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Abstract

The neonatal Fc receptor (FcRn) is constitutively expressed in the cornea and is up-regulated in
response to herpes simplex virus type 1 (HSV-1). Previously, we found targeting cornea FcRn
expression by small interfering RNA-mediated knockdown reduced the local efficacy of HSV-1
OANLS vaccinated C57BL/6 mice against ocular challenge with HSV-1. The current study was
undertaken to evaluate the HSV-1 OANLS vaccine efficacy in FcRn deficient (FcRn KO) mice
challenged with HSV-1. Whereas there was little neutralizing antibody detected in the serum of
HSV-1 0ANLS vaccinated FcRn KO mice, these mice exhibited the same degree of protection
against ocular challenge with HSV-1 as wild type (WT) C57BL/6 mice as measured by cumulative
survival, infectious virus shed or retained in tissue, and corneal pathology including opacity and
neovascularization. Mock-vaccinated FcRn KO mice were found to be more sensitive to ocular
HSV-1 infection compared to mock-vaccinated (WT) mice in terms of cumulative survival and
virus shedding. In addition, the FcRn KO mice generated significantly fewer effector
(CD3*CD44*CD62L") and central (CD3*CD44*CD62L*) memory CD8* T cells compared to the
WT mice 7 days post infection. Collectively, mock-vaccinated FcRn KO mice are susceptible to
ocular HSV-1 infection but HSV-1 0ANLS vaccinated FcRn KO mice are resistant suggesting that
in addition to the FcRn, other pathways are involved in mediating the protective effect of the
HSV-1 0ANLS vaccine against subsequent HSV-1 challenge.

"Corresponding author at: Department of Ophthalmology, University of Oklahoma Health Sciences Center, 608 Stanton L. Young
Blvd., DMEI #415A, Oklahoma City, OK. 73104, USA, dan-carr@ouhsc.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Declaration of competing interest

DJJC is a member of the Scientific Advisory Board of Rational Vaccines, Inc., which has licensed U.S. patents 77856605 and
8802109 for the OANLS vaccine. No other author has any competing financial interests.

Declaration of interests
The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Carretal.

Keywords

Page 2

Herpes simplex virus type 1; cornea; vaccine; neovascularization; neonatal Fc receptor

1.

Introduction

Herpes simplex virus 1 (HSV—l)1 is a highly successful human pathogen with a
seroprevalence rate greater than 50% in adults worldwide [1]. One of the prominent clinical
manifestations that can result from HSV-1 infection is herpes stromal keratitis, a condition
that includes corneal neovascularization and lymphangiogenesis, scarring, neurotrophic
keratitis, and opacity that individually or collectively contribute to visual impairment [2-4].
This pathologic condition is thought to be driven primarily by the host immune response
including neutrophil influx, macrophage, and CD4* T cell activation and the production of
soluble mediators that contribute directly or indirectly to the degradation of extracellular
matrix proteins and collagen lamellae [5, 6]. Collateral damage to ocular-associated tissue
including the lacrimal glands has also been reported in experimental models [7, 8]. In the
human patient and experimentally, steroids including dexamethasone have been shown to be
quite effective in reducing pathology associated with ocular HSV-1 infection but with
possible consequences to long-term effects on the immune system [9-11]. Anti-viral
therapeutics and recently developed novel compounds show promise experimentally in
treating ongoing infection but the application in the prevention of reactivation or primary
acute infection is not evident [2].

Vaccines have long been recognized as a strategy to prevent ocular HSV-1 infection [12].
However, there are no ongoing clinical trials registered in the United States evaluating
vaccines against ocular HSV-1 infection, in part, likely due to the degree of difficulty in
preservation of an incredibly sensitive tissue and experimental designs that do not take into
account quantifiable measurements of ocular morbidity [13]. Over the past decade
experimental findings have demonstrated the efficacy of strategically designed subunit
vaccines to glycoproteins or peptide epitopes of glycoproteins or tegument proteins of
HSV-1 in terms of suppressing viral replication and establishment of latency, generating a
robust T cell response, and reducing ocular inflammation in mice [14-18]. Likewise, other
labs have used attenuated HSV-1 as vaccines to demonstrate strong protection against ocular
challenge with laboratory strains or clinical isolates of HSV-1 in mice and non-human
primates [19-22]. In all instances, these studies fall short of evaluating the visual axis or
assessing pathology in quantifiable terms. We have previously shown an attenuated HSV-1
in which the nuclear localization signal of infected cell protein 0 (ICPO) has been deleted,
HSV-1 OANLS, used as a vaccine provides significant efficacy against ocular HSV-1
challenge in mice [23, 24]. The vaccine was found to be safe in mice deficient in the
functional type I interferon (IFN) response but cornea pathology including robust
neovascularization was noted in the surviving animals [25]. Using siRNA to target
expression of the neonatal Fc receptor (FCRn) expression in the cornea, we found the

