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Abstract

Rift Valley fever virus (RVFV) is an encephalitic bunyavirus that can infect neurons in the
brain. There are no approved therapeutics that can protect from RVFV encephalitis. Innate
immunity, the first line of defense against infection, canonically antagonizes viruses through
interferon signaling. We found that interferons did not efficiently protect primary cortical neu-
rons from RVFV, unlike other cell types. To identify alternative neuronal antiviral pathways,
we screened innate immune ligands and discovered that the TLR2 ligand PamzCSK, inhib-
ited RVFV infection, and other bunyaviruses. Mechanistically, we found that PamsCSK,
blocks viral fusion, independent of TLR2. In a mouse model of RVFV encephalitis,
Pam3CSK, treatment protected animals from infection and mortality. Overall, PamzCSK, is
a bunyavirus fusion inhibitor active in primary neurons and the brain, representing a new
approach toward the development of treatments for encephalitic bunyavirus infections.

Author summary

Rift Valley fever virus (RVFV) is an emerging mosquito-borne pathogen, which has
shown the potential to spread geographically, and which can cause severe disease in
humans. One of the most serious complications of RVFV infection is invasion into the
brain. There are no approved treatments for RVFV infection, or any other bunyavirus
that infects the brain. We found that the classically antiviral interferon pathway was not
protective in neurons. This led us to screen for new antivirals, and we identified
Pam;CSK,, which inhibited RVFV and related bunyaviruses, but not vesicular stomatitis
virus. We found that the antiviral activity of Pam;CSK, was separate from its previously
characterized activity as a TLR2 agonist. Instead, Pam3;CSK, blocked RVFV entry at the
step of viral membrane fusion. Importantly, we found that Pam;CSK, prevented RVFV
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infection in the mouse brain. This work reveals that Pam;CSK, prevents encephalitic bun-
yavirus infection in neurons, a vulnerable cell type, and future research should evaluate
the therapeutic potential of Pam;CSK,.

Introduction

Rift Valley fever virus (Phlebovirus riftense, RVFV) is an emerging, arthropod-borne Phenui-
virus that can cause encephalitis in humans. RVFV is endemic in sub-Saharan Africa and has
spread since its discovery, causing outbreaks across the continent, the surrounding islands,
and the Arabian Peninsula [1-3]. The World Health Organization has designated RVFV as a
research priority because of its broad vector tropism and potential to severely impact humans
and agriculturally important animals [4]. In ruminant animals, RVFV causes abortions and is
highly pathogenic in newborns [5,6]. Humans can become infected through contact with
infected fluids, or by mosquito bite. Many human infections are asymptomatic or produce flu-
like illness, but 8-10% develop severe symptoms including eye disease, hemorrhage, and
meningoencephalitis [6-9]. Neurologic disease is characterized by symptoms such as disorien-
tation, hallucinations, vertigo, and/or coma, which often present days or weeks after the onset
of infection [7-9]. There are no approved treatments for RVFV infection in humans, and few
antivirals in development that target the neurologic stage of disease, although the delayed
appearance of neurologic symptoms may provide a temporal window for the delivery of
antivirals.

Antiviral therapeutics often target viral entry, such as neutralizing antibodies and fusion
inhibitors that have been used to treat human immunodeficiency virus (HIV) and severe acute
respiratory syndrome-coronavirus-2[10-12]. RVFV entry may also be a promising target for
antiviral inhibition. RVFV enters host cells using the glycoproteins Gn and Ge [13,14]. RVFV
Gn on the virion surface can bind the host protein low-density lipoprotein receptor-related
protein 1 (LRP1) [15]. Next, RVEV is endocytosed, and membrane fusion is initiated when the
endosomal pH drops below ~5.5, triggering the rearrangement of RVEV Geg, a class II fusion
protein [13,14]. Treatments which block RVFV fusion can inhibit infection in vitro, including
endosomal acidification inhibitors [13,16,17], Gc binding peptides [18], virion membrane-
intercalating amphipathic compounds [19], and fusion-inhibiting antibodies [20]. However, it
is unknown whether such antivirals can decrease RVFV infection in neurons or ameliorate
encephalitic disease.

Neurons, a primary target of RVFV infection in the brain [21], are essential, terminally dif-
ferentiated, long-lived, and largely non-replenished cells. The brain is protected by the blood-
brain barrier, which restricts the ingress of cells and pathogens from the blood, yet RVFV can
surmount this barrier. In neurons, as in all cells, the innate immune system detects and
responds to infections. Innate immunity is characterized by two canonical pathways: the
inflammatory nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«xB) pathway
and antiviral interferon (IFN) pathway. RVFV infection of the brain induces NF-kB and type-I
IFN responses [7,21], but it is unclear if innate immunity is protective in this tissue, as inflam-
mation in the brain can lead to encephalitic death [22]. It is hypothesized that innate immune
responses in neurons are regulated or executed differently to avoid damage [23,24]. Indeed,
while IFN pretreatment is broadly antiviral, IFN-exposed neurons remain vulnerable to viral
infections [25-28]. Although little is known about neuronal immunity during RVFV infection,
the distantly related Peribunyavirus, La Crosse virus (LACV, Orthobunyavirus lacrosseense)
readily infects neurons in the mouse brain, even while neighboring astrocytes and microglia
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produce IFN [29-31]. Further, IFNB only partially protects neuronal organoids from LACV
[32]. It is unknown whether type-I IFN can prevent RVFV infection in primary neurons.

We set out to identify immune stimuli that inhibited neuronal RVFV infection. We found
that treating neurons with IFNs led to the transcription of interferon stimulated genes (ISGs)
including antiviral effectors which directly antagonize viral processes like interferon induced
protein with tetratricopeptide repeats 1-3 (IFIT1-3) [33], as well as chemokines such as CXC-
motif ligand 10 (CXCL10, also known as IP-10)[22]. However, IFN pretreatment weakly
blocked RVEV replication in neurons compared to non-neuronal cells. These data suggest that
IFN signaling is not sufficient to control RVFV infection in neurons.

To identify alternative immune agonists with anti-RVFV activity in neurons, we screened a
diverse library of innate immune ligands. We identified two Toll-like receptor 2 (TLR2) ago-
nists that were protective against RVFV infection. We found that the synthetic lipopeptide
Pam;CSK, blocked infection by RVFV and LACV in neurons and non-neuronal cells. TLR2
inflammatory signaling was not required for Pam;CSK, antiviral activity. Rather, we found
that Pam3;CSK} inhibited RVFV fusion. Pam;CSK, was active in vivo, as treatment prevented
RVFV infection in the mouse brain and protected from mortality. These findings reveal a
novel function of Pam3;CSK,, a molecule that has potential in the control of encephalitic bun-
yavirus infection.

Results

Interferons do not efficiently protect neurons from RVFV infection

Previous studies of RVFV have shown that type I interferon (IFN) responses are important in
controlling infection peripherally [34-36]. However, it has not been tested if IFNs are protec-
tive in the brain, as IFN-treated neurons remain susceptible to some viral infections
[25,26,28,30,37]. We tested this in vitro using the biosafety level two strain RVFV MP-12,
which is attenuated by nine amino acid substitutions across all three genomic segments [38].
At baseline, RVFV MP-12 readily infected primary rat (Rattus norvegicus) cortical neurons
and human-derived U20S osteosarcoma cells, a non-neuronal cell (S1A and S1B Fig). We pre-
treated neurons or U20S cells for four hours with several doses of universal IFNa. [39] or vehi-
cle (water) before infecting with RVFV, and quantified infection by immunofluorescence
microscopy 24 hours post infection (hpi; Fig 1A-1D). A high dose of 12,000 Units/mL of
IFNa blocked infection of U20S, but had little effect in neurons, suggesting that IFN treat-
ment of neurons is not protective against RVFV (Fig 1A-1D). In U20S, the inhibitory concen-
tration 50% (IC50) of universal IFNo was 16.9 U/mL, while in neurons 12,000 U/mL of IFNo
failed to reduce infection to 50% of control (Fig 1C and 1D). We observed no IFN-induced
toxicity in either cell type (Fig 1C and 1D).

We complemented these microscopy-based studies with plaque assays and real-time,
reverse transcription quantitative polymerase chain reaction (QPCR) to measure viral RNA. In
U20S cells, a four hour pretreatment with 12,000 U/mL of universal IFNo. reduced RVFV
titers from 9.3 x 10° to 6.8 x 10* plaque forming units (PFU) / mL at 16 hpi, and decreased
RVFV RNA at 24 hpi by ~30 fold (Fig 1E and 1F). In neurons, the same treatment reduced
RVFV titers from 8.7 x 10° to 6.1 x 10> PFU / mL, and decreased RVFV RNA ~2-fold com-
pared to vehicle (Fig 11 and 1]). While these decreases were statistically significant, the small
magnitude of change in neurons suggests that IFN treatment is not as potent in neurons as in
other cell types.

To evaluate whether neurons and U20S respond to IFN, we stimulated with 12,000 U/mL
of universal IFNo or vehicle for four hours and measured ISG transcription by gPCR. We
measured IFIT1 in U20S cells as it is well known to be transcribed and translated in these cells
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Fig 1. Type I IFNs do not potently protect neurons from RVFV infection. (A-D) Human U20S cells (A,C), or rat
cortical neurons (B,D) were treated with vehicle or universal IFNa for 4h before infection with RVFV (24hpi, U20S:
MOI 1, neurons: MOI 0.3). Immunofluorescence and automated microscopy were used to detect RVFV Gn (green) or
neuronal MAP2 (magenta). A and B show representative images of cells treated with vehicle or 1.2 x 10* Units / mL at
10x magnification, scale bars = 350pum. C and D show quantification of relative infection (red squares) and survival
(black circles) in U20S (C) or neurons (D). Automated image analysis was used to determine the percentage RVFV
Gn positive U20S cells, or the percentage of neurons (MAP2 positive cells) positive for RVFV Gn. Infection and
survival normalized to % infected or total cell number in vehicle treated, infected cells. IC50 values were determined by
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nonlinear regression. n = 3. (E,F) U20S were treated with vehicle or 1.2 x 10* U/mL ulFNo: for 4h before RVFV
infection (MOI 1). At 15hpi viral titers in the supernatant were measured by plaque assay (E) or at 24hpi viral RNA
was quantified by qPCR (F). LoD = limit of detection. *P = .0167, **P = .0028 (G-H) Relative RNA expression of
interferon stimulated genes in U20S treated with 1.2 x 10* U/mL of ulFNo. for 4h was measured by qPCR. *P =.0202,
**P =.0017 (I-]) Neurons were treated and analyzed as in E and F, but infected at an MOI of 0.1. I: *P =.0137,J: *P =
.041 (K-L) Neurons were treated and analyzed as in G and H. **P = .0013, ***P = .0005 (M) Quantification of relative
RVFV infection in neurons treated with rat IFN alpha (dark blue circles), rat IFN beta (teal squares), or rat IFN gamma
(light blue triangles). Images acquired as in (D), n = 3. Dotted line represents 50% reduction relative to control. For all
qPCR experiments, expression was calculated relative to vehicle, normalized to GAPDH (human) or Gapdh (Rat) as a
loading control. Symbols and bars represent mean, error bars = SEM. Statistical analyses were performed using
student’s t test on log;o transformed titers (E,I) or Welch’s t test (F-H,J-L).

https://doi.org/10.1371/journal.ppat.1012343.9001

following IFN stimulation [40]. In neurons, we measured Ifit2 because it has been reported
that Ifit1 basal expression can be elevated in some subpopulations of mouse neurons [28]. In
both U20S and rat neurons, we observed multi-log increases in the RNA levels of ISGs (Fig
1G, 1H, 1K and 1L). We conclude that both cell types detect and respond to IFNo.

To test whether species-specific IFNs would be more active than universal IFNo, we pre-
treated rat cortical neurons with rat IFNao, IFNB, or IFNYy and evaluated RVFV infection by
microscopy and qPCR. None of the rat IFNs tested decreased infection below 50% of control
levels at 12,000 U/mL (Fig 1M), or significantly reduced RVFV RNA (S1C Fig). These data
support our finding that IFN responses are induced but insufficient to control RVFV infection
in neurons. Therefore, we set out to identify alternative innate immune ligands that could
block neuronal RVFV infection.

Pam;CSK, and LPS-Rhodobacter sphaeroides protect against RVFV
infection

We assembled a diverse panel of 75 immune ligands [41] and tested their antiviral activity against
RVFV using a microscopy-based screening workflow, shown in Fig 2A, where we quantified
nuclei, neurons (MAP?2 positive cells), and infection (RVFV positive cells). Drug treatment was
generally well tolerated, though three TLR?7 ligands (Gardiquimod, Imiquimod, and Adilipoline)
and a Dectin 2 ligand (Furfurman) were neurotoxic (S2A and S2B Fig). Five ligands reduced
infection to below 60% of vehicle without impacting neuronal survival: Pam;CSK,, Lipopolysac-
charide-Rhodobacter sphaeroides (LPS-Rs), B-glucan peptide, scleroglucan, and Poly(A:U) (Fig
2B). Both Pam;CSK, and LPS-Rs are Toll-like receptor 2 (TLR2) ligands. TLR2 forms heterodi-
mers with either TLR1 or TLR6 at the plasma membrane to recognize diverse microbial ligands
including di- and tri-acylated bacterial lipoproteins, viral glycoproteins, and endogenous ligands
[42-46]. TLR2 activation promotes NF-«B signaling, driving the transcription of genes such as
tumor necrosis factor alpha (TNFa), CXC-motif ligand 1 (CXCL1, also known as GRO or KC),
and CXCL10[47]. Pam3;CSK,, a synthetic, tri-acylated lipopeptide, mimics bacterial lipoprotein
anchors and activates TLR2/1 heterodimers (structure in S3 Fig)[43,48]. LPS-Rs is known to
antagonize TLR4 and contains contaminating lipoproteins which can activate TLR2. Treatment
with Pam3;CSK, or LPS-Rs decreased infection in neurons relative to vehicle (water, Fig 2B, 2D
and 2E). We found that the antiviral activity of LPS-Rs was likely due to contaminating lipopro-
teins, as an ultrapure preparation of LPS-Rs, showed no antiviral activity (S2C Fig). Moreover,
other known TLR2 agonists, including the diacylated lipopeptide Pam,CSK,, which binds TLR2/
6 heterodimers, did not decrease RVFV infection in neurons (Fig 2E). We performed the screen
in U20S cells and found that the same two TLR2 ligands also decreased infection in these cells
(Fig 2C). We investigated the antiviral activity of Pam3;CSK, as this ligand had defined concen-
trations of lipopeptide (unlike LPS-Rs), and could be compared to Pam,CSK}, a similar molecule
with no antiviral effect (S3 Fig).
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Fig 2. Pam;CSK, and LPS-Rs protect primary neurons from RVFV infection. (A) Diagram of screening workflow. (B,C) Results from
microscopy-based screening of innate ligands in neurons (B) or U20S (C) infected with RVFV (neuron MOI 0.1, U20S MOI 0.35), as detailed
in (A). Four images were captured per well and averaged. Each dot represents a ligand. Plots show infection relative to vehicle from duplicate
screens. Dotted red lines indicate 60% of vehicle infection levels. Antiviral TLR2 ligands are labelled. (D) Representative images from neuron
PAMP screens, showing vehicle (water), Pam;CSK, (10ug/mL), or LPS-Rs (100pg/mL) treated cells at 10x magnification. Neurons are MAP2
positive (magenta), while infected cells are positive for RVFV Gn (green). (E) A subset of screen data, showing relative RVFV infection in
neurons treated with TLR2 ligands. Bars show mean of two replicates. LPS-Rs and Pam;CSK, are colored red, while Pam,CSKy is shown in

orange.

https://doi.org/10.1371/journal.ppat.1012343.9002

Pam;CSK, is antiviral against Phenuiviridae and Peribunyaviridae in vitro

We validated that Pam3;CSK, had antiviral activity against RVFV using plaque assays, dose
titrations, and qPCR. For plaque assays, we added Pam;CSK, four hours before RVFV infec-
tion, and washed off the drug and viral inoculum two hours after infection. Pam;CSK, reduced
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titers from 8.7 x 10° to 2.6 x 10° PFU / mL at 16 hpi (Fig 3A). In U20S, titers were reduced
from 5.2 x 10° to 1.0 x 10° PFU / mL (Fig 3B). Further, we found that there was a dose-depen-
dent antiviral effect in rat neurons and U20S cells, as measured by microscopy (neuron

IC50 = 3.8 pg/mL; U20S IC50 = 2.1 pug/mL) (Fig 3B). We also tested mouse cortical neurons
and observed antiviral activity with no cytotoxicity, although the potency was lower

(IC50 = 8.6pg/mL) (Figs 3B and S2D). These data demonstrate that Pam;CSK} is antiviral
against RVFV in primary rodent neurons and a human cell line.

