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Human iPSC-derived trigeminal neurons lack
constitutive TLR3-dependent immunity that
protects cortical neurons from HSV-1 infection
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Herpes simplex virus type 1 (HSV-1) encephalitis (HSE) is the most
common sporadic viral encephalitis in Western countries. Some
HSE children carry inborn errors of the Toll-like receptor 3 (TLR3)-
dependent IFN-a/p- and -A-inducing pathway. Induced pluripotent
stem cell (iPSC)-derived cortical neurons with TLR3 pathway muta-
tions are highly susceptible to HSV-1, due to impairment of
cell-intrinsic TLR3-IFN immunity. In contrast, the contribution of
cell-intrinsic immunity of human trigeminal ganglion (TG) neurons
remains unclear. Here, we describe efficient in vitro derivation and
purification of TG neurons from human iPSCs via a cranial placode
intermediate. The resulting TG neurons are of sensory identity and
exhibit robust responses to heat (capsaicin), cold (icilin), and in-
flammatory pain (ATP). Unlike control cortical neurons, both control
and TLR3-deficient TG neurons were highly susceptible to HSV-1.
However, pretreatment of control TG neurons with poly(l:C) induced
the cells into an anti-HSV-1 state. Moreover, both control and TLR3-
deficient TG neurons developed resistance to HSV-1 following
pretreatment with IFN-f but not IFN-A. These data indicate that TG
neurons are vulnerable to HSV-1 because they require preemp-
tive stimulation of the TLR3 or IFN-a/f receptors to induce anti-
viral immunity, whereas cortical neurons possess a TLR3-dependent
constitutive resistance that is sufficient to block incoming HSV-1 in
the absence of prior antiviral signals. The lack of constitutive resis-
tance in TG neurons in vitro is consistent with their exploitation as a
latent virus reservoir in vivo. Our results incriminate deficiencies in the
constitutive TLR3-dependent response of cortical neurons in the
pathogenesis of HSE.

HSE | TG neurons | HSV-1 | TLR3 | antiviral immunity

H erpes simplex virus 1 (HSV-1) is a double-stranded DNA
virus that infects about 80% of humans world-wide by the
age of 20 y, mainly following interhuman transmission by saliva
(1). The virus infects via the oral or nasal epithelium (2). Primary
infection can be asymptomatic or manifest as gingivostomatitis,
and is typically followed by viral latency in trigeminal ganglion
(TG) neurons. HSV-1 exhibits an unusual form of neurotropism;
the virus is highly neuroinvasive, but for unknown reasons in-
fection is typically restricted to sensory and autonomic neurons
of the peripheral nervous system (PNS) and rarely involves the
central nervous system (CNS). Viral reactivation from latency
can manifest as herpes labialis, which is common in the general
population and in most cases is self-healing. Rare patients, typ-
ically children, develop HSV-1 encephalitis (HSE) in the course
of primary infection (3, 4).

WWww.pnas.org/cgi/doi/10.1073/pnas. 1809853115

HSE is the most common sporadic viral encephalitis of
childhood in the Western world (5). If untreated, HSE has a high
mortality rate, and acyclovir-treated survivors often suffer from
profound long-term neurological sequelae (6). The virus reaches
the CNS, likely via the olfactory nerve and olfactory bulb, to
affect the temporal and frontal lobes of the brain. Less fre-
quently, the virus can reach the CNS via other peripheral routes,
such as the TG nerve (sensory) and the superior cervical and
parasympathetic ganglia (autonomic), which are particularly as-
sociated with HSE in the brainstem (7). Whereas many neuro-
tropic pathogens reach the CNS by breaching the blood-brain
barrier, HSV-1 and related alphaherpesviruses are among the very
few viruses that invade the CNS by trafficking through neural
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circuits of the PNS. The fundamental question of why HSV-
1 normally infects the PNS but not the CNS, and the relationship
between breakdown of this differential neurotropism and the de-
velopment of HSE remain long-standing challenges in the field (8).

The generation of induced pluripotent stem cells (iPSCs) from
human fibroblasts (9, 10) has enabled the development of
patient-specific in vitro disease models (11). A key requirement
for such studies is the derivation of disease-relevant cell types,
such as specific neurons of CNS and PNS identity. Protocols
have been developed for the directed differentiation of human
iPSCs into various neuronal lineages of the CNS (12). Access to
defined human PNS lineages from embryonic stem cells (ESCs)
or iPSCs has been more limited and includes the derivation of
dorsal root ganglia (DRG)-type sensory (13) or, more re-
cently, enteric neuronal lineages (14). Human sensory neu-
rons have been used to model human pain (15) and to test drug
toxicity (16). A sensory lineage of particular importance are TG
neurons, which are involved in the pathogenesis of trigeminal
neuralgia, one of the most severe forms of human pain, and
possibly in the genesis of migraine headaches, given the prominent
role of CGRP receptor signaling in the TG (17). TG neurons also
play a prominent role during HSV-1 infection as a site of viral
latency and as a potential portal of entry to the CNS in cases of
brainstem HSE.

