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The crosstalk between the hosts inammasome system and the invading

virulent/less-virulent viruses determines the outcome othe ensuing in ammatory

response. An appropriate activation of in ammasomes triggrs antiviral in ammatory

responses that clear the virus and heal the in amed tissue. bwever, an aberrant

activation of in ammasomes can result in a harmful and overtvelming in ammation that

could damage the infected tissue. The underlying host's immne mechanisms and the

viral virulent factors that impact severe clinical in ammary disease remain to be fully
elucidated. In this study, we used herpes simplex virus typd (HSV-1), the causative
agent of corneal in ammatory herpetic disease, as a model pdénogen to determine: (i)
Whether and how the virulence of a virus affects the type and thactivation level of the
in ammasomes; and (ii) How triggering speci c in ammasomes translates into protective
or damaging in ammatory response. We showed that, in contrat to the less-virulent

HSV-1 strains (RE, F, KOS, and KOS63), corneal infection oféBmice with the virulent
HSV-1 strains (McKrae, 17 or KOS79): (i) Induced simultanae expression of the

NLRP3, NLRP12, and IFI16 in ammasomes; (ii) Increased praattion of the biologically
active Caspase-1 and pro-in ammatory cytokines IL-b and IL-18; (iii) Heightened
recruitment into the in amed cornea of CD4%"9"y6CCLy6G F4/80°CD11b®CD11c

in ammatory monocytes and CD45"9"CD11bCF4/80 Ly6GMLy6C™d neutrophils;

and (iv) This intensied inammatory response was associa&d with a severe

corneal herpetic disease, irrespective of the level of visu replication in the

cornea. Similarly, in vitro infection of human corneal epithelial cells and
human monocytic THP-1 cells with the virulent HSV-1 strainstriggered a

synchronized early expression of NLRP3, NLRP12 and IFI16, 2 post-infection,
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Coulon et al. In ammatory Properties of HSV-1 Virulent Strains

associated with formation of single and dense specks of the @apter molecule ASC in
HSVC) cells, but not in the neighboring bystander HSV) cells. This was associated with
increased cleavages of Caspase-1, IL-b, and IL-18. These ndings suggest a previously
unappreciated role of viral virulence in a synchronized dgrinduction of the NLRP3,
NLRP12, and IFI16 in ammasomes that lead to a damaging in armatory response. A
potential role of common virus virulent factors that stimate this harmful in ammatory
corneal disease is currently under investigation.

Keywords: in ammasome, NLRP3, NLRP12, IFI16, HSV-1, IL-1 b, herpetic keratitis and cornea

INTRODUCTION herpetic disease, was associated with high and early exgressi
of NLRP3, NLRP12, and IFI16 inammasomes. This was
Inammasomes are multiprotein complexes that form in the associated with increased production of biologically activ
cytosol of the host cells following sensing of invading atifeus  Caspase-1 and pro-in ammatory cytokines Ib-land IL-18
pathogens1). Activation of the in ammasomes system following along with a heightened recruitment into the in amed cornef
an early encounter with viral pathogens can mediate a protecti jn ammatory CD45"9NLy6CCLY6G F4/8(°CD116° CD11c
or harmful in ammatory response [reviewed in Kannegantimonocytes and CD4%MCD11H° F4/80 Ly6G" neutrophils
(2)]. The ve major canonical in ammasomes (NLRP3, NLRP6,(PMN). Moreover, unliken vitro infection of the human corneal
NLRP12, IFI16, and AIM2) include cytoplasmic and nucleargpithelial cell line (N\TCEpi) with the less-virulent straiRE, F,
sensor molecules that form a complex with the adaptor proteirkOS, and KOS63, the virulent strains McKrae, 17, and KOS79
ASC (apoptosis-associated speck-like protein containing CARD)ed to: (i) High levels of activated NLRP3, NLRP12, and IFI16
and the e ector protein pro-caspase-1 [reviewed in Kannegantihn ammasomes; (ii) Increased formation of ASC specks; and
(2)]. Early, in response to a viral infection, appropriate acivat  (jii) High levels of IL-b and IL-18. We propose that early
of one or several in ammasomes induces the maturation an@uring corneal infection with HSV-1, a crosstalk betweee th
secretion of blOlOglca"y active prO-in ammatory interleins IL- host's in ammasome System and virulent/less-virulent gtsa
1a, IL-1b, IL-18, and IL-33, which in turn activate in ammatory of HSV-1 determines the outcome of the ensuing in ammatory
cell recruitment to the site of viral infection3( 4). An  corneal herpetic disease (i.e., either clinical or subclinica
optimal activation of in ammasomes can induce a sub-cliicajn ammation). Virulent strains of HSV-1 may use one or
in ammatory response that is bene cial to the well-being of several yet-to-be determined virulent factors to activatdtiple

the cornea. However, a dysregulation or a hyper-activatiolh ammasomes and this translates into a harmful corneal
of inammasomes can lead to clinical inammation that in ammatory herpetic disease.

exacerbates corneal diseases’). The underlying cellular and
molecular in ammatory mechanisms and the viral geneticatth
impact clinical in ammation and the severity of herpetic dise MATERIALS AND METHODS
remain to be fully elucidated. Mice

In the present study, we used herpes simplex virus type ¢57BL/6 (B6) wild type (WT) mice (6-8 weeks old) were
(HSV-1) infection, the causative agent of cornea in amm@gto purchased from The Jackson Laboratory (Bar Harbor, ME). Both
herpetic disease, as a model pathogen, to determine whethgfale and female mice at 6-8 weeks were used for this study
and how viral virulence a ects activation of the in ammasome (with the same male/female ratio in each group). Animal sésdi
system that result in in ammatory disease. The HSV-1 inde&t \were conducted with the approval of the Institutional Care
staggering 3.72 billion individuals worldwide (i.e., 0% of and Use Committee of University of California-Irvine (Irvin
the world's population) §-10). HSV-1 infection of the cornea CA) and conformed to the Guide for the Care and Use of
can lead to subclinical in ammation that develops into minor | ahoratory Animals published by the US National Institute of
epithelial herpes keratitis and can easily be resolved byittei¢  Health (IACUC protocol #2002-2372).
and adaptive immune systenil, 12). However, the infection
may spread deeper in corneal stroma and develop into a mor€ell Lines and Viruses
severe in ammatory disease (i.e., clinical in ammatiod)l(12).  The cell line hTCEpi (hTERT immortalized human corneal
If left untreated with antiviral eye drops (e.g., Acyclovinda epithelial cell line) (kind gift from Dr. James Jester, Depaatin
derivatives) or with steroid eye drops, this clinical in anation  of Ophthalmology, University of California-Irvine) were gro
can cause blinding recurrent herpetic stromal keratitis§#), a in complete—supplemented—keratinocyte growth medium 2
common indication for corneal transplantation.§). (PromoCell, Cat. No. C-20211 supplemented with C39011). The

We found that, unlike infection with the less-virulent human monocytic cell line THP-11¢) were grown in RPMI-
strains of HSV-1 (i.e., RE, F, KOS, and KOS63), cornealg40 (HyClone, GE Healthcare) supplemented with 10% FBS and
infection of B6 mice with the virulent strains (i.e., McKrae 1% penicillin-streptomycin, plus Sodium Pyruvate 1mM (Lonza,
17, and KOS79) that produced severe corneal in ammatongwitzerland) and L-Glutamine 2mM (Corning, Manassas, VA).

Frontiers in Immunology | www.frontiersin.org 2 July 2019 | Volume 10 | Article 1631


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Coulon et al. In ammatory Properties of HSV-1 Virulent Strains

They were then di erentiated into macrophages following a 2a light microscope. Positive controls were run with everyagss
days stimulation with 25 ng/ml PMA (Sigma-Aldrich, St. Louis, using previously tittered laboratory stocks of McKrae.

MO), followed by subsequent resting in fresh medium without  Animals were examined for signs of recurrent corneal herpetic
PMA for additional 3 days. Rabbit skin (RS) cells (ATCC, VA)disease (blepharitis score for eyelid in ammation and kiisat
were grown in Minimum Essential Medium Eagle with Earl'sscore for corneal cloudiness) by slit lamp and scored adogrd
salts and L-Glutamine (Corning, Manassas, VA — Cat. No. 25to a standard 0—4 scale @ no disease; D 25%; 2D 50%; 3D
025_ClI) supplemented with 5% fetal bovine serum and 19%5%; 4D 100%) as previously describets(17). Pictures were
penicillin-streptomycin. HSV-1 “high-passage laboratorgsts”  taken atday 2, 5, 8, 10 and 14 post infection using a Nikon D7200
McKrae, Strainl7, KOS, RE, F and “low-passage clinical é&slat camera with an AF-S Micro NIKKOR 105 mm /2.8 lens and a
KOS79 and KOS63 (generously gifted by Dr. Richard D. Dix\Vireless Remote Speedlight SB-R200 installed.