THsv-g, herpes simplex virus 1; ICPO, infected cell protein 0; IFN, interferon; FcRn, neonatal Fc receptor; FcRn KO, FcRn deficient;
WT, wild type; PFU, plaque forming units; pi, post infection; TG, trigeminal ganglia; BS, brain stem; CNS, central nervous system;
MLN, mandibular lymph node; GC, germinal center.
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efficacy of the vaccine in blocking virus replication locally was compromised suggesting a
role of FcRn in HSV-1 OANLS vaccine efficacy within the eye [26].

The FcRn was originally described in the transport of 1gG in the gut of neonatal rodents and
was later reported to be responsible for the transport of 1gG across the placenta of humans
[27-29]. It was also determined the FcRn is crucial for the extended half-life of 19gG
removing it from the lysosomal degradation pathway [30, 31]. The mammalian FcRn is
expressed on epithelial cells where it can transport 1gG across polarized cells providing a
first-line defense against invading microbial pathogens [32, 33]. In fact, the FcRn has been
described to facilitate intracellular neutralization of the PR8 influenza virus likely through
blocking viral assembly [34]. Within the eye, the FcRn is found associated with retina and
iris blood vessels as well as the corneal epithelium and endothelial layer [35]. Previously, we
reported the FCRn within the cornea is up-regulated in response to trauma or HSV-1
infection co-localizing with HSV-1 antigen in corneal epithelial cells [26]. The present study
was undertaken to pursue the hypothesized role of corneal FcRn expression as a conduit of
anti-HSV-1 1gG to suppress virus replication and viral-mediated cornea pathology
comparing wild type to FcRn deficient (FcRn KO) mice following immunization with the
HSV-1 0ANLS vaccine.

2. Materials and method

2.1 Mice

C57BL/6 (wild type, WT) and FcRn KO (B6.Cg-Fcgri™Pcr Tg(CAG-FCGRT)276Dcr/
DcrJ) [36] male and female mice (6—8 weeks old) were obtained from The Jackson
Laboratory (Bar Harbor, ME) and housed in a specific pathogen-free vivarium at the Dean

A. McGee Eye Institute and University of Oklahoma Health Sciences Center. Animals were
handled in accordance with the National Institutes of Health’s Guide for the Care and Use of
Laboratory Animals with all procedures approved by the University of Oklahoma Health
Sciences Center Institutional Animal Care and Use Committee (Protocol #19-060-ACHIX).
Mice were anesthetized for all procedures using an intraperitoneal injection of xylazine (6.6
mg/kg) and ketamine (100 mg/kg). For terminal experiments, animals were anesthetized and
euthanized by exsanguination via intracardiac perfusion with 10-15 ml of PBS.

2.2 Vaccination and ocular infection

WT and FcRn KO mice were immunized with 1 x 104 plaque forming units (PFU) of the
live attenuated HSV-1 OANLS or vehicle (PBS) in a two-dose prime-boost regimen in the
footpad and flank, respectively as previously described [23]. Animals were boosted 21 days
following primary immunization and subsequently challenged with 1 x 104 PFU HSV-1
McKrae/cornea 30 days post-boost. Specifically, 3 il of RPMI-1640 containing 10% fetal
bovine serum and virus were applied to the scarified cornea of each eye of anesthetized
mice. Scarification was conducted on anesthetized animals immediately before infection by
using a 25 gauge needle and subjecting the cornea to partial epithelial debridement. Mice
were monitored for survival out to day 30 post infection (pi) or euthanized at the indicated
time point.
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2.3 Serological assays

Peripheral blood was collected from the facial vein of anesthetized mice 30 days post-boost
immediately before infection. The serum was obtained by fractionating the blood using
Microtainer serum separation tubes (Becton Dickinson, Franklin Lakes, NJ). The collected
sera was evaluated for virus-neutralizing antibody titers in the presence of guinea pig
complement (Rockland, Limerick, PA) using confluent Vero cell (American Type Culture
Collection, Manassas, VA) as described [23]. Anti-HSV-1 1gG2b in sera was determined by
ELISA using immobilized HSV-1 virions on EIA 96-well plates (Costar, Cambridge, MA)
as previously described [37].

2.4 Viral titer

Following ocular HSV-1 infection, the corneas of vaccinated mice were swabbed with
cotton-tipped applicators for infectious virus in the tear film, and tissues were collected and
assayed for viral content by standard plaque assay using Vero cell monolayers [23].