We previously found that children with single-gene inborn errors
of Toll-like receptor 3 (TLR3)-dependent IFN-a/B— or -A-mediated
immunity are prone to HSE (18-23). TLR3 is one of several
receptors that can be activated by viral or cellular double-
stranded RNA (dsRNA) (24), and the sole known receptor lo-
cated along the secretory pathway where it can detect luminal, as
opposed to cytosolic dSRNA. UNC-93B is a membrane-bound
protein essential for TLR3 signaling (18). We also found that
HSV-1 replicated at higher levels in TLR3-deficient and UNC93B-
deficient CNS cortical neurons derived from patient-specific iPSCs,
compared with control neurons (25). Moreover, the production of
IFNs in TLR3-deficient neurons was impaired in response to both
HSV-1 and the TLR3 nonspecific agonist poly(I:C), which mimics
dsRNA. These results suggested that defects of cell-intrinsic im-
munity to HSV-1 in cortical neurons may underlie HSE in patients
with mutations in the TLR3 signaling pathway. However, it
remained unclear whether PNS neurons deficient for TLR3 exhibit
increased susceptibility to HSV-1 and thereby also contribute to
HSE pathogenesis. In the present study we address this question
experimentally.

Results

Differentiation of Human iPSCs and ESCs into TG Neurons Under
Defined Xeno-Free Conditions. We recently reported the differen-
tiation of human pluripotent stem cells (hPSCs: referring to both
human ESCs and iPSCs) into a cranial placode lineage under
defined conditions (26). However, the conditions used to spe-
cifically generate TG placodes were based on poorly defined
components, such as knockout serum replacement and mouse
embryo fibroblast feeder cells (27), factors that likely increase
technical variability in iPSC-based disease modeling studies.
Furthermore, the published protocols (27) were inefficient and
produced TG neurons of low purity that were not suitable for
testing the cell-autonomous susceptibility to HSE. Therefore, we
established a robust TG neuron differentiation platform based
on fully defined conditions for early ectodermal lineage choice
(26), and determined specific extrinsic patterning conditions to
direct hPSCs into TG neuron precursors. We introduced two
major changes to the earlier protocols. First, early low-dose bone
marrow protein (BMP)4 exposure during placode induction
(instead of transient BMP inhibition) triggered the rapid in-
duction of BMP-dependent markers of nonneural ectoderm
(27), such as AP2A and AP2C (SI Appendix, Fig. S14). Second,
exposure of the cells to ‘the GSK3f inhibitor and WNT agonist

E8776 | www.pnas.org/cgi/doi/10.1073/pnas. 1809853115

CHIR99021 biased the regional placode identity toward PAX3 ex-
pression characteristic of the TG placode (Fig. 14). Using those
modified conditions, we obtained cultures of cranial placode pre-
cursors expressing SIX1 and PAX3 starting at day 4 of differentiation
(SI Appendix, Fig. S14). However, we also observed a proportion of
PAX3" cells coexpressing the neural crest marker SOX10 (SI Ap-
pendix, Fig. S14), suggesting a broader neural border identity com-
prising neural crest and cranial placode lineages. Interestingly, both
the cranial placode and neural crest contribute to TG neuron de-
velopment (28, 29). Upon further differentiation, placodal precursors
maintained SIX1 expression while the percentage of PAX3" cells
decreased, with PAX3 representing a transient precursor marker in
both preplacode and neural crest lineages (Fig. 1B). The resulting
neurons at day 20 and day 40 of differentiation retained SIX1
expression and coexpressed the sensory neuron marker ISL1,
which is consistent with TG neuron identity (Fig. 1C and SI
Appendix, Fig. S1B). However, our TG placode induction pro-
tocol retains a proportion of contaminating AP2A* but SIX1~
surface ectoderm cells, a lineage developmentally related to the
cranial placode that can give rise to keratinocyte-like cells (26,
27). Our placode induction protocol worked reliably across
multiple human iPSC lines with minimal variability in yield (S
Appendix, Fig. S1C).