Department of Biology, Georgia State University, Atlanta,)GA

were propagated in RS cells as described previously Al Flow Cytometry and FLICA Staining on
the virus strains were puri ed by ultracentrifugation in sose Corneal Cells In Itrate

gradient and titrated by plaque assay in RS cells. All sevamstr At day 2 and 8 post infection, corneas of mice infected with the

of HSV-1 were used for the vitro andin vivo experiments. seven di erent HSV-1 strains were dissected, pooled (5 carnea

In vitro HSV-1 Infection of Cultured Cells per pool) and corneas single cell suspensions were obtained after
hTCEpi cells were grown to sub-con uent monolayers in 6-well "€ chopping followed by 1 h collagenase treatmer)t (15 mg/ml,
plates (2 million cells/well). For THP-1 infection, the cellere 37 C—Roche, Cat. No. 11088866001). Corneas_ n Itrat_ed cells
rst seeded in 6-well plates (2 million cells/well), treataith ~ Were then analyzed by ow cytometry after staining with the

PMA for 2 days and infected 5 days later. Infections with vasio following uorochrome-conjugated mouse-speci ¢ mADbs: anti-
HSV-1 strains were performed at 1 MOI (for hTCEpi) or 10 MOUs€ CD4 BV510 (clone RM4-5, BioLegend), anti-mouse

MOI (for THP-1 cells) after 1 h incubation (in FBS-free media)CD3 BV711 (clone 1_7”'\2_' B|0Legenq|), anti-mouse CD11lc
at 37 C with intermittent rocking. The cells were then rinsed PE (clone HL3, BD Biosciences), anti-mouse CD11b PerCP
and overlaid with fresh medium. The cultures were terminate (cl0N€ M1/70, R&D), anti-mouse F4/80 PE-cy7 (clone BMS,

at various time points (2, 8, and 24 h post-infection) in replesat BioLegend), anti-mouse Ly6G APC (clone 1A8, BioLegend),

for FACS analysis and Immunoblotting. Culture supernatant@nti-mouse Ly6C BV421 (clone HK1.4, BioLegend), and anti-

and cells lysates (obtained using RIPA bu er supplemented witf1°use CD45 APC-Cy7 (clone 30-F11, BD Pharmingen). To

protease and phosphatase inhibitors—Thermo Scienti c, cafle ne positive and negative populations, we used isotype control

No. 89900 and Cat. No. 78442) were stored 80 C for ELISA mAbs' fpr each uorophqre and further thimized gating by
and immunoblotting, respectively. ILELELISAs (Quantikine €X@mining known negative cell populations for background
kit, Cat. No. DLB50) were carried out as per manufacturer&XPression levels. Details of the gating strategy are testm

instructions (R&D Systems, Inc., Minneapolis, MN). Supplemental Figure S1A
For surface staining, mAbs were added to a total of 20

Ocular Infection With Virulent and cells (in duplicate) in phosphate-bu ered saline (PBS) coritain

\/i ; 3 1% FBS and 0.1% Sodium azide ( uorescence-activated delf sor
Less-Virulent Strains of HSV-1 FACS] bu er) and left for 45min on ice and in the dark.
b capture beads (BD Biosciences) were used as individual
ompensation tubes for each uorophore in the experiment.

For determination of Caspase-1 activation in leukocyte,
in ammatory monocytes, and neutrophils in ltrating the
corneas, FAM-YVAD-FMK (FLICA) probe (ImmunoChemistry
Technologies, Cat. No. 98) was added prior the mAbs surface
staining, right after corneas collagenase treatment. rAfte

Monitoring of Ocular Herpes Infection and 2h incubation at 37C with regular mixing, cells were
Disease in Mice washed three time thoroughly with Apoptosis Wash Bu er

Virus shedding was quanti ed in eye swabs collected on days &Im_m_unoCh_em|stry Technolqgles) followed by the surface
Staining for immuno-phenotyping.

5 7,9, and 14. Eyes were swabbed using moist type 1 CaIC|umFor each sample of pooled corneas, all the cells were acquired

alginate swabs and frozen at80 C until titrated by plaque n the BD FORTESA ow cytometer. Cells without FLICA
assay on RS cell monolayers. Briey, RS cells were grown ?o

90% con uence in 24-well plates. Transfer medium (in which reatment were used as negative control for auto- uoreseen

eye swabs were stored) was added after appropriate dilution . L.

at 300m per well in 24-well plates. Infected monolayers werdN Vitro FLICA Staining and ASC Specks

incubated at 37C for 1.5 h and were rocked every 15 min for viral Formation Monitoring

adsorption and then overlaid with medium containing carbexy After 24 h infection with the various HSV-1 strains (MOI of 1 or
methyl cellulose. After 48 h of incubation at 37, cells were xed 0.1), hTCEpi cells were stained with FLICA reagent followihneg
and stained with crystal violet, and viral plaques countedem same already described procedure to assess Caspase-liaactivat

Mice were infected with 2 1P pfu per eye of each virulent [
(McKrae, 17 or KOS79) and less-virulent (KOS, RE, F or KOS6
strain of HSV-1via eye drops for a total of 3nL sterile PBS
after corneal scari cation (i.e., light crosshatched pattef 4-5
vertical and 4-5 horizontal scratches using a 25-gaugeleged
Following ocular infection, mice were monitored daily farudar
herpes infection and disease progression.
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by ow-cytometry. In order to detect ASC specks formationwas performed using enhanced chemi-luminescence (ECL;
using ow cytometry (L8), we further stained hTCEpi cells Merck Millipore, Burlington, MA) substrate and imaging with
intracellularly for ASC and HSV-1: cells were rst treateittw  ChemiDoc imaging systems (Bio-Rad Laboratories, Hergules
cyto x/cytoperm (BD Biosciences) for 30 min. Upon washing CA). The immunoblots were quanti ed using ImageJ/Fiji and
with Perm/Wash bu er, anti-ASC A647 (clone B-3, Santalmage Lab (Bio-Rad) software and results normalized to
Cruz Biotechnology, Santa Cruz, CA) and anti-HSV-1 (rabbitb-actin expression.

polyclonal from Abcam, Cambridge, MA, Cat. No. ab9533) were

added to the cells and incubated for 45min on ice and inStatistical Analysis

the dark. After washing with Perm/Wash bu er, a goat anti- Data for each assay were compared by ANOVA and Students
rabbit PercP-conjugated (Novus biologicals, Centenn@ED)  t-test using GraphPad Prism version 7 (La Jolla, CA). Di erences
was added for 20 additional minutes. Cells were then washesktween the groups were identi ed by ANOVA and multiple
again with Perm/Wash and FACS buer and xed in PBS comparison procedures. Data are expressed as the me@D.
containing 2% paraformaldehyde (Sigma-Aldrich) before FACResults were considered statistically signi carPat 0.05.
acquisition. Details of the gating strategy are described i

Supplemental Figure S1B. RESULTS

Western Blotting Ocular Infection With Virulent Strains of

Infected hTCEpi cells and THP-1 cells were lysed on ice usin, .
RIPA lysis bu er supplemented with 1% protease inhibitor andfllsv 1 Induces Severe Corneal Herpetic

the lysates were stored at80 C for western blot analysis. Disease, Irrespective of the Level of Virus
After dissection, corneas were mechanically homogenizéd w Replication in the Cornea
a TissueLyser Il (Qiagen) in RIPA buelC 1% protease We rstcompared the severity of corneal in ammatory diseases
inhibitor. After two cycle of freezing/thawing and 10min keratitis and blepharitis, and levels of viral replication B®
sonication using an ultrasonics bath (Brandson CPX 1800)nice following ocular infection with ve HSV-1 high-passage
cell lysates or corneas lysed homogenate were quanti etgusi laboratory strains (i.e., McKrae, 17, F, RE, and KOS; raferre
Nanodrop (ThermoFisher) and 40ng of protein loaded to throughout the present study as “laboratory strains”) and
SDS-PAGE (4-15%) gel for electrophoresis (Invitrogen, Catwo low-passage clinical isolates KOS79 and KOS63 (referred
No. NW04127BOX) and then transferred to a polyvinylidenethroughout the present study as “clinical isolates”), thaserged
uoride (PVDF) membrane (Merck Millipore, Burlington, MA). various levels of virulence.
After a 2h blockade with 5% Bovine serum albumin (BSA), The severity of corneal in ammatory disease, keratitis and
membranes were incubated with primary antibodies overnighblepharitis, was monitored up to 21 days post-infection.
at 4 C. To assess in ammasome proteins expression in infecteBepresentative pictures of corneal disease induced by eacé of th
human cell lines, we stained the blots with a mouse mAb anti-ve laboratory strains and the two clinical isolates, takémay
NLRP3 (clone D4D8T, Cell Signaling Technology, Danvers, MAYL4 post-infection, can be visualized Figure 1A. As shown in
a rabbit polyclonal anti-hNLRP6 antibody (Cat. No. ABF29,Figure 1B severe corneal keratitis and blepharitis was detected
EMD Millipore), a rabbit polyclonal anti-NLRP12 antibody (Cat. in B6 mice following infection with the virulent HSV-1 laboat
No. NBP1-76293, Novus biologicals), a mouse mAb anti-IFI18trains McKrae and 17H{gure 1B, left two panels) and with the
(clone 1G7, Santa-Cruz Biotechnology), a rabbit polyclaméit  virulent clinical isolate KOS7%({gure 1B right two panels). In
hAIM2 (Cat. No. ab93015, Abcam), a mouse mAb anti-hASGontrast, mild to less-severe corneal keratitis and bleibavas
(clone TMS1, MBL international), a rabbit polyclonal anti- detected in B6 mice following infection with the less-vinile
Caspase-1 antibody (Cat. No. NBP1-45133, Novus biological$)SV-1 laboratory strains F, RE and KOBidure 1B left two
a rabbit mAb anti-cleaved human Caspase-1 (clone D57A%anels) and the less-virulent clinical isolate KOSBigj\re 1B,
Cell Signaling Technology), a rabbit mAb anti-lb-3(Santa right two panels). Therefore, strains McKrae and 17 and clinica
Cruz Biotechnology), a mouse anti-IL-18 antibody (clon&J%, isolate KOS79 are the most virulent, whereas strains F, RE, and
R&D Systems Inc., Minneapolis, MN), and a mouse mMAIKOS and clinical isolate KOS63 are the least virulent.
anti- b-actin (clone AC-15, Sigma Aldrich). To determine the To determine a potential correlation of corneal disease with
expression of in ammasomes in corneal lysates, we used d@rablthe amount of virus in the cornea, the level of viral repliocati
polyclonal anti-mouse NLRP6 (Cat. No. SAB1302240-Sigmaas determined over 9 days post-infection. The HSV-1 laboyato
Aldrich), a rabbit polyclonal anti-mouse p204/IFI-16 (CatoN strains McKrae, 17, F, RE, and KOSgure 1C left panel) and
ab104409, Abcam), a rabbit polyclonal anti-mouse AIM2 (p200jhe clinical isolate KOS63F{gure 1C right panel) replicated
(Cat. No. 13095S, Cell Signaling Technology) and the sanie the cornea of B6 mice as early as 2 days post-infection. In
antibodies aforementioned used to stain the mouse NLRP3 armbntrast, the laboratory strain 17 and the clinical isolate379
NLRP12 proteins. exhibited a low level of replication. In both laboratory str&
Secondary antibodies included horseradish peroxidase HRBnd clinical isolates infected animals, the virus cleared from
conjugated anti-mouse 1gG (Cat. No. 7076, Cell Signalinghe cornea as early as 7 days post-infection. Overall, thetsesul
Technology) and HRP-conjugated anti-rabbit IgG (Cat. No.indicated that the level of replication of HSV-1 laboratotsains
7074P2, Cell Signaling Technology). Detection of proteindsa and clinical isolates in the cornea of B6 mice does not appear

