistical
mean comparisons were calculated by one-way ANOVA using Dunnett’s multiple
comparisons test (b—d), one-way ANOVA using Tukey’s multiple comparisons test
(g,h), two-tailed Kolmogorov-Smirnov test (e) for plaque size distribution and
two-way ANOVA using Sidak’s multiple comparisons test (f).
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Fig. 2| Tau binding to HSV-1viral capsid proteins is potentiated by
microtubule-binding repeats and phosphorylation. Dilutions of synthetic tau
isoforms were incubated with heat-immobilized HSV-1 capsid or whole virion
inindirect and competitive ELISAs to measure tau-virus binding affinity.
a,2N4R GSK-3p p-tau binding between HSV-1isolated capsid or whole virion was
compared after normalization of available binding sites assessed using VP21/
VP22a antibody (****P < 0.0001). b, Dilutions of 2N4R GSK-3(3 p-tau (scale of
5pg ml™to 0.3125 pg mI™) were incubated with immobilized HSV-1 capsids

(F, 55=43.18,***P < 0.0001). ¢, The binding affinity of 2N4R GSK-3f3 p-tau to
HSV-1capsids was compared to 2N3R, 50/50 mix of 2N3R/2N4R and 2N4R tau
(F;,44=8.996, *P=0.267 ((2N4R GSK-3f p-tau versus 2N3R tau, **P=0.0001),

antibody concentration (ug ml™)

antibody concentration (ug ml™)

(2N4R GSK-3p p-tau versus 2N3R/2N4R tau, **P = 0.0007)).d,e, Tau adhesion
inhibition was assessed by preincubation of immobilized HSV-1 capsids with
ananti-VP21/VP22aantibody (F; 5, = 7.071,****P < 0.0001) (d) or an anti-pUL48-
VP16 antibody (Fg 5, =3.978,**P=0.004, ****P < 0.0001) (e) before exposure to
2N4R GSK-3p p-tau. f, Tau adhesion inhibition was repeated with the anti-VP21/
VP22a antibody using a mannose-incubated 2N4R GSK-3f p-tau. Box plots are
representative of +s.e.m. (n =12) depicting median and interquartile range,
with whiskers denoting variability according to Tukey’s method. Statistical
significance was calculated by two-tailed Mann-Whitney test (a) and one-way
ANOVA using Tukey’s multiple comparisons test (b—f).

Using the anti-p-tau antibody (PHF1) labeled withimmunogold nano-
particlestoidentify phosphorylated tau, we observed the association
of tau with the surface of HSV-1 capsids in cellular nuclei (Fig. 3c,d).

HSV-1induces intraneuronal aggregation of p-tau and neuritic
dystrophy

HSV-linfection of murine neurons or human neuroblastoma cell cul-
tures was previously reported to increase hyperphosphorylated tau,
interpreted as an abnormal by-product of viral infection”*>. To examine
the response of tau to HSV-1infection in a neuronal environment, we
infected 3D neuronal cultures and used PHF1to assay for intraneuronal
aggregation of p-tauin dystrophic neurites and cell bodies. We exam-
ined p-tau-stained cells 24 hours after infection using confocal micros-
copy. Consistent with HSV-1-driven aggregation of p-tau, we observed
significantincreasesin p-tau-positive dystrophic neurites (P< 0.01) and
neuronalsoma (P < 0.001) compared to uninfected neuronal cultures
(Fig.4a-c). Co-localization of p-tau and the -sheet staining dye, thio-
flavinS, confirmed the presence of aggregated p-tau during infection
(Fig. 4d,e). In addition to p-tau aggregation, we observed increased

anti-total tau fluorescent signal intensity and punctate distribution
inside infected cells (Extended Data Fig. 5).

Next, we used ELISA using Meso Scale Discovery (MSD) to validate
the aggregation of p-tau and total tau in neuronal cultures infected
with HSV-1. We observed a significant dose-dependent increase in
the insoluble-to-soluble p-tau ratio and total tau after HSV-1 infec-
tion (P< 0.0001; Fig. 4f-k). This increase in p-tau was consistent with
our immunofluorescence analysis, suggesting that the aggregated
p-tau observed in dystrophic neurites and cell bodies is insoluble
p-tau. Variability in p-tau distribution was observed viaimmunofluo-
rescence analysis between PHF1 and Thr231 (antibody used in MSD)
(Extended DataFig. 6). Compared to uninfected cells, we did not observe
any cytotoxicity for cell death as assayed by lactate dehydrogenase
(LDH) assay atany HSV-linfection concentrations (Extended Data Fig. 7).

HSV-1infection promotes release of p-tau and increased
presence of p-tau in adjacent neurons

After HSV-1infection, we observed a significant decrease in levels of
intracellular soluble p-tau (-48.8%, P < 0.0001; Fig. 4f). In the absence
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Fig. 3| HSV-1capsids bind to intraneuronal tau and stimulate aggregation.
Co-incubated isolated HSV-1 capsids and 2N4R GSK-3f3 p-tau were analyzed by
TEM. a,b, Co-incubated HSV-1 capsid (arrows) and 2N4R GSK-33 p-tau displayed
amorphous tau aggregates (triangles) and fibrillar tau structures (*) emanating
from viral capsid surfaces. ¢, 3D ReNcell VM cultures infected with HSV-1were
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sliced and probed with anti-p-tau-Au nanoparticles. d, Inside the cell nucleus,
HSV-1capsids were identified with anti-p-tau-Au binding on their surface
(arrows). Micrographs are representative of data from multiple discrete imaging
fields (n=3).

of significant cell death (Extended Data Fig. 7), this decrease sug-
gested arelease or expulsion of p-tau after HSV-1infection. To examine
the movement of p-tau after HSV-1infection, we measured and com-
pared p-tau and total tau levels between culture media and cell lysates
from infected and uninfected neuronal cultures. We observed sig-
nificant increases in the p-tau to total tau ratios in the media (141.8%,
P<0.0001) (Fig. 5a-c), whereas there was a simultaneous, significant
decreaseinthe soluble p-tautototal tauratiointhe cell lysates (-54.6%,
P<0.0001) (Fig. 5d). To examine whether increased extracellular
p-tau influences surrounding cells as an AMP, we assessed neuronal
culturesinamicrofluidic device. These devices were constructed with
microchannels connecting enclosed compartments on either side.
This design allowed for the isolation of the initial location of HSV-1
infection and restricted the spread through microchannels to the
adjacent compartments, thereby preventing uncontrolled infection
ofthe culture. Immunofluorescent analysis of HSV-1(mRFP) and p-tau
(anti-p-tau tagged with fluorescent secondary) revealed a significant
increase in p-tau fluorescence intensity inside uninfected cells in prox-
imity to HSV-1-infected cells when compared to uninfected cellsnotin
proximity to theinfection (26.9%, P < 0.001; Fig. 5e,f). We alsonoted a
strong correlation between p-tau intensity and the viral load in prox-
imity to the uninfected cells (Fig. 5g). Interestingly, the uninfected
cells in close proximity to infection revealed no changes in total tau
levels (Extended Data Fig. 5a,b). When comparing viral load to total
tauintensity in uninfected cells residing proximally to infected cells,
unlike p-tau, there was no correlation with total tau levels. This find-
ing further reinforces the observed response of p-tau specific to viral

infection (Extended Data Fig. 5c). These results are consistent with
the notion that preincubation with p-tau provided protection from
HSV-1infection and reduced viral plaque growth (Fig. 1). These data
suggest that extracellular p-tau may stimulate the generation of p-tau
in adjacent cells or promote endocytosis of p-tau released into the
media, thereby providing increased protection from HSV-1infection
in close proximity?®.

Internalized extracellular p-tau promotes intracellular p-tau
through non-IFNy inflammatory pathway

Theincreased presence of p-tau in uninfected cells proximal to infec-
tion sites (Fig. S5e-g) along with the increase of soluble p-tau into the
media (Fig. 5a-d) suggest that p-tau may be involved in cell-to-cell
transfer as part of its antimicrobial action. To test this mechanism,
we utilized a novel two-culture system wherein we seeded a ReNcell
VM culture in awell insert with a 0.1-um filter at the bottom and incu-
bated it with azide-labeled amino acids. Once mature, we infected
the culture with HSV-1 and subsequently transferred the insert to a
wellwith mature uninfected 3D ReNcell VM cultures. The 0.1-um pore
size inhibited mature virus from transferring between cultures but
allowed azide-labeled protein transfer. In this manner, we were able
tointerrogate protein migration ininfected cell cultures.

We observed internalization of azide-positive peptides in the
uninfected cultures after the addition of the well insert, but no trans-
fer of HSV-1 or viral infection (Fig. 6a). These azide-positive peptides
were confirmed to be p-tau based on significant co-localization with
the p-tau antibody PHF1 (Fig. 6a-c). Consistent with our findings of
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increased p-tau in uninfected cells proximal to infection (Fig. 5), we
also observed asignificantincrease in p-tauintensity in cells that were
positive for exogenous p-tau (P < 0.0001; Fig. 6d).