We next tested the breadth of Pam;CSK, antiviral activity. We treated rat neurons with sev-
eral doses of Pam;CSK, four hours before infection with the Peribunyavirus La Crosse virus
(LACV) and found that Pam;CSK, also inhibited LACV (Fig 3D). This led us to test
Pam;CSK, against two additional related viruses: the Peribunyavirus California Encephalitis
virus (CEV, Orthobunyavirus encephalitidis) in the same group as LACV, and the Phenuivirus
Punta Toro virus-Balliet (PTV, Phlebovirus toroense) in the same group as RVFV. CEV causes
rare cases of encephalitis in humans, while PTV causes febrile illness but not encephalitis
[49,50]. By plaque assay and qPCR, we found that Pam;CSK, decreased RVFV, LACV and
CEV infection in neurons (Figs 3A, 3F, 3G, 3], 3K, S2F-S2G). PTV was not tested in neurons
because infection was poor. In U20S, Pam3;CSK, had antiviral activity against RVFV, LACV,
and PTV, but not CEV (Figs 3B, 3C, 31, 3L-3N, S2H-52]). We also tested whether an unrelated
negative sense RNA virus, the Rhabdovirus vesicular stomatitis virus (VSV, Vesiculovirus Indi-
ana,) was sensitive to Pam;CSK, treatment. VSV RNA replication was unchanged by
Pam;CSK, treatment, and the IC50 of Pam;CSK, against VSV was >10ug/mL (Figs 3F and
S2E). This suggests that Pam;CSK, can inhibit bunyaviruses in the Phenuiviridae and Peribu-
nyaviridae, though not all RNA viruses.

Pam,CSK,, a diacylated lipopeptide, is not antiviral against RVFV or
LACV

We screened several putative TLR2 ligands, including Pam,CSK,, which differs from
Pam;CSK, by one palmitoyl group, yet only Pam;CSK, and LPS-Rs showed antiviral activity
(Figs 2E and S3). TLR2 ligands can engage distinct receptor complexes, as Pam,CSK, binds
TLR2/6 heterodimers [42,51], while Pam3;CSK, binds TLR2/1 heterodimers [52]. TLR2/1 and
TLR2/6 complexes signal through the same adaptor proteins [53,54]. Therefore, we explored
whether Pam,CSK, could have been a false negative in the screen. However, we found that
treatment of neurons or U20S with Pam,CSK, had no antiviral effect on RVFV, LACV, or
VSV, as observed by qPCR and microscopy (Fig 3D-3H). These data suggest that TLR2/1 and
TLR2/6 signaling may differ in neurons, or that the structural differences between Pam;CSK,
and Pam,CSK, may directly contribute to antiviral activity.

Pam;CSK,-induced inflammatory signaling is not sufficient to control
RVFYV infection

To compare the neuronal response to Pam;CSK, and Pam,CSK,, we used RNA sequencing
(RNAseq) and transcriptomic analysis. Time course qPCR studies of Tnfa and Cxcll RNA lev-
els after Pam;CSK, stimulation revealed rapid induction of both genes, with Tnfa peaking at
four hours and CxclI at eight hours (S4A and S4B Fig). Therefore, we stimulated neurons with
vehicle, Pam;CSKy, or Pam,CSKj for six hours and identified differentially expressed genes
(adjusted P value of <0.01, and a Log, fold change >2) compared to vehicle treated cells. In
Pam;CSK, stimulated cells, 24 genes were significantly upregulated (Fig 4A). In Pam,CSK,
stimulated cells, 53 genes were upregulated (Fig 4A). There were no significantly downregu-
lated genes in either condition. Of the 24 Pam;CSK, induced genes, 23 were also significantly

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012343  June 27, 2024 7/29


https://doi.org/10.1371/journal.ppat.1012343

PLOS PATHOGENS

Fusion inhibitor protects neurons from bunyavirus infection

(@)

Neurons: U20s:
RVFV dter RVFX Hter Rel. RVFV infection
107 107 5 o 15 -= Rat neurons
g -4 Mouse neurons
g 10° =t 105 S0 wew TGS
- ()
> g
& 10 10° Sos
o
3
[«
LoD LoD % 0.0 T T T
R R 0.01 0.1 1 10
) o)
D \le‘;a«\%c’ NPty E Pam,CSK, (Hg/mL)
Rat neurons: Rel. viral infection Rat neurons: Rel. RVFV infection
o 15 o 20 -2 Pam;CSK,
] - RVFV ] Pam,CSK,
F= L o=
2.0 - LACV g 15 & T
S 510
g §
£ 05 <
o © 05
T z
2 Q
0.0 T T T 0.0 T T T
0.01 0.1 1 10 0.01 0.1 1 10
Pam;CSK, (pg/mL) Concentration (pg/mL)
Neurons
RVFV RNA LACV RNA
F \ G 1 H VSRR J v K ceviiter
= 7] * %k = 17 = 1 ns 106 106
3 3 * 5k 35 * *
Q ns <% %
) @ @ 1 o
e o S 1 ns (]
o ok % % o o . P 1 104 104
% 0 XXX % 0 g’ 0 €
< 7 o £ T 0 - J
= . [8°] = S 2
3 o 3 | 3 o 102+ 102
2 = S LoD + LoD +
g g g
- T T - T = T 100 100
FECIPRY R U8 B LI R U8 o NSb O ek A8 ek
\O ) S) \O S o) \ S i) A
N o o N o o NLPE S N o N oF
° Q Q A4
U20s
| RVFV RNA L  LAcvtiter |\] CEVtiter N PTV titer
F 11 ns 106 d 106+ 1064 k%
g | ns ] %:; ns | %.
o *ok %k o
= 0 pOD8 (¢ 104+ 104 104
-
o 2 E
. S ] i
o w
T -1 2 102+ 102 102
(<]
e 1 LoD +f--1 LoD + - LoD +§--1
g
= 2 T T 10° T 100 100 T
g 6“““ 5‘5& O o 4 %\{»b« o4 g‘(xu
™ G G & O ™ O ™ O
NE o oo N oo™ N e NE oo™

Fig 3. Pam;CSK, is antiviral against bunyaviruses in vitro. (A,B) Neurons or U20S were treated with vehicle (water) or 10pg/mL
Pam;CSK, prior to RVFV infection (neurons: MOI 0.1, U20S: MOI 1). Supernatants were collected at 15hpi and titers were determined
by plaque assay. LoD = limit of detection. *P = .0373, **P = .0015 (C) Rat (red squares) or mouse cortical neurons (blue triangles), or
U20S (black circles) were treated with the indicated dose of Pam3;CSK for 4h before infection with RVFV (Neurons: MOI 0.3, U20S:

MOI 1). At 24hpi RVFV infection was determined
(neurons) or 4 (U20S). IC50 values were determin

by immunofluorescence automated microscopy and automated analysis. n = 3
ed by nonlinear regression. (D) Rat neurons were treated as in (C), and infected with

RVFV (MOI0.3) or LACV (MOI 0.01) for 24h. Data acquired and presented as in (C). (E) Rat neurons were treated with serial dilutions
of vehicle or TLR2 ligands 4h before RVFV infection. Data acquired and presented as in (C). (F-H) Rat neurons were treated with
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vehicle or TLR2 ligands at 10 pg/mL for 4h before infection with RVFV (F, MOI 0.1, 24hpi), LACV (G, MOI 0.01, 24hpi), or VSV-GFP
(H, MOI 0.1, 14hpi). qPCR was used to measure viral Nucleocapsid RNA relative to Gapdh. F: ****P < .0001, *** P = .0001; G: ***P =
.001, ** P =.0073 (I) U20S were treated as in F, and infected with RVFV at an MOI of 1. Infection quantified as in F. ****P < .0001
(J-N) Neurons or U20S were treated with vehicle or Pam;CSK, at 10pug/mL before infection with LACV (J: MOI 0.015, L: MOI 0.1,
15hpi), CEV (K: MOI 0.05, M: MOI 5, 24hpi), or PTV (N: MOI 2, 15hpi). Titers quantified and data presented as in (A). J: *P = .0279, K:
*P =.0447, L: *P = .0244, M: ns P = 3209, N: **P = .0082. Bars and symbols represent mean, error bars = SEM. Statistical analyses were
performed using student’s t test on log;, transformed titers (A,B,]-N), or a one-way ANOVA with Tukey’s multiple comparisons test

https://doi.org/10.1371/journal.ppat.1012343.9003

induced by Pam,CSK, (Fig 4A). Further, these genes were stimulated to similar levels: all dif-
ferentially expressed genes were plotted by Counts per million (CPM) after treatment, and a
linear regression was performed, demonstrating that the expression of Pam3;CSK, and
Pam,CSK,-induced genes was highly correlated (Fig 4B, r* = 0.836, p< 4 x 10~>%). Upregulated
genes were enriched for inflammatory cytokines and chemokines, including CxclI and Cxcl10
(Fig 4A). Metascape pathway analysis [55] revealed that both treatments activated similar sets
of pathways, and for both ligands, the most strongly enriched Gene Ontology (GO) term clus-
ters were (inflammatory response) and (innate immune response) (S4C Fig). Thus, Pam;CSK,
and Pam,CSK, induce similar transcriptional responses largely consisting of NF-xB-regulated
genes in rat neurons. We confirmed that Tnfa, Cxcll, and Cxcl10 are induced by both treat-
ments using qPCR (Fig 4C-4E). We also found that both treatments induced TNFo and
CXCL10 in U20S cells, though with a smaller fold change (S4F and S4G Fig). While these
ligands do not canonically induce ISGs, we also tested if Ifit2 was induced by Pam;CSK, treat-
ment at 4h or 24h. We saw no induction of Ifit2 in neurons, or IFIT1 in U20S cells (54D and
S4E Fig). These data show that Pam;CSK, and Pam,CSK, induce a similar set of NF-xB-
dependent genes, and since only Pam;CSK, is antiviral, our data suggests that the activity is
likely independent of this pathway.

To directly test if Pam;CSK, antiviral activity requires NF-xB signaling, we took advantage
of two inhibitors of NF-kB activation [54]. IKK 16 is an inhibitor of multiple IkBa kinases
(IKKs)[56] while TPCA-1 inhibits IKK2[57]. Both block the degradation of IxB, preventing
NF-«B activation after an inflammatory stimulus. As expected, we observed blunted transcrip-
tion of the NF-«B target genes Tnfa and CxclI in neurons that were treated with IKK 16 or
TPCA-1 prior to Pam;CSK, stimulation (S4H and S41I Fig). Despite this, neither inhibitor
impacted the antiviral activity of Pam;CSK,, as RVFV RNA levels were significantly decreased
by Pam;CSK} in the presence of TPCA-1 or IKK 16 (S4] Fig). These data further suggest that
Pam;CSK, does not control RVFV through NF-kB-dependent transcriptional pathways.

Structure-activity relationship

Since we observed little difference in gene expression but striking differences in antiviral activ-
ity between Pam;CSK,and Pam,CSK,, we set out to define a structure-activity relationship.
Thus, we tested a more extensive panel of related lipopeptides. Pam; CSK, has the same peptide
motif as Pam;CSKy, but only one 15-carbon palmitoyl group [52] (S3 Fig). PHCSK, has three
hydrocarbon chains, but two ester-bonded hydrocarbon chains are bound directly to the oxy-
gen in the ester group, rather than the carbon [52] (S3 Fig). Both Pam;CSK, and PHCSK,
reportedly fail to activate TLR2[52,58]. However, when we stimulated rat neurons with
Pam;CSK,, Pam,CSK,, Pam;CSK,, or PHCSK, for 4h, we observed that Pam3;CSKy,,
Pam,CSK,, and PHCSK, induced inflammatory gene transcription (Fig 4C-4E). Despite this,
only Pam;CSK, decreased RVFV RNA (Fig 4F), suggesting that the number and composition
of the hydrocarbon chains are important for antiviral activity. Next, we used enantiomers of
Pam;CSKj to test whether the orientations of the palmitoyl groups are determinants of
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stimulated with vehicle or 10pg/mL of lipopeptides for 4h. C: ****P < .0001; D: ****P < .0001; E: ****P < .0001. (F) Relative RVFV RNA
in rat neurons pretreated with lipopeptides for 4h. Cells were treated as in C-E, and infected (MOI 0.1) for 24h. Data represented/analyzed
as in C-E. **P = .0011. (G-J) Rat neurons were treated and analyzed as in (C-F), but with racemic or stereoisomeric Pam;CSK,. G: ****P<
.0001, **P = .0043, Pam3CSK, vs S-Pam3CSK, *P = .0149, R-Pam3;CSK, vs S-Pam3CSK, *P = .0144; H: ****P< .0001; I: ****P< .0001; J:
vehicle vs. Pam3;CSK, *P = .0314, vehicle vs. S-Pam;CSK, *P = .0317. (K-L) Relative expression of Cxcl1 (K) or Ccl2 (L) RNA in cortical
neurons derived from wild type or TLR2 KO mice, stimulated with Pam;CSK, for 4h. K: ****P< .0001; L: **P = .0016. (M) Wild type
(black symbols, solid line) or TLR2 KO (empty symbols, dashed line) mouse neurons were treated with the indicated dose of Pam;CSKy
before RVFV infection (MOI 0.3). At 24hpi infection was measured by immunofluorescence automated microscopy and automated
analysis. Infection normalized to vehicle treated neurons. n = 2. (N) WT or TLR2 KO mouse neurons were treated with 10pg/mL
Pam;CSK, for 4h, and infected with RVFV (MOI 0.1) for 15h. Titers were determined by plaque assay and log, transformed for statistical
analysis. **P =.0015, ***P = .0008. (C-N) Bars and symbol represent mean, error bars = SEM. Statistical analyses were performed using
one-way ANOVA with Tukey’s multiple comparisons test (C-]), or two-way ANOVA with Sidak’s multiple comparisons test (K,L,N).

https://doi.org/10.1371/journal.ppat.1012343.9004

antiviral activity. R-Pam3;CSK, has been reported to have a stronger interaction with TLR2/1
dimers than S-Pam;CSK,4[43,59,60]. In concordance, qPCR showed that a four hour stimula-
tion with R-Pam;CSK, induced the transcription of Cxcl1, Cxcl10, and Tnfa like racemic
Pam;CSK,, and better than the S isomer (Fig 4G-4I). Despite this, a four hour pretreatment
with R-Pam;CSK, failed to significantly decrease RVFV RNA replication at 24hpi, while S-
Pam;CSK, was as potent as racemic Pam3;CSK, (Fig 4]). Thus, the stimulation of inflammatory
signaling was not correlated with Pam3;CSK, antiviral activity, which depended on the number
and orientation of the hydrocarbon chains.

