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ABSTRACT Periodic reactivation of herpes simplex virus type 1 (HSV-1) triggers immune
responses that result in corneal scarring (CS), known as herpes stromal keratitis (HSK).
Despite considerable research, fully understanding HSK and eliminating it remains
challenging due to a lack of comprehensive analysis of HSV-1-infected immune cells
in both corneas and trigeminal ganglia (TG). We engineered a recombinant HSV-1
expressing green fluorescent protein (GFP) in the virulent McKrae virus strain that does
not require corneal scarification for efficient virus replication (GFP-McKrae). Next-gener-
ation sequencing (NGS) analysis, along with in vitro and in vivo assays, showed that
GFP-McKrae virus was similar to WT-McKrae virus. Furthermore, corneal cells infected
with GFP-McKrae were quantitatively analyzed using image mass cytometry (IMC).
The single-cell reconstruction data generated cellular maps of corneas based on the
expression of 25 immune cell markers in GFP-McKrae-infected mice. Corneas from
mock control mice showed the presence of T cells and macrophages, whereas corneas
from GFP-McKrae-infected mice on days 3 and 5 post-infection (PI) exhibited increased
immune cells. Notably, on day 3 PI, increased GFP expression was observed in closely
situated clusters of DCs, macrophages, and epithelial cells. By day 5 PI, macrophages
and T cells became prominent. Finally, immunostaining methods detected HSV-1 or
GFP and gD proteins in latently infected TG. This study presents a valuable strategy for
identifying cellular spatial associations in viral pathogenesis and holds promise for future
therapeutic applications.

IMPORTANCE The goal of this study was to establish quantitative approaches to
analyze immune cell markers in HSV-1-infected intact corneas and trigeminal ganglia
from primary and latently infected mice. This allowed us to define spatial and temporal
interactions between specific immune cells and their potential roles in virus replica-
tion and latency. To accomplish this important goal, we took advantage of the utility
of GFP-McKrae virus as a valuable research tool while also highlighting its potential
to uncover previously unrecognized cell types that play pivotal roles in HSV-1 replica-
tion and latency. Such insights will pave the way for developing targeted therapeutic
approaches to tackle HSV-1 infections more effectively.

KEYWORDS ocular infection, virus replication, primary infection, latency, GFP, image
mass-cytometry, immune cells

H erpes simplex virus type 1 (HSV-1) infection is widespread and, in the US, over
70% of the adult population has antibodies to HSV (1-3). HSV-1-induced corneal
scarring (CS), broadly referred to as HSK, is the leading cause of infectious blindness
in developed countries (4), and HSK is much more likely to occur following recurrent
HSV infection (5-9). In the US, approximately 500,000 people annually experience
recurrent ocular HSV episodes that require doctor visits, medication, and in severe cases,
corneal transplants. Despite considerable efforts, neither a vaccine to prevent ocular HSV
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infection nor safe and effective approaches to eliminate latent HSV infections have
been developed. Following ocular infection, the virus travels via anterograde and
retrograde transport between the site of infection and ganglia of the infected host (10,
11). After establishing latent infection in peripheral sensory neurons of an infected host,
the virus may reactivate and travel back to the original site of infection, causing recurrent
disease (12-14).

Corneal cells are the site of HSV-1 infection, and the cornea includes epithelial cells,
keratocytes, and endothelial cells in three distinct layers (15). The eye is an immune-privi-
leged site, with immune privilege being maintained via mechanisms that attenuate both
innate and adaptive immune responses (15, 16). Thus, the immune-privileged status of
the eye in general, and the cornea in particular, involves suppressing certain immune
cell functions. In contrast to most tissues in the body, the cornea does not normally
contain blood or lymphatic vessels (17, 18). However, vascularization of the cornea and
T cell infiltration can occur following surgical manipulation or in certain corneal diseases
or viral infection. Previous studies showed that healthy rodent and human corneas lack
detectable T cells as determined by RT-PCR and immunostaining (15, 19-25), and we
recently found infiltration of CD45*, CD4*, CD8", NK, NKT, B cells, DCs, macrophages,
monocytes, and neutrophils as soon as 1 h after corneal infection (26).

Studies from various groups have used different HSV-1 strains, including KOS, RE, F,
17+, McKrae, and many others (27-31). Except for the McKrae strain that is a virulent
ocular HSV-1 strain that does not need corneal scarification for efficient ocular virus
replication, other HSV-1 viruses require corneal scarification. We previously reported that
corneal scarification significantly affects the number and type of infiltrating immune
cells even in corneas of uninfected mice, implying that results generated by corneal
scarification before HSV-1 infection are likely associated with corneal wounding rather
than with infection (26). Here, we asked what cell types are infected during primary
infection using a GFP-tagged virus. Therefore, we constructed a recombinant HSV-1
McKrae virus expressing GFP upstream of gD without affecting gD expression. The gD
is essential for viral binding to host cell receptors and subsequent entry, with studies
demonstrating that mutations or deletions of gD inhibit viral propagation in vivo (32).
This virus expressed high GFP levels in tissue culture and is similar to its parental
virus regarding virus replication in the eye, eye disease, latency, and reactivation. Thus,
infection with this virus does not require corneal scarification, and we used it to monitor
GFP expression in infected mouse corneas on days 3 and 5 Pl and in infected mouse
trigeminal ganglia (TG) on days 3, 5, and 30 Pl. Using image mass cytometry (IMC),
we detected GFP expression along with CD11b, CD11¢, F4/80, CD45, CD163, CD3, CD4,
CD8a, CD68, Ly-6G, iNOS, FoxP3, and E-cadherin on days 3 and 5 Pl. We also directly
detected GFP expression in some latent TG by immunohistochemistry (IHC) and RT-PCR
and these results were confirmed by gD expression using IHC and RT-PCR.