Next, we examined potential pathways responsible for promoting
the increase in p-tau levels. To assess whether tau phosphorylation
is necessary for the observed antimicrobial action, we infected neu-
ronal cultures in the presence of GSK-3f kinase inhibitors. As aresult,
we observed a significant dose-dependent increase in viral plaque

HSV-1 load (PFU x 10%)

HSV-1 load (PFU x 10%)

counts, cellular infections and plaque sizes with increased inhibitor
(Fig. 6e and Extended Data Fig. 8). Next, we tested whether inflamma-
tionviainterferon-y (IFNy) signaling pathway drives increases in p-tau
and associated antiviral protection against HSV-1infection versus the
addition of exogenous p-tau. Under non-infectious conditions, the
addition of exogenous p-taudid not elicit aninflammatory reaction as
assessed by the measurement of 10 different proinflammatory cytokine
levels (Fig. 6f). Similarly, attenuation of IFNy by anti-IFNy antibodies
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Fig. 4 |HSV-1linduces intraneuronal aggregation of p-tau and neuritic
dystrophy. 3D ReNcell VM cultures were infected with HSV-1to characterize tau’s
change in cellular distribution and levels in response to viral infection. As shown
ina, 3.5-4-week-old 3D ReNcell VM cultures were infected with a replication-
deficient HSV-1(deletion of UL28 protein) for 24 hours, immunoprobed with
anti-p-tau (PHF1) and anti-HSV1labeled with a fluorescent secondary antibody
and analyzed for neurons (GFP), HSV-1(568) and p-tau (647) fluorescence by
confocal microscopy. b,c, Fluorescentimage captures from 384 wells over

four experiments were compared by GA3 software in Nikon Elements for p-tau
fluorescent neurites (triangles) (***P=0.0002) (b) and cell bodies (arrows)
(*P=0.0022) (c) between uninfected and infected wells. d, Confocal images
showing 3D ReNcell VM cultures that were infected with HSV-1for 24 hours,
immunoprobed with anti-p-tau (PHF1) labeled with a fluorescent secondary
antibody and immunostained with thioflavin S. e, Pearson’s correlation
coefficient (error bars represent 95% confidence interval) was derived from
analyzing uninfected and infected wells for co-localization of thioflavin S (green),

HSV-1 (RFP) and p-tau (647) fluorescence. f-k, 3.5-4-week-old 3D ReNcell VM
cultures were infected with serial dilutions of HSV-1for 24 hours, and cell lysates
were separated into soluble and insoluble tau fractions for analysis by MSD Multi-
Spot Phospho (Thr 231)/Total Tau Assay. f, Comparison of cellular soluble p-tau
atdifferent viralloads (F 4, =129.6, **P = 0.0027, ****P < 0.0001). g, Comparison
of cellularinsoluble p-tau at different viral loads. h, Comparison of the ratio
between cellular insoluble and soluble p-tau at different viral loads (F; o, = 26.54,
***++p < (0.0001). i, Comparison of cellular soluble total tau at different viral

loads (F; g6 = 9.251, **P=0.0040, **P=0.0001, ***P < 0.0001). j, Comparison

of cellular insoluble total tau at different viral loads (F; g = 6.810, **P = 0.0049,
***P=0.0002).k, Comparison of the ratio between cellular insoluble and soluble
total tau at different viral loads (F; g = 7.469, **P=0.0057, ***P < 0.0001). Box
plots are representative of +s.e.m. ((f-h, n =25), (i-k, n=19)) depicting median
and interquartile range, with whiskers denoting variability according to Tukey’s
method. Statistical mean comparisons were calculated by two-tailed unpaired
t-tests (b,c) and one-way ANOVA using Dunnett’s multiple comparisons test (f-k).

after HSV-linfection did not exacerbate HSV-1infection (Fig. 6g,h and
Extended Data Fig. 9). Interestingly, anti-IFNy antibody treatment
neutralized the protective effects of synthetic p-tau pretreatment,
indicating that an IFNy-mediated pathway is important for the anti-
microbial action of p-tau (Fig. 6g). In conjunction with our findings
of p-tau aggregation and spread in the presence of infection (Figs. 4
and 5), these data provide compelling evidence for the antiviral
activity of p-tau by both protecting against and modulating an innate
immune response to HSV-1.

Both HSV-1and p-tau aggregates are phagocytosed by
microglia in a 3D neural-glial triculture model of AD

Microglia are essential to the central nervous system (CNS) response
to HSV-linfection by identifying viral pathogen-associated molecular
patterns (PAMPs), releasing inflammatory cytokines and clearing
virus and damaged neurons. Interestingly, microglia were recently
suggested to contribute to pathogenic tau spread due to endocytosis
of tau aggregates and subsequent failure to fully digest the aggre-
gates, followed by secretion of exosomes containing ‘tau seeds’. To
investigate the interaction among tau, HSV-1 and microglia, we
seeded a neuronal/astrocytic 3D ReNcell VM culture with microglia
derived from induced pluripotent stem cells and then infected
the neural-glial tricultures with HSV-1. Twenty-four hours after
infection, the cultures were fixed and prepared for immunocyto-
chemistry (ICC) with anti-IBA1 and anti-p-tau (PHF1) antibodies.
Co-localization of p-tau and HSV-1was observed inside IBA1-positive
microglial cells, which was not present in uninfected controls
(Fig. 7). Although more experimentation is necessary to deter-
mine whether the p-tau/HSV-1is being phagocytosed as an inde-
pendent complex or as part of infected neurons, these results
warrant more detailed studies addressing microglia internalizing
p-tau/HSV-1 complexes.

Discussion

Evidence for amicrobial componentto the etiology and pathogenesis
of AD has continued to grow over the last decade. Although a consensus
on particular pathogens has still not been reached, animal studies,
retrospective cohort studies for infectionand AD risk and microbiome
screens have allidentified the epidemiological prevalence of microbes
in dementia and pathogen-driven shifts in locations such as the
gut microbiota that may promote AD-related neuropathology***.
Furthermore, these studies are supported by multiple comprehensive
studies of particular microbes***%, Previously, we reported antimicro-
bial properties of A based onits ability to neutralize Salmonella, HSV-1
and human herpesvirus 6 (HHV-6) (refs. 10,11). These studies led to
the Antimicrobial Protection Hypothesis of AD, postulating that Ap
has evolved to protect the brain against infection, with amyloid
plaques serving as extracellular traps for microbes. As a corollary to
thisidea, the gene mutations that predispose to AD pathology, today,
may have been conservedinevolution owing to their ability to enhance
innate immunity in the brain™.

In the present study, we reveal a notable novel role for tau as an
antiviral protein against HSV-1, based on affording increased protection
frominfection (Fig. 1) and highly effective binding to HSV-1to neutralize
thevirus (Figs.2 and 3). We also observed aninfection-based response
with the phosphorylation of tau and the resulting p-tau shifting to
aninsoluble form (Fig. 4) and increased p-tau presence in uninfected
cells in proximity to the location of infection (Fig. 5). The seques-
tration of p-tau into insoluble forms enhances innate immunity by
binding HSV-1 (Fig. 3), destabilizing microtubules, breaking down
fast axonal transport and generating NFTs, all of which would
serve to hamper neurotropic spread of virus across synapses from
one neuron to another. These findings are consistent with the oli-
gomerization of AMPs as an essential characteristic for their innate
immune functions*~°.

Fig. 5| HSV-1promotes the release of p-tau frominfected neurons and the
accumulation of p-tau in uninfected neurons adjacent to infection. ReNcell
VM cultures were infected with HSV-1for 24 hours to characterize p-tau’s
extracellular release and changes in proximity to viral infection. a-d, 3.5-4-week-
old 3D ReNcell VM cultures were infected with serial dilutions of HSV-1for

24 hours, and cell media and cell lysates were analyzed by MSD Multi-Spot
Phospho (Thr 231)/Total Tau Assay for soluble p-tau and total tau. a, Comparison
of cell media soluble p-tau at different viral loads (F; 5, = 7.521 ((uninfected versus
2.55,***P=0.0005), (uninfected versus 5.10, ***P = 0.0004)). b, Comparison of
cellmediasoluble total tau at different viral loads (F; s; = 10.49, **P= 0.0011).

¢, Comparison of the ratio between cell media p-tau and total tau at different
viralloads (F3 5, =19.94, ***P < 0.0001). d, Comparison of the ratio between cell
lysate soluble p-tau and soluble total tau at different viral loads (F; o, = 202.5,
**p < (0.0001). e, 2D ReNcell VM cultures in microfluidic devices were infected in
the left chamber with HSV-1for 48 hours, immunoprobed with anti-p-tau (PHF1)

labeled with a fluorescent secondary antibody and analyzed for neurons (GFP),
HSV-1 (RFP) and p-tau (647) fluorescence by confocal microscopy. Fluorescence
signals for ReNcell VM, HSV-1and p-tau were imaged for infected and uninfected
conditions. f, GA3 analysis of HSV-1-positive neurons compared intracellular
p-tau fluorescence among infected neurons (triangles), uninfected neurons
proximal to infected neurons (*) and uninfected neurons not proximal to infected
neurons (arrows) (F, 3 ,g3 = 45.35,***P < 0.0001). g, Individual neuronal p-tau
fluorescence intensity was compared to total proximal HSV-1-RFP fluorescence
intensity (R = 0.7912). Box plots are representative of +s.e.m. ((a-c,n=13),

(d, n=25)) depicting median and interquartile range, with whiskers denoting
variability according to Tukey’s method. Statistical mean comparisons were
calculated by one-way ANOVA using Dunnett’s multiple comparisons test (a—d),
one-way ANOVA using Tukey’s multiple comparisons test (f) and simple linear
regression (g).