Pam;CSK, antiviral activity does not require TLR2

Although the preceding data suggested that Pam;CSK, does not require inflammatory signal-
ing for antiviral activity, this did not rule out a role for TLR2. Therefore, we cultured cortical
neurons from TLR2 knock out (TLR2 KO) or wild type C57BL/6 mice [61]. We first tested
whether the deletion of TLR2 prevented inflammatory signaling. We measured CxclI and C-C
motif chemokine ligand 2 (Ccl2, also known as Mcp-1) levels by qPCR after a four hour
Pam;CSK, stimulation and found that Pam;CSK, induced expression of these genes in wild
type neurons, but this response was ablated in TLR2 KO neurons (Fig 4K and 4L). Next, we
tested whether Pam;CSK, had antiviral activity. In dose response microscopy studies, we
found that Pam;CSK, protected both WT and TLR2 KO neurons from RVFV infection (Wild
type IC50 = 7.0ug/mL, TLR2 KO IC50 = 7.7ug / mL; Fig 4M). Pam;CSK, pretreatment
decreased RVFV titers from 1.6 x 10> PFU / mL to 3.7 x 10* PFU / mL in wild type neurons,
and 1.2 x 10° PFU / mL to 3.2 x 10* PFU / mL in TLR2 KO neurons (Fig 4N). Similar patterns
were observed for RVFV RNA, although the decrease was not significant in WT neurons due
to variability (S5C Fig). We conclude that Pam;CSK, has antiviral activity against bunyavi-
ruses that is independent of TLR2 or downstream signaling.

Pam;CSK, inhibits RVFV entry by blocking viral fusion

As our data suggested that Pam;CSK,-induced inflammatory signaling was not antiviral, we
sought to identify the step in the viral lifecycle inhibited by Pam;CSK,. We began by perform-
ing a time of addition assay, where Pam;CSK, was added to neurons four hours before infec-
tion (t = -4), at the time of infection (t = 0), or two-four hours afterwards, and quantified
infection by microscopy at 24 hpi. We found that the potency of Pam;CSK, treatment
decreased over time, with infection reduced to 22% of control at t = -4, 40% at t =0, 59% at t =
+2, and 64% at t = +4, suggesting that Pam;CSK, may act on an early stage of viral infection
(Fig 5A). Our plaque assays also supported this, as Pam;CSK, decreased RVFYV titers even
though it was washed off two hours after infection (Fig 3A and 3B).
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Fig 5. Pam;CSK, blocks viral entry by reducing fusion. (A) Quantification of automated microscopy and analysis to
detect RVFV infected rat neurons (MOI 0.3, 24hpi) when Pam;CSK, (10ug/mL) or vehicle were added at the indicated
timepoints (pre- or post-infection). Infection = time 0. Infection calculated relative to -4h, vehicle treated cells. *P =
.0169, **P = .0069, ***P = .0002, ****P< .0001. (B) Quantification of VSV N RNA in rat neurons treated with 10pg/
mL of TLR2 ligands 4h before VSV-RVFYV infection (MOI 5, 14hpi). RNA levels measured by qPCR, relative to Gapdh.
**%Pp = 0001, vehicle vs. Pam,CSK, **P = .0061, Pam3;CSK, vs. Pam,CSK, **P = .0042. (C) Quantification of
automated microscopy and analysis of RVFV-infected rat neurons after Pam;CSK, neutralization. Vehicle, Pam;CSK,,
or 4D4 anti-RVFV Gn were either added to cells (stimulation, solid bars) or mixed with stock RVFV (neutralization,
checked bars) for 4h. RVFV or neutralized RVFV was used to infect the cells at a MOI of 0.3 for 24h. ****P< 0001 (D)
RVFV (MOI = 5) was bound to rat neurons at 15°C in the presence or absence of 10pg/mL Pam;CSK,. RVFV N RNA
was measured by RT-qPCR, normalized to Gapdh, and set relative to vehicle. (E) RVFV was bound to neurons in the
presence or absence of Pam;CSKj as in (D), and cells were shifted to 37°C for 2h to allow viral uptake. Cells were
trypsinized to remove remaining surface bound particles and RVFV RNA was measured, analyzed and shown as in
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(D). (F) Quantification of RVFV N RNA in U20S following acid bypass assay. Cells were pretreated with Pam;CSK, at
10pg/mL and bafilomycin A1 (0.05uM) or DMSO prior to RVFV binding at 15°C (MOI 0.2). Cells were pulsed with
neutral (pink) or acidic (yellow) OptiMEM containing water or Pam;CSK, and then cells were incubated for 24h in
the presence or absence of BafA. *P = .0100, ***P = .0006, ****P< .0001. (G) Confocal microscopy showing
RVFV-DiD puncta (white) in U20S cells (nuclei stained blue). 60x magnification, scale bar = 25um. Z-stacks were
acquired and are shown as maximum projections. Images representative of five sites per condition, n = 4. (H-J)
MetaXpress software was used for automatic quantification of 1h timepoint from (G), showing (H) the number of DiD
puncta per cell, (I) the total area of DiD per cell, (J) the average intensity of DiD puncta within each cell. Each dot
represents one cell. Vehicle: 322 cells analyzed; Pam3;CSKy: 385 cells analyzed; BafA: 385 cells analyzed. For (I and J),
cells with 0 puncta are not plotted due to the log scale of the Y axis. Dotted lines represent median of compiled
experiments. ****P< .0001. For A-F, bars represent mean, error bars = SEM. Statistical analyses were performed using
two-way ANOVA with Dunnett’s multiple comparisons test (A), one-way ANOVA with Tukey’s multiple comparisons
test (B,H-]), two-way ANOVA with Sidak’s multiple comparisons test (C, F), or Welch’s t test (D,E).

https://doi.org/10.1371/journal.ppat.1012343.9005

To test if Pam3;CSK, inhibits RVFV entry, we measured the antiviral activity of Pam;CSK,
against VSV-RVFV, a recombinant VSV expressing the RVFV glycoproteins Gn and Gc from the
clinical isolate RVFV ZH501[1,15,38]. Using VSV-RVEFV, we tested whether Pam;CSK, targets
RVFV glycoprotein-dependent entry. Pam;CSK, pretreatment decreased VSV-RVFV replication
in neurons and U20S (Figs 5B and S5B). This was independent of TLR2, as similar inhibition
was observed in wild type or TLR2 KO mouse neurons (S5D-S5F Fig). This demonstrates that
Pam;CSK, blocks RVFV glycoprotein-dependent entry. We noted that Pam,CSK, also reduced
VSV-RVEFV infection, although it was significantly weaker than Pam;CSK, (Fig 5B).

We then performed a series of experiments to define the step in the entry process that is
blocked by Pam;CSKy, using RVFV MP-12. First, we tested whether Pam;CSK, directly neu-
tralizes RVFV virions. We mixed 10ug/mL of Pam3;CSK,, vehicle, or the RVFV-neutralizing
monoclonal antibody 4D4[62] with 6.7 x 10° PFU of RVFV (neutralization condition) and
incubated at 37°C for four hours. We then used this mixture to infect the cells at a final MOI
of 0.4, which diluted the Pam;CSK, to 0.1ug/mL, below the active concentration. We com-
pared this neutralization condition to our established Pam;CSK, pretreatment (stimulation
condition), where we treated the cells with 10ug/mL Pam;CSK, for four hours, and then
infected with 0.4 MOI of virus. At 24 hours, we quantified infection by microscopy, and
observed that Pam;CSK, failed to neutralize RVFV but was antiviral when preincubated with
the cells (Fig 5C). 4D4 prevented infection under both conditions [62] (Fig 5C). These findings
suggest that Pam;CSK, does not directly inactivate or neutralize virions but works at a step
downstream.

To test whether Pam;CSK, impacts RVFV attachment to cells, we used qPCR to measure
cell-associated virions. We treated either neurons or U20S cells with Pam;CSK, or vehicle
and infected with RVFV at 15°C, which allowed for binding but prevented internalization.
After one hour we washed the cells to remove unbound virus and measured bound viral RNA
by qPCR. As a positive control we trypsinized the cells to remove bound virions, and indeed,
we were able to strip bound virus (S6A and S6C Fig). Pam;CSK, did not change the amount of
viral RNA bound to cells (Figs 5D, S6A and S6C).

Next, we investigated whether Pam;CSK, treatment decreased viral internalization. After
binding RVFV at 15°C, we shifted neurons or U20S to 37°C for two hours to allow endocytic
uptake to resume and virions to become internalized. We removed the virions that remained
on the surface with trypsinization, and quantified internalized viral RNA by qPCR. We found
that trypsinization modestly reduced the levels of RVFV RNA, suggesting that virions were
efficiently internalized by neurons at this time point (S6B Fig). We observed no difference in
internalized RVFV RNA in the presence of Pam;CSK, (Figs 5E, S6B and S6D). Together, these
assays suggest that Pam3;CSK, inhibits RVFV entry at a step following viral attachment and
uptake.
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The final step in the entry process involves the fusion of the virion and endosomal mem-
branes [13]. Thus, we tested whether RVFV fusion is inhibited. First, we performed an acid
bypass assay, which bypasses endocytosis and forces fusion at the plasma membrane [13]. This
allowed us to determine whether Pam;CSK, blocked a step in endocytic entry or blocked viral
fusion directly. To validate the assay, U20S cells were pretreated with vehicle or the endosomal
acidification inhibitor bafilomycin A1 (BafA) and the cells were then cooled to 15°C, to allow
viral binding but not uptake. RVFV was bound for one hour and then the cells were pulsed for
10 minutes with media at neutral pH (pH 7.6) or acidic pH (pH5.2), as RVFV fusion is
induced at pH 5.2[13,63]. Cells were washed and incubated in media at neutral pH for 24h and
viral RNA was measured by qPCR. As expected, we found that BafA treatment blocked infec-
tion at pH 7.6 since endosomal entry was inhibited (Fig 5F). In contrast, BafA did not block
infection in acid-washed cells, as fusion occurred at the cell surface (Fig 5F). In parallel, we
treated the cells with Pam;CSKy, which inhibited RVFV infection in DMSO treated cells (Fig
5F). We found that Pam;CSK, also decreased RVFV infection in acid-washed, BafA-treated
cells, suggesting that Pam3;CSK, inhibited RVFV fusion at the cell surface (Fig 5F).

We performed a lipid dye dequenching assay [64,65] to verify that Pam;CSK, blocks viral
fusion. RVFV virions were labelled with the lipophilic fluorescent dye, 1,1’-Dioctadecyl-
3,3,3’,3’-Tetramethylindodicarbocyanine Perchlorate (DiD, 30uM). At this concentration, the
virions self-quench and do not fluoresce. However, once virions fuse with the larger endocytic
membrane, the dye diffuses and can be measured by fluorescence microscopy. Thus, quantifi-
cation of DiD puncta is a measurement of viral fusion. We again validated the assay using
BafA, which blocks viral fusion. DiD labeled RVFV (RVFV-DiD, MOI 15) was bound to
U20S cells in the presence of vehicle or BafA at 15°C to allow binding but not uptake. Cells
were fixed after binding (t = 0) or shifted to 37°C for one hour to allow viral uptake and fusion.
Few puncta were detected at t = 0 (Fig 5G), demonstrating that prior to fusion, RVFV-DiD
particles do not fluoresce (Fig 5G). In contrast, after incubation at 37°C, most cells showed
multiple puncta in vehicle treated conditions (Fig 5G). As expected, BafA significantly
decreased the number of puncta per cell, as well as the median area of DiD positive pixels per
cell and the median intensity of puncta (Fig 5H-5]). Upon treatment with Pam;CSK,, we also
observed decreases in number of puncta per cell, the median area of DiD positive pixels per
cell, and the median intensity of puncta (Fig 5H-5]), demonstrating again that Pam;CSK,
blocks viral fusion. We performed a parallel experiment in primary neurons (S7 Fig). Although
fewer puncta were observed per cell in control treated neurons (median = 2 in neurons vs.
median = 9 in U20S cells), the number, intensity, and area of DiD puncta were decreased in
neurons after BafA or Pam;CSK, treatment (S7A-S7D Fig). These data further demonstrate
that Pam;CSK} inhibits RVFV fusion.

Pam;CSK, protects mice against encephalitic RVFV infection

As Pam;CSK, decreased RVFV infection in primary neurons, we tested whether Pam;CSK,
was protective in a mouse model of RVFV encephalitis. Three to six week-old C57BL/6 mice
were inoculated intracranially with RVFV ZH501, mixed with vehicle or Pam;CSK,. This
route of inoculation allowed us to control the timing and input of virus into the central ner-
vous system. 10% of mice infected with 5 PFU survived to day 3, and 5% of mice infected with
1 PFU survived to 6 dpi, demonstrating that mice are reliably infected at these doses (Fig 6A).
However, Pam;CSK, was protective, with greater than 50% of treated mice surviving 5 PFU
and 80% surviving 1 PFU, while all mice treated with Pam;CSK, alone survived (Fig 6A). Con-
sistent with this drastic increase in survival, we found that Pam;CSK, treatment decreased
viral replication in the brain by more than 5 logs when mice were infected with 5 PFU (Fig 6B
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Fig 6. Pam;CSK, protects mice from intracerebral RVFV infection. (A) Survival curve of 3-6-week-old C57BL/6
mice infected intracranially with 1 or 5 PFU of RVFV ZH501 (triangles or squares, respectively) with or without 100 pg
of Pam;CSK, administered simultaneously (Black lines = vehicle, red lines = Pam3;CSK,). Gray shading indicates
period where infected mice are expected to succumb. n = 11-14/group infected; n = 2/group not infected (NI). ****P<
.0001 (B) Mice were infected with RVFV with vehicle or Pam3;CSK, as in (A). At 3 dpi, RVFYV titers in the mouse brain
were determined by plaque assay. ****P< .0001 (C) RNA levels in the mouse brain were determined by qPCR, relative
to mouse 28s RNA, from the same mice as in (B). ****P< .0001 (D-E) Cxcl1 (D) and Ccl2 (E) RNA levels in the mouse
brain at 3dpi, relative to mouse 28s RNA. D: *P = .0162, ****P< .0001; E: *P = .0151, **P = .0019. (F) Pie chart
representing the proportion of mice with neurological disease at 3 dpi, from the 5 PFU group. Black = neurologic
disease. All bars represent mean, error bars = SEM. Statistical analyses performed using Mann-Whitney U test (A),
2-way ANOVA with Sidak’s multiple comparisons test (D,E), or two-way ANOVA with Tukey’s multiple comparisons
test (B,C).

https://doi.org/10.1371/journal.ppat.1012343.9006
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and 6C). At this timepoint (3 dpi), five out of six mice that received 5 PFU of RVFV plus vehi-
cle showed signs of severe disease, compared to zero out of three Pam;CSK, treated, infected
mice (Fig 6F). Titers were also significantly decreased in the liver at day 3, suggesting that
Pam;CSK, limited spread of the virus (S8A Fig).