Identification of GD2 as a Cell Surface Marker to Purify TG Neurons in
Vitro. For testing the intrinsic response to stimuli and immunity
to viruses of defined neural lineages in the study of HSE, we
previously established protocols to purify each of the major hu-
man iPSC-derived CNS cell types (cortical neurons, astrocytes,
oligodendrocytes, or neural stem cells) at >80% purity (25).
Here, we developed a similar strategy for the prospective iso-
lation of highly enriched and developmentally synchronized hu-
man iPSC-derived TG neurons. We made use of our recently
developed SIX1::H2BGFP knockin reporter cell line (30) to
carry out a cell surface marker screen probing 242 commercially
available antibodies (31) under conditions of TG placode in-
duction (SI Appendix, Fig. S2). Five hits were identified (CD40,
CD57, CD81, CD150, GD2) that showed a high percentage of
colabeling with SIX1::H2BGFP* cells (SI Appendix, Fig. S34).
We selected the GD2 ganglioside as a surface antigen for the
purification of TG neurons (Fig. 1D) derived from both human
ESC and iPSCs based on the data from the primary screen,
analysis of existing literature, and follow-up validation studies (S
Appendix, Fig. S3B). The identity of the cells was validated fol-
lowing FACS-based isolation of GD2" and GD2~ cells by
quantitative real-time (qQRT)-PCR analysis (Fig. 1E). The GD2*
fraction was enriched for the pan placodal markers SIX1 and
PAX3 compared with unsorted cells. Additionally, the sensory
neuron markers POU4F1 (BRN3A), PRPH (peripherin), RET,
and NTRK1 (TRKA) were enriched in the GD2" versus
matched unsorted cells, and were depleted in the GD2™ cells.

Functional Characterization of Human iPSC-Derived TG Neurons.
Further differentiation of the GD2* cells resulted in the up-
regulation of the three neurotrophin receptors (NTRKI,
NTRK2, and NTRK3, also known as TRKA, -B, and -C, re-
spectively). Expression of specific TRK receptors marks sensory
neuron subtypes, such as pain-sensing (nociceptive), mechano-
ceptive, and proprioceptive lineages (32). Our data suggest the
presence of TG neurons representing all three sensory modali-
ties in the human iPSC-derived cultures (Fig. 1F). Furthermore,
the expression of pain-related receptors, such as TRPV1 (heat; e.g.,
capsaicin), TRMPS (cold; e.g., icilin), and P2RX3 [inflammatory
pain; e.g., o, p-methyleneadenosine 5'-triphosphate trisodium salt
(ATP)] (Fig. 1F) indicated the presence of various subtypes of
nociceptive neurons. We used calcium imaging to demonstrate re-
ceptor function in these cells. Starting at day 30 of differentiation,
calcium responses were triggered by capsaicin, icilin, and ATP
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(Fig. 1 G and H and SI Appendix, Fig. S4). Additional in vitro
maturation to day 60 of differentiation revealed progressive changes
in subtype composition. While at day 30 of differentiation many of
the cells (~70%) responded to ATP, only a small fraction respon-
ded to capsaicin (~10%) or icilin (~15%). In contrast, by day 60,
the percentage of cells responding to ATP dropped to ~35%, while
now ~50% of the cells reacted to capsaicin. The percentage of cells
responding to icilin was slightly decreased to ~10% of total cells
(Fig. 1I). Interestingly, maturation was also associated with a more
selective response pattern. While at day 30 most of the capsaicin- or
icilin-responsive cells also responded to ATP, at day 60 most cells
responded to only a single stimulus. Finally, the isolation of GD2*
cells at day 15 of differentiation resulted in neuronal populations at
purities of >90% by day 30 of differentiation. Our data demonstrate
the robust derivation of functional TG sensory neurons at very

high purity.

Healthy Control and TLR3-Deficient Human iPSC-Derived TG Neurons
Are Equally Permissive to HSV-1 Infection. We previously reported
that human iPSC-derived CNS neurons from healthy controls
are relatively resistant to HSV-1 infection and that this pro-
tection is provided by TLR3 (25). To determine the susceptibility
of human iPSC-derived TG neurons to HSV-1 in culture, TUJ1*
TG placode precursors were further differentiated into more
mature TG neurons for 14-18 d. Human iPSC-derived TG and
CNS neurons were derived in parallel from healthy controls and
from an autosomal recessive (AR) complete TLR3-deficient
HSE patient (33). Each cell population was infected for 20 h
with an HSV-1 strain F recombinant that encoded a mCherry
fluorescent protein fused to the pUL25 minor capsid protein
(Fig. 2 A and B) (34). Because the fluorescence emitted from in-
dividual input virions was below the limits of detection in this assay,
only nuclei filled with de novo assembled capsids were observed and
scored as infected. It should be noted that this fluorescence assay
measures cell susceptibility to HSV-1, as well as progression to a
late stage of infection, but does not indicate whether infectious vi-
rions were released from the cells. The results in CNS neurons
confirmed our previous findings that had used a GFP-capsid KOS
strain of HSV-1, with a near complete resistance to HSV-1 for cells
derived from healthy control iPSCs at the 24-h time point that was
absent from AR complete TLR3-deficient CNS neurons (25). In
contrast to the control CNS neurons, TG neurons derived from
healthy control iPSCs were susceptible to HSV-1 infection at the
20-h time point, like TG neurons derived from a patient with AR
complete TLR3 deficiency (Fig. 2.4 and B).