Nature Neuroscience | Volume 29 | March 2026 | 604-616

610


http://www.nature.com/natureneuroscience

Article

https://doi.org/10.1038/s41593-025-02157-0

Previousresearchonantimicrobial properties of tau by Kobayashi
etal.**reported that tau peptide fragments of the microtubule-binding
site possessed strong antimicrobial activities against Staphylococcus
aureus and Escherichia coli. Although it was hypothesized that this
binding activity was driven by negatively charged surfaces of Gram-
negative bacteria, we observed preferential binding to viral capsid
over viral envelope (Fig. 2a and Extended Data Fig. 2b), despite the
strong negative charge of the envelope from post-translational

additions of sialicacid to the glycoproteins on the envelope surface, sug-
gesting amore specific targeting beyond peptide charge™. A subsequent
study by Powell-Doherty et al.”? examined A and p-tau as components
ofananti-threat response to HSV-1, demonstrating viral-induced phos-
phorylation of tau and accumulation of A oligomers. They propose
that p-tau does not inhibit viral replication and may alternatively be
adanger-associated molecular pattern (DAMP). By contrast, our data
supportthedirect role of p-tauinviralinhibitionand binding (Figs.1-3).
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Utilizing antibodies against different viral and capsid peptides
for stericinterference of p-tau binding, we observed targeted binding
of p-tau to a region occupied by inner tegument proteins. Blocking
major capsid protein ICP5 or capsid stabilizing protein UL25 failed
to inhibit p-tau binding entirely (Extended Data Fig. 4a,c), whereas
blocking tegument-associated protein ICP4 led to modest inhibition

(Extended Data Fig. 4b). Conversely, antibodies against tegument
proteins VP21/22a and VP16 led to significant dose-dependent
inhibition of p-tau binding to viral capsid (Fig. 2d,e). Notably, inner
tegument protein VP1/VP2 binds VP16, VP16 binds VP22 and all three
of these viral proteins are essential for the bidirectional transport of
HSV-1capsids along microtubules®***. These data suggest adual-action
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Fig. 6 | Exogenous p-tau induces phosphorylation for essential antiviral
activity. ReNcell VM cultures were infected with HSV-1to determine the degree
ofimmune response. a, One-week-old 2D ReNcell VM uninfected and infected
cultures wereimmunoprobed with L-azidohomoalanine (AHA) and anti-p-tau
(PHF1) and then labeled with fluorescent secondary antibodies and analyzed for
neurons (GFP), p-tau (594) and AHA (647) fluorescence by confocal microscopy.
b, Distribution plot of individual AHA and p-tau pixel intensities after infection.
¢, Pearson’s correlation coefficient (error bars represent 95% confidence interval)
ofimages of internalized AHA and PHF1in ReNcell VM cells. d, Fluorescent
image captures from nine wells over three experiments were compared by GA3
software in Nikon Elements for p-tau fluorescence (****P < 0.0001) between
azide-positive and azide-negative cells. e, One-week-old 2D ReNcell VM

cultures were preincubated with dilutions of a GSK-3f inhibitor (scale of 50 nM
to 25 nM) for 24 hours followed by a 24-hour HSV-1infection and imaged by
confocal microscopy for red fluorescence. Whole-well images were analyzed
using Nikon Elements GA3 to compare the number of HSV-1 plaques between

conditions (F3 53 =2.806, *P = 0.0268). f,h, Conditioned media collected from
1-week-old ReNcell VM uninfected (f) and 1-hour HSV-linfected (h) (F, ,=23.85,
P**=0.0025) cultures pretreated with 2N4R GSK-3 p-tau (1.25 pg mI™) were run
onaproinflammatory cytokine MSD. g, One-week-old 2D ReNcell VM cultures
were preincubated with 2N4R GSK-3 p-tau (1.25 pug ml™) and anti-IFNy antibody
(10 pg ml™) for 24 hours followed by a 24-hour HSV-linfection and imaged by
confocal microscopy for red fluorescence. Whole-well images were analyzed
using Nikon Elements GA3 to compare the number of HSV-1 plaques between
conditions (F; s,=4.863,*P=0.0386). Box plots are representative of +s.e.m.
((e,n=11), (f,n=6), (g, n=15), (h,n=3)) depicting median and interquartile
range, with whiskers denoting variability according to Tukey’s method. Statistical
mean comparisons were calculated by two-tailed unpaired Welch’s ¢-test (d),
one-way ANOVA using Dunnett’s multiple comparisons test (e), two-way ANOVA
using Tukey’s multiple comparisons test (f), one-way ANOVA using Tukey’s
multiple comparisons test (g) and two-tailed unpaired ¢-test (h).

antiviral effect in which hyperphosphorylation dissociates tau from
microtubules, destabilizing them and interrupting viral capsid trans-
portation, and p-tau simultaneously binds to capsid/tegument pro-
teins essential for viral microtubule transport. Although our data
supporting antimicrobial properties of tau and p-tau are novel, evi-
dence of tau modifications in response to infections was previously
reported. HSV-1infection results in hyperphosphorylation of tau in
both human and mouse models®***%*¢, In adult hippocampal neu-
rons, p-tau levels increased after active and latent HSV-1 infection.
Additionally, gingipains, exotoxins from Porphyromonas gingivalis,
were reported to cleave tau, and the resulting fragments displayed
antimicrobial properties?.

Microtubules are essential for fast axonal transportinneurons but
arealso utilized by intracellular pathogens. Both viruses and bacteria
utilize microtubule networks, and stabilization of the microtubules
results in increased infection™. The protective effect of tau against
HSV-1infection (Fig. 1) and the increased ratio of insoluble versus
soluble p-tau during infection (Fig. 4h k) suggest that destabilization
of microtubules by p-tau protects against microbial utilization of the
cytoskeletontospread. Thisis further supported by neuritic dystrophy
observed where HSV-1was isolated with p-tau (Extended Data Fig.10a)
and p-tau aggregation in neuronal somas around HSV-1replicationin
thenucleus (Extended DataFig.10b), in effect preventing HSV-1access
to microtubule transport required for propagation.

We also observed increased viral binding with both increased R
domainrepeats and phosphorylation of tau, with the synthetic 2N4R
p-taubeing the most effective (Fig.2). Once again, these findings sug-
gest that the phosphorylation and increased aggregation of tau, clas-
sically observed as a pathological feature, can be alternatively viewed
asafunctional feature of tau designed to bind and neutralize microbial
targets more effectively. Indeed, our data support the notion that
the phosphorylation of tau is not just sufficient but necessary for
antimicrobial activity. Non-phosphorylated tau isoforms failed to
elicit any protection against HSV-1infection (Fig. 1), and the presence
of GSK-3f inhibitor during viral infection significantly increased the
viral spread (Fig. 6).

Beyond AMPs, the innate immune system utilizes cytokines for
essential communication and regulation of the immune response.
Onesuchkey cytokineinresponse to HSV-1is IFNy, capable of inhibit-
ing replication, impeding viral release and disrupting microtubule
organization®’ ®, To differentiate the viral-driven p-tau antimicrobial
response from a generalized viral immune response, we examined
the role of cytokines in our model. Utilizing an anti-INFy antibody
to block the HSV-1-induced cytokine response, we observed that the
removal of IFNy during p-tau treatment negated the p-tau antiviral
protection (Fig. 6g). By contrast, anti-IFNy antibody treatment with-
out the addition of p-tau had no effect on viral spread (Fig. 6g). MSD
analysis of cytokines revealed that exogenous p-tau did not elicit any

immune response (Fig. 6f), and the presence of synthetic p-tau low-
ered IFNy levels released into the media (Fig. 6h). Collectively, these
data suggest that IFNy is critical for the antiviral activity of p-tau but
not via inflammatory pathways. Future studies should consider the
potential relationship between the induction of tight junction protein
endocytosis by IFNy combined with the effects of [IFNy on the antiviral
properties of p-tau®’,

Cell-to-cell transfer and propagation of p-tauis yet another prop-
erty considered to be pathological. However, our findings suggest
that this p-tau propagation may also be considered a physiological
antimicrobial feature of tau. The departure of tau from the somatic
spaceiswelldocumented, with evidence of its traversal from cell to cell
via excretion and exosomes and through synaptic clefts®* . The dis-
covery that ‘pathogenic’ forms of tau can self-propagate and promote
the aggregation of soluble tau led to the suggestion that seeding and
propagation of neuropathological tau resembles prion diseases®. Inter-
estingly, a recent publication by Liu et al.** demonstrated that active
human endogenous retrovirus infections accelerated the cell-to-cell
spread of tau aggregates. Our data revealing elevated p-tau in unin-
fected neurons in close proximity to infected cells support and may,
therefore, help explain this finding (Fig. 5). Additionally, we show
that the ability of tau to protect against viral infection is enhanced by
co-incubation of p-tau with neurons prior to HSV-1infection (Fig. 1).
During HSV-1linfection, we also observed asignificantincrease in solu-
ble p-taubeingreleasedinto the extracellular space (Fig. 5). These data
suggest that ‘pathological’ spreading of tau may actually have evolved
asanantimicrobial feature, allowing tau to protect adjacent cells prior
to the establishment of a spreading viral infection.