2.5 Ocular pathology

To measure opacity, the whole eye was excised from exsanguinated mice at the indicated
time point pi, and the cornea of each eye was separated from the remainder of the tissue at
the limbus interface and placed in the bottom and center of the well of a 96-well, U-bottom
plate containing 50 pl of PBS. The tissue was assayed for absorbance at 500 nm using a
FLUOstar Omega plate reader (BMG Labtech, Offenburg, Germany) as previously described
[38]. Immediately after analysis of corneal opacity the tissue was fixed in a 4% solution of
paraformaldehyde (Sigma-Aldrich, St. Louis, MO) for 30 min, and washed in PBS
containing 1% Triton X-100 (Sigma-Aldrich). The corneas were blocked overnight in 10%
donkey serum (Abcam, Boston, MA) and labeled for blood and lymphatic vessels as
previously described [39]. Images were acquired using an Olympus FVV1200 scanning
confocal microscope in sequential scanning channel mode (Center Valley, PA). The total
area positive for blood and lymphatic vessels per field of view (4 quadrants/cornea) was
quantified using Metamorph software (Molecular Devices Inc., San Jose, CA).

2.6 Flow cytometry

Mandibular lymph nodes were macerated over 40-um mesh cell strainer (Midsci, Valley
Park, MO) into single-cell suspensions. Cells were enumerated and 1 x 10° cells/100 ul PBS
containing 2% FBS were blocked with anti-CD16/32 (eBioscience, San Diego, CA), labeled
with a combination of 1 pul each of CD45 PerCP-Cy5.5 (Biolegend, San Diego, CA), CD19
APC, CD3e, CD4 APC-Cy7, CD8a PE or APC-Cy7, IgM FITC, IgD PE-Cy7, CD44 APC,
and/or CD62L FITC (all from Thermo Fischer Scientific) diluted in 1% BSA in 1X PBS for
30 minutes. In the case of tetramer staining, cells were labeled with a combination of CD3
PE-Cy7, CD8-APC-Cy7, gB (SSIEFARL)-PE or ICP6 (QTFDFGRL)-Alexafluor488 (NIH
Tetramer Core Facility, Atlanta, GA). Cells were then washed twice by adding 1 ml of 2%
FBS in 1X PBS, centrifuging for 5 minutes at 300 x g, and decanting supernatant. Cells
were then fixed in 1 ml of 1% paraformaldehyde overnight and resuspended in 1 ml of 2%
FBS in 1X PBS to be analyzed on a MacsQuant 196 flow cytometer (Miltenyi Biotech).
Gating strategies were identical to those previously described [40] except those included in
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this study, incubated on ice in the dark for 20—30 min, and washed in PBS containing 2%
FBS. Samples were analyzed using FlowJo software (Ashland, OR).

2.7 Statistics

Statistical analysis of data was performed using Prism 8 software (version 8.0; GraphPad
Software, La Jolla, CA). Data were analyzed between groups using the indicated analysis for
statistical significance if the comparison yielded a p-value < 0.05.

3. Results

3.1 The absence of the FcRn has no significant impact on mortality even with a
significant reduction in neutralizing antibody titers

Survival has often been used to establish the effectiveness of vaccines against life-
threatening pathogens including HSV-1 in animal models [20-22]. In order to investigate the
role of the FcRn in HSV-1 0ANLS vaccine efficacy, WT and FcRn KO mice were
immunized with HSV-1 0ANLS or vehicle and subsequently challenged with HSV-1
McKrae (Fig. 1A). Vehicle-immunized FcRn KO mice showed significant mortality
following ocular HSV-1 infection with a survival rate of 12.5% (1/8) compared to vehicle-
immunized WT mice with a survival rate of 50% (4/8) (Fig. 1B). By comparison, HSV-1
O0ANLS immunized WT and FcRn KO mice showed 100% survival (8/8) following ocular
HSV-1 challenge (Fig. 1B).

Antibody neutralizing titers are often instrumental in the prophylactic efficacy of vaccines
against infectious pathogens including HSV-1 as we previously reported using the HSV-1
OANLS vaccine [23]. To determine whether neutralizing antibody titers were altered
comparing immunized WT to FcRn KO mice, sera was obtained from vaccinated mice prior
to ocular HSV-1 challenge and assessed for neutralization capacity and reactivity to HSV-1
antigen. Even though HSV-1 0ANLS vaccinated FcRn KO mice survived ocular HSV-1
challenge, the neutralization antibody titer of these animals was significantly below that of
the HSV-1 OANLS vaccinated WT animals (Fig. 1C). In addition, 1gG2b reactivity in the
sera of the HSV-1 OANLS vaccinated FcRn KO mice was well below that of the WT
counterparts (Fig. 1D). No other immunoglobulin isotype evaluated including IgA, IgM,
1gG1, or IgG2a was found to interact with HSV-1 antigen at the level of the 1gG2b isotype at
the dilutions reported (data not shown).