We also monitored NF-kB-dependent inflammatory responses in the brain at 3 days.
RVEFV infection with 1 PFU induced CxclI approximately 10-fold while 5 PFU induced these
transcripts by ~100-fold, consistent with previous studies of RVFV encephalitis [66,67] (Fig
6D and 6E). In uninfected animals, Pam3;CSK, induced CxclI approximately 10-fold, similar
to the 1 PFU infection and reflecting our RNAseq results. However, Pam;CSK, treatment alle-
viated inflammation caused by severe RVEV infection (5 PFU), as we observed ~10-fold
decreased CxclI levels relative to infected, vehicle-treated animals (Fig 6D and 6E). We also
monitored Ccl2 mRNA, as this cytokine has also been associated with RVFV encephalitis and
was differentially expressed in our RNAseq experiments [66,67]. We observed a similar pat-
tern, as Pam;CSK, induced Ccl2 expression in uninfected animals, but decreased Cci2 levels in
the context of 5 PFU infection. Hematoxylin and eosin staining of mouse brains and livers
showed that Pam;CSK} treatment reduced hemorrhages caused by RVFV in the liver (S8B
Fig). Immunofluorescence for RVFV nucleoprotein also showed that Pam;CSK, decreased
viral replication in the brain and liver at 3 dpi (S8C Fig). Altogether, Pam;CSK, protected
mice from neuronal RVFV infection, and reduced spread from the central nervous system to
peripheral tissues.

Discussion

RVFV infection leads to acute disease, but in a subset of individuals, severe disease including
delayed-onset meningoencephalitis can result in long term neurologic sequelae or death
[6,21]. As these symptoms present in the later stages of infection, there is potentially a window
of time to deliver therapeutics. However, there are no approved treatments for humans and lit-
tle is known about preventing RVFV infection in neurons, a vulnerable and essential cell type.
We thus explored RVFV infection of primary neurons as these are the natural target cells
infected in the human and rodent central nervous system [21]. Previous studies found that
neurons have an altered response to type I IFN stimulation, which can leave them vulnerable
to RNA virus infection [25-28]. Indeed, IFNa, IFN, or IFNy-stimulated neurons were not
strongly protected from RVFV infection.

We sought to identify alternative innate immune agonists with antiviral activity. Of the 75
ligands we tested, five were antiviral without cytotoxicity in primary neurons, including two
TLR2 ligands. However, several other TLR2 ligands had no antiviral activity, suggesting that
TLR2 stimulation is not sufficient to inhibit infection. We focused on the well-defined syn-
thetic lipopeptides Pam;CSK, and Pam,CSK, which are structurally similar but had divergent
effects on infection: Pam;CSK, was antiviral while Pam,CSK, was not. Validation experiments
recapitulated this pattern across multiple cell types and species. Further, Pam;CSK, limited
infection with other members of the Peribunyaviridae and Phenuiviridae, but not the unrelated
negative sense Rhabdovirus VSV. In U208, Pam;CSK, had no antiviral activity against CEV,
which may be related to the high MOI of 5 needed for robust infection in these cells. Overall,
Pam;CSK, may have a specific antiviral effect against viruses within the Phenuiviridae and
Peribunyaviridae families. Other families of the Bunyavirales, and other encephalitic viruses
remain untested.

As TLR2 canonically activates NF-xB, and Pam3;CSK, reportedly antagonizes Hepatitis B
virus through NF-«B signaling [68], we investigated whether RVFV was similarly controlled.
Previous work has shown that TLR2 activating lipopeptides induce inflammatory pathways in
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the brain, but these responses have largely been attributed to microglia or astrocytes [69-71].
Thus, we used transcriptomics to define the genes induced by Pam;CSK, and Pam,CSK, in
primary neurons. We found that both ligands induced canonical NF-«xB-dependent inflamma-
tory pathways, demonstrating that neurons respond to TLR2 ligands. It was not surprising
that these responses were alike, as TLR2/1 and TLR2/6 heterodimers signal through the same
adaptor proteins [53]. Moreover, these findings suggested that the antiviral effect of Pam;CSK,
is not mediated by NF-xB-induced gene expression, which was also supported by NF-xB
inhibitor experiments. In fact, we showed that the antiviral activity of Pam;CSKy is indepen-
dent of TLR2, as TLR2 knock out neurons were protected by Pam;CSK,.

To further define the structural requirements for antiviral activity, we took advantage of a
panel of molecules related to Pam;CSK,. PHCSK,, a similar molecule with a modified back-
bone, activated inflammatory gene transcription but had no antiviral activity against RVFV,
which indicates that the backbone of the hydrocarbon chains is a determinant of antiviral
activity. Next, we tested stereoisomers of Pam;CSK, as the R isomer binds more strongly to
TLR2/1 than the S isomer [43,72]. Although S-Pam;CSK, stimulated chemokine transcription
less potently than R-Pam3;CSKy, it had a stronger antiviral effect, demonstrating that the orien-
tation of the molecule matters for the control of infection.

Pam;CSK, is cationic, and has been shown to impact viral binding to target cells in some
circumstances [73]. Pam;CSK, increases respiratory syncytial virus (RSV), measles virus,
human metapneumovirus, and HIV binding and infection in primary airway epithelial cells
and lymphoid cells, potentially through enhancing binding to glycosaminoglycan attachment
factors [73]. Furthermore, this activity is specific and independent of TLR2, as Pam,CSK, does
not impact RSV infection [73]. As these effects were attributed to a change in surface binding
in the presence of Pam;CSK,, we tested whether Pam;CSK, impacts bunyavirus binding to
target cells.

Unlike prior studies we found that Pam;CSK, did not alter RVFV binding or uptake in tar-
get cells. However, by comparing VSV and VSV-RVFEV infection, we showed that Pam;CSK,
blocked viral entry. Indeed, we found that Pam;CSK, blocked viral fusion both in endosomes
and at the plasma membrane, suggesting specific interactions independent of the compart-
ment. We infer that Pam;CSK, does not prevent endosomal acidification, as RVFV and VSV
rely on a similarly low pH but Pam;CSK, had no activity against VSV [18,63,74]. As our data
show that the palmitoyl chains of Pam;CSK, are important for antiviral activity, these hydro-
phobic groups may interact with the host and/or viral membrane to disrupt the function of the
Gc fusion peptide. It has been found that the addition of lipid groups to some fusion-inhibiting
peptides can enhance antiviral activity by increasing peptide concentrations on the mem-
branes where fusion occurs [11,75]. We suggest that the palmitoyl groups of Pam;CSK, have a
similar function.

Amphipathic fusion inhibitors, which intercalate into virion membranes and irreversibly
inactivate them, inhibit several enveloped viruses including RVFV [19,76,77]. Structurally,
these molecules resemble a wedge, with narrow hydrophobic domains linked to bulky polar
regions. The hydrophobic domains insert into viral membranes, stabilizing the pre-fusion cur-
vature of the viral membrane [19,76]. While the Pam;CSK, shares some structural similarities
with this class of inhibitors, Pam;CSK, does not irreversibly inactivate RVFV particles, dem-
onstrating a distinct mechanism (Fig 5C).

Lastly, we tested whether Pam;CSK, had antiviral activity in vivo in the central nervous sys-
tem. We found a robust antiviral effect in the mouse brain, as the delivery of Pam;CSK,
reduced viral titers by several logs, and pathogenesis was dramatically reduced. RVFV enceph-
alitis was highly inflammatory in the mouse brain at three dpi. Pam;CSK, treated, infected
mice had less inflammatory gene expression than infected, untreated mice, likely due to the

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012343  June 27, 2024 17/29


https://doi.org/10.1371/journal.ppat.1012343

PLOS PATHOGENS

Fusion inhibitor protects neurons from bunyavirus infection

reduction in viral replication. In addition to the direct effect of Pam3;CSK, on viral fusion in
neurons, it is possible that TLR2-expressing cells responded to Pam;CSK,. Whether this is
protective or pathogenic is unclear. It is known that TLR2 signaling in the brain can activate
microglia and astrocytes, and recruit lymphocytes [70,78,79], and thus it is possible that these
responses are indirectly impacting infection or pathogenesis. Further work is required to
explore the impact of Pam;CSK, on diverse cell types during severe neurologic bunyaviral
infection. As we showed that S-Pam;CSK, had limited inflammatory properties but retained
antiviral activity, this stereoisomer could decouple these effects. We suggest that S-Pam;CSKy
would block viral fusion without inflammatory responses which may be beneficial. One chal-
lenge in using fusion inhibitors to treat acute infections is time, as they are most effective when
present early in infection. However, RVFV meningoencephalitis is a late-presenting stage of
disease, and fusion inhibitors may be useful in preventing infection in the brain. While it is
unknown whether Pam;CSK, can be used therapeutically in the brain, or whether it has anti-
encephalitic activity when delivered systemically, these questions should be addressed in future
studies. It will be important to test whether peripherally-delivered Pam;CSK, can enter the
brain, as delivery into the central nervous system is a challenge. However, encephalitis can
result in blood-brain barrier permeability, which may enable Pam;CSK, to enter.

In sum, this work describes a role for Pam;CSK, as an inhibitor of viral fusion, which may
have value in treating neurologic bunyavirus infections.

Materials and methods
Ethics statement

All mouse experiments were approved by the University of Pittsburgh Institutional Animal
Care and Use Committee, protocol #23083513. No human participants or samples were used
in this work.

Cell cultures

Primary rat cortical neurons were isolated from E18 Sprague Dawley IGS pups (Charles River)
by the Penn Medicine Translational Neuroscience Core as previously described [80]. Mouse
cortical neurons were isolated from C57BL/6 (Charles River) or TLR2 KO (Jackson Laboratory
RRID:IMSR_JAX:004650) embryos at E15.5-E16.5. After dissection in cold 1x PBS, cortices
were resuspended and mechanically dissociated in room temperature OptiMEM (Thermo-
Fisher) supplemented with 1% GlutaMAX (Invitrogen 3505006). Neurons were plated at 9.6 x
10* cells/cm” on plates or glass coverslips coated with 0.25mg/mL Poly-L-Lysine hydrobro-
mide (Biosynth OKK-3056 or Electron Microscopy Sciences 72292). Rat neurons were plated
and maintained in neurobasal medium (Invitrogen 21103049) with 2% B-27 (Invitrogen
12587010), 33mM glucose (Millipore-Sigma G8769), 40mM HEPES (Invitrogen 15630080),
and 1% penicillin/ streptomycin (P/S, Invitrogen 15140122). Mouse neurons were plated in
neurobasal medium with 10% heat-inactivated horse serum (Invitrogen 16050122), 1% pyru-
vate (Invitrogen 11360070), 33mM glucose, and 37.5mM sodium chloride. After four hours,
the media was changed to neurobasal plus 2% B-27, 33mM glucose, 1% GlutaMAX, 37.5mM
sodium chloride, 1% P/S, and 40mM HEPES. All neurons were cultured in humidified cham-
bers at 37°C for 7 days before use, with 40% of the media being replaced on day 4. All neuron
media was conditioned at 37°C and 5% CO, before use. All neuron replicate experiments were
performed on independent preparations of neurons. U20S osteosarcoma cells (ATCC HTB-
96) and Baby Hamster Kidney cells (BHK-21, ATCC CCL-10) were maintained in DMEM
with 10% heat inactivated fetal bovine serum (Millipore-Sigma TMS-013-B), 1% P/S and 1%
GlutaMAX.
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Drugs and treatments

Universal IFNo was purchased from Fisher scientific (112002), while rat IFNo and rat IFNB
were purchased from PBL Assay Science (13100-1, 13400-1) and rat IFNy was from Peprotech
(400-20). For screening, 75 innate immune ligands were sourced from Invivogen. For follow-
up studies, Pam;CSK} (tlrl-pms), Pam,CSK, (tlrl-pm2s-1), LPS-Rs (tlrl-rslps), and LPS-Rs
ultrapure (tlrl-prslps) were repurchased from Invivogen. Pam;CSK, (L2000), Pam; CSK,
(L2011), PHCSK, (L2032), R-Pam3CSK, (L2048), and S-Pam;CSK, (L2049) were purchased
from EMC Microcollections. All IFNs and immune ligands were resuspended in water, and
TLR2 ligands were used at 10ug/mL unless otherwise noted. TPCA-1 was purchased from
Sigma-Aldrich (T1452), diluted in DMSO, and used at 6 pM. IKK 16 was purchased from
Santa Cruz Biotechnology (sc-204009), diluted in DMSO, and used at 3 uM. Bafilomycin Al
was purchased from Sigma Aldrich (B1793), diluted in DMSO, and used at 0.05uM.

Viral stocks

Rift Valley fever virus MP-12 (RVEV), La Crosse virus-Original (LACV), Vesicular Stomatitis
Virus-green fluorescent protein (VSV-GFP), VSV expressing RVFV glycoprotein
(VSV-RVFV-GFP, gift of Sean Whelan), were propagated in BHK-21 cells. Five amino acid
substitutions are present in VSV-RVFV Gn/Gc relative to RVFV ZH501: Q232L, G566D,
V6021, A640D, and Q983R. California encephalitis virus BFS-283 (CEV) was propagated on
C6/36 cells, and Punta Toro virus Balliet (PTV) was propagated on LLC-MK?2 cells. For all
viruses, supernatant was clarified by spinning at 1000 x g for 5 minutes, and was then ali-
quoted. For DiD fusion experiments, clarified RVFV was passed through a 0.22um filter, and
pelleted through 20% sucrose by ultracentrifugation (29,000rpm for 2h on a Beckman Coulter
SW-32 Ti rotor). Virus was resuspended in 25mM HEPES-buffered saline by shaking over-
night at 4°C. Virus was diluted to 2mg/mL, and stained with 1,1’-Dioctadecyl-3,3,3’,3’-Tetra-
methylindodicarbocyanine Perchlorate (DiD, ThermoFisher Scientific D307) at 30uM for 1hr.
Free dye was separated by Sephadex G-25 chromatography (Millipore-Sigma G25150). Viru-
lent RVFV strain ZH501 was generated from reverse genetics plasmids [81] and provided to
the Hartman laboratory by B. Miller (CDC, Ft. Collins, CO) and S. Nichol (CDC, Atlanta,
GA). RVFV ZH501 was propagated on Vero E6 cells according to the protocol in McMillen,
et al [82]. All work with virulent RVFV (strain ZH501) was performed in biosafety level 3 in
the University of Pittsburgh Regional Biocontainment Laboratory (RBL) following safety pre-
cautions explained in McMillen, et al [82]. The University of Pittsburgh RBL is registered with
the U.S. Department of Agriculture and the Centers for Disease Control and Prevention for
work with virulent RVFV.