TG Neurons Show More Rapid Progression of HSV-1 Infection. The
susceptibility of the TG neurons to HSV-1 infection could either
be due to an insufficient TLR3 response that failed to prevent
infection under the experimental conditions, or the absence of a
TLR3 response altogether. To resolve whether TLR3 provided a
measurable degree of HSV-1 resistance to TG neurons, the ex-
pression kinetics of HSV-1 fluorescence was examined from 4- to
12-h postinfection in control and TLR3-deficient TG neurons,
and TLR3-deficient CNS neurons that are also susceptible to
HSV-1 infection (Fig. 2C). Unexpectedly, infections of control
TG neurons progressed more rapidly than did TLR3-deficient
CNS infection, suggesting that even in the absence of TLR3 the
CNS neurons possessed greater intrinsic resistance to HSV-
1 than did the control TG neurons. Furthermore, TLR3 did
not substantially impact the rate of HSV-1 infection in the TG
neurons, as patient and control TG populations were equally
susceptible throughout the time course. The absence of TLR3-
based protection from HSV-1 in the TG neurons was also ob-
served at lower doses of HSV-1, indicating that a potential
TLR3 response in control TG was not being overwhelmed by the
magnitude of the HSV-1 challenge (Fig. 2D). Together, these
results indicate that TG neurons are ineffective at restricting

E8778 | www.pnas.org/cgi/doi/10.1073/pnas. 1809853115

HSV-1, and AR complete TLR3-deficiency does not increase
their susceptibility to HSV-1 infection. These results are com-
patible with the fact that TG neurons are susceptible to HSV-1
infection in healthy humans and demonstrate that the differ-
ential PNS/CNS neural tropism of HSV-1, typical of human
infections, can be modeled with the corresponding human
iPSC-derived neuronal lineages in culture.

IFN-B Antagonizes HSV-1 Infection of TG Neurons. We next asked
whether TG neurons can be protected by treatment with IFN-p
before HSV-1 exposure, a paradigm previously shown to protect
TLR3-deficient iPSC-derived CNS neurons (25). Control TG,
TLR3-deficient TG, and TLR3-deficient CNS neurons were
treated with 1,000 IU/mL recombinant human IFN-p for 18 h
before challenge with HSV-1, with the IFN-B maintained
throughout the infection. IFN-p treatment established an anti-
viral state in all three populations (Fig. 2E). Unlike IFN-p, IFN-
Al did not protect the neurons from HSV-1 (Fig. 2F), which is
consistent with our previous findings in TLR3-deficient CNS
neurons (25). These results confirm that an IFN-p precondi-
tioned antiviral response protects PNS and CNS neurons,
thereby showcasing the capacity of these cells to resist HSV-1.
However, these elicited antiviral states did not account for the
constitutive cell-intrinsic resistance to HSV-1 infection observed
in control CNS neurons.

Pretreatment with Poly(l:C) Antagonizes HSV-1 Infection in Control TG
Neurons. To address whether TG neurons are capable of mounting
a TLR3-mediated response, the cells were stimulated with the
nonspecific TLR3-agonist poly(I:C) 18 h before HSV-1 challenge.
Similar to preconditioning with IFN-B, poly(I:C) induced a re-
sistant state in the control TG neurons (Fig. 2G). Although the
magnitude of the protection afforded by poly(I:C) pretreatment
(34% of cells remained susceptible on average for the TG control
sample) was less than that observed with IFN-p (19% of cells
remained susceptible on average for the TG control sample) (Fig.
2E), we do not ascribe significance to this difference because the
relative activities of the two agonists was unknown. As expected,
TLR3-deficient CNS and TG neurons were not protected by
poly(I:C) pretreatment. These data infer that TG neurons pos-
sess functional TLR3 receptors despite lacking the constitutive
cell-intrinsic resistance observed in control CNS neurons.