3.2 The absence of the FcRn does not affect the outcome of HSV-1 replication, spread, or
shedding in HSV-1 OANLS vaccinated mice

We previously reported a 50% reduction in FCRn expression by siRNA targeting led to a loss
in HSV-1 0ANLS vaccine efficacy as measured by viral load in the cornea 48 hr pi [26].
Therefore, we analyzed whether the absence of the FcRn in vaccinated mice significantly
altered the course of viral replication compared to WT vaccinated animals. In terms of viral
shedding following ocular challenge, the activity of the HSV-1 0ANLS vaccine was not
compromised in the absence of FcRn with the lack of detectable infectious virus in the tear
film by day 4 pi in both WT and FcRn KO immunized mice (Fig. 2A). Similar results were
found in assessment of viral titers measured in the cornea (Fig. 2B), trigeminal ganglia (TG)
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(Fig. 2C), and brain stem (BS) (Fig. 2D) of HSV-1 OANLS immunized WT and FcRn KO
mice at day 7 pi. In contrast, vehicle-immunized FcRn KO mice shed significantly more
virus than vehicle-immunized WT mice at day 4-6 pi (Fig. 2A) but both vehicle-vaccinated
mice showed similar levels of infectious virus in the cornea, TG, and BS at day 7 pi and
significantly more than the HSV-1 OANLS vaccinated WT or FcRn KO animals (Fig. 2B-D).

HSV-1 spreads to various regions of the central nervous system (CNS) including the
olfactory bulb, hippocampus, midbrain, cerebellum, and subventricular zone after ocular
infection in mice [41]. In fact, the ependymal region of the subventricular zone has been
associated with severe pathology correlative with encephalitis in mice and in a
subpopulation of humans diagnosed with herpes simplex encephalitis [42, 43]. Since there
was a significant difference in survival between HSV-1 OANLS- vs vehicle-vaccinated mice,
we investigated various regions of the brain to determine if viral load correlated with
mortality rates. Infectious virus was undetectable in all areas of the CNS of HSV-1 OANLS
vaccinated WT and FcRn KO mice. HSV-1 was detected in the subventricular zone (Fig 2E)
and hippocampus (Fig. 2F) of two out of five vehicle vaccinated mice evaluated but there
was no significant difference between WT and FcRn KO vehicle immunized animals.
However, the frequency of detection of HSV-1 in the midbrain was higher with 60-75% of
vehicle-vaccinated mice possessing detectable lytic virus but no difference between vehicle-
immunized WT and FcRn KO mice (Fig. 2G).

3.3 HSV-1 0ANLS vaccinated WT and FcRn KO mice show minimal cornea pathology post
HSV-1 infection

A hallmark of severe ocular HSV-1 infection includes corneal opacity and
neovascularization consisting of the genesis of blood and lymphatic vessels in the central
cornea [3, 5]. To determine whether the absence of the FcRn impacted the efficacy of the
HSV-1 0ANLS vaccine against viral-mediated tissue pathology, vehicle- and HSV-1 OANLS-
immunized WT and FcRn KO mice that survived acute infection were evaluated for corneal
opacity and neovascularization. Both WT and FcRn KO mice immunized with the HSV-1
O0ANLS vaccine showed minimal corneal opacity similar to baseline levels at 30 days pi (Fig.
3A). In contrast, vehicle-immunized mice displayed a significant increase in corneal opacity
compared to the HSV-1 OANLS vaccinated group with no difference comparing vehicle-
immunized WT to FcRn KO mice at day 30 pi (Fig. 3A). Since there was only two eyes to
evaluate for the vehicle-vaccinated FcRn KO mice at day 30 pi due to mortality, we assessed
the opacity in vehicle-immunized mice that required euthanasia between days 7-11 pi.
Vehicle-immunized FcRn KO mice showed a significant increase in corneal opacity during
this time period in comparison to their WT counterparts suggesting the lack of FcRn
significantly impacts on the development of tissue pathology in response to ocular HSV-1
infection (Fig. 3B). The level of opacity was similar to that observed at day 30 pi suggesting
the FcRn KO mice are highly susceptible to corneal opacity with an earlier onset relative to
WT animals.