Microglia, the resident macrophage-like cells in the brain, are an
essential component of brain health, playingrolesinboth development
and protection against traumaand pathogenicinvasion. Microglia can
phagocytose extracellular pathogens such as HSV-1and bacteria that
make it past the blood-brain barrier as well as damaged or necrotic
cells’®”, The ability of microglia to take up AB and tau, in addition to
theirrelease of proinflammatory cytokines and chemokines, have made
them a prime therapeutic target in AD. We observed co-localization
of p-tau and HSV-1linside of microglia in viral-infected 3D human neu-
ronal/astrocytic cultures co-incubated with microglia (neural-glial
tricultures), suggesting that tau may also play a role in promoting
microglial uptake of HSV-1 (Fig. 7).

Itisimportant to acknowledge that tau does not fully comply with
the attributes of typical AMPs, which are typically cationic, are below
100 amino acids, display broad extracellular antimicrobial efficacy,
and often harbor a-helical or B-sheet secondary structures. Although
most known AMPs fall within these guidelines, there are exceptions.
Although more than four times the typical size of AMP, tau shares many
of these commonalities, such as cationic charge and assembly into
B-sheets. Other established AMPs share some of these atypical AMP-like
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Fig. 7| p-tau and HSV-1 co-localize inside microglia. Mature microglia were
added to 3D ReNcell VM cultures prior to infection with HSV-1to analyze

the interaction among p-tau, HSV-1and microglia. Uninfected and infected
microglia-ReNcell VM cultures were immunoprobed with anti-p-tau (PHF1)
and anti-IBAl labeled with fluorescent secondary antibodies and analyzed for

microglia (405), neurons (GFP), HSV-1 (RFP) and p-tau (647) fluorescence by
confocal microscopy. Co-localization of HSV-1(red) and p-tau (purple) inside of
microglia (blue) was observed (arrows). Panels are representative of multiple
image fields (n=5).

characteristics of tau. LL-37 was found to interact with glyceralde-
hyde 3-phosphate dehydrogenase toimmunomodulate macrophage
activity’”, demonstrating an AMP capable of acting intracellularlyona
host cell forimmunomodulation. NONOis anuclear protein that binds
to and detects HIV capsid in the nucleus to promote cGAS-mediated
innateimmune activation andis471amino acids long’>. Combined with
our data, these unique exceptions support the notion that, although
tau may not be a prototypical AMP, its physical characteristics and
antimicrobial properties warrant further research into its classifica-
tionasan AMP.

The data presented here strongly suggest that tau serves as a
second layer of defense against pathogens in the brain. Although A3
serves asanextracellular AMP totrap virusesin A deposits, the viruses
thatescape andinfect neurons canthenbe stopped by p-tauand NFTs,
induced by either the virus itself or by Ap oligomers™. In this man-
ner, AP and p-tau combine to provide what can be considered a dual
AMP host defense mechanismagainst viral infection. Like AB, tau also
presents as a highly phylogenetically conserved protein, sharing the
microtubule-binding domain withmammals, reptiles, birds and fish™”.
Our findings continue to reinforce the notion that the three major hall-
marks of AD pathology—Ap, NFTs and neuroinflammation—evolved as
amultilayered and highly orchestrated host defense system as part of
the innate immune system of the brain.
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Methods

3D human neuronal cell culture model + microglia
GFP-expressing ReNcell VM neuronal cell line G10, previously
described’, was seeded as a 3D culture in a 96-well plate (Greiner
Bio-One, 655866) in ReN Differentiation Media (ReN Diff). ReN Diff
changes were completed twice aweek until the plate was 3.5-4 weeks
old, at which the neuronal culture is considered mature, fully differ-
entiated and ready for experimentation. The 3D human triculture
system including neurons, astrocytes and microglia was previously
described”. Inbrief, induced pluripotent stem cells are differentiated
into mature microglia over 38 days. Once mature, the microglia were
resuspended and added at a 6:1ratio to the 3D ReNcell VM culture for
24 hours followed by a 24-hour HSV-1 infection. After infection, the
wells were washed once with PBS and then fixed with 4% paraformalde-
hyde (PFA) for 2 hours at4 °C. Then, the plate was washed three times
withPBS andstored in PBS at4 °C until ready forimmunostaining. Plate
was first blocked with Doo Block shaking at 4 °C overnight. The next
day, primary antibodies anti-IBA1 (Abcam, ab283346) at 1:1,000 and
anti-p-tau (PHF1, Albert Einstein College of Medicine) at 1:500 were
added andincubated at4 °C overnight shaking. The next day, the plate
was washed five times at 5-minute intervals with TBS-Tween. Fluores-
centsecondaries anti-rat 405 (Invitrogen, A48268) and anti-mouse 647
(Invitrogen, A32787) were added at 1:500 for a 3-hour incubation at 4 °C
shaking. Afterwards, the wells were washed five times for 5 minutes
each with TBS-Tween and then stored in PBS. Plates were imaged by
fluorescence confocal microscopy (Nikon, AIR-HD25) for microglia
(405), neurons (GFP), HSV-1 (RFP) and p-tau (647).

Tau HSV1 plaque assay

Two-dimensional (2D) ReNcell VM cultures were seeded in a 24-well
plate (Corning, 3526) precoated with 1:100 Matrigel (Corning, 354234)
dilutedin cold DMEM F-12 at 300,000 cells per well in ReN Expansion
Media (ReN Exp) overnight. The next day, the media were replaced by
ReN Diff. At 1week old, the media were removed and replaced with
ReN Diff containing 2N4R GSK-3f3 p-tau (Abcam, ab269024), 2N3R
tau (Abcam, ab72462) or 2N4R tau (Abcam, ab84700) overnight at
37 °C at the following concentrations: 2.5 pg ml™, 1.25 uyg ml™ and
0.625 pg ml™. ReN Diff alone was used for the control wells. The next
day, the media were removed, and ReN Diff containing HSV-1 (diluted
to 50-200 plaque-forming units (PFU)) were added to each of the
wells and centrifuged (Thermo Fisher Scientific, ST8R centrifuge) at
500gfor1houratroomtemperature. The HSV-1media were removed,
and ReN Diff containing 0.36% agarose were added to the wells for an
overnight incubation at 37 °C. The next day, the plate was imaged by
confocal microscopy (Nikon, AIR-HD25) for viral RFP fluorescent signal.
Images were analyzed using Nikon Elements General Analysis 3 (GA3)
forviral plaque counts, HSV-1-positive single cells and viral plaque size.

GSK-3p inhibitor and anti-INFy antibody HSV-1 plaque assays
‘Tau HSV-1 plaque assay’ methodology was adapted to be performed
with combinations of a GSK-3B inhibitor (Tocris Bioscience, 4423) and
ananti-INFy antibody (Invivogen, HIFNG-MAB7-02) in place of the syn-
thetic taus fromstart to finishincluding image analysis. GSK-3f3 inhibi-
tor was used at the following concentrations: 50 pg ml™, 25 ug mi™*
and12.25 pg ml™; and anti-INFy antibody was used at 10 pg mi™ for the
overnightincubation. In addition, GSK-3f inhibitor was also mixed in
with the agarose inits respective concentrations.

Viral capsid isolation

One-half percent Triton X-100 was added to 900 pl of TNE buffer and
100 pl of HSV-1to create a virus mix stored at 4 °C for 5 minutes. TNE
buffer with 35% sucrose was added to ultracentrifuge tubes (Beck-
man Coulter, 344059) before adding virus mix and then ultracentri-
fuged (Beckman Coulter, Optima XPN-100 Ultracentrifuge) at 37,0008
for 45 minutes at 4 °C. After ultracentrifugation, supernatant was

aspirated, and the capsid pellet was resuspended in 200 pl of TNE
buffer. Capsid mix was added to TNE buffer with 35% sucrose and ultra-
centrifuged again at 37,000g for 45 minutes at 4 °C. The supernatant
wasaspirated, and capsid-isolated HSV-1was resuspended in200 pl of
TNE buffer followed by storage at 4 °C for experimentation.