IFNs and ISGs Are Induced by TLR3 Stimulation in Control TG Neurons.
In fact, testing mRNA expression of 19 different IFNs and
4 different IFN stimulated genes (ISGs) by qRT-PCR showed
that poly(I:C) triggered induction of at least three IFN species
and four ISGs in control TG neurons, including the three sub-
types of IFNL, MX1, OAS1, ISG15, and IFIT2, that were abol-
ished in TLR3-deficient TG neurons (SI Appendix, Fig. S5). In
contrast, HSV-1 infection triggered similarly weak expression of
some IFN-a species in control and TLR3-deficient TGs, including
at least IFNA4, IFNAS, IFNA7, IFNAI0, IFNA13, IFNA14, but not
the four ISGs studied (S Appendix, Fig. S5). It is intriguing that the
TG neuron cell-autonomus induction of /FN by HSV-1 was not able
to render these cells resistant to HSV-1 infection, whereas exoge-
neous recombinant IFN-f reduced the susceptibility of TG neurons
to HSV-1 (Fig. 2E). The limited IFN and ISG subtypes induced and
the low induction levels, upon virus infection, may explain this lack
of protective effect of the virus-induced IFN production. Thus,
while TG neurons produce a broad IFN response following TLR3
stimulation, this induced response was ineffective at preventing
HSV-1 infection in the absence of preconditioning (Fig. 2G). Col-
lectively, our data establish that TG neurons, like cortical neu-
rons, sense dsSRNA via TLR3 and produce IFNs, yet lack the
constitutive TLR3 response that protects cortical neurons from
incoming HSV-1. The high susceptibility of the TG neurons to
HSV-1 is consistent with HSV-1 routinely entering PNS neurons
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Fig. 2. CNS and PNS neuron susceptibility parallels natural human infections and is restricted by IFN and a TLR3 agonist. (A) Representative images of HSV-
1 infection in control and AR patient (ATLR3) iPSC-derived neurons. Cells were infected with 5 x 108 plaque-forming units (PFU) of HSV-1 strain F encoding a
pUL25/mCherry capsid reporter for 20 h before fixation and staining for chromosomes (DAPI) and a neuron-specific tubulin isoform (Tuj1). (B) Percentage of
infected Tuj1* cells based on fluorescent capsid expression at 20-h postinfection, as in A. (C) Percentage of infected control (C) and AR patient (A) iPSC-derived
CNS and TG neurons based on fluorescent capsid expression at the indicated times postinfection with 5 x 10° PFU. (D) Percentage of infected TG neurons
based on fluorescent capsid expression at 20-h postinfection. Cells were exposed to the indicated amounts of the pUL25/mCherry capsid reporter strain of
HSV-1. (E-G) Percentage of infected cells following 18-h pretreatment with either IFN-§ (IFNp), IFN-A (IFN), or poly(l:C). Data points represent replicate ex-
periments and error bars indicate the SEM. ****P < 0.0001, **P < 0.01, *P < 0.1 (one-way ANOVA).

of infected individuals, while the constitutive resistance of cor-
tical CNS neurons is consistent with HSE being a rare compli-
cation. The loss of this previously unrecognized constitutive
TLR3 CNS response mechanism in TLR3-deficient patients may
underlie their increased incidence of HSE.

Zimmer et al.

Discussion

TG neurons are a common portal for HSV-1 entry into the PNS.
The virus establishes latency in TG neurons and subsequently
reactivates to cause herpes labialis. This life-long infectious cycle
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notably lacks CNS involvement, and showcases the differential
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neurotropism exhibited by HSV-1 and related members of the
alphaherpesvirinae subfamily of viruses (35). Maintenance of
HSV-1 latency is in part under the control of T cells, as evi-
denced by the recurrence, persistence, or severity of cutaneous
lesions in patients with inherited or acquired forms of T cell
deficiency (36, 37). In contrast, inborn errors of TLR3-dependent
IFN immunity predispose children to HSE, not herpes labialis.
These patients’ T cells are intact and most leukocytes do not rely
on TLR3 to detect dsRNA and viruses, including HSV-1 (19, 33).
Experimental data from patient-specific iPSC-derived cortical
neurons suggested that the critical role of TLR3 in the restriction
of HSV-1 infection is intrinsic to the CNS neurons themselves
(25). Because PNS neurons are normally targeted by HSV-
1 during natural human infections, understanding the role of
TLR3 in these cells is critical to deciphering the differential
neurotropism of HSV-1 and its contribution to a homeostasis that
normally precludes HSE. To this end, we developed an experi-
mentally robust and chemically defined protocol for generating
human iPSC-derived TG neurons, which are suitable for modeling
HSV-1 infection in healthy controls and TLR3-mutated patients.

Human iPSC-derived TG neurons have enabled us to compare
HSV-1 infection in PNS and CNS neurons derived from the
same individuals. Remarkably, the susceptibility of iPSC-derived
neurons mimics tissue susceptibility of natural infections: TG
neurons are susceptible to HSV-1 infection while cortical neu-
rons are resistant. Thus, the differential neurotropism exhibited
by HSV-1 in humans in vivo is replicated in this culture model in
vitro. We also identified a potential explanation for the differ-
ential neurotropism of HSV-1, as our results suggested that
cortical neurons possess a TLR3-dependent, constitutive im-
munity to HSV-1 that is absent from TG neurons. We define this
constitutive immunity as a cell-intrinsic response that antago-
nizes HSV-1 infection in the absence of preconditioning. Al-
though cortical neurons uniquely possess constitutive resistance
to HSV-1, both cortical and TG neurons possess inducible re-
sistance to HSV-1. Indeed, preconditioning TLR3-deficient
cortical neurons and control or TLR3-deficient TG neurons
with IFN-p confers protection from HSV-1. Previous studies
have noted a similar inducible paracrine antiviral effect of IFN-f
in rodent TG neurons (38, 39). In control TG neurons, but not
TLR3-deficient TG neurons, preconditioning with poly(I:C) also
promoted an anti-HSV state, demonstrating that TLR3 is func-
tional in these cells despite the lack of constitutive resistance.