Immunofluorescence

Cells were fixed with 4% formaldehyde for 10 minutes at room temperature, then washed
three times with PBS to remove formaldehyde. Cells were then blocked and permeabilized in
blocking buffer (PBS plus 2% Bovine Serum Albumin (BSA) and 0.1% Triton-X100) at room
temperature for 1 hour. Primary antibodies were diluted in blocking buffer and used to stain
cells at 4°C overnight. To stain MAP2, we used chicken (Abcam ab5392) or rabbit (BioLegend
840601) polyclonal antibodies diluted 1:3000. Viruses were detected using anti-RVFV Gn
(clone 4D4), or anti-LACV G1 (Clone 807.31+807.33). After primary antibody binding, cells
were washed 3 times with PBS. Fluorophore-conjugated, species-specific secondary antibodies
and Hoechst 33342 were then diluted in blocking buffer and added to cells for a 1-hour incu-
bation at room temperature. Cells were washed again 3 times with PBS. For automated micros-
copy, cells were imaged on a Molecular Devices ImageXpress Micro 4 imaging system. Images
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were quantified using Molecular Devices MetaXpress (version 6) modules including Cell Scor-
ing, Multiwavelength Cell Scoring, and Granularity. For confocal microscopy experiments, the
final PBS wash was replaced with H,O and coverslips were mounted in Vectashield (Fisher
Scientific NC9265087) and sealed with clear nail polish. Coverslips were imaged on a laser
scanning Leica TCS SPE-II with 40x or 63x objective lenses with 1.5x zoom and a pinhole of 1
at the highest wavelength. Sites were selected based on the nuclear channel alone, and the
same settings were used within each experiment. The following fluorophores were used:
Hoechst 33342, AlexaFluor 488, AF594, Cy5, and DiD (excitation at 633 nm). Images were
captured at a resolution of 1024x1024 pixels. Images were equally levelled for display using
Image], and granularity was analyzed using MetaXpress, with a minimum granule size of 3um
and a maximum size of 15um.

For hematoxylin and eosin (H & E) staining and immunofluorescent imaging of tissues,
samples underwent cryopreservation through 24 hour incubations in 20% sucrose in PBS,
then 40% sucrose in PBS prior to freezing in mounting optimal cutting temperature (OCT)
compound (Fisher) and long-term storage at -80°C. Tissues were sliced to 5 um sections using
the Histocore Autocut CryoStar X7-CryoStat (ThermoFisher Scientific) and stored at -80°C
until staining was performed. Tissues were stained by standard H & E methods and images
were taken at 20x magnification on an Olympus CX41 microscope with a Levenhuk micro-
scope digital camera (M base series). For immunofluorescent imaging, cryo-sections were
rehydrated with PBS containing 0.5% bovine serum albumin (PBB), and then blocked in 5%
normal goat serum in PBB. The tissues were washed, then permeabilized in 0.1% Triton X-100
detergent for 15 minutes. The tissues were washed, then probed with custom rabbit anti-
RVFV nucleoprotein polyclonal antibody (1:50; Genscript), washed again, then incubated for
30 minutes with an anti-rabbit IgG-FITC conjugated secondary antibody (Invitrogen). The
slides were washed in PBS, then counterstained with Hoechst, washed again, and then
mounted with Gelvatol. Dried slides were imaged at 40x magnification using a Leica DM18
inverted fluorescence microscope and denoised using the Leica Application Suite X software.

Real-time reverse transcription quantitative PCR (qPCR)

For qPCR experiments, cells were grown in 6 well plates (Neurons: 9.6 x 10 cells/well. U20S:
2 x 10° cells/well). Cellular RNA was collected in Trizol (Life Technologies 15596018). Non-
neuronal RNA was purified using a RNA clean & concentrator-25 kit (Zymo research R1018).
Neuron RNA was purified by chloroform precipitation with glycogen addition. 1ug of RNA
was used to synthesize complimentary DNA (cDNA) using Moloney Murine Leukemia Virus-
Reverse Transcriptase (ThermoFisher scientific 28025013) and hexameric random primers
(ThermoFisher scientific 48190011). cDNA was then diluted 1:5, and 5uL of diluted cDNA
were loaded into 384 well qPCR plates in triplicate. Forward and reverse primers were diluted
to 0.2uM in PowerSYBR Green master mix (Thermofisher scientific 4368577), and 5uL of the
combined mix was added per well. A Thermofisher QuantStudio 6 RT-qPCR instrument was
used to quantify cDNA amplification. Gene expression was normalized to GAPDH and rela-
tive fold change in expression was calculated using the ddCt method. Primer sequences are
included in S1 Table.

Plaque assay

Neurons or U20S were treated and infected as indicated. Two hours after infection, inoculum
was removed and replaced with fresh media (U20S), or conditioned media from uninfected
neurons. Drugs were not replenished. Supernatants were collected at the indicated time points
and stored at -80°C. Infected supernatants or tissue homogenates were serially diluted in
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serum free media and 200uL was plated onto BHK cells (RVFV MP-12, LACV, CEV, PTV,
VSV-RVEV) or Vero cells (RVFV ZH501). Virus was adsorbed for 45 minutes with rocking
every 15 minutes. Virus inoculum was removed and cells were overlaid with MEM plus 5%
FBS, 1% GlutaMAX, 1% Non-essential amino acids (Invitrogen 111140-050), and 0.65% aga-
rose. 2-3 days later, cells were fixed with 2mL of 8% formaldehyde and plaques were visualized
with 0.1% crystal violet staining.

RNAseq

Neurons (9.6 x 10° cells in duplicate wells) were treated with vehicle, 10ug/mL of Pam;CSK,
or Pam,CSK,, for 6h. RNA was collected in Trizol, and purified using a Zymo RNA clean &
concentrator-25 kit, with duplicate wells pooled during purification. cDNA libraries were cre-
ated with a TruSeq RNA library prep kit (Illumina) and sequenced on an Illumina NextSeq
500. Reads were aligned to the Rnor_6.0 genome with Kallisto [83], normalized with EdgeR
[84], and differentially expressed genes were identified with Limma [85] using a linear model
fit. Differentially expressed genes were used for pathway analysis, using Metascape [55].

Viral neutralization assay

Pam;CSK, was added to RVFV at 10ug/mL, and was incubated at 37°C for 4h. At the time of
infection, the mixture was diluted to infect neurons at 0.3 MOL. This diluted the virus and
ligand by more than 1000x. 24hpi, cells were fixed and infection was quantified by microscopy.
As a positive control, a RVFV-neutralizing antibody (4D4) was added at 1:1000.

Viral entry assays

Drugs at the indicated concentrations were added to cells in 6 well plates, and incubated for
1hr. Plates were sealed in plastic bags and cooled to 15°C for 30min. Virus was added at the
indicated MOI, and was bound for 1hr for U20S or 2h for neurons at 15°C, where viral entry
does not occur. For viral attachment assays, virus was then aspirated from the cells and they
were washed 2x with cold DPBS. Total RNA was then collected, and quantified by RT-qPCR.
For viral uptake assays, cells were treated and virus was bound as above. Cells were then trans-
ferred to a 37°C incubator for 2hr to allow for viral entry. Non-internalized virus was removed
by trypsinization (0.25% for 3 minutes at 37°C), and cells were washed before RNA was col-
lected. Viral RNA was measured by qPCR. For acid bypass assays, 1 x 10> U20S cells in 12 well
plates were pretreated with indicated drugs for 2 hours, before the addition of Bafilomycin Al
for 1hr. RVFV was bound to cells as above. Cells were washed 2x with DPBS, and then treated
for 10 minutes with indicated treatments diluted in OptiMEM, pH adjusted to 7.6 or 5.2. Cells
were washed, and complete media containing BafA or vehicle, and Pam3;CSK, or vehicle was
replaced for a 24h incubation. Infection was measured by qPCR. For RVFV-DiD assays, cells
were plated on coverslips and treated and cooled to 15 degrees C. RVFV-DiD was bound in
the presence of vehicle, Pam3;CSK,, or bafilomycin A1 for 1hr at 15°C. At this time point cells
were either washed and fixed, or incubated at 37°C for the indicated times. Fixed cells were
washed 3x with PBS without detergent, and DNA was stained with Hoechst 33342. Coverslips
were then imaged by confocal microscopy.

Animal studies

Female C57BL/6 (3-6 weeks old) were purchased from Jackson Laboratories and housed at the
RBL, up to 5 to a cage in temperature-controlled rooms with a 12 hour day/ 12 hour night
light schedule. To account for age-dependent effects, treatment groups of mice of similar age
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distributions were used for each experiment. Food (IsoPro Rodent 3000) and water were pro-
vided ad libitum. For Pam;CSK, therapeutic studies, mice were intracranially injected at the
intersection of the coronal and sagittal sutures of the skull with 10 pL, containing 1 or 5 PFU
of RVFV ZH501 and 100 pg of Pam;CSK,. For untreated controls, RVFV was combined with
PBS. Virus was diluted in D2 medium (DMEM, 2% (v/v) FBS, 1% L-glutamine, and 1% peni-
cillin-streptomycin) and media without virus was delivered to uninfected animals. Mice were
weighed daily and closely monitored for development of clinical signs of disease. Endpoint cri-
teria, which prompt immediate euthanasia, were defined based on weight, appearance, ataxia,
and anemia scores. Unless mice met the euthanasia criteria explained above, they were eutha-
nized on 3dpi or on 10 dpi. Mice were anesthetized by inhalation of vaporized isoflurane (Iso-
Thesia, Henry Schein). For all experiments, necropsy was performed upon euthanasia to
collect brain, liver, and serum samples from the mice. For tissues, half of the sample was imme-
diately frozen at -80°C for virological analysis by qRT-PCR and plaque assay, while the other
half was fixed in fresh 4% paraformaldehyde (Sigma) for histological analyses. Liquid samples
were immediately stored at -80°C prior to downstream virological analyses.

Data analysis

Automated microscopy, plaque assay, and qPCR data were compiled and analyzed using
Graphpad Prism 9. All statistical tests performed were two sided, and all replicate experiments
represent independent biological replicates. RNAseq data were processed using RStudio
2021.09.02 and R 4.1.2.

Supporting information

S1 Fig. Neurons are not protected from RVFV infection by type I or II IFNs. (A, B) Immu-
nofluorescence confocal microscopy images demonstrating untreated, RVFV-infected rat cor-
tical neurons (A, MOI = 0.3), and human osteosarcoma U20S cells (B, MOI = 1) at 24hpi.
94.5x magnification, scale bars = 20um. MAP2 or phalloidin are stained magenta, as labelled,
and RVFV Gn was stained in green. (C) Relative RVFV RNA at 24hpi in neurons pretreated
with vehicle, or 12,000 U/mL of the indicated IFN for 4h before infection (MOI = 0.1).

Bars = mean, error bars = SEM. ns = not significant, One-way ANOVA with Tukey’s multiple
comparisons test.

(TIF)

S2 Fig. RVFV screen in primary neurons, and validation of LPS-Rs. (A, B) Relative survival
of neurons (A) or U20S (B) treated with innate ligands and infected with RVFV as in Fig 2A-
2C. The number of MAP?2 positive nuclei (neurons) or nuclei (U20S) were quantified by auto-
mated microscopy and automated cell scoring in four images per well, averaged, and set rela-
tive to vehicle treated, infected wells. Ligands that were cytotoxic in both replicates are
marked. (C) Relative RVFV infection of neurons treated with LPS-Rs or LPS-Rs ultrapure at
the indicated concentrations for 4h before infection (MOI 0.3). At 24hpi, infected neurons
were quantified by automated microscopy and analysis, and set relative to vehicle treated
infection. n = 4. (D) Survival relative to mock treated, infected cells from experiments
described in Fig 3B. Rat neurons shown in red, mouse neurons in blue, U20S in black. n =3
(neurons) or 4 (U20S). (E) Relative infection (red) and survival (black) of rat neurons treated
with Pam;CSK, before infection with VSV-GFP (MOI 0.2, 14hpi). Neurons were identified as
MAP?2 positive cells, and infection was marked by GFP expression. Fold change is calculated
relative to vehicle (water). n = 4. (F-J) Quantification of viral RNA in neurons or U20S treated
with vehicle or Pam;CSK, at 10 pg/mL 4h before infection. Infections were performed as in
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Fig 3]-3N. F: *P =.0166; G: ***P = .0067; H: ***P = .0071; L: ns P = .1307; J: *P = .0222.
Symbols = mean, error bars = SEM. Statistical analyses were performed by Welch’s t test (F-J).
(TIF)

S3 Fig. Structures of lipopeptides used in this study. Regions that diverge from racemic
Pam;CSK, are outlined in yellow.
(TIF)

S4 Fig. NF-kB signaling is not required for antiviral activity. (A, B) Relative expression of
Tnfa (A) or Cxcll (B) RNA in rat neurons stimulated with 10pug/mL Pam;CSK,. RNA was col-
lected at the indicated time post-stimulation, and RNA levels were quantified relative to Gapdh.
A: vehicle vs. 4h ***P = .0004; vs 6h ***P = .0008; vs. 8h **P = .0012; vs. 12h **P = .0065; vs. 24h
ns P =.0929. B: ****P< .0001. (C) Metascape pathway analysis showing enrichment of GO
terms in genes induced after lipopeptide stimulation. Neurons were treated and RNAseq was
performed as described in Fig 4A. DEGs were used to determine GO term clusters enriched by
one or both lipopeptides. Color indicates significance of enrichment, gray = not enriched. (D)
Relative expression of Ifit2 RNA in rat neurons stimulated with 10ug/mL Pam;CSK, or 12,000
U/mL universal IFNo. RNA was collected at the indicated time post-stimulation, and RNA lev-
els were quantified relative to Gapdh. ****P< .0001. (E-G) Relative expression of IFIT1 (E),
CXCL10 (F) or TNFa (G) RNA in U20S stimulated with 10 pg/mL Pam;CSK, or 12,000 U/mL
ulFNo. RNA was collected at the indicated time post-stimulation, and RNA levels were quanti-
fied relative to GAPDH. E: *P = .0464; ****P< .0001. F: *P = .0233; ****P< .0001. G: **P =
.0099; ***P = .0007. (H,I) Relative expression of Tnfa (H) or CxclI (I) in rat neurons treated
with IKK 16 (3 uM) or TPCA-1 (6 uM) for 1hr prior to 4h Pam;CSK, stimulation (10 pg/mL).
Data collected and displayed as in (A-B). H: DMSO *P = .0192; TPCA ns P> .9999; IKK 16 ns
P =.5124. I: DMSO vehicle vs. Pam;CSK, **** P< .0001; TPCA vehicle vs. Pam;CSK, ***P =
.0007; IKK 16 vehicle vs. Pam3;CSK, **** P< .0001; DSMO Pam;CSK, vs. TPCA Pam;CSK,
**P = .0026; DSMO Pam;CSK, vs. IKK 16 Pam;CSK, **P = .0036 (J) Neurons were treated
and stimulated as in H, and then infected with RVFV (MOI 0.1) for 24h. Viral N RNA was
quantified by qPCR, relative to Gapdh. DMSO **P = .0019; TPCA **P = .0056; IKK 16 **P =
.0059. For statistical analyses, the following tests were used: One-way ANOVA with Tukey’s
multiple comparisons test (A,D), two-way ANOVA with Dunnett’s multiple comparisons test
(E-G), or two-way ANOVA with Sidék’s multiple comparisons test (H-]).