The important points that emerged from this study are a) GFP was faithfully detected
as a surrogate of McKrae virus; b) IMC enabled identification of adjacent GFP-positive
immune cell clusters; and ¢) latent TG showed a subclinical reactivation phenotype, with
co-expression of GFP and gD or HSV-1 and GFP. Collectively, our results highlight the
potential use of IMC to quantitatively profile immune cell dynamics in murine corneas
infected with GFP-McKrae virus. Thus, IMC provides a novel platform with which to study
spatial interactions between virus and immune cells. Identification of such dynamic
processes will be a critical step in deciphering the contributions of various immune cells
to HSK.

RESULTS

Construction and characterization of a recombinant virus expressing GFP in
HSV-1 strain McKrae (GFP-McKrae)

HSV-1 has previously been modified to express fluorescent reporter genes that
distinguish viral infection and pathogenesis in HSV- strains 1 KOS, RE, H25, SC16, and
17 (27-31). For efficient ocular infection, these viruses require corneal scarification that,
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by itself, stimulates immune cell trafficking into the eye, as we previously reported (26).
Among all known HSV-1 strains, McKrae is the only virulent ocular strain that does
not require corneal scarification. Thus, to identify infected cell types in the corneas
of ocularly infected mice during primary infection and to detect GFP in TG during
latency, we constructed a recombinant virus expressing GFP under control of the CMV
promoter into the unique short (Us) region between gJ (US5; 137712-138125) and gD
(US6; 139762-142585) in HSV-1 strain McKrae (Fig. 1A) (33, 34). The region between gD
and gJ is approximately 400 bp and does not code for any gene and does not affect gJ
or gD expressions. The presence of GFP in GFP-McKrae virus was verified by PCR and
next-generation sequencing (NGS) of the whole viral genome (Gene Bank, accession
ID: Mutant Human alpha herpesvirus one clone recombinant GFP-McKrae genomic
sequence; PP680711), confirming presence of the GFP gene and one unique Pacl site
in the virus. In contrast to GFP-McKrae virus, we expected sequencing of the parental
McKrae virus (Gene Bank, accession id OL638991.1) to confirm the presence of GFP and
two Pacl sites.

To determine whether GFP-McKrae virus expresses GFP protein, RS cells were infected
with the virus at 0.1 or 1 PFU/cell for 12 or 24 h. Using confocal microscopy, cells infected
with 1 PFU of virus expressed more GFP than did those infected with 0.1 PFU, and cells
infected for 24 h expressed more GFP than did those infected for 12 h (Fig. 1B). Subse-
quently, RS cells were infected with 0.05 PFU/cell of GFP-McKrae and McKrae viruses or
mock-infected for 24 h and stained with anti-gD antibody as described in the Materials
and Methods. In McKrae-infected cells, 82% were gD* and, as expected, no GFP* cells
were detected (Fig. 1C, WT-McKrae, right lower quadrant), whereas 98% of GFP-McKrae
cells were gD*GFP* (Fig. 1C, GFP-McKrae, right upper quadrant). No gD* or GFP* cells
were detected in mock-infected controls (Fig. 1C, mock control). Thus, using fluorescence
imaging and flow cytometry, our results suggest that GFP-McKrae virus does express GFP
protein.

To determine how the presence of GFP in GFP-McKrae virus affects virus replication in
vitro, RS cells were infected with 0.1, 1, or 10 PFU/cell of GFP-McKrae or WT-McKrae
viruses for 12, 24, or 48 h. Virus titers in cells infected with GFP-McKrae or WT-McKrae
viruses were determined by standard plaque assay and did not show statistically
significant differences at any PFU or time point (Fig. 2A through C, P > 0.05). These results
demonstrate that addition of GFP upstream of gD sequences did not affect virus
replication in vitro. To determine if the GFP sequence affects expression of other key
HSV-1 transcripts, RS cells were infected with GFP-McKrae or WT-McKrae viruses at 0.1
PFU/cell, and the copy number of gB, gC, and gD transcripts were measured by qRT-PCR
at 48 h PI (PI). The copy number of gB, gC, and gD in GFP-McKrae-infected cells were
similar to those in WT-McKrae-infected cells (Fig. 2D, P > 0.05), suggesting that the
presence of GFP did not affect levels of gB, gC, and gD expression in infected cells.

The in vitro results described above suggested that the presence of GFP did not alter
the infectivity of GFP-McKrae virus when compared with WT-McKrae virus. We next asked
if the presence of GFP affected virus replication in vivo. Mice were ocularly infected with 2
x 10° PFU/eye of GFP-McKrae or HSV-1 McKrae viruses. Virus titers determined in tears of
infected mice on days 1-7 Pl using standard plaque assays were similar in both groups
on all days, suggesting that presence of GFP did not alter virus replication in the eyes of
infected mice (Fig. 3A, P > 0.05). Survival of ocularly infected mice was recorded for 30
days. In GFP-McKrae-infected mice, 27/31 (87%) survived ocular infection, whereas only
19/32 (59%) of WT-McKrae-infected mice survived ocular infection (Fig. 3B, P = 0.02, Chi-
squared test), suggesting that GFP had a protective role during ocular infection. CS and
angiogenesis in surviving mice were scored in a blinded fashion on day 30 PI as descri-
bed in the Materials and Methods. A significant reduction in CS was observed between
mice infected with GFP-McKrae and WT-McKrae viruses (Fig. 3C, P = 0.01), indicating that
the GFP sequence impacted eye disease. Conversely, the angiogenesis score showed no
significant difference (Fig. 3D, P > 0.05). These data suggest that GFP expression driven
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FIG 1 Construction and expression of the GFP-McKrae virus. (A) Schematic diagram of GFP-McKrae virus showing HSV-1 GFP-McKrae genome. TR and IR_
represent terminal and internal (or inverted) long repeats, respectively. TRs and IRs represent terminal and internal (or inverted) short repeats, respectively. Ug
and Us represent long and short unique regions, respectively. gD gene: gray arrow. GFP: Green arrow upstream of gD. One unique Pacl site upstream of CMV
(Continued on next page)
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Fig 1 (Continued)

enhancer/promoter is shown. (B) Detection of GFP expression in vitro. Subconfluent RS cell monolayers were infected with 0.1 and 1 PFU/cell for 12 and 24 h
or mock-infected. Infected cells were isolated and prepared for IHC analysis (see Materials and Methods). Panels show representative infected RS cells. (C) FACS
analyses of infected RS cells expressing gD and GFP. Subconfluent RS cell monolayers were infected with 0.05 PFU/cell of GFP-McKrae, WT parental McKrae, or
mock-infected. At 18 h PI, the cells were harvested, reacted with anti-gD antibody, and FACS analysis was performed (see Materials and Methods).