Virus binding assay

Capsid-isolated HSV-1 or whole virion HSV-1 (5 x 10° PFU per well) in
distilled water (50 pl per well) was added to a black polypropylene
plate (Greiner Bio-One, 655209) and heat-fixed at 95 °C for 2 hours.
After heat-fixing, the plate underwent three TBS washes and then was
blocked at room temperature for 1-hour shaking using 4% non-fat
dry milk. After blocking, the plate was washed three times with
TBS-Tween. Synthetic taus 2N4R GSK-3f3 p-tau (Abcam, ab269024),
2N3Rtau (Abcam, ab72462),2N4R tau (Abcam, ab84700) or 50/50 mix
of 2N3R/2N4R taus were added to appropriate wells and incubated at
37°Cforlhourat the following concentrations: 5.0 pg mi™, 2.5 pg ml™,
1.25 ug ml™, 0.625 pg ml™ and 0.3125 pg ml™. After tauincubation, the
plate was washed three times with TBS-Tween and thenblocked at room
temperature for 1-hour shaking using 10% BSA. After blocking, the
plate was washed three times with TBS-Tween followed by the addition
of an anti-tau antibody (Agilent Technologies, A0024) at 1:10,000 in
10% BSA (100 pl per well) and incubated at 4 °C overnight shaking. The
next day, the plate was washed three times with TBS-Tween followed
by addition of an anti-rabbit HRP antibody (Cytiva, NA934-100UL) at
1:1,000in10% BSA (100 pl per well) and incubated at room temperature
for1-hour shaking. Afterwards, the plate was washed three times with
TBS-Tweenbefore adding SuperSignal ELISA Femto Substrate (Thermo
Fisher Scientific, 37075). The plate was immediately read on a BioTek
Synergy Neo2 Multi-Mode Reader for chemiluminescent signal.

Competitive inhibitor virus binding assay

‘Virus binding assay’ methodology was adapted to be performed with
anticapsidinterference antibodies prior to synthetic tau addition. The
initial steps up to 4% non-fat milk block and subsequent TBS-Tween
washes remain the same. After the washes, anticapsid interference
antibodies anti-VP21/VP22a (Thermo Fisher Scientific, MA5-16798),
anti-ICP5 (Virusys Corporation, HA018-100), anti-pUL25 (University
of Pittsburgh), anti-pUL48-VP16 (Novus Biologicals, NB206593) or
anti-RS1-ICP4 (Abcam, ab6514) were added at stepwise dilutions (0.04,
0.2,1.0and 5.0 pg mi™) to appropriate wells and incubated at 37 °C for
1hour. The plate was then washed three times with TBS-Tween. 2N4R
GSK-3p p-tau (Abcam, ab269024), control scrambled LL-37 or 2N4R
GSK-3p p-tauincubated with mannose for 1 hour at room temperature
was added towells andincubated at 37 °C for 15 minutes. Then, the plate
was washed three times with TBS-Tween followed by a10% BSA block
atroomtemperature for1hour. Asubsequent three-times TBS-Tween
wash was performed, and a10% BSA of anti-tau antibody (Agilent Tech-
nologies, A0O024) at 1:10,000 was added to each well (100 pl per well)
foranovernightincubation at 4 °C shaking. The next day, the plate was
washed three times with TBS-Tween, and an anti-rabbit HRP antibody
(Cytiva, NA934-100UL) at 1:1,000 in 10% BSA (100 pl per well) was
added to each well for a1-hour room temperature incubation shak-
ing. The plate was washed three times with TBS-Tween before adding
SuperSignal ELISA Femto Substrate (Thermo Fisher Scientific, 37075).
The plate wasimmediately read on aBioTek Synergy Neo2 Multi-Mode
Reader for chemiluminescent signal.

Viral agglutination and TEM analysis

Sample containing capsid-isolated HSV-1 (10 pl) and 2N4R GSK-3[3 p-tau
(10 pl) was incubated for 2 hours at room temperature before being
added (10 pl) onto Formvar/Carbon Support Square Grids (Electron
Microscopy Sciences, FCF100-Cu) for 2 minutes. Sample was removed
by gently touching the perimeter of the grid with filter paper. The
grid was transferred to water droplets for 30 seconds three times.
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After washes, the grid was dyed by adding 10 pl of 1% uranyl acetate
for 1 minute before removing the dye with filter paper and letting the
grid sitat room temperature for 10 minutes todry. Grids wereimaged
withaJEOL 1011 electron microscope (JEOL Institute).

Slice TEM analysis
3D ReNcell VM cultures were seeded in a six-well plate at 8 million cells
perwellin ReN Diff and were aged for 3.5 weeks. The cells were infected
with HSV-1 (4.06 x 107 PFU per well) and centrifuged with minimal
acceleration and deacceleration (Thermo Fisher Scientific, ST8R cen-
trifuge) at 500g for 1 hour at room temperature and then incubated
at 37 °C for 24 hours. The next day, the media were removed, and the
cells were washed once with PBS followed by initial fixation in 4% PFA
onarotator for 30 minutes. Then, fresh 4% PFA was added, and the cells
were incubated at 4 °C overnight. The next day, the cells were washed
three times using PBS, scraped and spunat 2,200g for 15 minutes. The
supernatant was removed, and the pellets were resuspended in PBS
to be stored at 4 °C. Pellets were loaded onto grids and stained with
anti-p-tau (PHF1) antibody incubated with immunogold particles in
accordance with ‘Viral agglutination and TEM analysis’ methodology.
Electron microscopy was performed in the Microscopy Core
of the Center for Systems Biology/Program in Membrane Biology,
whichis partially supported by an Inflammatory Bowel Disease grant
(DK043351) and aBoston Area Diabetes and Endocrinology Research
Center (BADERC) award (DK057521).

Total tau and p-tau level MSD

3D ReNcell VM cultures were seeded in a 96-well plate (Greiner Bio-One,
655866) and aged for 3.5-4 weeks. At maturation, half the media was
removed from the wells and replaced with ReN Diff containing HSV-1
(6.67 x10°PFU per pl) at 0.5 pl, 0.25 plor 0.1 pl per well for 24 hours at
37 °C.The next day, the plate was washed once with cold PBS, and cold
Sarkosyllysis buffer was thenadded to the wells for al-hourincubation
at4 °Crocking. The cells were then scraped and collected in a 96-well
polymerase chain reaction (PCR) plate to be stored at —20 °C. The cell
lysate was thawed and spun (Thermo Fisher Scientific, ST8R centrifuge)
at2,129gfor 30 minutesto pellet cellular debris. The supernatant was
collected and added to an ultracentrifuge tube (Beckman Coulter,
343778) and spun at 279,000g (Beckman Coulter, Optima MAX-XP
Ultracentrifuge) for 1 hour to separate insoluble and soluble tau. After
ultracentrifugation, the supernatant was collected as soluble tau. The
remaining pellet was dissolved using guanine hydrochloride and col-
lected asinsoluble tau. Both soluble and insoluble tauwere added toa
96-well MSD Multi-Spot Phospho (Thr231)/Total Tau Assay plate (MSD,
K15121D-2) and run according to the manufacturer’sinstructions. Plates
were read on an MSD MESO QuickPlex SQ 120 mm, and the resulting
raw data were analyzed using MSD Discovery Workbench.

Proinflammatory cytokine MSD

Media for proinflammatory cytokine concentration determination
were collected from 24-well plates preincubated with 1.25 ug ml™ 2N4R
GSK-3f p-tau (Abcam, ab269024) for 24 hours with or without 1-hour
HSV-1infection the next day. Conditioned media were added to the
96-well V-PLEX Proinflammatory Panel 1 Human Kit (MSD, K15049D)
and run according to the manufacturer’s instructions. Plates were read
onanMSD MESO QuickPlex SQ120 mm, and the resulting raw datawere
analyzed using MSD Discovery Workbench.

P-tau and total tau immunofluorescence labeling

3D ReNcell VM cultures were seeded in a 96-well plate (Greiner Bio-One,
655866) and aged for 3.5-4 weeks. At maturation, the plate was infected
with 30 pl of replication-deficient HSV-1virus (3.3 x 106 PFU per pul; Hem-
ing et al. 2013) mixed with 6 ml of ReN Diff or HSV-1-RFP fusion virus
andincubated at 37 °C for 24 hours. The wells were then washed once
with PBS and then fixed with 4% PFA at 4 °C for 2 hours. Afterwards,

the plate was PBS washed three times followed by blocking with Doo
Block at 4 °C shaking overnight. The next day, the following primary
antibodies were added for an overnight 4 °C incubation shaking:
anti-total tau (Agilent Technologies, A0O024) at 1:1,000, anti-p-taus
PHF1 (Albert Einstein College of Medicine, gift) or AT180 (Invitrogen,
MN1040) at 1:500 and anti-HSV-1 (Invitrogen, PA5-115473) at 1:1,000
onlyifthereplication-deficient HSV-1was used. The next day, the plate
was washed five times at 5-minute intervals using TBS-Tween, and
the following secondary antibodies (1:500) were added for a 3-hour
4 °Cincubation shaking: anti-rabbit 405 (Jackson ImmunoResearch,
711-475-152), anti-mouse 647 (Invitrogen, A32787) and anti-rabbit 568
(Invitrogen, A10042) if necessary. Afterwards, another five 5-minute
TBS-Tween washes were repeated, and the plate was stored in PBS.
Plates were imaged by fluorescence confocal microscopy (Nikon,
AIR-HD25) and analyzed using Nikon Elements GA3",

Microfluidicimmunofluorescence

Polydimethylsiloxane microfluidic devices were designed and pro-
duced at the Center for Engineering in Medicine at Massachusetts
General Hospital (MGH), as described previously””. The devices were
precoated for 3 hours with1:100 Matrigel (Corning, 354234) diluted in
cold DMEMF-12.2D ReNcell VM cultures were seeded at 300,000 cells
for the outside chambers and 150,000 cells for the middle chamber.
The devices were aged for 3.5 weeks followed by a 48-hour 0.5 pl per
well HSV-1(6.67 x 10° PFU per pl) infection of the left chamber. After a
PBS wash, the devices were fixed with 4% PFA for 2 hours at 4 °C. The
devices followed the immunostaining ‘p-tau and total tau immuno-
fluorescence labeling’ methodology with a distinction in antibody
use. Instead, the antibodies anti-p-tau at 1:500 (PHF1, Albert Einstein
College of Medicine) and anti-total tau at 1:750 (GeneTex, GTX49353)
fluorescently labeled with secondaries anti-chicken 405 at 1:2,000
(JacksonImmunoResearch, 703-475-155) and anti-mouse 647 at1:1,000
(Invitrogen, A32787) were used. Plates were imaged by fluorescence
confocal microscopy (Nikon, AIR-HD25) and analyzed using Nikon
Elements GA3.