(TIF)

S5 Fig. VSV-RVFYV is sensitive to Pam3;CSK, in U20S and TLR2 KO mouse neurons. (A,B)
Relative VSV N RNA expression in U20S cells treated with 10 pug/mL of Pam3;CSK, or
Pam,CSK, for 4h before infection with VSV (A, MOI = 0.6) or VSV-RVFV (B, MOI = 3) for
14h. Viral RNA levels were determined by qPCR, relative to GAPDH. A: Vehicle vs Pam;CSK,
ns P = .6817; Vehicle vs Pam,CSK, ns P = .7503. B: Vehicle vs Pam;CSK, **P = .002; Vehicle
vs Pam,CSK, *P = .028. (C,D) Relative levels of RVFV (C) or VSV N RNA (D) in wild type or
TLR2 KO mouse cortical neurons, treated with 10 pg/mL Pam;CSK, for 4h before infection
with RVFV (24hpi, MOI 0.1) or VSV-RVFV (14hpi, MOI 7.5). Viral RNA was quantified rela-
tive to 28s RNA. C: ns P =.0807, ** P = .0071. D: ***P = .0002, ****P< .0001. (E) VSV-RVFV
titers from wild type or TLR2 KO mouse neurons treated with vehicle or 10 pg/mL Pam;CSK,4
4h before infection (MOI 7.5). Supernatants were collected at 15hpi. Titers were log trans-
formed for statistical analysis. WT: **P = .0043; KO: **P = .0011. (F) Quantification of auto-
mated microscopy to detect VSV-RVFEV infection (MOI 7.5) in WT or TLR2 KO mouse
neurons. Cells were treated with indicated doses of Pam;CSK, 4h before infection, and at
14hpi, automated microscopy and analysis were used to determine the percentage of infected
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neurons, relative to vehicle treated cells. n = 2. Symbols and bars = mean, error bars = SEM.
Statistical analyses performed by one-way ANOVA with Tukey’s multiple comparisons test
(A-B) or two-way ANOVA with Sidék’s multiple comparisons test (C-E).

(TIF)

S6 Fig. Pam;CSK, does not decrease RVFV binding or uptake. (A) Quantification of RVFV
bound to rat neurons, by qPCR. Cells were treated as in Fig 5D, except that for the trypsin con-
dition, cells were incubated with 0.05% trypsin for 3 minutes after viral binding but before
RNA collection. Vehicle vs. Pam3;CSKy: ns P = .363; vs. trypsin: ns P = .0795. (B) Quantifica-
tion of RVFV uptake in rat neurons, by qPCR. Cells were treated as in Fig 5E, except for the no
trypsin condition, in which cells were not treated with trypsin before RNA was collected. Vehi-
cle vs. Pam;CSKy: ns P = .4773; vs. Pam,CSKy: ns P = .992; vs. no trypsin: ns P = .0563. (C)
Quantification of RVFV bound to U20S, by qPCR. Cells were treated and data analyzed as in
(A). *P =.0285, **P = .0096. (D) Quantification of RVFV uptake in U20S, by qPCR. Cells
treated as in (B). ns P = .2915. Bars = mean, error bars = SEM. Statistical analyses performed
with one-way ANOV A with Tukey’s multiple comparisons test (A-C), or Welch’s t test (D).
(TTF)

S7 Fig. RVFV-DiD fusion is reduced in neurons by Pam;CSK,. (A) Confocal microscopy
showing RVFV-DiD puncta in rat neurons. Nuclei are stained blue and DiD signal is shown in
white. 60x magnification, scale bar = 50pum. Z-stacks were acquired and are shown as maxi-
mum projections. Images representative of five sites per condition, n = 3. (B-D) MetaXpress
was used for quantification of 1h timepoint from (A), showing (B) the number of DiD puncta
per cell, (C) the total area of DiD per cell, (D) the average intensity of DiD puncta within each
cell. Each dot represents one cell. Vehicle: 473 cells analyzed, BafA: 348 cells analyzed,
Pam;CSK,: 390 cells analyzed. For (C and D), cells with 0 puncta are not plotted due to the log
Y axis but are included in analysis. Dotted lines represent median of 3 compiled experiments.
One-way ANOVA with Dunnett’s multiple comparisons test. ****P <0.001.

(TIF)

S8 Fig. Pam;CSK, reduced RVFYV infection and pathology in vivo. (A) Mice were infected
with RVFV with vehicle or Pam;CSK, as in (Fig 6A). At 3 dpi, RVFV titers in the liver were
determined by plaque assay. Statistical analysis was performed by two-way ANOVA with
Tukey’s multiple comparisons test. *P = .0120 (B) RVFV-induced infection and pathology in
the brain and liver was observed by hematoxylin and eosin stain (20x) and (C) immunofluo-
rescence microscopy (40x) of animals euthanized at 3 dpi. Prominent hemorrhages in the liver
are marked by arrowheads. For immunofluorescence, sections were probed with a custom rab-
bit anti-RVFV nucleoprotein polyclonal antibody and then a FITC-conjugated secondary anti-
body (green) and nuclei were labelled blue with Hoechst.

(TIF)

S1 Table. RT-qPCR primers used in this study.
(PDF)

S1 Data. Raw data generated in this study.
(XLSX)

Acknowledgments

The authors would like to thank former and current members of the Cherry lab and the High-
Throughput screening Core their advice and support throughout this project, P. Bates and P.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012343  June 27, 2024 24/29


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012343.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012343.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012343.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012343.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012343.s010
https://doi.org/10.1371/journal.ppat.1012343

PLOS PATHOGENS

Fusion inhibitor protects neurons from bunyavirus infection

Hicks (UPenn) for assistance with DiD fusion assays, S. Maday and V. Kulkarni (UPenn) for
advice on neuronal cultures, the UPenn translational neuroscience NRU brain cell core for
preparing primary rat neurons, R. Doms (Children’s Hospital of Pennsylvania, UPenn) for
providing anti-RVFV 4D4, S. Whelan (Washington University in St. Louis) for providing
VSV-RVFEV-GFP, B. Miller (CDC Ft. Collins, CO) and S. Nichol (CDC Atlanta, GA) for
RVFV ZH501, and S. Soldan (Wistar) for LACV.

Author Contributions

Conceptualization: Trevor Griesman, Cynthia M. McMillen, Seble Getenet Negatu, David C.
Schultz, Sara Cherry.

Formal analysis: Trevor Griesman, Cynthia M. McMillen, Kanupriya Whig.
Funding acquisition: Mark Dittmar.

Investigation: Trevor Griesman, Cynthia M. McMillen, Seble Getenet Negatu, Jesse J. Hula-
han, Kanupriya Whig, Lenka Dohnalovd, Mark Dittmar.

Supervision: Christoph A. Thaiss, Kellie A. Jurado, David C. Schultz, Amy L. Hartman, Sara
Cherry.

Writing - original draft: Trevor Griesman, Lenka Dohnalova, Sara Cherry.

Writing - review & editing: Trevor Griesman, Cynthia M. McMillen, Seble Getenet Negatu,
Jesse J. Hulahan, Mark Dittmar, Amy L. Hartman, Sara Cherry.

References

1.  Meegan JM. The Rift Valley fever epizootic in Egypt 1977—-78: 1. Description of the epizootic and viro-
logical studies. Trans R Soc Trop Med Hyg. 1979; 73: 618-623. https://doi.org/10.1016/0035-9203(79)
90004-X PMID: 538803

2. LernoutT, Cardinale E, Jego M, Despres P, Collet L, Zumbo B, et al. Rift Valley fever in humans and
animals in Mayotte, an endemic situation? PLoS One. 2013;8. https://doi.org/10.1371/journal.pone.
0074192 PMID: 24098637

3. Al-Hazmi M, Ayoola EA, Abdurahman M, Banzal S, Ashraf J, EI-Bushra A, et al. Rift Valley feverin
Saudi Arabia: A clinical study of severe illness in humans. Clinical Infectious Diseases. 2003; 36: 245—
252. Available: https://academic.oup.com/cid/article-abstract/36/3/245/351435

4. W.H.O. Blueprint for R&D preparedness and response to public health emergencies due to highly infec-
tious pathogens. Workshop on prioritization of pathogens. World Health Organization; 2015. Available:
https://www.who.int/publications/m/item/blueprint-for-r-d-preparedness-and-response-to-public-health-
emergencies-due-to-highly-infectious-pathogens

5. Daubney R, Hudson JR, Garnham PC. Enzootic hepatitis of Rift valley fever. An undescribed virus dis-
ease of sheep cattle and man from East Africa. J Pathol Bacteriol. 1931; 34: 545-579. https://doi.org/
10.1002/path.1700340418

6. lkegami T, Makino S. The pathogenesis of Rift Valley fever. Viruses. 2011; 3: 493-519. https://doi.org/
10.3390/v3050493 PMID: 21666766

7. Alrajhi AA, Al-Semari A, Al-Watban J. Rift Valley fever encephalitis. Emerg Infect Dis. 2004; 10: 554—5.
https://doi.org/10.3201/eid1003.020817 PMID: 15116716

8. BVan Velden D, Meyer J, Olivier J, Gear J, Mclntosh B. Rift Valley fever affecting humans- a clinico-
pathological study. South African Medical Journal. 1977; 51: 867.

9. Laughlin LW, Meegan JM, Strausbaugh LJ, Morens DM, Watten RH. Epidemic Rift Valley fever in
Egypt: observations of the spectrum of human iliness. Trans R Soc Trop Med Hyg. 1979; 73: 630-633.
https://doi.org/10.1016/0035-9203(79)90006-3 PMID: 575446

10. Lalezari JP, Henry K, O’hearn M, Montaner JSG, Piliero PJ, Walmsley S, et al. Enfuvirtide, an HIV-1

fusion inhibitor, for drug-resistant HIV infection in North and South America. New England Journal of
Medicine. 2003; 22: 2175-85. https://doi.org/10.1056/NEJM0a035026 PMID: 12637625

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012343  June 27, 2024 25/29


https://doi.org/10.1016/0035-9203%2879%2990004-X
https://doi.org/10.1016/0035-9203%2879%2990004-X
http://www.ncbi.nlm.nih.gov/pubmed/538803
https://doi.org/10.1371/journal.pone.0074192
https://doi.org/10.1371/journal.pone.0074192
http://www.ncbi.nlm.nih.gov/pubmed/24098637
https://academic.oup.com/cid/article-abstract/36/3/245/351435
https://www.who.int/publications/m/item/blueprint-for-r-d-preparedness-and-response-to-public-health-emergencies-due-to-highly-infectious-pathogens
https://www.who.int/publications/m/item/blueprint-for-r-d-preparedness-and-response-to-public-health-emergencies-due-to-highly-infectious-pathogens
https://doi.org/10.1002/path.1700340418
https://doi.org/10.1002/path.1700340418
https://doi.org/10.3390/v3050493
https://doi.org/10.3390/v3050493
http://www.ncbi.nlm.nih.gov/pubmed/21666766
https://doi.org/10.3201/eid1003.020817
http://www.ncbi.nlm.nih.gov/pubmed/15116716
https://doi.org/10.1016/0035-9203%2879%2990006-3
http://www.ncbi.nlm.nih.gov/pubmed/575446
https://doi.org/10.1056/NEJMoa035026
http://www.ncbi.nlm.nih.gov/pubmed/12637625
https://doi.org/10.1371/journal.ppat.1012343

PLOS PATHOGENS

Fusion inhibitor protects neurons from bunyavirus infection

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

de Vries RD, Schmitz KS, Bovier FT, Predella C, Khao J, Noack D, et al. Intranasal fusion inhibitory lipo-
peptide prevents direct-contact SARS-CoV-2 transmission in ferrets. Science. 2021; 371: 1379-1382.
https://doi.org/10.1126/science.abf4896 PMID: 33597220

Gruell H, Vanshylla K, Weber T, Barnes CO, Kreer C, Klein F. Antibody-mediated neutralization of
SARS-CoV-2. Immunity. 2022; 55: 925-944. https://doi.org/10.1016/j.immuni.2022.05.005 PMID:
35623355

De Boer SM, Kortekaas J, Spel L, Rottier PJM, Moormann RJM, Bosch BJ. Acid-activated structural
reorganization of the Rift Valley fever virus Gc fusion protein. J Virol. 2012; 86: 13642-52. https://doi.
org/10.1128/JVI1.01973-12 PMID: 23035232

Guardado-Calvo P, Atkovska K, Jeffers SA, Grau N, Backovic M, Pérez-Vargas J, et al. A glyceropho-
spholipid-specific pocket in the RVFYV class Il fusion protein drives target membrane insertion. Science.
2017; 358: 663—667. https://doi.org/10.1126/science.aal2712 PMID: 29097548

Ganaie SS, Schwarz MM, McMillen CM, Price DA, Feng AX, Albe JR, et al. Lrp1 is a host entry factor for
Rift Valley fever virus. Cell. 2021; 184: 1—16. https://doi.org/10.1016/J.CELL.2021.09.001 PMID: 34559985

Harmon B, Schudel BR, Maar D, Kozina C, lkegami T, Tseng C-TK, et al. Rift Valley fever virus strain
MP-12 enters mammalian host cells via caveola-mediated endocytosis. J Virol. 2012; 86: 12954—
12970. https://doi.org/10.1128/JV1.02242-12 PMID: 22993156

Filone CM, Hanna SL, Caino MC, Bambina S, Doms RW, Cherry S. Rift Valley fever virus infection of
human cells and insect hosts is promoted by protein kinase C epsilon. PLoS One. 2010; 5: e15483.
https://doi.org/10.1371/journal.pone.0015483 PMID: 21124804

Koehler JW, Smith JM, Ripoll DR, Spik KW, Taylor SL, Badger C V., et al. A fusion-inhibiting peptide
against Rift Valley fever virus inhibits multiple, diverse viruses. PLoS Negl Trop Dis. 2013;7. https://doi.
org/10.1371/journal.pntd.0002430 PMID: 24069485

Wolf MC, Freiberg AN, Zhang T, Akyol-Ataman Z, Grock A, Hong PW, et al. A broad-spectrum antiviral
targeting entry of enveloped viruses. Proc Natl Acad Sci U S A. 2010; 107: 3157-3162. https://doi.org/
10.1073/pnas.0909587107 PMID: 20133606

Chapman NS, Zhao H, Kose N, Westover JB, Kalveram B, Bombardi R, et al. Potent neutralization of
Rift Valley fever virus by human monoclonal antibodies through fusion inhibition. Proc Natl Acad SciU S
A. 2021;118. https://doi.org/10.1073/pnas.2025642118 PMID: 33782133

Connors KA, Hartman AL. Advances in understanding neuropathogenesis of Rift Valley fever virus.
Annu Rev Virol. 2022; 9: 437—-450. https://doi.org/10.1146/annurev-virology-091919-065806 PMID:
36173701

Hosking MP, Lane TE. The role of chemokines during viral infection of the CNS. PLoS Pathog. 2010;6.
https://doi.org/10.1371/journal.ppat.1000937 PMID: 20686655

Miller KD, Schnell MJ, Rall GF. Keeping it in check: chronic viral infection and antiviral immunity in the
brain. Nat Rev Neurosci. 2016; 17: 766—776. https://doi.org/10.1038/nrn.2016.140 PMID: 27811921

Telikani Z, Monson EA, Hofer MJ, Helbig KJ. Antiviral response within different cell types of the CNS.
Front Immunol. 2022;13. https://doi.org/10.3389/fimmu.2022.1044721 PMID: 36458002