by the CMV promoter exerts a milder effect on eye disease rather than a broader effect
on other related physiological processes such as angiogenesis.

To determine the effect of GFP presence on latency and reactivation, mice were
ocularly infected with GFP-McKrae or WT-McKrae viruses, and individual TG was harves-
ted on day 30 PI. gRT-PCR of total TG RNA was used to determine latency-associated
transcript (LAT) expression levels with no significant difference in LAT expression seen
between the two groups of infected mice (Fig. 4A, P > 0.05). Time to reactivation was also
determined using an ex vivo explant assay. Similar numbers of TG reactivated in the two
groups (25 of 25 for GFP-McKrae, 19 of 19 TG for McKrae, Fig. 4B). The average time to
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FIG 2 Replication of GFP-McKrae in vitro. (A-C) Virus replication in RS cells. Subconfluent RS cell monolayers from two separate experiments were infected
in triplicate with 0.1 (A), 1.0 (B) or 10 (C) PFU/cell of GFP-McKrae or McKrae for 24 h, as described in the Materials and Methods. Total virus was harvested at
indicated times PI by two freeze-thaw cycles. Virus was quantitated by standard plaque assays on RS cells. Each point represents the mean + SEM (n = 6).
(D) Quantitation of gB, gC, and gD transcripts in vitro. Subconfluent RS cell monolayers were infected as described in (A). Total RNA was isolated from infected RS
cells, and quantitative TagMan RT-PCR was performed on total RNA as described in the Materials and Methods. Estimated relative copy number of HSV-1 gB, gC,
and gD were calculated using standard curves generated for each gene as described previously (35). Each point represents the mean + SEM (n = 6).
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FIG 3 Virus replication in mouse tears, survival, and eye disease in GFP-McKrae-infected mice. (A) Virus replication in mouse tears. Female C57BL/6 mice were
ocularly infected with 2 x 10° PFU/eye of GFP-McKrae or McKrae virus. Tear films were collected on days 1-7, and virus titers were determined by standard plaque
assays. Each point represents the mean titers of 40 eyes from two separate experiments. (B) Survival of infected mice was monitored for 30 days PI. The graph
represents the average of two independent experiments with 27 of 31 mice surviving in GFP-McKrae group and 19 of 32 surviving in McKrae group (Chi-squared
test). (C and D) Corneal scarring (CS) and angiogenesis in ocularly infected mice were measured on day 30 Pl and represent the average disease from 54 eyes for
GFP-McKrae-infected mice and 38 eyes for McKrae-infected mice. Error bars indicate SEM.

reactivation between the two groups was also similar, 4.0 + 0.2 days for GFP-McKrae-
infected and 3.5 + 0.2 days for McKrae-infected mice, suggesting that GFP sequences did
not affect latency levels or reactivation in infected mice. The results of analyzing virus
replication, eye disease, latency, and reactivation suggested that GFP-McKrae and WT-
McKrae viruses were similar. We next asked whether the GFP sequence affected expres-
sion of the cellular genes CD8, CD4, IFNy, IFNa2, IFNB1, CD80, CD86, CD28, PD-L1, CTLA4,
PD-1, TGF, and FoxP3 by using gRT-PCR to measure their expression in isolated TG RNA.
No significant differences were detected in expression levels of all tested genes (Fig. 4C, P
> 0.05). Thus, GFP expression did not alter the function of immune genes in TG of latently
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FIG 4 Effect of GFP expression on latency, reactivation, and key host factors in TG of latently infected mice. (A) LAT levels in TG of latently infected mice.
Female C57BL/6 mice were ocularly infected with 2 x 10° PFU/eye of GFP-McKrae or WT-McKrae. On day 30 PI, TG from latently infected mice were harvested,
and gRT-PCR was performed on individual TG from each mouse. Estimated relative LAT copy number was calculated using standard curves generated from
PGEM-5317. GAPDH expression was used to normalize relative LAT RNA expression in the TG. Latency is based on 24 TG for GFP-McKrae and 19 TG for McKrae.
P-values were determined using one-way ANOVA. (B) Explant reactivation in TG of latently infected mice. The mice were ocularly infected as above with each
virus, and TG from latently infected mice were individually isolated on day 30 PI. Each TG was individually incubated in 1.5-mL of tissue culture media at 37°C.
Media aliquots were removed from each culture daily for up to 5 days and plated on RS indicator cells to assess virus reactivation. Results were plotted as
the number of TG that reactivated daily. Numbers indicate the average time that TG from each group first showed CPE + SEM. reactivation is based on 25 TG
for GFP-McKrae-infected mice and 19 TG for McKrae-infected mice. P-values were determined using one-way ANOVA. (C) Effect of GFP on expression of major
latency-related host genes in TG of latently infected mice. RNA extracted to measure latency levels (see Fig. 4A) was used to measure expression of CD8, CD4,
IFNy, IFNa2, IFNB1, CD80, CD86, CD28, PD-L1, CTLA4, PD-1, TGFf3, and FoxP3 transcripts using total RNA as described in the Materials and Methods. Expression of
these genes in mice infected with WT-McKrae was used as a baseline control to estimate the relative expression of each transcript in TG of latently infected mice.
GAPDH expression was used to normalize expression of each transcript. Each data-point represents the mean + SEM from 24 TG for GFP-McKrae and 19 TG for
McKrae.
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infected mice. Collectively, these observations showed that GFP expression did not affect
the rate or pattern of GFP-McKrae infection, which were similar to those of the parental
WT-McKrae virus.