Frontiers in Immunology | www.frontiersin.org 4 July 2019 | Volume 10 | Article 1631


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Coulon et al. In ammatory Properties of HSV-1 Virulent Strains

Laboratory Strains Clinical Isolates
Virulent Less-virulent Virulent Less-virulent
McKrae 17 Mock KOS79 KOS63
a D
b
0002326
> ’ i ficis]
a 0002326
0000338 17
L k0s79!
0002499 L—
; . 0000456 1
Virulent Less-virulent Virulent  Less-virulent - 0002937 -
B ® Mckme m 17 OF ©RE A KOS A KOST79 A KOS63 Py ihae
0000356
000250 000013 KOS63
— onx . = =
8 T ¢ s g -
2 2 wsl  r—)———————
08’ 23 v $ = § . Level of virulence: JIntermediate / Low *  Low
£ 9 =] b= so | = T e e e
Bor w f9 B o7 S oy
g 2 - 39 s
4 S s 2
< g 3 o 5 < g 2 5.
2 - o 3 3 oS
& L] 2 &, s &
v e A 9 &g RS v s 6 Ao g v e 6 Ao g
Days post-il i Days post-il i E @ F © RE A KOS
® Mckme W 17
1007
C Laboratory Strains Clinical Isolates B *
2
. P 2 o *
Virulent Less-virulent Virulent  Less-virulent 3
-
McKrae 17 F RE KOS KOS79 KOS63 °
350007 o 35000 2
30000 —
30000 . . LI S S S
- ° 25000
g g
z i @ 20000 i
2 o [ = ry s A KOS79 A KOS63
2 o I 2 15000{ a 4 I
I . A o 1007
o b @ 10000
5 e 2 | 5o ! : .
I &Y S s S0 ) E Z
2 i ¥ 2] 2 2 2 o
g 1000 1000 H
. . x =
500 |- 500 a N 2
H A A a
.o- Ll o i Taie o
16409 42640 12640 4640 9U6A0 vYoeA D 46 AD0 BRI

©
Days post-infection Days post-infection

FIGURE 1 | Severity of corneal in ammatory disease, viral replicatigrand survival in B6 mice ocularly infected with virulent angss-virulent laboratory strains and
clinical isolates of HSV-1. B6 micer{ D 10) were infected ocularly with 2.5 10° pfu/eye of HSV-1 laboratory strains (i.e., McKrae, 17, F, REr KOS) or clinical
isolates (i.e., KOS63 or KOS79). HSV-1 laboratory strainsnd clinical isolates were divided into virulent (McKrae, 1and KOS79, black columns), medium-virulent
(F and RE, gray columns) and low-virulent (KOS and KOS63, ltiggray columns). Mock-infected mice ( D 10) were used as controls.(A) Representative pictures of
eye disease on day 14 post-infection from mice infected wittvirulent/less-virulent laboratory strains (left panelspd of virulent/less-virulent clinical isolates are shown
(right panels).(B) Mean score keratitis and blepharitis disease scored on dayg, 3, 5, 7, 9, 14, and 21 in mice infected with virulent/less-vulent laboratory strains (left
panels) and of virulent/less-virulent clinical isolatesdht panels). Stromal keratitis was scored as 0- no diseaset- cloudiness, some iris detail visible; 2- iris detail
obscured; 3- cornea totally opaque; and 4- cornea perforatin. Blepharitis was scored as 0- no disease; 1- puffy eyelid2- puffy eyelids with some crusting; 3- eye
swollen shut with severe crusting; and 4- eye completely switen shut. (C) Eye swabs were obtained 2, 5, 7, and 9 days post-infection andsirus replication was
determined. Shown are the optimal levels of replication detted on day 7 post-infection from virulent/less-virulentboratory strains (left panels) and of
virulent/less-virulent clinical isolates (right panelg)D) Optimal tree of a relative evolutionary distances between$V-1 laboratory strains (i.e., McKrae, 17, F, RE, or
KOS) or clinical isolates (i.e., KOS63 or KOS79) computed irgy the Maximum Composite Likelihood method are shown(E) Percentage survival in B6 mice following
ocular infection with virulent/less-virulent laboratorytgins (upper panel) and clinical isolates (lower panelp ¥ 0.05; **P < 0.01; ***P < 0.001 using Student's t-test.

to be related with the virulence level. These results irtdica proximity to the most virulent strain KOS79, the F strain wasd
that the virulent HSV-1 laboratory strains McKrae and 17 andvirulent following ocular infection in B6 mice. Moreover, tle
the clinical isolate KOS79 caused severe corneal in amrgato strain induced a mild-severe HSK disease in B6 mice whichstend
disease regardless of the level of viral replication. to be slightly more severe than the disease induced by RE and
The evolutionary distances, computed using the MaximunKOS. fFigure 1B, right two panels). Further, based on the genetic
Composite Likelihood method and based on seven nucleotiddistance data, KOS was evolutionarily in closer proximity te th
sequences detected a short evolutionary distance between tess-virulent strains KOS63 and REdure 1D).
virulent HSV-1 laboratory strains McKrae and 17 and the iclah Survival was recorded in B6 mice following infection witteth
isolate KOS79 (along with the F strain). Similarly, the shorless-virulent HSV-1 laboratory strains F, RE and KOS and the
evolutionary distance was detected between the lessemirul virulent strains McKrae, 17Higure 1E top panel). Survival was
laboratory strains RE and KOS and the clinical isolate KOS63lso recorded in B6 mice infected with the less-virulentickh
This result showed a clear di erence between the higher gimtil  isolate KOS63 and the virulent clinical isolate KOS7ig(re 1E
strains McKrae, 17, and KOS79 and less-virulent strains RBpttom panel). Overall, the mortality was higher in the groups
KOS, and KOS63. Phylogenetic trees and genetic corretationf mice infected with the virulent laboratory strains McKraed
are widely used to determine the evolutionary distancewbenh 17 (Figure 1E top panel) and the virulent clinical isolate KOS79
strains of various infectious pathogens but these evolatipn (Figure 1E bottom panel).
distances do not always re ect the actual virulence of such Altogether, these results demonstrate that ocular infection
pathogens19, 20). Although the F strain falls genetically at closewith the virulent strains and virulent clinical isolate of H&V
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induced severe corneal in ammatory herpetic disease anthdealess virulent strains and the clinical isolate only induced a

irrespective of the level of viral replication. moderate neutrophil in ltration overtime (average increasf
24-fold with F strain; 28-fold with RE; 11-fold with

In ltrates in Infected Cornea Following the other hand, comparison of the frequency of in ammatory
. . . monocytes on day 2 Figures 2A,B upper panels—second

Ocular Infection With Virulent and rows), vs. day 8 post-infectionFigures 2A,B lower panels
Less-Virulent HSV-1 Strains — second rows), showed a decrease on day-8 compared to
Inammatory monocytes and neutrophils, contribute to day 2 for all the strainsSupplemental Figure S2B However,
corneal immunopathology during HSV-1 infectior2], 22). the decrease of in ammatory monocytes from day 2 to day
In ammatory monocytes are recruited to the cornea early and8 was less signicant with virulent strains: 1.3-fold for
peak during the acute phase, 2-5 days after infectidh\yhile ~ McKrae; 1.9-fold for strain 17; 1.2-fold for KOS79 whereas
neutrophils are recruited to the cornea later during the afio  the average decrease was 3 to 6-fold for less virulent
in ammatory phase and peak 8-14 days post-infectiam) ( strains Supplemental Figure S2B