Kreit M, Paul S, Knoops L, De Cock A, Sorgeloos F, Michiels T. Inefficient type | interferon-mediated
antiviral protection of primary mouse neurons is associated with the lack of apolipoprotein L9 expres-
sion. J Virol. 2014; 88: 3874-3884. https://doi.org/10.1128/JVI1.03018-13 PMID: 24453359

Lin CC, Wu YJ, Heimrich B, Schwemmle M. Absence of a robust innate immune response in rat neu-
rons facilitates persistent infection of Borna disease virus in neuronal tissue. Cellular and Molecular Life
Sciences. 2013; 70: 4399-4410. https://doi.org/10.1007/s00018-013-1402-5 PMID: 23793543

Narayanan D, Moily N, McQuilten HA, Kedzierska K, MacKenzie JM, Kedzierski L, et al. Immature brain
cortical neurons have low transcriptional competence to activate antiviral defences and control RNA
virus infections. J Innate Immun. 2022;15. https://doi.org/10.1159/000525291 PMID: 35738238

Cho H, Proll SC, Szretter KJ, Katze MG, Gale M, Diamond MS. Differential innate immune response
programs in neuronal subtypes determine susceptibility to infection in the brain by positive-stranded
RNA viruses. Nat Med. 2013; 19: 458—-64. https://doi.org/10.1038/nm.3108 PMID: 23455712

Delhaye S, Paul S, Blakgori G, Minet M, Weber F, Staeheli P, et al. Neurons produce type | interferon
during viral encephalitis. Proc Natl Acad Sci U S A. 2006; 103: 7835—40. https://doi.org/10.1073/pnas.
0602460103 PMID: 16682623

Blakqori G, Delhaye S, Habjan M, Blair CD, Sanchez-Vargas |, Olson KE, et al. La Crosse bunyavirus
nonstructural protein NSs serves to suppress the type | interferon system of mammalian hosts. J Virol.
2007; 81: 4991-4999. https://doi.org/10.1128/JVI1.01933-06 PMID: 17344298

Kallfass C, Ackerman A, Lienenklaus S, Weiss S, Heimrich B, Staeheli P. Visualizing production of beta
interferon by astrocytes and microglia in brain of La Crosse virus-infected mice. J Virol. 2012; 86:
11223-30. https://doi.org/10.1128/JVI.01093-12 PMID: 22875966

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012343  June 27, 2024 26/29


https://doi.org/10.1126/science.abf4896
http://www.ncbi.nlm.nih.gov/pubmed/33597220
https://doi.org/10.1016/j.immuni.2022.05.005
http://www.ncbi.nlm.nih.gov/pubmed/35623355
https://doi.org/10.1128/JVI.01973-12
https://doi.org/10.1128/JVI.01973-12
http://www.ncbi.nlm.nih.gov/pubmed/23035232
https://doi.org/10.1126/science.aal2712
http://www.ncbi.nlm.nih.gov/pubmed/29097548
https://doi.org/10.1016/J.CELL.2021.09.001
http://www.ncbi.nlm.nih.gov/pubmed/34559985
https://doi.org/10.1128/JVI.02242-12
http://www.ncbi.nlm.nih.gov/pubmed/22993156
https://doi.org/10.1371/journal.pone.0015483
http://www.ncbi.nlm.nih.gov/pubmed/21124804
https://doi.org/10.1371/journal.pntd.0002430
https://doi.org/10.1371/journal.pntd.0002430
http://www.ncbi.nlm.nih.gov/pubmed/24069485
https://doi.org/10.1073/pnas.0909587107
https://doi.org/10.1073/pnas.0909587107
http://www.ncbi.nlm.nih.gov/pubmed/20133606
https://doi.org/10.1073/pnas.2025642118
http://www.ncbi.nlm.nih.gov/pubmed/33782133
https://doi.org/10.1146/annurev-virology-091919-065806
http://www.ncbi.nlm.nih.gov/pubmed/36173701
https://doi.org/10.1371/journal.ppat.1000937
http://www.ncbi.nlm.nih.gov/pubmed/20686655
https://doi.org/10.1038/nrn.2016.140
http://www.ncbi.nlm.nih.gov/pubmed/27811921
https://doi.org/10.3389/fimmu.2022.1044721
http://www.ncbi.nlm.nih.gov/pubmed/36458002
https://doi.org/10.1128/JVI.03018-13
http://www.ncbi.nlm.nih.gov/pubmed/24453359
https://doi.org/10.1007/s00018-013-1402-5
http://www.ncbi.nlm.nih.gov/pubmed/23793543
https://doi.org/10.1159/000525291
http://www.ncbi.nlm.nih.gov/pubmed/35738238
https://doi.org/10.1038/nm.3108
http://www.ncbi.nlm.nih.gov/pubmed/23455712
https://doi.org/10.1073/pnas.0602460103
https://doi.org/10.1073/pnas.0602460103
http://www.ncbi.nlm.nih.gov/pubmed/16682623
https://doi.org/10.1128/JVI.01933-06
http://www.ncbi.nlm.nih.gov/pubmed/17344298
https://doi.org/10.1128/JVI.01093-12
http://www.ncbi.nlm.nih.gov/pubmed/22875966
https://doi.org/10.1371/journal.ppat.1012343

PLOS PATHOGENS

Fusion inhibitor protects neurons from bunyavirus infection

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

Winkler CW, Woods TA, Groveman BR, Carmody AB, Speranza EE, Martens CA, et al. Neuronal matu-
ration reduces the type | IFN response to orthobunyavirus infection and leads to increased apoptosis of
human neurons. J Neuroinflammation. 2019; 16: 229. https://doi.org/10.1186/s12974-019-1614-1
PMID: 31739796

Pichlmair A, Lassnig C, Eberle CA, Gérna MW, Baumann CL, Burkard TR, et al. IFIT1 is an antiviral pro-
tein that recognizes 5'-triphosphate RNA. Nat Immunol. 2011; 12: 624—-630. https://doi.org/10.1038/ni.
2048 PMID: 21642987

Morrill JC, Jennings GB, Cosgriff TM, Gibbs PH, Peters CJ. Prevention of Rift Valley fever in rhesus
monkeys with interferon-a. Rev Infect Dis. 1989; 11: 815-825.

Bouloy M, Janzen C, Vialat P, Khun H, Pavlovic J, Huerre M, et al. Genetic evidence for an interferon-
antagonistic function of Rift Valley fever virus nonstructural protein NSs. J Virol. 2001; 75: 1371-1377.
https://doi.org/10.1128/JV1.75.3.1371-1377.2001 PMID: 11152510

Ermler ME, Yerukhim E, Schriewer J, Schattgen S, Traylor Z, Wespiser AR, et al. RNA helicase signal-
ing is critical for type | interferon production and protection against Rift Valley fever virus during mucosal
challenge. J Virol. 2013; 87: 4846-4860. https://doi.org/10.1128/JVI.01997-12 PMID: 23408632

Michaely LM, Schuwerk L, Allnoch L, Schon K, Waltl I, Larsen PK, et al. Intact type | interferon receptor
signaling prevents hepatocellular necrosis but not encephalitis in a dose-dependent manner in Rift Val-
ley fever virus infected mice. Int J Mol Sci. 2022;23. https://doi.org/10.3390/ijms232012492 PMID:
36293352

Ikegami T, Hill TE, Smith JK, Zhang L, Juelich TL, Gong B, et al. Rift Valley fever virus MP-12 vaccine is
fully attenuated by a combination of partial attenuations in the S, M, and L segments. J Virol. 2015; 89:
7262-7276. https://doi.org/10.1128/JVI.00135-15 PMID: 25948740

Rehberg E, Kelder B, Hoal EG, Pestka S. Specific molecular activities of recombinant and hybrid leuko-
cyte interferons. J Biol Chem. 1982; 257: 11497—11502. PMID: 6288687

Tapescu |, Taschuk F, Pokharel SM, Zginnyk O, Ferretti M, Bailer PF, et al. The RNA helicase DDX39A
binds a conserved structure in chikungunya virus RNA to control infection. Mol Cell. 2023; 83: 4174—
4189.e7. https://doi.org/10.1016/j.molcel.2023.10.008 PMID: 37949067

Li M, Ferretti M, Ying B, Descamps H, Lee E, Dittmar M, et al. Pharmacological activation of STING
blocks SARS-CoV-2 infection. Sci Immunol. 2021; 6: 9007. https://doi.org/10.1126/sciimmunol.abi9007
PMID: 34010142

Takeuchi O, Sato S, Horiuchi T, Hoshino K, Takeda K, Dong Z, et al. Cutting edge: Role of Toll-like
receptor 1 in mediating immune response to microbial lipoproteins. The Journal of Immunology. 2002;
169: 10-14. hitps://doi.org/10.4049/jimmunol.169.1.10 PMID: 12077222

Jin MS, Kim SE, Heo JY, Lee ME, Kim HM, Paik S-G, et al. Crystal structure of the TLR1-TLR2 hetero-
dimer induced by binding of a tri-acylated lipopeptide. Cell. 2007; 130: 1071-1082. https://doi.org/10.
1016/j.cell.2007.09.008 PMID: 17889651

Boehme KW, Guerrero M, Compton T. Human cytomegalovirus envelope glycoproteins B and H are
necessary for TLR2 activation in permissive cells. Journal of immunology. 2006; 177: 7094-7102.
https://doi.org/10.4049/jimmunol.177.10.7094 PMID: 17082626

Kim C, Ho D-H, Suk J-E, You S, Michael S, Kang J, et al. Neuron-released oligomeric a-synuclein is an
endogenous agonist of TLR2 for paracrine activation of microglia. Nat Commun. 2013; 4: 1562. https://
doi.org/10.1038/ncomms2534 PMID: 23463005

Ozinsky A, Underhill DM, Fontenot JD, Hajjar AM, Smith KD, Wilson CB, et al. The repertoire for pattern
recognition of pathogens by the innate immune system is defined by cooperation between Toll-like
receptors. Proc Natl Acad Sci U S A. 2000; 97: 13766—13771. https://doi.org/10.1073/pnas.250476497
PMID: 11095740

Akira S, Uematsu S, Takeuchi O. Pathogen recognition and innate immunity. Cell. 2006; 124: 783-801.
https://doi.org/10.1016/j.cell.2006.02.015 PMID: 16497588

Hoffmann P, Weismuller K-H, Metzger J, Jung G, Bessler WG. Induction of tumor cytotoxicity in murine
bone marrow-derived macrophages by two synthetic lipopeptide analogues. Biol Chem Hoppe Seyler.
1989; 370: 575-582. https://doi.org/10.1515/bchm3.1989.370.1.575 PMID: 2775484

Gundacker ND, Carrera J-P, Castillo M, Diaz Y, Valenzuela J, Tamhane A, et al. Clinical Manifestations
of Punta Toro Virus Species Complex Infections, Panama, 2009. Emerg Infect Dis. 2017; 23: 872-874.
https://doi.org/10.3201/eid2305.161925 PMID: 28418305

Eldridge BF, Glaser C, Pedrin RE, Chiles RE. The First Reported Case of California Encephalitis in
More Than 50 Years. Emerg Infect Dis. 2001; 7: 451—452. https://doi.org/10.3201/eid0703.010316
PMID: 11384526

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012343  June 27, 2024 27/29


https://doi.org/10.1186/s12974-019-1614-1
http://www.ncbi.nlm.nih.gov/pubmed/31739796
https://doi.org/10.1038/ni.2048
https://doi.org/10.1038/ni.2048
http://www.ncbi.nlm.nih.gov/pubmed/21642987
https://doi.org/10.1128/JVI.75.3.1371-1377.2001
http://www.ncbi.nlm.nih.gov/pubmed/11152510
https://doi.org/10.1128/JVI.01997-12
http://www.ncbi.nlm.nih.gov/pubmed/23408632
https://doi.org/10.3390/ijms232012492
http://www.ncbi.nlm.nih.gov/pubmed/36293352
https://doi.org/10.1128/JVI.00135-15
http://www.ncbi.nlm.nih.gov/pubmed/25948740
http://www.ncbi.nlm.nih.gov/pubmed/6288687
https://doi.org/10.1016/j.molcel.2023.10.008
http://www.ncbi.nlm.nih.gov/pubmed/37949067
https://doi.org/10.1126/sciimmunol.abi9007
http://www.ncbi.nlm.nih.gov/pubmed/34010142
https://doi.org/10.4049/jimmunol.169.1.10
http://www.ncbi.nlm.nih.gov/pubmed/12077222
https://doi.org/10.1016/j.cell.2007.09.008
https://doi.org/10.1016/j.cell.2007.09.008
http://www.ncbi.nlm.nih.gov/pubmed/17889651
https://doi.org/10.4049/jimmunol.177.10.7094
http://www.ncbi.nlm.nih.gov/pubmed/17082626
https://doi.org/10.1038/ncomms2534
https://doi.org/10.1038/ncomms2534
http://www.ncbi.nlm.nih.gov/pubmed/23463005
https://doi.org/10.1073/pnas.250476497
http://www.ncbi.nlm.nih.gov/pubmed/11095740
https://doi.org/10.1016/j.cell.2006.02.015
http://www.ncbi.nlm.nih.gov/pubmed/16497588
https://doi.org/10.1515/bchm3.1989.370.1.575
http://www.ncbi.nlm.nih.gov/pubmed/2775484
https://doi.org/10.3201/eid2305.161925
http://www.ncbi.nlm.nih.gov/pubmed/28418305
https://doi.org/10.3201/eid0703.010316
http://www.ncbi.nlm.nih.gov/pubmed/11384526
https://doi.org/10.1371/journal.ppat.1012343

PLOS PATHOGENS

Fusion inhibitor protects neurons from bunyavirus infection

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Takeuchi O, Kawai T, Ml Hiradt PF, Morr M, Radolf JD, Zychlinsky A, et al. Discrimination of bacterial
lipoproteins by Toll-like receptor 6. Int Immunol. 2001; 13: 933-940. https://doi.org/10.1093/intimm/13.
7.933 PMID: 11431423

Reschner A, Moretta A, Landmann R, Heberer M, Spagnoli GC, Padovan E. The ester-bonded palmi-
toyl side chains of Pam3CysSerLys4 lipopeptide account for its powerful adjuvanticity to HLA class I-
restricted CD8+ T lymphocytes. Eur J Immunol. 2003; 33: 2044—-2052. https://doi.org/10.1002/eji.
200323776 PMID: 12884871

Farhat K, Riekenberg S, Heine H, Debarry J, Lang R, Rg Mages J, et al. Heterodimerization of TLR2
with TLR1 or TLR6 expands the ligand spectrum but does not lead to differential signaling. J Leukoc
Biol. 2008; 83: 692—701. https://doi.org/10.1189/jlb.0807586 PMID: 18056480

Oliveira-Nascimento L, Massari P, Wetzler LM. The role of TLR2 in infection and immunity. Front Immu-
nol. 2012; 3: 79. https://doi.org/10.3389/fimmu.2012.00079 PMID: 22566960

Zhou Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tanaseichuk O, et al. Metascape provides a
biologist-oriented resource for the analysis of systems-level datasets. Nat Commun. 2019;10. https://
doi.org/10.1038/s41467-019-09234-6 PMID: 30944313