Spatial profiling using IMC detects spatially adjacent GFP-positive immune
cell clusters in vivo

A longitudinal analysis of murine corneas using imaging mass cytometry (IMC)
was conducted with customized scripts and standard statistical tools, following the
methodology of the Bodenmiller pipeline (36, 37). Two distinct images of day three
corneas were analyzed: one of the entire cornea, and another of a small region used for
standardization. Single sections of both uninfected corneas and corneas at day 5 Pl were
similarly analyzed. As IMC has been used successfully to study the spatial arrangement of
cells in virus infections (38, 39), we used an IMC-based approach to study whole corneas
from uninfected mice, as well as corneas isolated from mice infected with GFP-McKrae
virus on days 3 and 5 PI (Fig. 5). Single-cell stacked images of uninfected corneas showed
the spatial arrangement of immune cells in the epithelium (Fig. 5A). These cells were
arranged in 11 clusters based on expression of immune and non-immune cell markers.
Clusters 2, 6, 7, and 11 expressing CD4, E-cadherin and F4/80 showed the presence of
CD4* T cells, F4/80* macrophages, CD11b* population of macrophages, neutrophils, and
DCs on E-cadherin® epithelium (Fig. 5A). Other markers showed very low or no expres-
sion (Fig. 5B). As expected, no GFP expression was detected in any clusters in uninfec-
ted mouse corneas (Fig. 5C), confirming that uninfected corneas were not exposed to
GFP-McKrae virus, and there was no background GFP staining. An interaction map was
created to show the proximity of clusters in the cornea. Notably, clusters 3, 6, 8, and
10 were closely associated (Fig. 5D) and expressed CD11b, CD4, FoxP3, and E-cadherin,
suggesting that macrophages (CD11b*, F4/80*), DCs (C11b*), and T cells (CD4*, FoxP3*)
were adjacent in uninfected corneal epithelia (E-cadherin®). We also identified spatially
associated clusters 0, 1, 4, and 9, composed of T cells that expressed CD4, FoxP3, and
CD3. The presence of T cells, macrophages, and DCs in uninfected corneas is consistent
with our previous reports (26, 40).

On day 3 Pl with GFP-McKrae virus, the single-cell map showed a marked increase in
immune cell clusters 0-12, (Fig. 5E and F). Markers expressed at highest levels on day 3
included B220, CD11b, CD11¢, CD45, F4/80, Ly-6G, aSMA, iNOS, E-cadherin, and GFP.
Markers expressed at moderate levels included CD163, CD4, CD68, CD8a, and FoxP3.
Cluster 12 included B cells (B220"); cluster one included M1 macrophages (CD11b*,
iNOS*, CD68"), cluster nine included myofibroblasts (aSMA*), clusters 2 and 11 included
neutrophils (CD11b", cluster 1 Ly6G"); clusters 1 and 8 included T cells (CD3*, CD4",
FoxP3*), and clusters 4, 6, 0, and 1 included epithelial cells (E-cadherin*). GFP distribution
was measured in each cluster, with the highest GFP expression in cluster 6, and formed
epithelial cells, which confirms higher virus infectivity (Fig. 5G). Epithelial cells, macro-
phages, and DCs from clusters 1 and 0 also had high GFP expression. Clusters 2, 4, 8, and
9, including epithelial cells, neutrophils, fibroblasts, and DCs (CD11b*, CD11c"), expressed
lower levels of GFP. Neighborhood analysis showed that epithelial cells, macrophages,
and DCs, with high GFP expression, were adjacently situated (Fig. 5H). Macrophages and
B cells were also closely situated. These findings were confirmed by examining a different
sample where single ROl was analyzed (Fig. S1). The combined data suggest that
infection of mouse corneas with GFP-McKrae virus caused an influx of immune cells on
day PI, which formed distinct, close clusters containing epithelial cells and GFP-McKrae
virus.

On day 5 PI, the single-cell cornea map showed immune cells together with corneal
cells (Fig. 51). Markers expressed at high levels on day 5 included B220, CD163, CD3, CD4,
CD45, F4/80, FoxP3, and GFP (Fig. 5J); and those expressed at moderate levels included
CD11b, iNOS, E-cadherin, and CD11c. Clusters 2-8, 10, and 11 expressed these markers.
GFP expression was reduced on day 5 and limited to clusters 3, 6, and 7 (Fig. 5K). These
clusters included closely associated T-regulatory cells (CD3*, CD4*, FoxP3*) and M2
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FIG5 Spatial molecular profiling of mouse corneas infected with GFP-McKrae using IMC. Mice were ocularly infected with 2 x 10° PFU/eye of GFP-McKrae virus
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and 5 Pl and sectioned. Regions-of-interest (ROls) were assigned to different corneal regions, and samples were ablated on a Hyperion imaging system (Standard
Biotools). Each antibody produced a single image per sample, which was collectively used to construct a multi-image stack in MCD format. Cell segmentation,
feature extraction, and normalization were performed. Cell populations were identified using iterative PhenoGraph clustering. Final matrix data were converted
to .FCS files within the MATLAB pipeline for clustering and heatmap creation. Panels: (A-D) uninfected cornea, (E-H) day 3 PI, and (I-L) day 5 PI. (A, E, and I):
ROIs were combined as single-cell stacked images depicting single-cell map of mouse cornea. (B, F, and J): Heatmaps show expression of structural (aSMA, and
E-cadherin), immune cell markers (B220, CD11b, CD11¢, CD163, CD3, CD4, CD45, CD68, CD8a, F4/80, Ly-6G, iNOS, and FoxP3), and GFP in assigned cell clusters.
Expression was non-log normalized, ranging from 0 to 1. (C, G, and K): Expression/distribution of GFP in assigned cell clusters as a violin plot, ranging from 0 to
1. (D, H, and L): Heatmap of neighbor analysis using HISTOCAT to determine nearest cell neighbor to each start point cell to investigate. These positive, neutral,
and negative interactions were then collated to create the overall proportion heatmap for the condition (region, etc.) ranging from 1 (100% of images showed

positive interaction) to —1 (100% of images showed negative interaction).
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macrophages (CD11b*, F4/80%, CD163") (Fig. 5L). Interestingly, the epithelial cells from
clusters 0 and 2 did not express GFP, suggesting that virus was cleared from the corneal
epithelium. T cells, B cells, and macrophages were also detected on day 5.