Moreover, the poly(I:C) preconditioned response in control
TG neurons included the induction of IFNs and ISGs. Autocrine
effects of IFN-p, but notably not IFN-A, may promote the anti-
viral state in TG neurons by amplifying ISG production, which is
consistent with the effects of preconditioning with these mole-
cules directly. However, a key finding of this study is that this
inducible response did not correlate with any measurable degree
of native protection from HSV-1 under the in vitro experimental
conditions tested, and did not account for the constitutive re-
sistance of control cortical neurons. Despite de novo induction
of IFNs and ISGs in TG neurons in direct response to
TLR3 stimulation, HSV-1 triggering of the inducible TLR3-
dependent response did not afford protection. Infection in the
absence of a preconditioned antiviral state presumably triggered
the TLR3 response too late, or to too small a degree due to the
limited subtypes of IFNs and ISGs being induced, to prevent
incoming virions from delivering their genomes to neuronal
nuclei. In contrast, human cortical neurons were more potent:
HSV-1 infection triggers a TLR3-dependent response that re-
stricts viral infection in the absence of a preconditioned/induced
antiviral state. A primary focus of our research is to decipher the
nature of the constitutive TLR3-dependent CNS-intrinsic im-
munity that operates in cortical neurons and determine its
mechanistic underpinnings.

E8780 | www.pnas.org/cgi/doi/10.1073/pnas. 1809853115

While the present experiments focused on the use of TG
neurons for the study of HSE pathogenesis, access to functional
TG neurons will facilitate other applications in virology and
neurobiology, including the study of herpes labialis, trigeminal
zoster, and modeling TG pain of various etiologies. The response
of human iPSC-derived TG neurons to nociceptive stimuli was
highly robust and occurred in a greater proportion of cells than
reported for human iPSC-derived DRG-type nociceptors (13).
Recent studies have presented alternative strategies for inducing
nociceptive lineages using ectopic expression of transcription
factors to directly reprogram fibroblasts into nociceptive neurons
(15, 40). However, the robust induction of nociceptors via direct,
transcriptional reprogramming has been largely limited to mu-
rine cells to date and will require further optimization in human
cells. Furthermore, those conditions are not suitable to generate
nociceptive lineages with specific regional identity, such as TG
neurons. Our data show nociceptive responses of iPSC-derived
TG neurons to heat (capsaicin), cold (icilin), and inflammatory
(ATP) pain stimuli. Future studies will be required to fully
characterize and further manipulate the ability of human iPSC-
derived TG neurons to contribute to all nociceptive lineages. The
availability of TG neurons can be further used to study their re-
sponse to nasal and oral toxicants, to screen for toxic side effects
of experimental therapeutics on sensory neuron function, to
identify candidate therapeutics to prevent or treat sensory neuron
damage, and to modulate pain and sensory neuron function. Fi-
nally, human iPSC-derived TG neurons may find potential ther-
apeutic applications for direct repair of sensory nerve damage.

Materials and Methods

Human iPSC Generation Using Patient-Derived Fibroblast Cells. Primary fibro-
blasts from a P554S/E746* (TLR3™") human patient were reprogrammed
using a nonintegrating CytoTune Sendai viral vector kit (Life Technologies),
according to protocol 16-1-N139, approved by the Institutional Review Board
of the NIH. Primary fibroblasts were plated in 24-well dishes at 50-80%
confluency and transduced with the recombinant vectors, according to the
manufacturer’s protocol. Medium was changed after 24 h of infection and
the cells were allowed to grow for 6 d. On day 7, the cells were replated
onto mouse embryonic fibroblast feeder cells. Medium was changed to iPSC
medium on day 8 and the cells were cultured until colonies formed.
Reprogrammed cells were karyotyped to ensure genomic integrity. Fibro-
blasts have been obtained with patient consent and in accordance to the
Helsinki Declaration principles.

Cells and Culture Conditions. The TLR3~~ iPSCs (passage 20-40) (SI Appendix,
Fig. S6) were the control iPSCs derived either from the fetal fibroblast cell
line MRC5 (line J1: XY) (S/ Appendix, Fig. S1) or from a 9-y-old skin fibroblast
donor (line 348, XX). All hiPSC lines were used at passage 15-30 (S/ Ap-
pendix, Fig. S1), as well as the human ESC line H9 [WA-09, female (XX),
passage 35-50], were maintained on vitronectin using Essential 8 medium
(E8; Fisher Scientific), and passaged twice a week using EDTA (41).