Azide-tagged proteins

2D ReNcell VM cultures were seeded in a 24-well plate containing
0.1-uminserts (CELLTREAT, 230634) at approximately 75,000 cells
per well. The culture was aged for 1 week in methionine-free media
(Sigma-Aldrich, D9785-10L). The inserts were infected with HSV-1
(6.67 x10° PFU per pl) at 1:250 for 24 hours. Six hours after infection,
50 pM L-azidohomoalanine was added. After infection, the inserts
were removed, and the wells were fixed in 4% PFA for 1 hour at room
temperature. After three washes of PBS, a permeabilizing solution of
0.5% Triton X-100 PBS was added for 15 minutes at room temperature.
After three washes of PBS, a click reaction mix of 50 uM Alexa Fluor
647 Alkyne (Life Technologies, A32787),100 mM copper sulfate and
1M dithiothreitol in PBS were added to the wells for 1 hour at room
temperature while being protected from light. The wells were then
washed three times with PBS, and 5% BSA was added overnight. The next
morning, three PBS washes were followed with anti-p-tau (PHF1, Albert
Einstein College of Medicine) antibody at 1:500 shaking overnight at
4 °C. After three PBS washes, the plate was stained with secondary
anti-mouse 594 (Invitrogen, A11032) at 1:1,000 in 5% BSA. Three more
PBS washes were completed, and the wells were stored in PBS. Wells
wereimaged by confocal microscopy (Nikon, AIR-HD25) and analyzed
by Nikon Elements GA3.

Thioflavin S co-localization

3D ReNcell VM cultures seeded in a 96-well plate (Greiner Bio-One,
655866) were aged to 3.5 weeks. At 3.5 weeks, the media were com-
pletely removed and replaced with media containing HSV-1(2.465 x 107
PFU per well) and incubated for 24 hours at 37 °C. The wells were then
washed once with PBS and then fixed with 4% PFAPBS at 4 °Cfor 2 hours.
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Afterwards, the plate was PBS washed three times followed by block-
ing with Doo Block at 4 °C shaking overnight. Then, anti-p-tau (PHF1,
Albert Einstein College of Medicine) at 1:500 in Doo Block was added,
andthe plate wasincubated at 4 °C shaking overnight. After overnight
incubation, the plates were washed five times at 5- minute intervals
using TBS-Tween. Fluorescent secondary anti-mouse 647 (Invitrogen,
A32787)wasadded at1:1,000 in Doo Block, and the plate was incubated
on a shaker for 3 hours at 4 °C. Five 5-minute washes were repeated,
andthen 0.05% thioflavin S dissolved in 50% ethanol/water was added
to the wells for 10 minutes. This was followed by three 80% ethanol/
water washes and seven PBS washes for 10-minute intervals. After the
final wash, the plates were stored in PBS at 4 °C. Plates were imaged
by fluorescence confocal microscopy (Nikon, AIR-HD25), and images
were analyzed using Nikon Elements GA3.

Cytoxicity assay

Three and one-half to four-week-old 3D ReNcell VM cultures were
infected with serial dilutions of HSV-1for 24 hours. Conditioned media
were collected and stored at —20 °Cin LDH storage buffer. The samples
were later analyzed using an LDH-Glo Cytotoxicity Assay (Promega,
J2381), and luminescence values were recorded from a plate reader
(BioTek Synergy Neo2).

Statistics and reproducibility

Statistical parameters, tests used, sample sizes and number of repeats
are noted in the figure legends. No statistical methods were used to
predetermine sample sizes; sample sizes were chosenbased on previ-
ous similar studies'®". Data collection was randomized. Data collec-
tion and analysis were performed blinded to the conditions of the
experiments whenever possible—however, not for all experiments.
Exclusion of data points was performed based on standard GraphPad
Prism outlier analysis (ROUT method, Q =1%).Images are representa-
tive of all experimental repeats. Statistical significance between two
groups was determined using two-tailed Student’s ¢-tests, or, in cases
where assumptions of normal distribution or variance are violated,
Mann-Whitney test or Welch’s ¢-test was used, respectively. Statistical
significance for more than two groups was determined with multiple
comparison ANOVAs. In cases where normal distribution assumptions
were violated, a normality test was performed, and the subsequent
significance test was determined accordingly. Comparisons between
treatment groups only to asingle control group were corrected using
Dunnett’s correction. Comparisons between all groups were corrected
using Tukey’s correction. In several instances, multiple independent
comparisons were corrected using Sidak’s correction. Linear regres-
sionanalyses were used to determine arate of constancy between two
quantitative variables. In several instances, Kolmogorov-Smirnov
test was used to determine cumulative distribution function between
two independent samples. All images from in vitro samples are rep-
resentative of multiple image fields described in each figure legend
fromaminimum of three independent experiments. The threshold for
determining statistical significance was P < 0.05. All statistical analyses
were performed with GraphPad Prism 10.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Data underlying Figs. 1, 2 and 4-6 and Extended Data Figs. 1-9 are
provided with the paper. Source data are provided with this paper.

Code availability

Nikon NIS Elements General Analysis 3 workflows or ‘recipes’ for
image analysis are available from the corresponding authors upon
reasonable request.
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Extended Data Fig. 1| GSK-3p treated 2N4R tau, but not non-phosphorylated
tau, reduces HSV1 plaque formation in human cell culture model. 2D ReNcell
VM cultures were pre-incubated with dilutions of synthetic 2N3R tau, 2N4R tau,
or 2N4R GSK-3f3 phosphorylated tau (p-tau) followed by infection with HSV1

to assay tau’s antimicrobial protective properties. After HSV1infection, whole
wells were imaged by confocal microscopy and analyzed for red fluorescence. (a)
Whole well images comparing HSV1 plaque formation in the absence or presence
of 2N4R GSK-3f p-tau (1.25 pg/mL). (b-g) Whole well images from the 2N3R or

2N4Rtau pre-treated conditions (scale of 2.5 to 0.625 pg/mL) were analyzed
using Nikon Elements GA3 Analysis to compare (b, e) the number of HSV1
plaques, (c, f) the number of HSV1single cell infections, and (d, g) the ratio of
plaquesto single cell infections. Box plots are representative of +SEM

([B-D, n=11], [E-G, n=12]) depicting median and IQR with whiskers denoting
variability according to Tukey’s method. Statistical mean comparisons were
calculated by one-way ANOVA using Dunnett’s multiple comparison test (b-f).
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Extended Data Fig. 2| Anti-capsid antibodies and tau isoforms have a higher
binding affinity to HSV1 capsid than whole virion. Anti-capsid antibodies and
synthetic tau isoforms were incubated with heat-immobilized HSV1 capsid or
whole virioninanindirect ELISA to measure tau-virus binding affinity differences
betweenisolated viral capsids and whole virions with intact envelopes.