The above results indicate that pro-inflammatory immune cells, such as neutro-
phils, DCs, and M1 macrophages, play important roles in clearing the virus on day 3
Pl. The proportion of immune cells increases in anti-inflammatory M2 macrophages,
and T-regulatory cells on day 5 PI, which are important to establish memory of
the virus infection. The imaging mass cytometry (IMC) has effectively provided the
spatial signatures of immune cells on various days post-infection. However, unre-
solved questions remain regarding the virus—host microenvironment. GFP expression
in immune cells indicates two potential scenarios: (a) the immune cells were directly
infected by the virus and maintained GFP expression, or (b) the immune cells phagocy-
tosed the infected cells and subsequently acquired GFP expression. Taken together, the
IMC-based method provides an improved platform to detect and study immune cell
dynamics in uninfected and GFP-tagged HSV-1-infected mouse corneas.

Expression of GFP-McKrae and McKrae viruses during primary and latent
infection in vivo

To examine GFP and gD protein expression in mouse corneas and TG during primary and
latent infection, the mice were infected with GFP-McKrae or McKrae virus as described
in the Materials and Methods. Eyes and TG were harvested on days 3, 5, and 30 PI, and
tissues were sectioned and stained for GFP and gD proteins. Endogenous GFP signal
was detected at 510 nM. Corneas were first immuno-stained to check for GFP and
gD expression. Uninfected mice, used as controls, were processed in the same way as
infected group. No GFP or gD expression was detected in uninfected corneas (Fig. 6A).
On day 3 PI, corneal images from mice infected with GFP-McKrae, had lesions with high
GFP (endogenous GFP and anti-GFP) and gD expression (Fig. 6B) as well as increased
GFP and gD colocalization, suggesting that the virus has similar GFP and gD expression
in vivo. Corneas from mice infected with McKrae virus had only gD+ lesions (Fig. 6C),
with no GFP expression. We next examined GFP and gD expression in the eyes on day
5 PI with GFP-McKrae virus and, as expected, infected corneas had fewer regions with
colocalized GFP and gD expression (Fig. S3A), with reduced expression levels compared
with expression on day 3. The expression of GFP and gD was observed in patches
within the corneal stroma near conjunctiva, whereas the epithelial layer exhibited diffuse
and low expression. McKrae virus-infected corneas also expressed gD, but not GFP, as
expected (Fig. S3B).

We next examined GFP and gD expression in TG sections. Uninfected TG did not
express GFP or gD (Fig. S4A), whereas on day 3 Pl with GFP-McKrae virus, confocal images
of TG were positive for GFP and gD expression (Fig. S4B), with colocalized expression. On
day 3 PIl, McKrae-infected TG showed gD-positive regions (Fig. S4C). Strikingly, on day 5 Pl
with GFP-McKrae virus, multiple TG regions were positive for GFP and gD expression (Fig.
7A), with higher colocalization of GFP and gD. On day 5 PIl, McKrae-infected TG continued
to have multiple gD-positive regions (Fig. 7B). To confirm our detection of gD expression
in infected TG, TG were stained with anti-HSV-1 antibody. On day 5 Pl with GFP-McKrae
virus, multiple regions were positive for GFP and HSV-1, with colocalization of GFP and
HSV1, suggesting a similar expression pattern for both viruses (Fig. 7C). These results
suggest that GFP insertion does not interfere with infection or with virus migration to
sensory neurons of the TG. Taken together, these results demonstrate that GFP insertion
into the virus does not affect virus establishment in the TG or gD expression.

To explore the effect of GFP on latency, the mice were infected with GFP-McKrae or
McKrae viruses as described above. RNA isolated from TG of infected mice on day 30 PI
were analyzed for gD, and GFP expression by qRT-PCR. Copy numbers were normalized
to an endogenous GAPDH control. qRT-PCR analysis showed gD expression in 7 of 24 TG
from GFP-McKrae-infected mice and in 3 of 19 TG from McKrae-infected mice, with no
significant difference in gD expression between the two viruses (Fig. 8A, P > 0.05). The gD
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FIG 6 Detection of GFP-McKrae or McKrae virus in mouse corneas on day 3 Pl. Mice (three mice per group) were ocularly infected as described above, with

and without corneal scarification. Uninfected mice were used as controls. Whole eyes harvested on day 3 were sectioned. Tissue harvesting, sectioning, staining,
image acquisition, and analysis were performed as described in the Materials and Methods. Slides were stained with anti-Alexa Fluor 594 (yellow; to detect
GFP), anti-Alexa Fluor 647 (red; to detect gD), and DAPI nuclear stain (blue). Endogenous GFP signal was captured at 510 nM. Images were acquired on a 63x
immersion oil objective using a Leica confocal microscope. Colocalization was visualized as orange-brown in the merged images. Scalebar represents 250 uM.
Enlarged colocalized region insets shown on top right: scalebar represents 50 uM. Panels: (A) Uninfected control. (B) GFP-McKrae virus. (C) McKrae virus.