Neural Induction. To induce differentiation, cells were harvested using EDTA
(Fisher Scientific) and plated on vitronectin (Fisher Scientific)-coated dishes at
a density of 2.5 x 10° cells/cm? in E8 + Y-27632 (Tocris Biosciences). After a
24-h attachment phase, differentiation was induced by switching the cells
into Essential 6 (E6) medium (Fisher Scientific) (day 0). For generation of
cortical neurons, E6 was supplemented with 10 pM SB431542 (Tocris Biosci-
ences), 500 nM LDN193189 (Stem Cell Technologies), and 1 pM XAV939
(Tocris Biosciences) (until day 5). From day 5 on, XAV939 was removed from
the medium. Medium was changed every day until day 11. On day 11 cells
were passaged 1:3 onto poly-L-ornithine (Sigma), laminin (VWR), and fi-
bronectin (Fisher Scientific) -coated plates in N2 medium supplemented with
10 ng/mL FGF2 (R&D Systems) and 600 nM CHIR99021 (Stemgent) (CHIR
concentration was increased after 2 d to 3 puM). Cells were passaged every 3—-
7 d. Passage 2-3 cells were used to generate frozen stocks, which after quality
control were used to further differentiate the cells into cortical neurons.

To generate cortical neurons, frozen neural progenitor cells were seeded
onto coverslips or cell-culture plastic pretreated with poly-L-ornithine, fibronectin,
and laminin, and differentiated for 14-18 d in neurobasal medium (Fisher Sci-
entific) containing Gibco MEM nonessential amino acids (Fisher Scientific),
B-27 supplement (Fisher Scientific), 1 mM L-glutamine (Fisher Scientific), and
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10 uM DAPT y-secretase inhibitor (N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-
phenylglycine t-butyl ester; R&D Systems). Next, 10 M Y27632 was used for
the initial 24 h after thawing to increase cell survival. Replicate experiments
were performed with CNS neurons derived from three independent batches
of neural progenitor cells.

For generation of TG neurons, medium on day 0 was supplemented with
10 pM SB431542 and 5 ng/mL BMP4 (R&D Systems) for the first 3 d. From
days 2-4, 600 nM CHIR99021 was also added. From day 4 on cells were fed
with E6 containing 10 pM SB431542 every other day. Between days 11 and
15, TG placode clusters were either detached using very short trypsin treatment
(for freezing a mixed population enriched in TG clusters) or longer trypsin
treatment to generate single cells for FACS purification. To produce PNS neurons
for use in monitoring progression of HSV-1 infection mixed or FACS-purified TG
placode precursors (exact cells used for specific experiments specified above)
were seeded onto coverslips or cell culture plastic pretreated as described above.
Differentiation was performed in neurobasal medium containing the
supplements listed above (for the cortical neurons) as well as 50 ng/mL
NGF (PeproTech), 50 ng/mL BDNF (R&D Systems), 50 ng/mL GDNF (PeproTech)
(TG neuron maturation medium). Differentiation was achieved over 14-18 d.
Replicate experiments were performed with TG neurons derived from three
independent batches of differentiated trigeminal placode precursors.

BD Lyoplate Surface Marker Screen. SIX1::H2BGFP cells were differentiated
into TG cluster for 12 d. On day 12 of differentiation cells were detached using
Accutase and replated as single cells into 96-well plates coated with poly-L-
ornithine, laminin, and fibronectin (1.5 x 10° cells per well). After a short
attachment phase of 3 h, cells were stained using the BD Lyoplate (BD
Biosciences) according to the manufacturer’'s manual for screening by bio-
imaging. Cells were analyzed using the Operetta system from PerkinElmer
screening the plate for cells coexpressing GFP (SIX1) and Alexa647 (surface
antigen). Wells with a high percentage (>20%) of cells coexpressing GFP and
Alexab47 in combination with low overall Alexa647 expression (<10%) were
defined as positive hits.

Immunocytochemistry and Flow Cytometry. Cells were fixed in 4% PFA, per-
meabilized using 0.1% Triton-X, and blocked in 10% FCS. Primary antibodies
(SI Appendix, Table S1) were incubated overnight in 2% FCS at 4 °C. Ap-
propriate Alexa488 or Alexa555 conjugated secondary antibodies were used
in combination with nuclear counterstain DAPI. Cells were imaged using and
Olympus IX71 inverted microscope. For cell sorting, cells were dissociated
using Trypsin and subjected to FACS using either a commercial available
GD2 antibody (14.G2a; BD Biosciences, as per the manufacturer’s manual) or
clinical grade GD2 antibody (3F8, 500 ng/10° cells; kind gift from Nai-Kong
Cheung, Memorial Sloan Kettering Cancer Center, New York, NY) in com-
bination with an appropriate Alexa647-conjugated secondary antibody.
Cells were sorted on a BD FACS Aria lll machine.