(a) Anti-capsid antibodies VP21/22a and ICP5 viral binding were compared
betweenisolated HSV1 capsids and whole virion (F; ,,,=14.29, *P=0.0136,
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and synthetic 2N4R GSK-3f p-tau binding affinities were compared between
isolated HSV1 capsids and whole virion normalized against VP21/22a antibody
binding (F 3 g5=4.957,***P<0.0001). Box plots are representative of +SEM
([A, n=6],[B, n=12]) depicting median and IQR with whiskers denoting variability
according to Tukey’s method. Statistical significance was calculated by two-way
ANOVA using Sidak’s multiple comparisons test (a, b).
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Extended Data Fig. 3| 2N3R tau isoform has the lowest binding affinity to
HSV1 compared to other tauisoforms. Dilutions of synthetic tau isoforms were
incubated with heat-immobilized HSV1 capsid or whole virionin anindirect
ELISA to measure tau-virus binding affinity. (a) Dilutions of 2N3R tau (scale of
5t00.3125 pg/mL) are incubated with immobilized HSV1 capsids (F 4 55=33.42,
*P=0.0232, ****P<0.0001). (b) Dilutions of a 50/50 mixture of 2N3R/2N4R tau
(scale of 5t0 0.3125 pg/mL) are incubated with immobilized HSV1 capsids (F 4, s5=
30.21, *P=0.0071, ***P<0.0001). (c) Dilutions of 2N4R tau (scale of 5t0 0.3125
pg/mL) are incubated with immobilized HSV1 capsids (F, 55,=11.50, **P=0.0011,

***++Pp<0.0001). (d) 2N4R GSK-3f p-tau binding to HSV1 was compared to 2N3R,
50/50 mix of 2N3R/2N4R, and 2N4R tau (F; 44=6.913, *P=0.0211, [2N4R tau vs.
2N3Rtau, **P=0.0025], [2N4R GSK-3p p-tau vs. 2N3R tau, **P=0.0012]) (e) 2N4R
GSK-3p p-tau and scrambled-sequence LL-37 are incubated withimmobilized
HSV1 capsids (F; 15=2.299, *P=0.0422, **P=0.0002, ***P<0.0001). Box plots are
representative of +SEM (n=12) depicting median and IQR with whiskers denoting
variability according to Tukey’s method. Statistical significance was calculated
by one-way ANOVA using Tukey’s multiple comparisons test (a-d) and two-way
ANOVA using Sidak’s multiple comparisons test (e).
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Extended Data Fig. 4 | Site-specific anti-capsid antibodies less effectively
inhibit tau binding to HSV1. Synthetic 2N3R tau and 2N4R GSK-3(3 p-tauisoforms
were incubated with heat-immobilized HSV1 capsid after pre-incubation with
anti-capsid protein antibodies in an indirect ELISA to examine inhibition of
tau-capsid binding. (a) 2N3R tau binding to HSV1 capsid was pretreated with
anti-ICP5 antibody. (b) 2N4R GSK-3f p-tau binding to HSV1 capsid was pretreated
with anti-RS1-ICP4 antibody (F 4 3,=13.59, [0 vs. 1.0 pg/mL, **P=0.0064],
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[0vs. 5.0 pg/mL, *P=0.0056]). (c) 2N4R GSK-3p p-tau binding to HSV1 capsid

was pretreated with anti-pUL25 antibody. Box plots are representative of +SEM
(n=12) depicting median and IQR with whiskers denoting variability according

to Tukey’s method. Statistical significance was calculated by two-tailed
Mann-Whitney test (a) and one-way ANOVA using Dunnett’s multiple comparison

test (b, c).
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Extended DataFig. 5| Cellular total tau fluorescence is increased in HSV1
infected neurons but not in adjacent uninfected neurons. ReNcell VM cultures
were infected with HSV1for 24 hours to characterize total tau’s distribution
changes from infection and in proximity to viral infection. (a) 2D ReNcell VM
cultures in microfluidic devices were infected in the left chamber with HSV1
for 48 hours,immunoprobed with anti-total tau labeled with a fluorescent
secondary antibody, and analyzed for total tau (405), neurons (GFP), and
HSV1(RFP) fluorescence by confocal microscopy. Fluorescence signals were
compared by General Analysis 3 (GA3). (b) GA3 of HSV1-positive neurons
compared intracellular p-tau fluorescence between infected neurons, uninfected
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neurons proximal to infected neurons, and uninfected neurons not proximal
toinfected neurons (F ; 33,,,=166.3,***P<0.0001). (c) Individual neuronal
total tau fluorescent intensity was compared to total proximal HSV1-RFP
fluorescent intensity (R2=1.350e-006). (d) Fluorescent image captures from
384 wells over 4 experiments were compared for total tau fluorescence in cell
bodies (***P=0.0003) between uninfected and infected wells. Statistical mean
comparisons were calculated by one-way ANOVA (b), simple linear regression
(c), and two-tailed paired t-test (d). Images are representative of experiments
repeatedintriplicate.
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Extended DataFig. 6 | The phosphorylation of tau from an HSV1infection and PHF-1labeled with a fluorescent secondary antibody. Images were collected

occurs at multiple phosphorylationssites. 3D ReNcell VM cultures wereinfected ~ via confocal microscopy and immunofluorescent representative images show
with HSV1to characterize tau’s change in cellular distribution and levels to viral neurons (GFP), HSV1 (RFP), and p-tau (647). Images are representative of
infection. 96 well plates were immunoprobed with anti-p-tau antibodies AT180 experiments repeated in triplicate.
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death. Box plots are representative of +SEM (n=30) depicting median and IQR
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Extended Data Fig. 8| HSV1infectivity and plaque sizes increase following
progressive GSK-3f inhibition. 1 week old 2D ReNcell VM cultures were
pre-incubated with a GSK-3p inhibitor for 24 hours followed by a 24 hour
HSV1infection to assess reduced kinase activity on viral replication. Post-
infection whole wells were imaged by confocal microscopy and analyzed for

red fluorescence. Images were analyzed using Nikon Elements GA3 Analysis to
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(b) theratio of plaques to single cell infections (F 3 53=4.173, *P=0.0046), and
(c) the size of individual HSV1 plaques by area (****P<0.0001). Bars represent
the distribution of replicate wells (n=11), with whiskers denoting variability
accordingto Tukey’s method. Statistical mean comparisons were calculated by
one-way ANOVA using Dunnett’s multiple comparisons test (a, b) and two-tailed
Kolmogorov-Smirnov test (c).
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Extended DataFig. 9| IFNy concentration is effectively reduced by following HSV1infection. (F, ,=7.093, P***<0.0010). (b) IFNy concentrationsin
neutralizing anti-IFNy antibodies, but is not altered by p-tau pre-incubation. conditioned media were measured following a 24 h pre-incubation of 2N4R GSK-
2D ReNcell VM cultures were pre-incubated with 2N4R GSK-33 p-tau or an 3B p-tau and again following HSV1infection. Box plots are representative of tSEM
IFNy antibody followed by a short-term HSV1 infection to observe effects on ([A, n=3], [B, n=4]) depicting median and IQR with whiskers denoting variability
extracellular IFNy levels. (a) IFNy concentrations in conditioned media were according to Tukey’s method. Statistical mean comparison was calculated by
measured following a 24 hour pre-incubation of IFNy antibody and again two-tailed unpaired t-test (a) and two-tailed Welch’s t-test (b).
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Extended Data Fig. 10 | p-tau localizes in dystrophic neurites with HSV1 microscopy. (a) Dystrophic neurites, identified by punctate linear formations
and around infected nuclei during viral replication. 3D ReNcell VM cultures originating from a cell soma, contain p-tau and HSV1 fluorescence. (b) Increased
were infected with HSV1to characterize tau’s co-localization with HSV1. (a, b) punctate p-tau fluorescence observed in neuron soma adjacent to HSV1-positive
3D ReNcell VM cultures were infected with HSV1 for 24 h,immunoprobed with cells and in cells with nuclear replication compartments (arrows). Panels are
anti-p-tau (PHF-1) labeled with a fluorescent secondary antibody, and analyzed representative of data from multiple discrete imaging fields across experiments
for neurons (GFP), HSV1 (RFP), and p-tau (647) fluorescence by confocal repeatedintriplicate.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Samples sizes were based on previous published experimental procedures. For new procedures, optimization trials were run to determine
necessary sample size. (Eimer et al., 2018 and Kumar et al., 2016)

Data exclusions  Outliers were identified using the ROUT method in GraphPad Prism and excluded from final analyses.

Replication All experiments with statistics were replicated at least three times, each time in triplicate. For experiments that were not quantified (ICC), a
minimal of three separate cultures were imaged and confirmed to have matching morphology.

Randomization  Randomization was conducted where possible. Controls were performed with each iteration of experiments to account for experimental
variation and allow for data normalization.