We have previously reported impressive blood and lymphatic vessel growth into the central
cornea by day 30 pi in WT mice [44]. Consistent with this observation, vehicle-vaccinated
WT mice showed significant corneal neovascularization by day 30 pi (Fig. 3C). Although
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limited in number, a similar observation was found in the vehicle-immunized FcRn KO mice
(Fig 3C). In contrast, HSV-1 OANLS vaccinated WT and FcRn KO mice showed little to no
neovascularization at the same day 30 pi time point (Fig. 3C). The results comparing the
blood (Fig. 3D) and lymphatic (Fig. 3E) vessel genesis into the cornea proper were found to
be significantly reduced in the WT groups vaccinated with HSV-1 0ANLS compared to the
vehicle-immunized group.

3.4 Draining lymph node profile in WT and FcRn vaccinated mice

The FcRn is known to contribute to the host immune response in addition to transport of
1gG. Specifically, the FcRn has been described to facilitate the uptake of antigen-antibody
complexes by CD11c™ dendritic cells and generate an expansion of antigen-specific CD4* T
cells in organized lymphoid tissue [45]. It has also been instrumental in vaginal herpes
simplex virus type 2 infection via the movement of protective, anti-viral 1gG, across
epithelial barriers in passively immunized mice [46]. Relative to CD8* T cell activity, the
FcRn has been described to be involved in cross-presentation of antigen-1gG complexes in
CD8CD11b* dendritic cells [47]. Therefore, we investigated the adaptive immune response
in the draining (mandibular) lymph node (MLN) [48] of vaccinated WT and FcRn KO mice
following HSV-1 infection. Analysis of the CD4" T cell response revealed the total CD4* T
cell number recovered from the MLN of the HSV-1 OANLS vaccinated mice was reduced by
over 2-fold compared to the vehicle-vaccinated WT mice at day 7 pi (Fig. 4A). There was
also a modest reduction in the total CD4* T cell number recovered in the MLN from HSV-1
OANLS-vaccinated compared to the vehicle-vaccinated FcRn KO mice but the difference did
not reach significance (Fig. 4A). Analysis of CD4* central (CD3*CD4*CD44*CD62L™)
(Fig. 4B, 41) and effector (CD3*CD4*CD44*CD62L") (Fig. 4C, 41) memory T cells were
not significantly modified in number comparing all four groups of vaccinated WT and FcRn
KO mice. There were no differences comparing WT to FcRn KO vaccinated mice for any
CD4* T cell phenotype evaluated (Fig. 4A-C).

In comparison to CD4* T cells, analysis of the CD8* T cell response revealed the total CD8*
T cell number of the HSV-1 0ANLS vaccinated mice was reduced by over 3-fold compared
to the vehicle-vaccinated WT mice at day 7 pi (Fig. 4D). A similar trend was also observed
in the FcRn KO vaccinated animals although it did not reach significance (Fig. 4D). There
was also a significant reduction in the number of CD8* central (CD3*CD8*CD44*CD62L™)
(Fig. 4E, 41) and effector (CD3*CD8*CD44*CD62L") (Fig. 4F, 41) memory T cells
comparing the HSV-1 OANLS- to vehicle-vaccinated WT mice. However, this difference was
not reflected in changes in the number of HSV-1 gB- (Fig. 4G) or ICP6- (Fig. 4H) specific
CD8* T cells comparing the HSV-1 OANLS- to vehicle-vaccinated WT mice. There were no
differences comparing WT to FcRn HSV-1 0ANLS-vaccinated mice for any CD8" T cell
phenotype (Fig. 4D-I). This analysis included the frequency of HSV gB- and ICP6-specific
CD8* T cells to the total CD8* T cell population in the draining lymph node. Specifically,
the frequency of gB-specific CD8* T cells to the total CD8" T cell population for FcRn KO
vehicle-, FcRn KO 0ANLS-, WT vehicle-, and WT 0ANLS-vaccinated mice was 1.24 +
0.21,2.17 £ 0.76, 1.25 + 0.28, and 1.38 + 0.26 percent respectively. Likewise, the frequency
of ICP6-specific CD8" T cells to the total CD8* T cell population for FcRn KO vehicle-,
FcRn KO 0ANLS-, WT vehicle-, and WT OANLS-vaccinated mice was 1.03 + 0.23, 0.70 +
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0.13,0.62 + 0.27, and 1.16 £ 0.23 percent respectively. However, there were significantly
less effector and central memory CD8* T cells comparing vehicle-immunized FcRn KO
mice compared to the vehicle-vaccinated WT animals (Fig. 4E, 4F).