We next determined the frequency of pan CDH48 Altogether,  these  results indicate  that the
leukocytes, CD4WMLy6C°Ly6G F4/8°CD11°CD11c  HSV-1  virulence  promotes a  rapid  elevated
inammatory monocytes, CD4BI"CD116°F4/80 Ly6G"  recruitment/in Itration into the in amed cornea of CD45id"
Ly6C™¢d neutrophils, and CDSCD4® T cells in ltrating the  Ly6C°Ly6G F4/86°CD11°CD11c in ammatory monocytes
in amed cornea at day 2 and day 8 post-infection with virulentearly during the acute phase and of CHYBCD11K°
vs. less-virulent laboratory strains and clinical isasad€HSV-1.  F4/80 Ly6G" neutrophils late during the chronic in ammatory
The size ofimmune cell in Itrates was correlated with theesdty ~ phase, and this was associated with severe corneal in antgnato
of corneal in ammatory disease. Two days post-infection 6f B disease. The results also suggest that in ammatory momscyt
mice with virulent strains (McKrae, 17), the cornea appearedvere either (i) retained longer in the corneas infected with
in Itrated with acute in ammatory CD4%9" leukocytes with a the virulent strains compared to less-virulent strains; or
majority of Ly6C*Ly6G F4/80°CD11°CD11c inammatory (i) in ammatory monocytes in ltrate more on day 8 in
monocytes and CD1fkF4/80 Ly6Q"Ly6C™® neutrophils the corneas infected with the virulent strains compared to
(Figure 2A, upper left and right panels). Similarly, at day 2less-virulent strains.
post-infection of B6 mice with the virulent clinical isolate
KOS79, the percentagesigure 2B upper left panels) and Virulent Strains of HSV-1 Selectively
the absolute numbers F{gure 2B upper right panels) of Activate Caspase-1 in Both In ammatory

in ammatory monocytes and neutrophils were signi cantly . .
increased in the cornea. At day 8 post-infection, corneaMcmocyteS and Neutrophils In ltrating the

in Itration with CD11bCF4/80 Ly6@" neutrophils was even IN @med Corneas With Severe
higher (Figures 2A,B lower panels). Compared to day 2 post-HerpetiC Disease
infection, on day 8 post-infection, the di erence in the freepcy  Caspase-1 activation is an important early innate in ammator
of CD11B°F4/80 Ly6G" neutrophils that in Itrate the cornea response to infection by viral pathogens. We next used the FLICA
of B6 mice infected with virulent strains (McKrae, 17, KOB79assay to assess the level of Caspase-1 activation in in aonynat
vs. those that in ltrate the cornea of B6 mice infected withmonocytes and neutrophils in Itrating the in amed cornea of
less-virulent strains (F, RE, KOS, KOS63) was even sigriycan B6 mice infected with virulent (McKrae, 17 or KOS79) and4ess
larger Figures 2A,B lower panels). Moreover, at day 8 post-virulent (KOS, RE, F or KOS63) strains and clinical isolates
infection, we observed a signi cant di erence in the number of HSV-1.
of CDFCD4C T cells that in ltrated the cornea of B6 mice Representative histograms of activated Caspase-1 in total
infected with the virulent vs. less-virulent strains. Oalérthe leukocytes (CD4B9"): inammatory monocytes (CD45
larger size of CD4%" Ly6CCLy6G F4/8¢FCD11CD11c N9 y6CCLY6G F4/80°CD11H°CD11c ); and neutrophils
in ammatory monocytes and CD4¥"CD11H°F4/80 Ly6G~  (CD45"9"CD11Kf F4/80 Ly6@") in the cornea infected
neutrophils in Itrates induced by virulent strains (McKra&7, with virulent (McKrae, 17 or KOS79) and less-virulent (KOS,
KOS79) correlated with the severity of corneal in ammatoryRE, F or KOS63) strains and clinical isolates of HSV-1 is
herpetic disease. shown in Figures 3A-C Overall, there was an increase of
When comparing the frequencies and numbers of neutrophil§LICA (i.e., Caspase-1 activation) in CD¥45Leukocytes
on day 2 Figures 2A,B upper panels — second rows), vs.in ltrating the corneas infected with virulent HSV-1 labdiay
day 8 post-infection Kigures 2A,B lower panels — second strains (McKrae and 17) Figure 3A, upper panels) and
rows), we observe a signi cant increase of neutrophils awet with the virulent clinical isolate KOS79Figure 3B upper
in the corneas of mice infected with the virulent laboratorypanel). In contrast, less signi cant increase FLICA was
strains and the virulent clinical isolate (average incecaé detected in CD45 leukocytes in Itrating the corneas infected
80-fold with McKrae; 35-fold with strain 17; and 30-  with less-virulent HSV-1 laboratory strains (F, RE and KOS)
fold with KOS79-Supplemental Figure S2A In contrast, the (Figure 3A, lower panels) and less-virulent clinical isolate KOS63
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FIGURE 2 | Association of in ammatory cell in Itrates to severity of coneal herpetic disease following infection with virulent @ahless-virulent HSV-1 strains. B6 mice
(n D 20) were infected ocularly with 2.5 10° pfu/eye of HSV-1 laboratory strains (i.e., McKrae, 17, F, REr&KOS) or clinical isolates (i.e., KOS63 or KOS79).
Mock-infected mice (1 D 20) were used as controls. Single corneal cell suspensions&ve obtained from infected and mock-infected controls on dg 2 post-infection
(A,B—upper panels) and day 8 post-infection4,B—lower panels). For each time point and condition of infeatn, a pool of 5 corneas where chopped nely, treated with
collagenase for 1 h at 37 C, and the in ammatory cells in Itrates were stained with mAbsspeci ¢ for CD45, CD11b, CD11c, Ly6G, Ly6C, F4/80, CD3, and CDA?,
and analyzed by FACS. A,B—upper panels) FACS plots of leukocytes (CD@“), in ammatory monocytes (CD45‘i9hLy60C Ly6G F4/80€CcD11b€CD11c ) and
neutrophils (CD4E§“9hCD11bc F4/80 Ly6Ghi) in ltrates in cornea of mice 2-day post-infection with virlent (McKrae, 17) and less-virulent (F, RE and KOS) laborayo
strains (A) and with virulent (KOS79) and less-virulent (KOS63) climidsolates(B). (A,B—lower panels) FACS plots of leukocytes (CD@“), in ammatory monocytes
(cD459hLy6CCLy6G F4/80°CD11bCCD11c ), neutrophils (CD45I9"CD11bC F4/80 Ly6GM), and CDF CDAC T cell in Itrates in cornea of mice 8-day
post-infection with virulent (McKrae, 17) and less-viruig (F, RE, and KOS) laboratory straingA) and with virulent (KOS79) and less-virulent (KOS63) cliaidsolates
(B). FACS dot plots show representative results (with percenges) and the column graphs represent the average absolute denumbers (- SEM). Those results are
representative of 3 independent experiments. The gating sitegy is describedSupplemental Figure S1A . *P < 0.05; **P < 0.01; ***P < 0.001, using
ANOVA-multiple-comparison-test.

(Figure 3B lower panel). Similar trends of high activation of Virulent HSV-1 Strains Induce the NLRP3,

Caspase-1 (increase of FLICA) were detected in inammator| RP12, and IFI16/p204 In ammasomes in
monocytes  (CD4¥9"Ly6C°Ly6G F4/80CD11°CD1lc)  Mouse Cornea
and neutrophils (CD_4E‘]9“CD11kF F4/8.0 Ly6c") n Itrating Since induction of in ammasomes triggers Caspase-1 adtinat
th? cornea of B6 mice infected with virulent _strglns of H_Sv'lwe next determined whether corneal infection with virulent
(Figures 3A,B. The average of FLICA activation depictedysy.1 strains would enhance the expression levels of one
by median uorescent intensity (MFI) from two pools of 5 or several of the ve major in ammasomes: NLRP3, NLRPS,
corneas of 5 infected mice showed a signi cant increase iINLRP12, IFI16/p204, and AIM2. Although mice do not express
activated Caspase-1 in leukocytes (CI¥9; inammatory  an IFI16 gene, they express a close ortholog of IFI16, designat
monocytes  (CD4%9"Ly6C°Ly6G F4/80°CD116°CD11c );  IFI16/IFI204 or IFI16/p204. Several studies reported that th
and neutrophils (CD489"CD111 F4/80 Ly6G") (Figure 30.  mouse IFI16/p204 ortholog has a similar structure and do
Altogether, these results indicate that infection withuwémt  functions as the human IFIL&3-27). In this study, we detected a
strains of HSV-1 promoted Caspase-1 activation in theprotein at 65KD molecular weighFgure 4), which is similar to
in ammatory monocytes and neutrophils inltrating the the reported 65/70KD molecular weight of the mouse IFI16/p204
in amed corneas. ortholog. B6 mice were infected with virulent vs. less-nil
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FIGURE 3 | FLICA upregulation (i.e., Caspase-1 activation) in immuneelts in Itrating the cornea infected with virulence and lessirulence strains of HSV-1. B6 mice
(n D 5) were infected ocularly with 2.5 10° pfu/eye of HSV-1 laboratory strains (i.e., McKrae, 17, F, REr&OS) or clinical isolates (i.e., KOS63 or KOS79).
Mock-infected mice (1 D 5) were used as controls. Single corneal cell suspensions we obtained from infected and mock-infected controls on day2 post-infection
(2 pools of 5 corneas were acquire in duplicate)(A) FLICA expression levels in cornea-derived leukocytes (lgfanels), in ammatory monocytes (middle panels) and
neutrophils (right panels) 2-day post-infection with vitent (McKrae, 17) and less-virulent (F, RE, and KOS) labooay strains are shown.(B) FLICA expression levels in
cornea-derived leukocytes (left panels), in ammatory moneytes (middle panels) and neutrophils (right panels) 2-dgyost-infection with virulent (KOS79) and
less-virulent (KOS63) clinical isolates are showifC) Column graphs represent the average percentages and absota cell numbers from three independent
experiments ( SEM). P < 0.05; *P < 0.01; ***P < 0.001, using ANOVA-multiple-comparison-test.