Blinding Investigators were blinded for data collection and analysis when possible. Most experiments with negative infection controls could not be

blinded due to viral tagging. All quantification was carried out agnostically with computer assisted analysis applied across all conditions to
eliminate bias.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
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Antibodies

Antibodies used

Validation

Primary antibodies:

1) Anti-total-tau Genetex GTX49353. For IF - 1:750
https://www.citeab.com/antibodies/3843065-gtx49353-tau-antibody?des=37dc0705dd718164

2) Anti-p-tau PHF1 Albert Einstein College of Medicine. For IF - 1:500

https://www.nature.com/articles/nprot.2015.065

3) Anti-p-tau (AT180) Invitrogen MN1040. For IF - 1:500
https://www.thermofisher.com/antibody/product/Phospho-Tau-Thr231-Antibody-clone-AT180-Monoclonal/MN1040

4) Anti-total tau (Dako) Agilent AO024. For ELISA - 1:10000. For IF - 1:1000
https://www.citeab.com/antibodies/3382933-a0024-tau

5) Anti-HSV1-VP21/VP22a (LP13) Invitrogen MA5-16798. For ELISA - 0.04, 0.2, 1.0, 5.0 pg/mL
https://www.thermofisher.com/antibody/product/HSV-Type-1-VP21-VP22a-Antibody-clone-LP13-Monoclonal/MA5-16798
6) Anti-HSV1-ICP5 Virusys Corporation HA018-100. For ELISA - 0.04, 0.2, 1.0, 5.0 ug/mL
https://www.antibodyregistry.org/AB_2713935

7) Anti-HSV1-pUL25 Homa Lab University of Pittsburgh. For ELISA - 0.04, 0.2, 1.0, 5.0 pg/mL

8) Anti-HSV1-pUL48-VP16 Novus Biologicals NB206593. For ELISA - 0.04, 0.2, 1.0, 5.0 pg/mL

9) Anti-HSV1-RS1-ICP4 (10F1) Abcam ab6514. For ELISA - 0.04, 0.2, 1.0, 5.0 ug/mL
https://www.abcam.com/en-us/products/primary-antibodies/hsv-1-icp4-immediate-early-protein-antibody-10f1-ab6514?
srsltid=AfmBOoqyYUqtntALOVC1knr7ylmVbVcVK42FRhW3zNLrb02FRO3hQ1Mp

10) Anti-INFy antibody Invivogen HIFNG-MAB7-02. For neutralization - 10 pg/mL

11) Anti-HSV1 (strain 17) Invitrogen PA5-115473. For IF - 1:1000
https://www.thermofisher.com/antibody/product/Herpes-Simplex-Virus-Type-1-strain-17-Antibody-Polyclonal/PA5-115473
12) Anti-IBA1 Abcam ab283346. For IF - 1:1000
https://www.abcam.com/en-us/products/primary-antibodies/ibal-antibody-epr16589-microglia-marker-rat-igg2a-chimeric-
ab2833467srsltid=AfmBOopLuUbotfbOllz4TQhqQbSgOMOTEF39XdxJgM_Vw27-00Fev279

Secondary antibodies:

1) Anti-rabbit 405 Jackson Immunoresearch 711-475-152. For IF - 1:500

2) Anti-rat 405 Invitrogen A48268. For IF - 1:500

3) Anti-chicken 405 Jackson Immunoresearch 703-475-155. For IF - 1:2000
4) Anti-rabbit 568 Invitrogen A10042. For IF - 1:500

5) Anti-mouse 594 Invitrogen A11032. For IF - 1:500

6) Anti-mouse 647 Invitrogen A32787. For IF - 1:500

7) Anti-rabbit HRP Cytiva NA934-100UL. For IF - 1:500

All antibodies were prevalidated by manufacturer and prior research, as stated in the supplied antibody data sheet and QA
certificate.

Primary antibodies:

1) Anti-total-tau Genetex GTX49353. For IF - 1:750
https://www.citeab.com/antibodies/3843065-gtx49353-tau-antibody?des=37dc0705dd 718164

2) Anti-p-tau PHF1 Albert Einstein College of Medicine. For IF - 1:500

Validation for IF - https://www.nature.com/articles/nprot.2015.065

3) Anti-p-tau (AT180) Invitrogen MN1040. For IF - 1:500

Validation for IF based on 15 publications appearing in - https://www.thermofisher.com/antibody/product/Phospho-Tau-Thr231-
Antibody-clone-AT180-Monoclonal/MN1040

4) Anti-total tau (Dako) Agilent A0024. For ELISA - 1:10000. For IF - 1:1000

Validation for ELISA and IF based on publications appearing in - https://www.citeab.com/antibodies/3382933-a0024-tau

5) Anti-HSV1-VP21/VP22a (LP13) Invitrogen MA5-16798. For ELISA - 0.04, 0.2, 1.0, 5.0 pg/mL

Validation for ELISA is unavailable - https://www.thermofisher.com/antibody/product/HSV-Type-1-VP21-VP22a-Antibody-clone-LP13-
Monoclonal/MA5-16798

6) Anti-HSV1-ICP5 Virusys Corporation HA018-100. For ELISA - 0.04, 0.2, 1.0, 5.0 ug/mL

Validation for ELISA is unavailable - https://www.antibodyregistry.org/AB_2713935

7) Anti-HSV1-pUL25 Homa Lab University of Pittsburgh. For ELISA - 0.04, 0.2, 1.0, 5.0 pg/mL

Validation for ELISA is unavailable

8) Anti-HSV1-pUL48-VP16 Novus Biologicals NB206593. For ELISA - 0.04, 0.2, 1.0, 5.0 pg/mL

Validation for ELISA is unavailable

9) Anti-HSV1-RS1-ICP4 (10F1) Abcam ab6514. For ELISA - 0.04, 0.2, 1.0, 5.0 ug/mL

Validation for ELISA - https://www.abcam.com/en-us/products/primary-antibodies/hsv-1-icp4-immediate-early-protein-
antibody-10f1-ab6514?srsltid=AfmBOoqyYUqtntALOVC1knr7ylmVbVcVK42FRhW3zNLrb02FRO3hQ1Mp

10) Anti-INFy antibody Invivogen HIFNG-MAB7-02. For neutralization - 10 pg/mL

Validation for neutralization is unavailable

11) Anti-HSV1 (strain 17) Invitrogen PA5-115473. For IF - 1:1000

Validation for IF is unavailable - https://www.thermofisher.com/antibody/product/Herpes-Simplex-Virus-Type-1-strain-17-Antibody-
Polyclonal/PA5-115473

12) Anti-IBA1 Abcam ab283346. For IF - 1:1000

Validation for IF - https://www.abcam.com/en-us/products/primary-antibodies/ibal-antibody-epr16589-microglia-marker-rat-igg2a-
chimeric-ab2833467srsltid=AfmBOopLuU60tfbOlIz4TQhqQbSgOMOTEF39XdxJgM_Vw27-00Fev279
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Niave and genetically modified ReNcell VM human neuronal progenitor cell line - Millipore Sigma. Modified lines produced as
previously published. Choi et al 2014 Nature.

Authentication Modified lines were isolated and identified as previously published. Choi et al 2014 Nature.
Mycoplasma contamination Mycoplasma Detection Kit from Lonza was used to assess contamination in each cell line. Results were negative.

Commonly misidentified lines  no commonly misidentified lines used.
(See ICLAC register)
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Seed stocks N/A

Novel plant genotypes ~ N/A

Authentication N/A
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	Phosphorylated tau exhibits antimicrobial activity capable of neutralizing herpes simplex virus 1 infectivity in human neur ...
	Results

	Tau inhibits HSV-1 infection and viral plaque formation/growth in human neuronal cell culture

	Tau properties that increase aggregation promote binding to HSV-1 viral capsid proteins

	Binding of intraneuronal tau to HSV-1 viral capsids stimulates tau aggregation

	HSV-1 induces intraneuronal aggregation of p-tau and neuritic dystrophy

	HSV-1 infection promotes release of p-tau and increased presence of p-tau in adjacent neurons

	Internalized extracellular p-tau promotes intracellular p-tau through non-IFNγ inflammatory pathway

	Both HSV-1 and p-tau aggregates are phagocytosed by microglia in a 3D neural−glial triculture model of AD


	Discussion

	Online content

	Fig. 1 Phosphorylation of tau is key to inhibiting HSV-1 infection and viral plaque formation in 2D human neuronal cell culture.
	Fig. 2 Tau binding to HSV-1 viral capsid proteins is potentiated by microtubule-binding repeats and phosphorylation.
	Fig. 3 HSV-1 capsids bind to intraneuronal tau and stimulate aggregation.
	Fig. 4 HSV-1 induces intraneuronal aggregation of p-tau and neuritic dystrophy.
	Fig. 5 HSV-1 promotes the release of p-tau from infected neurons and the accumulation of p-tau in uninfected neurons adjacent to infection.
	Fig. 6 Exogenous p-tau induces phosphorylation for essential antiviral activity.
	Fig. 7 p-tau and HSV-1 co-localize inside microglia.
	Extended Data Fig. 1 GSK-3ꞵ treated 2N4R tau, but not non-phosphorylated tau, reduces HSV1 plaque formation in human cell culture model.
	Extended Data Fig. 2 Anti-capsid antibodies and tau isoforms have a higher binding affinity to HSV1 capsid than whole virion.
	Extended Data Fig. 3 2N3R tau isoform has the lowest binding affinity to HSV1 compared to other tau isoforms.
	Extended Data Fig. 4 Site-specific anti-capsid antibodies less effectively inhibit tau binding to HSV1.
	Extended Data Fig. 5 Cellular total tau fluorescence is increased in HSV1 infected neurons but not in adjacent uninfected neurons.
	Extended Data Fig. 6 The phosphorylation of tau from an HSV1 infection occurs at multiple phosphorylation sites.
	Extended Data Fig. 7 Cell death is not increased by HSV1 24 hours post infection.
	Extended Data Fig. 8 HSV1 infectivity and plaque sizes increase following progressive GSK-3β inhibition.
	Extended Data Fig. 9 IFNγ concentration is effectively reduced by neutralizing anti-IFNγ antibodies, but is not altered by p-tau pre-incubation.
	Extended Data Fig. 10 p-tau localizes in dystrophic neurites with HSV1 and around infected nuclei during viral replication.