expression in TG of McKrae-infected mice varied from 0.5 x 107 to 2 x 10’ copies and
from 0.4 x 107 to 4 x 107 copies in GFP-McKrae-infected mice. The GFP copy number in
latent TG of GFP-McKrae-infected mice (Fig. 8B) was marginally increased in 7 of 24 TG,
ranging from 100 to 800 copies in these mice. To determine whether viral proteins could
be detected in latent TG sections from GFP-McKrae-infected mice, we examined sections
for GFP, gD, or HSV-1. Reactivated explant TG were used to validate the positive GFP and
gD signals. The explants displayed widespread GFP and gD expression in different
regions of the TG (Fig. 8C). Among GFP-McKrae-infected latent TG, one TG was positive
for GFP and gD expression (Fig. 8D), which we carefully examined to determine if the
signal was truly positive for the virus. Serial sections were stained with HSV-1 antibody
that detected whole virus (Fig. 8E), and the region that was positive for GFP and gD
expression (Fig. 8D) was also positive for HSV-1, demonstrating that GFP-McKrae virus
was maintained in a latent state in the TG. These results confirm and extend our previous
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FIG 7 Detection of GFP-McKrae or McKrae virus in mice TG on day 5 PI. Mice (three mice per group) were ocularly infected as described above without corneal
scarification. Uninfected mice were used as controls. TG were harvested on day 5 and sectioned. TG staining, image acquisition, and processing were performed
as described in Fig. 6. Representative confocal images show GFP staining (detected at 510 nM), anti-GFP (detected with anti-Alexa Fluor 594), anti-gD (detected
with Anti-Alexa fluor 647), and nuclear stain (detected with DAPI). Scalebar represents 250 uM. Enlarged colocalized region insets shown on top right: scalebar

represents 50 uM. Panels: (A) Uninfected control. (B) GFP-McKrae virus. (C) McKrae virus.

studies that detected both gD RNA and gD protein in TG of latently infected mice (41,
42).

DISCUSSION

Despite numerous published reports on alpha herpesviruses over the decades using
virological, genetic, biochemical, and microscopic approaches, these traditional methods
typically lack sufficient spatiotemporal resolution to fully discern the kinetics and
dynamics of viral processes. Advancing GFP-based techniques fill this gap, making it
possible to understand viral processes by imaging over a time course. Various groups
have used recombinant viruses that express fluorescent reporter genes to identify
mechanisms and cell types involved in viral pathogenesis, which has revolutionized our
understanding of biological processes as never before. Recombinant viruses expressing
fluorescent reporter genes could be valuable cloning vectors for subsequent genetic
manipulation of the virus that will facilitate efforts to localize live infected cells and
tissues without disrupting the cells (44). Indeed, the GFP gene is a very effective tool
used in most retrovirus- and herpes virus vector-mediated gene transfer strategies both
in vitro and in vivo (45). In the HSV-1 field, reporter genes are typically incorporated into
various HSV-1 strains tailored to the study of different infection or disease stages (27-29,
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FIG 8 Expression of GFP and gD in latently infected TG on day 30 PI. (A) Expression of gD in TG of latently infected mice. Mice were ocularly infected with 2 x
10° PFU/eye of GFP-McKrae or McKrae virus. On day 30 PI, TG from latently infected mice were harvested, and qRT-PCR was performed on individual TG from
each mouse. Estimated relative gD copy number was calculated using standard curves generated from pGem-gD1 (43). GAPDH expression was used to normalize
relative gD mRNA expression in TG. Expression was based on two independent experiments, with 24 TG from GFP-McKrae and 19 from McKrae viruses. P-values
were determined using one-way ANOVA. (B) GFP expression in TG of latently infected mice. GFP copy number was determined as described in Fig. 8A. The
estimated copy number was calculated using standard curves generated from pUC57-GFP-gD plasmid. GFP expression was normalized to endogenous control
GAPDH and plotted as mean + SEM for TG from GFP-McKrae and McKrae viruses. (C and D) Expression of GFP and gD in TG of latently infected mice. The mice
were ocularly infected with GFP-McKrae virus as described above, and explant TG were used as positive controls (Panel C) for intact TG (panel D). Three mice (six
TG) per group were used in the experiment. TG staining was performed as described in the Materials and Methods. Endogenous GFP was detected at 510 nM for
all samples. Scalebar represents 250 uM. Enlarged colocalized region insets shown on top right: scalebar represents 50 pM. (E) Expression of GFP and HSV-1 in
latent TG. TG harvesting, staining, image acquisition, and analysis was performed as described in the Materials and Methods. Briefly, serial sections from latent TG
infected with GFP-McKrae virus on day 30 Pl were stained with anti-HSV-1 antibody detected with anti-Alexa Fluor 594.
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31, 46-50). However, a significant challenge of such engineered systems exists in their
requirement for corneal scarification of the eyes to achieve efficient virus inoculation and
propagation, which leaves the HSV-1 field lacking such an important GFP tool. GFP-
McKrae enabled real-time visualization and tracking of viral infection and replication
within host cells. This modification did not impact replication efficiency, host immune
response, or latency establishment. Latency-reactivation assays conducted 30 days Pl
revealed no significant differences between the recombinant and parental viruses,
consistent with previous reports on fluorescent reporter tagging and latency phenotypes
(51). We speculate that the observed differences in corneal scarring (CS) and survival may
be associated with gD expression under the CMV promoter, necessitating further
examination of gD in this context.