laboratory strains and clinical isolates of HSV-1 and theele and NLRP12, IFI16, and AIM2 in ammasomes pathways are
of these inammasomes were examined by western blot imctivated in human corneal epithelial cells followiig vitro
mouse corneal lysates 48 h post-infection. As showFigure 4,  infection with virulent vs. less-virulent laboratory sina and
levels the levels of expression of NLRP3, NLRP12, AIM2, ardinical isolates of HSV-1.
IFI16/p204 in ammasomes were signi cantly higher in the Human corneal epithelial hTCEpi cells were infected with
corneas of mice infected with the virulent (McKrae, 17 or KOp  virulent (McKrae, 17 or KOS79) and less-virulent (KOS, RE, F,
compared to less-virulent (KOS, RE, F or KOS63) strains ajr KOS63) strains of HSV-1 at MOI of 1. Cells were harvested
HSV-1 (P < 0.05). In contrast, expression levels of the NLRP&t 2, 8, and 24 h post-infection and the level of expression of
in ammasome were similar in the cornea of mice B6 infectedNLRP3, NLRP6, NLRP12, IFI16, and AIM2 was determined by
with virulent and less-virulent strains. western blot. Infection of human corneal epithelial cellshwit
These results con rm that infection with virulent HSV-1 virulent HSV-1 laboratory strains (McKrae or 1 Hifures 5A,B
strains and clinical isolate induced the expression of NLRP3yr with the clinical isolate KOS79F{gures 5C,D induced a
NLRP12, AIM2, and IFI16/p204 in ammasomes, but not of thesigni cant early expression of NLRP3 and IFI16 in ammasomes,
NLRP6 in ammasome. compared to a steady level of contrbtactin (P < 0.05).
In contrast, infection with less-virulent HSV-1 strains @S,
RE or F) or with the clinical isolate KOS63 induced a
lower expression level of NLRP3 and IFI16 in ammasomes.
The level of expression of NLRP6 in ammasome remained
similar following infection with virulent and less-virulent
strains of HSV-1.

Selective and Early Activation of NLRP3,
NLRP12, and IFI16 In ammasomes in
Human Corneal Epithelial Cells and THP-1
Cells Following Infection With Virulent
HSV-1 Strains At 2 and 8h (but not at 24 h) post-infection of hTCEpi

Since epithelial cells are the rst corneal cells targetediBy- ~ cells, all strains, regardless of virulence, induced exjoressi
1, we next determined whether and how the NLRP3, NLRP6f NLRP12 at a level higher than mock. However, compared
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FIGURE 4 | Expression levels of NLRP3, NLRP6, NLRP12, IFI16/p204, and AIM@ ammasomes in mouse corneas following infection with vident and less-virulent
strains of HSV-1. B6 mice ( D 6) were infected ocularly with 2.5 10° pfu/eye of HSV-1 laboratory strains McKrae, 17, F, RE or KOS awith clinical isolates KOS79
and KOS63. Mock-infected mice (1 D 6) were used as controls. Forty-eight hours post-infectiomnimals were euthanized the corneas were excised and homogezed
in lysis buffer, and western blot was performed for expressn of NLRP3, NLRP6, NLRP12, IFI16/p204, and AIM2. Corresponding-actin was used as a control.

Three western blot were performed using three different coreal lysates harvested from three sets of corneas pooled fro 2 infected mice (i.e., 4 corneas per lysate).
Results are representative of those three independent expenents. Graphs (mean plus SD) show fold change in expressicof NLRP3, NLRP6, NLRP12, IFI16/p204,
and AIM2 at 48 h post-infection with virulent/less-virulenttsains of HSV-1 compared to the control and normalized td-actin. Representative densitometric analysis is|
shown compared to control. *? < 0.05; **P < 0.01; ***P < 0.001 using Studentst test.

to less-virulent strains, the virulent strains induced lidg longer (i.e., until 24 h) in THP-1 cells after infection withe
activation of NLRP12 at 2h post-infection of hTCEpi cells.virulent strains. Furthermore, similar to hTCEpi cells, lower
Similar to hTCEpi cells, high levels of in ammasomes expssi levels of in ammasomes expression were detected in THP-4 cell
were induced in THP-1 cells by virulent HSV-1 strains (17,infected less-virulent HSV-1 strains (F, RE, KOS, and KOS63)
McKrae, and KOS79)Supplemental Figure SB Moreover, the  Unlike hTCEpi cells, THP-1 cells infected by the virulent strains
expression levels of NLRP3, NLRP12 and IFI-16 was sustainatso expressed higher levels of NLRP6.
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FIGURE 5 | Expression level of NLRP3, NLRP6, NLRP12, IFI16 and AIM2 in amreames in human primary corneal epithelial cells infected thi virulent and
less-virulent strains of HSV-1. Human primary corneal epielial cells (hnTCEpi cell line) were infected vitro with HSV-1 laboratory strains McKrae, 17, F, RE or KOS
(A,B) or with clinical isolates KOS79 and KOS63C,D) at MOI of 1. Two, 8 and 24 h post-infection, hTCEpi cells were &rvested and immunoblots of whole cell lysates
were performed for expression of NLRP3, NLRP6, NLRP12, IFI1@nd AIM2 in ammasomes. Correspondingb-actin was used as a control.(B,D) Graphs show the
kinetics of fold changes in NLRP3, NLRP6, NLRP12, IFI16, and ABMin ammasomes expression at 2, 8, and 24 h post-infection wih virulent/less-virulent strains of
HSV-1 compared to the control and normalized tab-actin. Results are representative of three experiments.

These results suggest that, unlike the less-virulentciitfie  virulent laboratory strains of HSV-1, McKrae and 17, as\earl
of human corneal epithelial cells and THP-1 cells with vinile as 2h post-infection, compared to contrbtactin (P < 0.05)
strains, induced simultaneous and multiple activations ofFigures 6A,B. In contrast, the less-virulent strains KOS, RE and

NLRP3, NLRP12, and IFI16 in ammasomes. F induced signi cantly lower levels of cleaved/activatedizese-
1, cleaved/activated ILbland IL-18 @ < 0.05). Similarly,
Cleaved Caspase 1, Cleaved IL-1 b, and infet_:ti_on qf human corneal epithelial c_eIIs with virgler_n HSV-
1 clinical isolate KOS79F{gures 6C,D induced a signi cant
IL'.18 A_re Produced by Human quneal early activation of Caspase-1, Ib-Jand IL-18. In contrast,
Epithelial and THP-1 Cells Following infection with less-virulent HSV-1 clinical isolate KOS®&@liice
Infection With Virulent Strains of HSV-1 less activation of Caspase-1, Ihdnd IL-18. Although all viruses