Waelchli R, Bollbuck B, Bruns C, Buhl T, Eder J, Feifel R, et al. Design and preparation of 2-benzamido-
pyrimidines as inhibitors of IKK. Bioorg Med Chem Lett. 2006; 16: 108—112. https://doi.org/10.1016/j.
bmcl.2005.09.035 PMID: 16236504

Podolin PL, Callahan JF, Bolognese BJ, Li YH, Carlson K, Davis TG, et al. Attenuation of murine colla-
gen-induced arthritis by a novel, potent, selective small molecule inhibitor of IkB kinase 2, TPCA-1 (2-
[(@aminocarbonyl)amino]-5-(4-fluorophenyl)-3-thiophenecarboxamide), occurs via reduction of proin-
flammatory cytokines and antigen-induced T cell proliferation. Journal of Pharmacology and Experi-
mental Therapeutics. 2005; 312: 373-381. https://doi.org/10.1124/jpet.104.074484 PMID: 15316093

Wiesmuller K-H, Jung G, Hess G. Novel low-molecular-weight synthetic vaccine against foot-and-
mouth disease containing a potent B-cell and macrophage activator. Vaccine. 1989; 7: 29-33. https:/
doi.org/10.1016/0264-410x(89)90007-8 PMID: 2470215

Khan S, Weterings JJ, Britten CM, de Jong AR, Graafland D, Melief CJM, et al. Chirality of TLR-2 ligand
Pam3CysSK4 in fully synthetic peptide conjugates critically influences the induction of specific CD8+ T-
cells. Mol Immunol. 2009; 46: 1084—1091. https://doi.org/10.1016/J.MOLIMM.2008.10.006 PMID:
19027958

Makimura Y, Asai Y, Taiji Y, Sugiyama A, Tamai R, Ogawa T. Correlation between chemical structure
and biological activities of Porphyromonas gingivalis synthetic lipopeptide derivatives. Clin Exp Immu-
nol. 2006; 146: 159—168. hitps://doi.org/10.1111/j.1365-2249.2006.03182.x PMID: 16968410

Wooten RM, Ma Y, Yoder RA, Brown JP, Weis JH, Zachary JF, et al. Toll-like receptor 2 is required for
innate, but not acquired, host defense to Borrelia burgdorferi. The Journal of Immunology. 2002; 168:
348-355. https://doi.org/10.4049/jimmunol.168.1.348 PMID: 11751980

Keegan K, Collett MS. Use of bacterial expression cloning to define the amino acid sequences of anti-
genic determinants on the G2 glycoprotein of Rift Valley fever virus. J Virol. 1986; 58: 263-270. https://
doi.org/10.1128/JV1.58.2.263-270.1986 PMID: 2422392

Filone CM, Heise M, Doms RW, Bertolotti-Ciarlet A. Development and characterization of a Rift Valley
fever virus cell-cell fusion assay using alphavirus replicon vectors. Virology. 2006; 356: 155—164.
https://doi.org/10.1016/j.virol.2006.07.035 PMID: 16945399

Lakadamyali M, Rust MJ, Babcock HP, Zhuang X, Chu S. Visualizing infection of individual influenza
viruses. Proc Natl Acad Sci U S A. 2003; 100: 9280-9285. Available: www.pnas.orgcgidoi10.1073pnas.
0832269100 PMID: 12883000

LiuJ, Xu M, Tang B, Hu L, Deng F, Wang H, et al. Single-particle tracking reveals the sequential entry
process of the bunyavirus severe fever with thrombocytopenia syndrome virus. Small. 2019;15. https:/
doi.org/10.1002/smil.201803788 PMID: 30589216

Caroline AL, Kujawa MR, Oury TD, Reed DS, Hartman AL. Inflammatory biomarkers associated with
lethal rift valley fever encephalitis in the lewis rat model. Front Microbiol. 2016;6. https://doi.org/10.
3389/fmich.2015.01509 PMID: 26779164

Albe JR, Boyles DA, Walters AW, Kujawa MR, McMillen CM, Reed DS, et al. Neutrophil and macro-
phage influx into the central nervous system are inflammatory components of lethal Rift Valley fever
encephalitis in rats. Kuhn JH, editor. PLoS Pathog. 2019; 15: e1007833. https://doi.org/10.1371/journal.
ppat.1007833 PMID: 31220182

Desmares M, Delphin M, Chardés B, Pons C, Riedinger J, Michelet M, et al. Insights on the antiviral
mechanisms of action of the TLR1/2 agonist Pam3CSK4 in hepatitis B virus (HBV)-infected hepato-
cytes. Antiviral Res. 2022;206. https://doi.org/10.1016/j.antiviral.2022.105386 PMID: 35963549

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012343  June 27, 2024 28/29


https://doi.org/10.1093/intimm/13.7.933
https://doi.org/10.1093/intimm/13.7.933
http://www.ncbi.nlm.nih.gov/pubmed/11431423
https://doi.org/10.1002/eji.200323776
https://doi.org/10.1002/eji.200323776
http://www.ncbi.nlm.nih.gov/pubmed/12884871
https://doi.org/10.1189/jlb.0807586
http://www.ncbi.nlm.nih.gov/pubmed/18056480
https://doi.org/10.3389/fimmu.2012.00079
http://www.ncbi.nlm.nih.gov/pubmed/22566960
https://doi.org/10.1038/s41467-019-09234-6
https://doi.org/10.1038/s41467-019-09234-6
http://www.ncbi.nlm.nih.gov/pubmed/30944313
https://doi.org/10.1016/j.bmcl.2005.09.035
https://doi.org/10.1016/j.bmcl.2005.09.035
http://www.ncbi.nlm.nih.gov/pubmed/16236504
https://doi.org/10.1124/jpet.104.074484
http://www.ncbi.nlm.nih.gov/pubmed/15316093
https://doi.org/10.1016/0264-410x%2889%2990007-8
https://doi.org/10.1016/0264-410x%2889%2990007-8
http://www.ncbi.nlm.nih.gov/pubmed/2470215
https://doi.org/10.1016/J.MOLIMM.2008.10.006
http://www.ncbi.nlm.nih.gov/pubmed/19027958
https://doi.org/10.1111/j.1365-2249.2006.03182.x
http://www.ncbi.nlm.nih.gov/pubmed/16968410
https://doi.org/10.4049/jimmunol.168.1.348
http://www.ncbi.nlm.nih.gov/pubmed/11751980
https://doi.org/10.1128/JVI.58.2.263-270.1986
https://doi.org/10.1128/JVI.58.2.263-270.1986
http://www.ncbi.nlm.nih.gov/pubmed/2422392
https://doi.org/10.1016/j.virol.2006.07.035
http://www.ncbi.nlm.nih.gov/pubmed/16945399
http://www.pnas.orgcgidoi10.1073pnas.0832269100
http://www.pnas.orgcgidoi10.1073pnas.0832269100
http://www.ncbi.nlm.nih.gov/pubmed/12883000
https://doi.org/10.1002/smll.201803788
https://doi.org/10.1002/smll.201803788
http://www.ncbi.nlm.nih.gov/pubmed/30589216
https://doi.org/10.3389/fmicb.2015.01509
https://doi.org/10.3389/fmicb.2015.01509
http://www.ncbi.nlm.nih.gov/pubmed/26779164
https://doi.org/10.1371/journal.ppat.1007833
https://doi.org/10.1371/journal.ppat.1007833
http://www.ncbi.nlm.nih.gov/pubmed/31220182
https://doi.org/10.1016/j.antiviral.2022.105386
http://www.ncbi.nlm.nih.gov/pubmed/35963549
https://doi.org/10.1371/journal.ppat.1012343

PLOS PATHOGENS

Fusion inhibitor protects neurons from bunyavirus infection

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

LuC, LiuL, ChenY, HaT, Kelley J, Schweitzer J, et al. TLR2 ligand induces protection against cerebral
ischemia/reperfusion injury via activation of phosphoinositide 3-kinase/Akt signaling. The Journal of
Immunology. 2011; 187: 1458—-1466. https://doi.org/10.4049/jimmunol. 1003428 PMID: 21709150

Hoffmann O, Braun JS, Becker D, Halle A, Freyer D, Dagand E, et al. TLR2 mediates neuroinflamma-
tion and neuronal damage. Journal of immunology. 2007; 178: 6476-81. https://doi.org/10.4049/
jimmunol.178.10.6476 PMID: 17475877

Kim KM, Zamaleeva Al, Lee YW, Ahmed MR, Kim E, Lee HR, et al. Characterization of brain dysfunc-
tion induced by bacterial lipopeptides that alter neuronal activity and network in rodent brains. Journal of
Neuroscience. 2018; 38: 10672—10691. https://doi.org/10.1523/JNEUROSCI.0825-17.2018 PMID:
30381406

Takeuchi O, Kaufmann A, Grote K, Kawai T, Hoshino K, Morr M, et al. Cutting Edge: Preferentially the
R -stereoisomer of the mycoplasmal lipopeptide macrophage-activating lipopeptide-2 activates immune
Cells through a Toll-like receptor 2- and MyD88-dependent signaling pathway. The Journal of Immunol-
ogy. 2000; 164: 554-557. https://doi.org/10.4049/jimmunol.164.2.554 PMID: 10623793

Nguyen DT, de Witte L, Ludlow M, Yuksel S, Wiesmiiller KH, Geijtenbeek TBH, et al. The synthetic bac-
terial lipopeptide Pam3CSK4 modulates respiratory syncytial virus infection independent of TLR activa-
tion. PLoS Pathog. 2010; 6: 43—44. https://doi.org/10.1371/journal.ppat. 1001049 PMID: 20808895

White J, Matlin K, Helenius A. Cell fusion by Semliki Forest, Influenza, and vesicular stomatitis viruses.
J Cell Biol. 1981; 89: 674—679. Available: http://rupress.org/jcb/article-pdf/89/3/674/1074809/674.pdf
PMID: 6265470

Pessi A, Langella A, Capitod E, Ghezzi S, Vicenzi E, Poli G, et al. A general strategy to endow natural
fusion-protein-derived peptides with potent antiviral activity. PLoS One. 2012;7. https://doi.org/10.1371/
journal.pone.0036833 PMID: 22666328

St. Vincent MR, Colpitts CC, Ustinov A V., Mugadas M, Joyce MA, Barsby NL, et al. Rigid amphipathic
fusion inhibitors, small molecule antiviral compounds against enveloped viruses. Proc Natl Acad Sci U
S A.2010; 107: 17339—-17344. https://doi.org/10.1073/pnas.1010026107 PMID: 20823220

YuanlL, Zhang S, Wang Y, Li Y, Wang X, Yang Q. Surfactin inhibits membrane fusion during invasion of
epithelial cells by enveloped viruses. J Virol. 2018;92. https://doi.org/10.1128/JV1.00809-18 PMID:
30068648

Jin S, Kim JG, Woo Park J, Koch M, Horvath TL, Lee BJ. Hypothalamic TLR2 triggers sickness behavior
via a microglia-neuronal axis. Sci Rep. 2016;6. https://doi.org/10.1038/srep29424 PMID: 27405276

Babcock AA, Wirenfeldt M, Holm T, Nielsen HH, Dissing-Olesen L, Toft-Hansen H, et al. Toll-like recep-
tor 2 signaling in response to brain injury: An innate bridge to neuroinflammation. Journal of Neurosci-
ence. 2006; 26: 12826—12837. https://doi.org/10.1523/JNEUROSCI.4937-05.2006 PMID: 17151286

Dichter MA. Rat cortical neurons in cell culture: Culture methods, cell morphology, electrophysiology
and synapse formation. Brain Res. 1978; 149: 279-293. https://doi.org/10.1016/0006-8993(78)90476-6
PMID: 27283

Bird BH, Albarifio CG, Nichol ST. Rift Valley fever virus lacking NSm proteins retains high virulence in
vivo and may provide a model of human delayed onset neurologic disease. Virology. 2007; 362: 10-15.
https://doi.org/10.1016/j.virol.2007.01.046 PMID: 17412386

McMillen CM, Arora N, Boyles DA, Albe JR, Kujawa MR, Bonadio JF, et al. Rift Valley fever virus
induces fetal demise in Sprague-Dawley rats through direct placental infection. Sci Adv. 2018;4. https://
doi.org/10.1126/sciadv.aau9812 PMID: 30525107

Bray NL, Pimentel H, Melsted P, Pachter L. Near-optimal probabilistic RNA-seq quantification. Nat Bio-
technol. 2016; 34: 525-527. https://doi.org/10.1038/nbt.3519 PMID: 27043002

McCarthy DJ, Chen Y, Smyth GK. Differential expression analysis of multifactor RNA-Seq experiments
with respect to biological variation. Nucleic Acids Res. 2012; 40: 4288-4297. https://doi.org/10.1093/
nar/gks042 PMID: 22287627

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. Limma powers differential expression analy-
ses for RNA-sequencing and microarray studies. Nucleic Acids Res. 2015; 43: e47. https://doi.org/10.
1093/nar/gkv007 PMID: 25605792

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012343  June 27, 2024 29/29


https://doi.org/10.4049/jimmunol.1003428
http://www.ncbi.nlm.nih.gov/pubmed/21709150
https://doi.org/10.4049/jimmunol.178.10.6476
https://doi.org/10.4049/jimmunol.178.10.6476
http://www.ncbi.nlm.nih.gov/pubmed/17475877
https://doi.org/10.1523/JNEUROSCI.0825-17.2018
http://www.ncbi.nlm.nih.gov/pubmed/30381406
https://doi.org/10.4049/jimmunol.164.2.554
http://www.ncbi.nlm.nih.gov/pubmed/10623793
https://doi.org/10.1371/journal.ppat.1001049
http://www.ncbi.nlm.nih.gov/pubmed/20808895
http://rupress.org/jcb/article-pdf/89/3/674/1074809/674.pdf
http://www.ncbi.nlm.nih.gov/pubmed/6265470
https://doi.org/10.1371/journal.pone.0036833
https://doi.org/10.1371/journal.pone.0036833
http://www.ncbi.nlm.nih.gov/pubmed/22666328
https://doi.org/10.1073/pnas.1010026107
http://www.ncbi.nlm.nih.gov/pubmed/20823220
https://doi.org/10.1128/JVI.00809-18
http://www.ncbi.nlm.nih.gov/pubmed/30068648
https://doi.org/10.1038/srep29424
http://www.ncbi.nlm.nih.gov/pubmed/27405276
https://doi.org/10.1523/JNEUROSCI.4937-05.2006
http://www.ncbi.nlm.nih.gov/pubmed/17151286
https://doi.org/10.1016/0006-8993%2878%2990476-6
http://www.ncbi.nlm.nih.gov/pubmed/27283
https://doi.org/10.1016/j.virol.2007.01.046
http://www.ncbi.nlm.nih.gov/pubmed/17412386
https://doi.org/10.1126/sciadv.aau9812
https://doi.org/10.1126/sciadv.aau9812
http://www.ncbi.nlm.nih.gov/pubmed/30525107
https://doi.org/10.1038/nbt.3519
http://www.ncbi.nlm.nih.gov/pubmed/27043002
https://doi.org/10.1093/nar/gks042
https://doi.org/10.1093/nar/gks042
http://www.ncbi.nlm.nih.gov/pubmed/22287627
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/nar/gkv007
http://www.ncbi.nlm.nih.gov/pubmed/25605792
https://doi.org/10.1371/journal.ppat.1012343