Previous studies have demonstrated that mechanical damage to the ocular surface
can induce an inflammatory response and subsequent wound healing processes (26, 52).
Therefore, HSV-1 studies could be significantly improved by circumventing the need for
corneal scarification. To address this need, we constructed a GFP-tagged HSV-1 McKrae
virus, which is a virulent ocular isolate that does not require corneal scarification for
efficient ocular viral replication and latency establishment. This GFP-based approach
facilitates our ability to monitor efficient virus infection while minimizing potential
confounding factors associated with tissue damage, thus providing a more accurate
understanding of HSV-1 infection in mouse corneas and TG during primary infection
and latency-reactivation. Recently, techniques, such as IMC and multiplexed ion beam
imaging technology (MIBI), have been used for proteomic analysis of infected tissues.
These technologies allow examination of up to 40 different protein markers within a
small region. The objective of our current study was to document infiltration of immune
cells into infected tissues and determine whether HSV-1-positive cells are uniformly
distributed across the whole tissue. To achieve these goals, we used a combination of
IMC and a GFP-tagged HSV-1 variant to detect immune cells and explore their spatial
associations with the HSV-1 infection. Past studies provide a valuable descriptive analysis
of immune cells, pathways, and their functions in managing HSK, but infection status
at cell and tissue levels during early stages of virus replication has not been addressed.
The interplay between different immune cells in infected tissues plays a critical role in
maintaining homeostasis, yet existing barriers to detecting and monitoring these cells
during HSV-1 have left us struggling to fully understand the process (53). HSV-1 infection
induces a huge influx of innate immune cells, including neutrophils, DCs, gamma delta T
cells, and macrophages, causing viral clearance from the cornea and leading to latency
(26). The infiltration of immune cells induced solely by GFP is unlikely to produce a
broader and more robust effect compared with the infection caused by HSV-1 tagged
with GFP. There is a crucial need to understand these cell functions and interactions as
they are the primary influencers of HSV-1-associated pathogenesis. We have previously
shown the effect of corneal scarification on immune cell infiltrates (26), with initial
macrophage infiltration, followed by T cell infiltration at later times Pl, demonstrating
the importance of targeting macrophages rather than other immune cell types for
therapeutic treatment of HSV-1 (26).

Evaluating the role of GFP-tagged HSV-1 (GFP-McKrae virus) in vitro and in vivo from
primary and latent infections showed no major differences in virological or pathological
behaviors compared with its parental McKrae virus, but we detected 25 cellular markers
able to identify myofibroblasts, plasma cells, epithelium, B cells, T cells, macrophages,
DCs, and neutrophils. We examined corneas infected with GFP-McKrae to quantitatively
score immune cell types and their spatial association with virus. Our assay revealed the
highest GFP expression in epithelial cells, macrophages (CD11b*; iNOS*; CD163*; CD68"),
DCs (CD11c"), B cells, neutrophils, and myofibroblasts (aSMA*) on day 3 PI. CD4" T cells
and F4/80" macrophages present throughout the stromal region expressed minimal GFP.
GFP expression was localized to the cornea on day 3 Pl based on IMC and immunostain-
ing results. Interestingly, most immune cells were found at the corneal periphery with
few cells at or near the GFP* corneal region, suggesting that macrophages, B cells, and
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DCs infiltrate into the cornea and stroma through the limbal region. By collecting similar
data on day 5 PI, we found a marked shift in GFP expression within corneal immune cells,
with expression exclusively in macrophages (CD11b*, CD163*, F4/80%, and iNOS*) and T
cells (CD3* and FoxP3"). These cells also formed spatially adjacent clusters at the corneal
periphery. GFP-negative CD4" T cells were scattered throughout the stromal region.
Additionally, B220* B cells were detected on days 3 and 5 post-infection (PI), consistently
lacking GFP expression. This indicates a possible cell type-specific expression pattern or
regulatory mechanism preventing GFP expression in B220* B cells. These findings align
with previous reports that identified immune cells at the site of infection (26, 54). The
presence of CD4" T cells on day 5 Pl marks the beginning of the HSK adaptive immune
phase, justifying the presence of T cells associated with disease pathogenesis. On day
5 post-infection with HSV-1, anti-inflammatory M2 macrophages and T-regulatory (Treg)
cells play pivotal roles in modulating the immune response. M2 macrophages exert
anti-inflammatory effects by secreting cytokines, such as IL-10 and TGF-f, which aid
in limiting excessive inflammation and promoting tissue repair. Concurrently, Treg cells
contribute to immune regulation by suppressing the activity of effector T cells and
maintaining immune tolerance through the production of anti-inflammatory cytokines.
Together, these cells help to balance the immune response, reduce tissue damage, and
facilitate healing while still addressing the viral infection.

We also used GFP-McKrae virus to investigate the latency phenotype. Previously, viral
genes or antigens were thought to be absent during latency. However, development
of more sensitive molecular tools has enabled detection of smaller amounts of viral
gene products in a few latently infected mouse neurons (55-57). For example, ICPO
and ICP4 expressions have been detected in latent human TG (58, 59). Expanding
on this knowledge, we examined GFP and gD expressions in TG of latently infected
mice and detected GFP and gD antigens in a few infected mouse neurons, which was
validated by staining with HSV-1 antibody to confirm the presence of whole virus. The
presence of the HSV-1 signal in the same region confirmed that a small fraction of TG
exhibited subclinical reactivation in vivo, a phenomenon previously reported by others
(55), and we previously detected gD in latently infected TG (41, 42), suggesting either low
level expression of viral antigens in a small number of neurons during latency, or that
subclinical or abortive reactivations occurs in mice at very low levels.

In summary, for the first time we have shown the utility of using a GFP-based HSV-1
vector to understand complex cellular interactions during primary and latent stages
of HSV-1 infection. We expect the results of this work to profoundly impact clinical
settings where virulent virions could be easily traced, to help understand viral trafficking,
thereby alleviating symptoms of infection. Virions with packaged GFP have been safe
and effective tools to address complicated infection models because GFP does not
require additional gene products or substrates and GFP does not seem to interfere with
cell growth or inhibition (28, 60). By combining GFP tools with IMC-based spatial analysis,
we gained a more comprehensive understanding of cellular states relevant to HSV-1
expression that will advance our ability to monitor and improve prevention of recurrent
disease.