Having demonstrated that infection with virulent HSV-1 ains  increased the levels of IL-18 in hTCEpi cells compared to mock-
increased NLRP3, NLRP12, and IFI16 in ammasome in infectetnfected hTCEpi cells, the virulent HSV-1 strains (17, McKrae
human corneal epithelial cells, we next determined the levéind KOS79) induced signi cantly higher levels of IL-18 garl
of expression of several components downstream of thesd# 2 h post-infection compared to less-virulent HSV-1 straiiRs
in ammasomes. Immunoblots of whole lysates of hTCEpi humarRE, KOS, and KOS63figures 6A-D). Finally, high-levels of IL-
corneal epithelial cells infected with virulent and lesss#ént  1b were detected by ELISA in the supernatant of infected cells
strains of HSV-1 at 1 MOI, were probed for in ammasome speckas early as 4 h post-infection with virulent laboratory stradris
component ASC (adaptor protein), pro- and cleaved CaspaseHSV-1, McKrae, and 17 and the virulent clinical isolate KOS79
(also known as ICE, IL4.converting enzyme), pro- and cleaved (Figure 6B, bottom panel). In contrast, non-signi cant levels of
IL-1b and IL-18. IL-1b were detected by ELISA in the supernatant of cells infected
Although ASC expression detected by western blot was natith less-virulent KOS, RE and F laboratory strains and the
increased in hTCEpi cells following infection with virulent less-virulent clinical isolate KOS63.
strains, the ASC was re-localized into a spe€hgire 70), Similar to hTCEpi cells, high levels of cleaved Caspase 1,
conrming a previous report {8. The cleaved/activated cleaved IL-b, and IL-18 were induced by the virulent HSV-1
Caspase-1, cleaved/activated h,-and IL-18 were signi cantly ~Strains (17, McKrae, and KOS79) in THP-1 cells. Caspase-1, IL-
induced in human corneal epithelial cells following infectioith ~ 1b activations and IL-18 production seemed to be even faster
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FIGURE 6 | Expression levels of the adapter protein ASC, Caspase-1, IlLb, and IL-18 in human primary corneal epithelial cells infeatiewith virulent and less-virulent
strains of HSV-1. Human primary corneal epithelial cells TI/CEpi cell line) were infectedh vitrowith HSV-1 laboratory strains McKrae, 17, F, RE or KO$A,B) or with
clinical isolates KOS79 and KOS63C,D) at MOI of 1. Four, 8 and 24 h post-infection, hTCEpi cells werbarvested and immunoblots of whole cell lysates were
performed for expression of ASC (adaptor protein), Caspasé (also known as ICE, IL-b converting enzyme), IL-b and IL-18. Correspondingb-actin was used as a
control. IL-1b was also measured in culture supernatants by ELISAB,D) Graphs show the kinetics of fold changes in expression of ASCadaptor protein),
Caspase-1, IL-1b and IL-18 at 2, 8, and 24 h post-infection with virulent/less-irulent strains of HSV-1 compared to the control and normatied to b-actin. Results are
representative of three experiments.

and sustained longer in THP-1 cellS{pplemental Figure S8  F, RE or KOS laboratory strains and with KOS63 or KOS79

Moreover, similar to hTCEpi cells, low levels of cleaved Caspaslinical isolates at MOI of 1. The frequencies of FLIEMTCEpi

1, cleaved IL4h and IL-18 were induced by the less-virulent cells, with Caspase-1 activation, was determined by FACSIs c

HSV-1 strains (F, RE, KOS, and KOS63) in THP-1 cellinfected with virulent vs. less-virulent straingigure 7A). In

(Supplemental Figure SB parallel, cells were stained with a polyclonal antibody spetm
Altogether, these results indicate that virulent strains oHSV-1 antigens and the frequency of HS\E)(nfected cells was

HSV-1 induce more in ammasome formation causing increasedietermined Figure 7B).

activation of cleaved Caspase-1 in turn promoting cleavage As shown inFigure 7A, infection of human corneal epithelial

of pro-IL-1b into cleaved IL-b and the production of the cells with virulent HSV-1 strains (McKrae or 17) or with the

biologically active pro-in ammatory cytokine ILH in both  clinical isolate KOS79 induced a signicant increase of the

hTCEpi cells and THP-1 cells. FLICA straining, con rming the western blot data that Caspas

1 is highly activated in human corneal epithelial by virulent
The HSV-1 Virulence Promotes the strains. In contrast, infection with the less-virulent H3\étrains
Formation of ASC Specks and Caspase_l (KOS, RE or F) or with the clinical isolate KOS63 induced less

FLICA conrming a lower Caspase-1 activation by the less-

Activation in HSV Infected Human virulent strains. There was no positive correlation betweea t

Co,meal Epithelial Cells, but NOt in the frequencies of FLICK)hTCEpi cells and HS$)hTCEpi cells
Neighboring Bystander Non-infected (Figures 7A,B) This supports thén vivo results also showing
HSV( ) Cells the lack of positive correlation between Caspase-1 activéite,,

We next used the FLICA Caspase-1 assay to validate the previdtgguencies of FLICK) comeal cells) and the level of virus
western blot results and con rm whether Caspase-1 is moréeplication in the cornea.

activated in human corneal epithelial following infectionthvi We next asked how inammasomes are activated within
virulent strains and clinical isolate of HSV-1. Human coahe @ mixed population of infected (HS%) and non-infected
epithelial hTCEpi cells were infected for 24 h with McKrae, 17(HSV()) cells. Central to most in ammasome activation is
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FIGURE 7 | Formation of single ASC specks in HS®) and HSM ) infected human corneal epithelial cells infected with vikent and less-virulent strains of HSV-1.
Human primary corneal epithelial cells (hnTCEpi cell linepre infectedin vitrowith HSV-1 laboratory strains McKrae, 17, F, RE or KOS or withlinical isolates KOS79
and KOS63 at MOI of 1(A,B) or MOI of 0.1 (C,D). Twenty-four hours post-infection, cells were harvested ad stained for FAM-FLICA and analyzed by FACS to
determine the levels of expression of single and dense ASC sgks, a prerequisite for to Caspase-1 activation(A) Contour plots showing percentage of FAM-FLICK
(activated Caspase—f cells) expressed in bulk cells(B) Contour plots showing percentage of infected cells (HSV—(i cells) at (MOID 1). (C) Contour plots showing
the ASC aggregation (comparing ASC-height vs. ASC-area) iHSV-1€) cells (upper panels) or in uninfected bystander cells (HS]/- ) (lower panels).(D) From the
same culture: contour plots showing percentage of infectectells (HSV—f cells) at (MOI = 0.1). The gating strategy is described i@upplemental Figure S1B .
Results are representative of three experiments.

the adapter molecule ASC (apoptosis-associated speck-likgulent HSV-1 strains (McKrae or 17) or with the clinical
protein containing a Caspase-recruitment domain) that littks  isolate KOS79, the human corneal epithelial cells stained
in ammasome initiator protein to the recruited Caspases. ASGstrongly for ASC, and did form dense ASC specks. In contrast,
is normally di used within the cytosol but within minutes of after infection with the less-virulent HSV-1 strains (KOSE,

in ammasome activation, it reorganizes to a few dense specker F) or with the less-virulent clinical isolate KOS63, the
The dramatic redistribution of diuse ASC into one or few human corneal epithelial cells stained moderately for ASC,
specks can be monitored by ow cytometry using parameterput did not form dense ASC speck&igure 7C. Moreover,

of uorescence peak height and area (or height and width}he vast majority of HSY¥) infected human corneal epithelial
when immuno-stained 18 28). We therefore used a time cells within the same mixed cell culture displayed a striking
of ight inammasome evaluation assay, to detect potentialtransition to the high H:A pro le (Figure 7C upper panels).
changes in ASC distribution within the mixed population In contrast, the neighboring bystander non-infected HSV

of infected (HSV¥®)) and neighboring non-infected (HSV))  cells did not display a transition to the high H:A prole
human corneal epithelial cellsFigures 7C,D-gating strategy suggesting a lack of inammasome activatigifrigure 7C,