Since there were some notable changes in the number of T cells in the MLN of vaccinated
mice post HSV-1 infection, we also investigated possible changes in the distribution of B
lymphocytes in the MLN of vaccinated mice post HSV-1 infection. The total number of
CD19" B lymphocytes residing in the MLN of vehicle-vaccinated WT and FcRn KO mice
was substantially higher than that found in the MLN of the HSV-1 OANLS-vaccinated
counterparts (Fig. 5A). A similar profile was also observed in the number of germinal center
(GC) B cells with significantly elevated numbers found in the MLN of vehicle-vaccinated
WT and FcRn KO mice compared to the HSV-1 OANLS-vaccinated mice (Fig. 5B, 5D).
However, only the WT vehicle-vaccinated mice displayed an increase in isotype-switched B
lymphocyte numbers compared to the HSV-1 OANLS-vaccinated WT mice (Fig. 5C, 5D).
No significant difference was found comparing the FcRn KO vaccinated groups although
there was a trend towards an increased number of isotype-switched B lymphocytes in the
vehicle-vaccinated FcRn KO mice (Fig. 5C, 5D).

4. Discussion

The FcRn is a non-polymorphic heterodimer composed of an MHC class I-related a-chain
non-covalently associated with p-2 microglobulin that acts as an 1gG salvage receptor
extending the circulating half-life of the 1gG molecule [27, 49, 50]. FcRn expression in the
cornea of mice, which is up-regulated in response to HSV-1 infection, was found to be
instrumental in the control of local (i.e., cornea) HSV-1 replication in HSV-1 OANLS
vaccinated mice within the first 48 hr pi following targeting of its expression using SiRNA
[26]. In the current study, the FcRn was not found to play a significant role in vaccine
efficacy in FCRn KO mice immunized with the HSV-1 OANLS vaccine in terms of survival,
control of virus replication and spread, and virus-mediated corneal pathology including
neovascularization and opacity. However, the absence of the FcRn was found to significantly
reduce the antibody neutralization titer against as well as the level of reactivity to HSV-1 in
OANLS vaccinated mice. This observation is likely due to the contribution of the FcRn and
circulating 1gG levels that are reduced in FcRn KO mice [36]. However, both WT and FcRn
KO mice exhibited similar resistance to HSV-1 replication, spread, and tissue pathology
compared to the vehicle-immunized control mice. Such results would suggest (a) redundant
pathway(s) may be functional in the absence of the FcRn during development. Candidate
molecules include the Fcry receptor 111 found on B cells, monocytes/macrophages,
neutrophils, dendritic cells, and other granulocytes and Fcy receptor IV found on monocyte/
macrophages and neutrophils [51], Fc receptor-like molecules [52], and tripartite motif-
containing 21 (TRIM21) protein [53]. While these membrane bound and cytosolic receptors
likely play a role in anti-viral defense through the action of antibody ligation, in the case of
ocular HSV-1 infection, a recent report suggests TRIM21 antagonizes the host cell resistant
to the pathogen by reducing IFN-p production and inhibiting signaling through the
stimulator of IFN genes/interferon regulatory factor 3 [54]. Likewise, a previous study by
our group showed no loss in efficacy in immunizing Fc-y receptor 111 mice with the OANLS
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vaccine [24]. Studies will be required to determine if an overlapping role of 1gG-specific
receptors exists in the absence of FcRn that would explain the current findings.

A drop in the expansion of T cell populations in the MLN of HSV-1 0ANLS vaccinated WT
and FcRn KO mice is consistent with previous reports and is attributed to less antigen
exposure due to initial virus control by the action of the vaccine-induced immune response
[23, 25]. It should be noted that the differences were more pronounced and significant
comparing the WT HSV-1 OANLS- to vehicle-vaccinated WT animals as opposed to what
was observed in the FcRn KO vaccinated groups. It was anticipated there might be changes
in HSV-specific CD8* T cells comparing the various vaccinated WT and FcRn KO mice as
determined using the dominant gB epitope and subdominant ICP6 epitope as previously
described [55]. However, there were no differences in either the number or frequency of the
HSV-specific CD8* T cells in any group of vaccinated animal.

The B lymphocyte compartment displayed more robust differences in WT and FcRn KO
mice immunized with the HSV-1 0ANLS vaccine compared to the vehicle-vaccinated control
WT and FcRn mice with significant differences measuring the total B lymphocyte number as
well as the number of GC B cells within the MLN. These results are somewhat surprising in
that a previous study reported enhanced B lymphocyte response to antigen in FcRn-
overexpressing mice [56]. We reasoned B lymphocyte expansion in the HSV-1 0ANLS
immunized FcRn KO mice would be similar to vehicle-vaccinated groups due to the
contribution of FcRn assistance in antigen presentation which would likely encompass
follicular dendritic cell presentation to naive B cells in primary follicles. The observation
that germinal center B cell numbers were equivalent in the MLN of HSV-1 OANLS
vaccinated WT and FcRn KO mice suggests FCRn is not a significant contributing factor in
the development of germinal center B cells following HSV-1 infection under these
conditions. In contrast to germinal center B lymphocyte numbers, there was a substantial
increase in the total number of B lymphocytes in the MLN of vehicle-vaccinated mice
compared to those immunized with OANLS. We believe this change reflects the response of
T lymphocytes to additional antigen available that would drive B cell expansion during the
primary adaptive immune response following ocular HSV-1 infection.