Quantitative Real-Time PCR. Total RNA was extracted from three consecutive
human iPSC-derived TG neuron differentiations using the TRIzol (Fisher Scientific)
reagent in combination with Phase-lock tubes (5Prime) according to the manu-
facturer's protocol. One microgram of total RNA was reverse-transcribed into
<DNA using iScript (Bio-Rad). For gRT-PCR we used either the SSoFast EvaGreen
Mix (Bio-Rad) in combination with QuantiTect primer assays (Qiagen) on a Bio-
Rad CFX Thermal Cycler or Applied Biosystems Assays-on-Demand probe/primer
combinations together with a 2x universal reaction mixture, in an ABI PRISM
7700 Sequence Detection System. All reactions were run according to the man-
ufacturer’s protocol. Gene expression was either normalized to p-glucuronidase
(GUS) or GAPDH. Results are expressed according to the ACt method (42).

Calcium Imaging. After etching 40-mm round coverslips with 1N HCL for
10 min, the coverslips were washed and sterilized. After sterilization the
coverslips were coated with poly-t-ornithine, laminin and fibronectin, as
described previously (43). After GD2 purification by FACS, one drop of cells
(5 x 10% cells/10 pL) was plated in the center of the air-dried coverslip. After a
2- to 5-min attachment phase, TG neuron maturation medium was added to

. Roizman B, Whitley RJ (2013) An inquiry into the molecular basis of HSV latency and
reactivation. Annu Rev Microbiol 67:355-374.

2. Whitley RJ (2006) Herpes simplex encephalitis: Adolescents and adults. Antiviral Res
71:141-148.

3. Whitley RJ, et al.; Clinical Assessment (1982) Herpes simplex encephalitis. JAMA 247:
317-320.

4 Lafaille,FGpetals(2015),Deciphering;human,cell-autonemous,anti-HSV-1 immunity in

the central nervous system. Front Immunol 6:208.
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the cells. After the indicated time points, calcium imaging was performed as
described previously (44). Cells were stimulated with 1 pM capsaicin (Tocris
Biosciences), 30 pM ATP (Tocris Biosciences), 1 uM icilin (Tocris Biosciences), or
50 mM KCI (Sigma) for 30 s, respectively. Background readings were sub-
tracted and ratiometric analysis was performed using a customized Matlab
(Mathworks) script. The code was also used to identify responding cells. A
cell was classified as responding if the change in fluorescence ratio exceeded
three times the SDs of the background signal.

Viruses and Infections. HSV1-GS4553, a recombinant of HSV-1 strain F that
encodes the mCherry fluorescent protein (45) fused to the pUL25 capsid
protein, was previously described (34). HSV1-GS4553 was used for all infec-
tions to quantify proportion of infected cells. Differentiated iPSC-derived
neurons maintained on coverslips were infected in 1 mL of differentiation
media. Because neuronal counts were difficult to determine post-
differentiation and the neurons were sparse at the time of infection, mul-
tiplicity of infections were not calculated. Instead, infections were carried
out using indicated PFU/mL to achieve an equivalent density of input PFU
per unit area of coverslip. Cells were scored as infected if they expressed red
fluorescence. Specifically, a minimum of 10 fields-of-view were imaged by
differential interference contrast microscopy (DIC) and by fluorescence mi-
croscopy. For each field captured in this way, neurons were counted in the
DIC image and each individual neuron was subsequently scored for red-
capsid fluorescence emissions. The aggregate of these data, which con-
sisted of 145-670 neurons per cortical sample and 40-225 neurons per TG
sample, was presented as a percent infected value. This procedure was re-
peated independently to produce three replicas for each sample. Statistical
analysis was performed with GraphPad Prism 5.

Live-Cell Imaging. Images of neurons infected with HSV-1 were acquired with
an inverted wide-field Nikon Eclipse TE2000-E microscope fitted with a 40 x
1.3 numerical aperture oil objective, and housed in an environmental box
maintained at 37 °C (In Vivo Scientific). Images were captured with a Cool-
Snap HQ2 camera (Photometrics). The MetaMorph software package was
used for image acquisition and processing (Molecular Devices). Fluorescence
images were captured using 500-ms exposure times.

Cellular Responses to TLR3, HSV-1 Stimulation, and IFN. A synthetic analog of
dsRNA [polyinosinic-polycytidylic acid; poly(l:C); InvivoGen] at a concentration
of 25 pg/mL or 1,000 IU IFN-B (PeproTech) in 10 uL PBS was added to the
neural culture in 1 mL of either PNS or CNS differentiation media 18 h before
infection and maintained during infection. In a second subset of experi-
ments, differentiated neurons were pretreated with 2.5 pg/mL recombinant
human IL-29/IFN-A1 (R&D) for 18 h before infection and maintained during
infection. To assess the cellular responses to poly(l:C) or HSV-1, FACS-purified
TG neuron cultures were stimulated with poly(1:C) for 6 h, or infected with
HSV-1 (KOS strain) for 24 h at a multiplicity of 1, cells were collected for RNA
extraction and assessed for expression of different IFN subtypes and ISGs by
qRT-PCR (see above).
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