is shown Supplemental Figure S1B Following infection with  lower panels).
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Altogether, these results indicate that HSV-1 virulencecornea. This con rms previous reports that lesions in the aah
promotes the formation of dense ASC specks that leadtroma are largely attributable to in ammatory events7).
to Caspase-1 activation in HEY infected human corneal The activation of NLRP3, NLRP12, and IFI16 in ammasomes
epithelial cells, but notin the neighboring bystander narfieicted  preferentially by virulent HSV-1 strains would be mediated
HSW ) cells, suggesting that actual cells infection is a preby yet-to-be determined virulent factors. We report here that
requisite of in ammasome activation. early during infection, HSV-1 seems simultaneously sensed by
multiple in ammasomes and that the virulence of the virus
determines the increased expression of di erent in ammasseme
DISCUSSION triggers and the level of in ammasome (Caspase-1) actinatio
along with the subsequent clinical and sub-clinical in amiioa.
The host ghts viral pathogens using innate and adaptivePrevious reports showed that infection with VZV, another
immune mechanisms 20, 30). Early during viral infections, alphaherpes virus, activated NLRP3 in ammasome independent
canonical, and non-canonical in ammasomes detect virtlenof AIM2 protein (38). Therefore, it remains to be determined
and less-virulent virus pathogens orchestrating the inrexted  whether or not the observed activation of multiple NLRP3,
adaptive immunity to clear the infection and cure the diseas&lLRP12, and IFI16 In ammasomes is a hallmark of HSV-1
[reviewed in Sutterwala et al3{) and Elliott and Sutterwala infection, while the role of other in ammasomes are yet to
(32)]. Activation of inammasomes by viral factors triggers be determined.
maturation of proin ammatory cytokines and chemokines that Among the 20 types of the in ammasome complexes that
function to recruit immune cells, such as neutrophils, detidr have been reported thus far, the NLRP3 in ammasome is
cells, in ammatory monocytes and CI94T cells, to the site of the most thoroughly studied [reviewed in Sutterwala et al.
viral infection @, 9). This optimal activation of in ammasomes (31)]. NLRP3 in ammasome has also been the most reported
is highly bene cial to the well-being of the host as it helpg th in herpes infections, with consequent Caspase-1 andbiL-1
innate and adaptive immune system in clearing the infectioractivation @5, 39). A previous report also showed that HSV-1
and/or curing the ensuing diseasé—{). However, beside its activates NLRP3 in ammasome and therefore plays a protective
protective role, an aberrant activation of in ammasomes carrole against viral immunopathological corneal lesiofis)( The
lead to a pathogenic in ammatory respons&3). This outcome present study extends this report by suggesting that actinati
depends on both the type and the level of activation of thef the NLRP3 in ammasome is strain dependent. Besides,
host's in ammasomes and the involved viral virulence fasto NLRP3, the IFI16, also known as interferon-inducible myeloid
(34, 395. Thus, the activation of in ammasomes to ghting dierentiation transcriptional activator, appeared to also be
viral pathogens can sometimes lead to tissue damage and leaativated. Chandran et al., recently showed that BRCAllategi
casualties in the battle eld. Dysregulation or hyper-aativn  IFI16-mediated nuclear innate sensing of herpes viral DNA
of the in ammasomes by virulent strains of a virus can leadand subsequent induction of the innate in ammasome and
to an exaggeration of inammatory responses that lead tanterferon-b responses3ds, 40). Early recognition of herpes by
an exacerbation in the symptoms of viral diseases’,(36). theIFI16in ammasome induces acetylation of nuclear IFab@l
Although intensive research e orts are focusing on achigvin is essential for its cytoplasmic translocation and in ammoae
an integrated view about the protective/detrimental role ofresponses4l). An involvement of the autophagy mechanism
in ammasomes in the maintenance of infected tissue intggri is not excluded as intersections between the autophagy and
only afew reports have paid attention to the role of viral viimite  in ammasome pathways have been observet).( Ocular
and virulent factors in the in ammasome activation. Moreaoye infection of NLRP3 de cient mice led to more-severe and earlie
we characterized the type of in ammatory cells in ltrate ing  stromal keratitis lesions and had higher angiogenesisescitvan
in amed cornea that was triggered by multiple in ammasomesdid infected wild-type animals. In addition, NLRP3 mice
following ocular infection with various strains and climic generated an increased early immune response with heightened
isolates of HSV-1. A positive correlation between quaritieat in ammatory chemokines and cytokines, including Ilbland
and qualitative expression of in ammasomes, on one hand, antL-18, and an elevated recruitment of neutrophils. Increhse
the severity of in ammatory corneal herpetic disease, on thewumbers of CD& T cells were seen at later stages of the
other hand, is reported. disease in these NLRP3 animals. The bene cial role of
Both virulent and less-virulent strains of HSV-1 engagee th NLRP reported here might be related to the low level of
same types of in ammasomes (instead of di erent types) butNLRP induced by the less-virulent RE strain used in the
the levels of in ammasome activation was di erent, leadirg t study 37) as compared to a much higher level that would be
either a protective or harmful in ammatory response. Thus,induced by other more virulent strains such as the McKrae
infection of the cornea with virulent strains of HSV-1 appedire and 17 strains. Indeed, a side-by-side comparison of the less-
to deregulate or induce high levels of in ammasome actimati virulent RE strain with the virulent McKrae and 17 strains
leading to a “harmful” in ammatory and severe stromal coate showed the former induced a less harmful sub-clinical catne
disease. In contrast, the less-virulent strains of HSV-1 apgge in ammation whereas the latter induced a more “harmful”
to lead to an optimal in ammasome activation that is beneicia excessive in ammation that led to corneal damage. Johnson
to the well-being of the cornea. The induced corneal lesionst al., showed that early on duririg vitro infection of human
occurred irrespective of the levels of virus replication in theforeskin broblasts (2 to 4h), HSV-1 induced the activation
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of the IFI16 and NLRP3 in ammasomes and maturation of DNA sensor and mediator of the in ammasome response to
IL-1b (35). some DNA viruses, this PRR is probably not involved in the
In the present study, induction at a high-level of therecognition of all strains and clinical isolates of HSV-1.
nucleotide-binding domain leucine-rich repeat containing Finally, besides the AIM2, NLRP3 and NLRP12
receptor family member (NLRP12) by virulent strains of HSV-1in ammasomes, we also found high levels of activated
(McKrae, 17, and KOS79) and increased neutrophils antFll6as early as 2h post-infection by the virulent HSV-1
dendritic cells recruitment into in amed cornea were asstded strains and clinical isolates (i.e., McKrae, 17, and KOS79)
with severe corneal inammatory disease. The NLRP1and interestingly subsequent inhibition, by a yet-to-be
in ammasome was recently reported by both Sutterwala andletermined immune evasion mechanism, leading to severe
Cassel groups to mediate adverse neutrophilic recruitmentorneal in ammatory disease. This result extends a previous
during lethal inuenza virus infection. NLRP12 acts as areport showing that HSV-1 infection induces activation and
positive activator of in ammation in other systems3§ 43- subsequent inhibition of the IFI16 in ammasome3%, 54).
45 and a negative regulator of in ammation in many other Chandran et al., recently showed th&RCALl regulates
systems 46). Whether NLRP12 de cient mice are protected IFI16-mediated nuclear innate sensing of herpes viral DNA
from corneal HSV-1 infection and disease, compared to wildand subsequent induction of the innate inammasome
type B6 mice, is currently being investigated. Dysregutatioand interferonb responses 35, 40). Herpes virus genome
or hyper activation of the in ammasomes following a viral recognition induces acetylation of nuclear IFI16 and is
infection can lead to an exaggeration of in ammatory respess essential for its cytoplasmic translocation and in ammasom
that lead to exacerbation in the symptoms of viral disease®sponses4l). IFI16 is a member of the PYHIN family and
(5-7, 36). NLRP12 up-regulates MHC-I expressiod7| and predominantly localized to the nucleus, but a pool of the
downregulates NKB activation and TLR signaling in certain intracellular IFI16 also localizes to the cytoplas#?, (49, 55
contexts {7). NLRP12 is highly expressed in neutrophils and57). IFI16-mediated sensing of HSV-1 DNA takes place
DCs, and mice de cient in NLRP12 had reduced in ammatory independently of the nuclear entry of viral DNA in monocyte-
responses, as the NLRPI2 DCs were hindered in their derived macrophages, in which IFI16 co-localizes with HSV-1
ability to migrate to draining LNs48). A reduced in ammatory DNA in the cytosol £7). In addition to signaling an innate
response in these models was not a result of defective amtigerin ammatory response upon HSV-1 infection, IFI16 also acts
presentation or in ammasome activation4®. In addition, as a restriction factor for immediate-early gene (IE) expi@s
a role for NLRP12 as a negative regulator of in ammationof HSV-1 by promoting the epigenetic silencing of the viral
(49, similar to NLRP6, has been reported. NLRP12 mice genome §9).
were unable to down-regulate MB and ERK activation in Independent of viral gene expression, IFI16 recognized the
macrophages4©). HSV-1 genome in infected cell nuclei, re-localized, and co-
The AIM2 in ammasome, a key cytosolic signaling complexiocalized with ASC in the cytoplasn3% 59). However, HSV-
activated by double-stranded DNA viruses, was also engagédspeci cally targeted IFI16 for rapid proteasomal degradatio
early after viral infections 50, 51). However, implication of during post-infection, which was dependent (in certain cell
AIM2 in sensing HSV-1 appears controversial. On one hand, itype) on the expression of ICPO, an immediate early protein
was reported that an AIM2-independent pathway, HSV-1 stillof HSV-1 (5, 60). In contrast, the levels of expression of
induced strong Caspase-1 activation in the human and mousdLRP3, AIM2, and ASC were not decreased, Caspase-1 was
macrophages and primary human broblast85 52). On the “trapped” in actin clusters at later time points that most
other hand, one recent study indicated that AIM2 is essefftial likely blocked the NLRP3/IFI16 in ammasome activity, and
host defense against cytosolic DNA viruses, such as HS¥-1 (inhibited the production of biologically active ILkland IL-18
As an immune evasion strategy, HSV-1 appears to use its VP225). These results suggest that through the host cell response
tegument protein to inhibit AIM2-dependent in ammasome to HSV-1 infection by IFI16 and NLRP3 in ammasomes
activation to enable e cient viral replication53). We discovered early during infection, HSV-1 has evolved immune evasion
that the McKrae and KOS strains, but not the F strain, inducednechanisms to shut down these responses to evade harmful
a signi cant level of AIM2 in human primary corneal epithelial in ammatory responses.
cells, at 4 and 8 h post-infection, however AIM2 expressiondade The present report demonstrates that virulent and
by 24 h. The apparent di erences between our study and previougss-virulent strains of HSV-1 induced dierent levels of
reports may be attributed to di erent cell lines used. Intagiegly  in ammasomes expression along with di erent levels of Caspase
the most virulent HSV-1 strain 17 inhibited AIM2 in ammasome 1 activation and IL-b production. However, these results do not
in corneal epithelial cells as early as 4h Pl and this intobiti imply that the activation of speci c in ammasomes is directly
remains up to 24 h. This result suggests that at least sorakenir  responsible for the severity of corneal herpetic disease wbder
strains do interfere with the AIM2 pathway to dampen the hostwith the virulent HSV-1 strains. Nevertheless, the ndintst
immune response as an immune evasion mechanism and thikere is an association between the high levels of in ammato
leads to severe corneal in ammatory herpetic disease. Guit® responses, on one hand, and the severity of disease induced
are in agreement with previous reports demonstrating that HSVby virulent HSV-1 strains, on the other hand, is an important
1 inhibits AIM2-dependent in ammasome activation to enable discovery by itself. Our data showed, bathvitro and in vivo,
e cientviral replication (51, 53). Although AIM2 isanimportant a clear-cut correlation between high expression of dierent
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in ammasomes-triggering proteins (i.e., NLRP3, NLRP12, andn infected symptomatic (SYMP) and asymptomatic (ASYMP)
IF116) induced by the most virulent strains, followed by caspa  individuals, but the contributions of naturally-occurringiral
activation (i.e., cleaved caspase-1 as detected in wedttanil  variations to herpetic disease are not yet known. A recent
FLICA staining) and by production of the active form of Ilb1 genome-wide investigation showed no signi cant assooreti
We are currently investigating direct links between thevaation  between human genetic variation and HSV-2 virologic seyerit
of speci c in ammasomes and the severity of corneal diseas€?). Yet-to-be-determined di erent virulent factors produced
triggered by virulent strains of HSV-1. In these experiments by virulent strains may lead to the simultaneous activatain
are: (i) comparing in ammation and severity of ocular diseas di erent in ammasomes (i.e., NLRP3, NLRP12, and IFI16) and
induced by various virulent and less-virulent strains of\HS  this would lead to overwhelming in ammatory cell in ltrates to
in wild type mice vs. NLRP3, NLRP6, NLRP12, IFI16 and AIMZhe infected cornea that translates into a harmful in amrogt
de cient mice (28, 46, 61-64); (ii) using co-immunoprecipitation herpetic disease. Using viral genome sequencing, we ametiyrr
experiment to establish the association/oligomerizatidrthe  studying the association of viral genetic loci with high: hsv-
ASC adaptor with the NRLP-3, NLRP6, NLRP12, IFI16, andirulence and its association with clinical and sub-clihmaneal
AIM2 in ammasomes @6, 65-67); and (iii) performing siRNA in ammation in a mouse model of ocular herpes infection, as
knockdown of speci ¢ in ammasomes, botin vitro andin vivo  recently reported by Bowen et all9). Virulence is not an
(68-71). The results from these studies will be the subject of @trinsic property but rather depends on both viral and host
future report. factors (L9, 20, 83). Under similar conditions and using our B6
Activated in ammatory cell inltrates in HSV-1-infected mouse model of ocular herpes we con rmed previous reports
corneas, with or without herpes stromal keratitis, have beenanking the strains 17, McKrae, and KOS79 as the most virulent
demonstrated using a single strain of HSV-A1,(22, 72-78).  strains while F, RE, KOS and KOS63 as less-virulent stréiks (
To the best of our knowledge, no report had compared sideS€). Although the virulent clinical isolate of HSV-1 KOS79 and
by-side virulent and less-virulent strains of HSV-1 in reiting  the less-virulent clinical isolate of HSV-1 KOS63 were tjeally
in ammatory cells into the cornea and how that a ect corneal distinct, they were isolated from the same individual on sepa
herpetic disease. The present study extends those reports bycasions &5). Because US9 appeared to contribute to KOS79
showing that the HSV-1 virulence promotes the recruitment ofneurovirulence §5) we are currently investigating the potential
CD45"d"Ly6CCLy6G F4/8(°CD118°CD11lc  macrophages activation of in ammasomes by US9 product.
and CD4%9"CD11K F4/80 Ly6G"Ly6C™d  neutrophils The in ammasome-virulence-gene associations and their
in Itrates to infected cornea as early as 2-day post-infatti impacts on viral tness, in ammasome activation, in ammatp
and that this was associated with severe corneal diseage. Tlesponses and virulence will be subject of a future report.
larger size of CD4WML y6CCLy6G F4/8¢FCD11K CD11c Finally, it is not excluded that ocular surface microbiomedan
macrophages and CDZ8"CD11K°F4/80 Ly6G" Ly6C™d  the wide range of ocular microbial DNA-based “signatures”
neutrophil in Itrates induced by virulent strains (McKrae, recently reviewed by St. Leger et &7)( also a ect the level
17, KOS79) correlated with the severity of corneal diseasand type of in ammasomes activated following ocular infentio
Previous studies suggest that PMNs play an essential rolgth the virulent and less virulent strains of HSV-1. There ar
in the development of corneal inltrates in stromal herpesseveral implications of the nding that the level of expressio
virus (HSV) keratitis 87, 73, 79, 80). Corneal in ltration has of NLRP3, NLRP12, and IFI16 in ammasomes is increase
rarely been observed in herpes-infected animals treatetl witfollowing infection virulent HSV-1 strains and this was asisted
a PMN-specic mAb (RB6-8C5) or with chemotherapy to with severe corneal in ammatory herpetic disease. In SYMP
reduce the numbers of circulating PMN87% 73, 79, 80). In  individuals, the NLRP3, NLRP12, and IFI16 pathways might
agreement with an early report by Rouskl), we found the be induced by yet-to-be-determined virulent clinical iselaof
neutrophil in ltration in the cornea, which lasts 2-3 daysfbee HSV-1 causing clinical corneal in ammatory herpetic disease
they disappear, to be an earliest sign of disease. Howeverpfien seen in this group of patients. Higher MOls (i.e., 3, 5,
massive secondary neutrophil in ltration occurs, aroundyda and 10 MOIs) produced fast and signi cant death in hTCEpi
8 of post-infection and this was associated with a clinicatells regardless of the strain used. Although the low MOI of
in ammatory HSK. Moreover, we demonstrated that HSV-11 did not result in a productive infection in all hTCEpi cells;
virulence promotes Caspase-1 activation in innate immunét led to 63—88% of hTCEpi cells that were HSV-1 positive,
cells (inammatory monocytes and neutrophils) inltrating depends on the strain used. Since the THP-1 cells appeared to
the corneas following infection with virulent strains of M.  be more resistant to HSV-11{), we used a high MOI of 10
At day 8 post-infection, we also observed some signi can{instead of MOI of 1) to infect these refractory cells. Althoubh
di erences in the number of CD3CD4C T cells that in Itrates  kinetics of in ammasomes expression appeared to be di erent
the cornea of B6 mice infected with virulent and less-vintle in THP-1 and hTCEpi cells infected with virulent vs. less-
strains. This result is in agreement with previous reportsiging  virulent strains of HSV-1, a similar trend of in ammasomes
the involvement of CD% T cells in the immunopathology expression and Caspase-1 activation was detected THP-1 and
of cornea herpetic disease [reviewed in Rajasagi artilfCEpi cells. Similar to innate immune cells, the THP-1 cell
Rouse §1)]. line expresses highs level of inammasomes proteifig), (
Viral genetic dierences likely impact the in ammasome but the underlying mechanisms to why the kinetics of some
activation that lead to a varied severity of disease outsoseen in ammasome expression, particularly the NLRPS6, is di erent
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between hTCEpi and THP-1 cells remain to be fully elucidatedand KE: performed the experiments. P-GC, ND, RS, SP, and LB:
Moreover, we are also determining whether these in ammasomanalyzed the data. P-GC, ND, SR, SP, RS, and LB: contributed
pathways will be associated with the severity of eye diseassagents, materials, and analysis tools. P-GC, ND, and L&ewr
and the neuroinvasiveness, comparing wild type B6 mice tthe paper.