The absence of FcRn did have an impact on the host response to ocular HSV-1 infection
comparing vehicle-immunized animals. Specifically, the mortality rate of HSV-1-infected
FcRn KO mice was higher (7/8 or 87.5%) compared to WT mice (4/8 or 50%). Likewise,
viral shedding in the tear film was elevated in the vehicle-immunized FcRn KO mice
compared to the WT mice during acute infection which correlated with an increase in the
cornea opacity score between day 7-11 pi. It was also noted the absolute number of central
memory CD8* T cells residing in the MLN of FcRn KO mice was significantly reduced
compared to that found in the WT mice at 7 day pi. These changes in host susceptibility to
HSV-1 infection in the absence of the FCRn are consistent with the role of the FcRn in cross
presentation in the development of central memory CD8* T cells [47, 57]. However, it is
somewhat surprising a larger difference was not observed in the CD4* T cell compartment
which has been found to be influenced by FcRn-driven CD4* T cell expansion to antigen
[45].
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A major caveat to the current study is the lack of functional measurements of effector T cells
or other characteristics attributable to antibody that may have contributed to the efficacy of
the HSV-1 OANLS vaccine in the FcRn KO mice. In terms of antibody, the Fc-y receptor has
a role in phagocytosis, cytokine and chemokine production, changes in B and T lymphocyte
responses and antibody-dependent cellular cytotoxicity [58], the latter of which reportedly is
central to the efficacy of one vaccine candidate against ocular HSV-1 infection [21]. We
have previously found the absence of neutralizing antibody to HSV-1 in HSV-1 OANLS-
vaccinated mice still provides a powerful influence on HSV-1 surveillance through the
activation of HSV-1 specific CD8* T cells [59]. While the original observation using the
HSV-1 0ANLS vaccine resided with the correlation of protection being antibody, it is now
evident additional pathways that do not rely on FCRn expression or neutralizing antibody can
provide sufficient protection in the OANLS-vaccinated host to control virus infection,
replication, spread, and pathology. Candidate pathways would most likely include the type |
IFN and STING-dependent pathways and downstream effector molecules including RNAse
L which have been found to be critical to host defense against ocular HSV-1 challenge [60].
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Fig. 1.

Hgv-l OANLS immunized C57BL/6 (WT) and FcRn KO mice are protected from HSV-1-
mediated mortality. (A) WT and FcRn KO mice (n=6-8/group) were vaccinated and boosted
with HSV-1 OANLS or vehicle and subsequently ocularly challenged with HSV-1 McKrae (1
x 104 PFU/cornea). At the indicated times post infection (pi), the mice were euthanized and
assessed for resistance to infection and humoral immunity. (B) Mice were monitored for
survival out to day 30 post infection. The results are the summary of two independent
experiments; **p<.01 comparing the HSV-1 OANLS vaccinated groups to the PBS
immunized FcRn KO mice, 2p<.05 comparing the HSV-1 0ANLS vaccinated groups to the
PBS immunized WT mice. (C) Sera from vaccinated mice (n=10/group) was evaluated for
neutralization titers. The results depict mean £ SEM, **p<.01 comparing HSV-1 0ANLS
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vaccinated WT to FcRn KO mice and 22p<.01 comparing the HSV-1 0ANLS vaccinated WT
to the PBS-immunized WT mice as determined by ANOVA and Tukey’s post hoc #test. (D)
1gG2b reactivity to HSV-1 antigen in sera from PBS- and HSV-1 OANLS-vaccinted WT and
FcRn KO mice (n=10/group). ***p<.001, **p<.01 comparing HSV-1 0ANLS vaccinated
mice to all other groups as determined by ANOVA and Tukey’s post hoc #test.
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Fig. 2.
HSV-1 OANLS immunized C57BL/6 (WT) and FcRn KO mice show containment of HSV-1