NLRP3, NLRP6, NLRP12, AIM2, and IFI16 in ammasomes

de cient mice (KO mice). Over the last few years, we haV?UNDING

focused on determining how factors in the host's immune eyst

particularly T cells, a ect SYMP and ASYMP individuals with Thjs work is supported by Public Health Service Research Grants
herpes infectionsg, 88, 89). Besides potential di erences in the £yp26103, EY019896, and EY024618 from the National Eye
immune system between SYMP and ASYMP individuals, it ignstitute (NEI) and Grants Al143326, Al138764, Al124911d a
likely that clinical isolates from SYMP but not from ASYMP a1110902 from the National Institutes of Allergy and Infemts
have a speci ¢ genotypic pro le with potential genes (or facjors pjseases (NIAID) and in part by the Discovery Center for

of virulence. . S Eye Research (DCER) and the Research to Prevent Blindness
In conclusion, the experiments described in this studyRrpB) grant.

suggest cornea infection with virulent strains of HSV-1uced
simultaneous early expression of the NLRP3, NLRP12, an
IFI16 in ammasomes, followed by a Caspase-1 activatio

that tr|ghgered retcrm:rr]nen't of niutrophns ag(rj]. n ammator): This work is dedicated to the memory of late Professor Stéven
macrophages Into the named cofnea. 1his exaggera e9VechslerSteve (1948-2016), whose numerous pioneering works
in ammatory response, following comeal infection with ulent on herpes infection and immunity laid the foundation to thiaé
HSV-1 strains, in turn lead to clinical corneal in ammatory of research. We thank Angele Nalbandian, Ph.D. (Gavin Herbe

hertﬁetlc d|seasz, |rrespetct|\t/e of the livtil' of tw(;us r,ipgna?oEyelnstitute, University of California, Irvine, Irvine, G#or help
in the cornea. An important avenue of this study will be Oediting this manuscript.

determine the viral virulent factors that lead to simultanes
sensing and activation of specic in ammasomes that may

cause corneal in ammatory herpetic disease. Identi catioh SUPPLEMENTARY MATERIAL
these virulent viral factors and associated specic aatidat
in ammatory pathways would open new avenues to innovativ
immunotherapies to inhibit corneal in ammation and allev&a
blinding corneal herpetic disease, while at the same timiitim
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