replication and spread. WT and FcRn KO mice (n=5-10/group) were vaccinated with HSV-1
OANLS or vehicle and subsequently ocularly challenged with HSV-1 McKrae (1 x 104 PFU/
cornea). The results are depicted as mean £ SEM. (A) Tear film was analyzed for viral
content by plaque assay at the indicated times pi. **p<.01, *p<.05 comparing the indicated
vehicle-vaccinated animals to the HSV-1 0ANLS immunized mice; £p<.05 comparing the
vehicle-vaccinated FcRn to WT mice as determined by ANOVA and Tukey’s post hoc t-test.
Vaccinated mice were euthanized 7 days pi and assayed for infectious virus in the (B)
cornea, (C) trigeminal ganglia (TG), (D) brain stem (BS), (E) subventricular zone (SVZ2), (F)
hippocampus (HC), and (G) midbrain (MB) by plaque assay. ***p<.001, *p<.05 comparing
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the HSV-1 OANLS immunized animals to their vehicle-vaccinated counterparts as
determined by ANOVA and Tukey’s post hoc ~#test.
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Cornea opacity and neovascularization. WT and FcRn KO mice (n=4-8/group) were
vaccinated with HSV-1 OANLS or vehicle and subsequently ocularly challenged with HSV-1
McKrae (1 x 104 PFU/cornea). The results are depicted as mean + SEM (or mean + SD for
FcRn + vehicle at day 30 pi). The corneas of mice that survived infection were removed
from the eyes of euthanized animals (A) day 30 pi or (B) day 7-11 pi and assessed for
corneal opacity as measured by absorbance at 500 nm. **p<.01 comparing the indicated
groups of vaccinated mice as determined by Mann-Whitney rank order test. (C-E)The
corneas of mice that survived infection were removed from the eyes of euthanized animals
and assessed for lymphatic and blood vessel genesis into the central aspect of the cornea. (C)
Representative confocal images of corneas from vehicle- and HSV-1 OANLS vaccinated WT
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and FcRn mice at day 30 pi. Lymphatic vessels appear green and blood vessels appear red.
Bar = 250 um. Dotted line outlines the limbus margins. Summary of the threshold area of the
cornea occupied by (D) CD31* blood vessels and (E) Lyve-1* lymphatic vessels for each
group of mice. For panels C-E, the results are depicted as mean = SEM (or mean * SD for
FcRn + vehicle at day 30 pi, n=2). **p<.01, *p<.05 comparing the vehicle-vaccinated to
HSV-1 0ANLS-vaccinated groups as determined by ANOVA and Tukey’s #test.
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Phenotypic characterization of lymph node T cells post infection. WT and FcRn KO mice
(n=5-8/group) were vaccinated with HSV-1 OANLS or vehicle and subsequently ocularly
challenged with HSV-1 McKrae (1 x 104 PFU/cornea). The mandibular lymph nodes were
removed from exsanguinated mice at day 7 pi and examined for total CD4* T cell (A), total
CD4" central memory T cell (B), total CD4* effector memory T cell (C), total CD8* T cell
(D), total CD8™ central memory T cell (E), total CD8™ effector memory T cell (F), total
HSV-1 gB-specific CD8* T cell (G), and total HSV-1 ICP6-specific CD8* T cell (H)
numbers reported as mean + SEM. (1) Gating strategy for effector (CD3*CD44"CD62L")
and central (CD3"CD44*CD62L*) memory CD4* and CD8* T cells. 28p<.01, **p<.01,
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Ap<.05, *p<.05 comparing the indicated groups as determined by ANOVA and Tukey’s &
test.
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Phenotypic characterization of lymph node B cells post infection. WT and FcRn KO mice

(n=5-8/group) were vaccinated with HSV-1 0ANLS or vehicle and subsequently ocularly

challenged with HSV-1 McKrae (1 x 10* PFU/cornea). The mandibular lymph nodes were
removed from exsanguinated mice at day 7 pi and examined for total B cell (A), total

germinal center (GC) B cell (B), and total isotype-switch B cell (C) numbers reported as

mean + SEM. (D) Gating strategy for germinal center (CD19*GL-7*CD95") and isotype-

switched (IgD~IgM™) B cells. *p<.05 comparing the indicated groups as determined by

ANOVA and Tukey’s £test.

Vaccine. Author manuscript; available in PMC 2022 April 28.



	Abstract
	Introduction
	Materials and method
	Mice
	Vaccination and ocular infection
	Serological assays
	Viral titer
	Ocular pathology
	Flow cytometry
	Statistics

	Results
	The absence of the FcRn has no significant impact on mortality even with a significant reduction in neutralizing antibody titers
	The absence of the FcRn does not affect the outcome of HSV-1 replication, spread, or shedding in HSV-1 0ΔNLS vaccinated mice
	HSV-1 0ΔNLS vaccinated WT and FcRn KO mice show minimal cornea pathology post HSV-1 infection
	Draining lymph node profile in WT and FcRn vaccinated mice

	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.