MATERIALS AND METHODS
Construction of GFP-McKrae virus

Using WT-McKrae as the parental virus, we synthesized a plasmid containing the
HSV-1 McKrae region from nucleotides 136441 to 139321 together with the complete
GFP sequence under cytomegalovirus (CMV) promoter control, which was flanked
by two unique Pac1 sequences (GenScript, Piscataway, NJ). This construct was inser-
ted into the Pacl site of pUC57. The resulting plasmid was designated pUC57-GFP-
McKrae. GFP-McKrae recombinant virus was generated by homologous recombination
as we previously described (35, 61, 62). Briefly, pUC57-GFP-McK was co-transfected
with infectious McKrae DNA using the calcium phosphate method. Viruses from the

October 2024 Volume 15 Issue 10

mBio

10.1128/mbio.01454-2415


https://doi.org/10.1128/mbio.01454-24

Research Article

co-transfection were plated, and isolated plaques were picked and screened for GFP
expression. Selected plaques containing GFP gene expression were plaque purified five
times and reanalyzed by restriction digestion, immunostaining, and complete genome
sequencing (Gene Bank, accession ID: Mutant Human alphaherpesvirus one clone
recombinant GFP-McKrae genomic sequence; PP680711).

Kinetics of viral replication in tissue culture

Rabbit skin (RS) cell monolayers at 70%-80% confluency were infected with 0.1, 1, and 10
PFU/cell of WT HSV-1 strain McKrae, or GFP-McKrae. Virus was harvested at 12, 24, or48 h
Pl by subjecting cell monolayers to two freeze-thaw cycles. Virus titers were determined
using standard plaque assays on RS cells as described previously (63).

RNA extraction from infected RS cells

RS cell monolayers at 70%-80% confluency were infected with 0.1 PFU/cell of McKrae
or GFP-McKrae virus for 48 h Pl. Total RNA was isolated, and RT-PCR was performed
using gB, gC, and gD primers. Levels of gB, gC, and gD RNA from infected RS cells were
determined using custom gB, gC, and gD primer and probe set as follows: 1) gB-specific
primers: forward 5-AACGCGACGCACATCAAG-3’, reverse 5-CTGGTACGCGATCAGAAAGC
-3’, and probe 5’-FAM-CAGCCGCAGTACTACC-3’; 2) gC (ABI ARCE4XE - amplicon length
=122 bp); and 3) gD-specific primers: forward 5-GCGGCTCGTGAAGATAAACG-3’, reverse,
5’-CTCGGTGCTCCAGGATAAACTG-3’, and probe 5-FAM-CTGGACGGAGATTACA-3’. GAPDH
was used to normalize viral RNA. Relative copy numbers were calculated using standard
curves generated using plasmids pAc-gB1 DNA (for gB) (64), pAc-gC (for gC) (65), and
pAc-gD (for gD) (43).

Cells, viruses, and mice

RS cells were used to prepare virus stocks, culture mouse tear swabs, and determine viral
growth kinetics. RS cells were grown in Eagle’s minimal essential medium supplemented
with 5% fetal bovine serum. Triple plaque-purified virulent HSV-1 strain McKrae and
GFP-McKrae viruses were used in this study. Six- to seven-week-old female C57BL/6 mice
(Jackson Laboratory, Bra Harbor, ME) were used.

Ocular infection

Mice were infected via the ocular route with 2 x 10° PFU of each virus suspended in 2 uL
of tissue culture medium (supplemented with 5% serum). Viruses were administered as
an eye drop after corneal scarification.

Virus titration in tears of infected mice

Tear films were collected from both eyes of each ocularly infected mouse on days 1-7
Pl using a Dacron-tipped swab (66). Each swab was placed in 0.5 mL of tissue culture
medium, squeezed, and the virus titer was determined using a standard plaque assay on
RS cells.

In vitro explant reactivation assay

Mice were sacrificed at 30 days Pl and individual TG were removed and cultured in
tissue culture media as we previously described (67). Briefly, a 100-uL aliquot was
taken daily from each culture and used to infect RS cell monolayers. Infected RS cells
were monitored daily over 5 days for the appearance of cytopathic effect (CPE) to
determine the time at which reactivated virus from each TG first appeared. Because
media from explanted TG cultures were plated daily, the time at which reactivated virus
first appeared in explanted TG cultures could be determined.
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Immunofluorescence

RS cell monolayers grown on Lab-Tex chamber slides were infected with 0.1 or 1 PFU/cell
of GFP-McKrae virus for 12 or 24 h. To examine GFP expression, unfixed and unpermea-
bilized slides were washed thrice with phosphate-buffered saline (PBS), air dried, fixed
with acetone, mounted with Prolong Gold DAPI mounting medium (Invitrogen), and
examined for fluorescence. Images were acquired with a Zeiss LSM 780 confocal.

Flow cytometric analysis of infected cells

RS cell monolayers were infected with 0.05 PFU/cell of recombinant GFP-McKrae or
McKrae virus or were mock-infected for 18 h. Infected cells were harvested and stained
with anti-gD antibody. Stained cells were washed 2x with FACS buffer (1x PBS with 0.1%
sodium azide), resuspended in 4% paraformaldehyde, and analyzed in a BD LSR Il flow
cytometer using BD FacsDiva Software (BD Biosciences). Post-experiment data analysis
was performed using FlowJo software (TreeStar).

HSV-induced eye disease and angiogenesis

The severity of corneal scarring/corneal disease lesions in mouse corneas was exam-
ined by slit lamp biomicroscopy on day 30 PI. The examination was conducted by an
investigator blinded to the treatment regimen of the mice. Mice from each group were
randomly screened without anesthesia for haziness. The scoring scale was as follows:
0, normal cornea; 1, mild haze; 2, moderate opacity; 3, severe corneal opacity but iris
visible; 4, opaque and corneal ulcer; and 5, corneal rupture and necrotizing keratitis, as
we previously described. The severity of angiogenesis on day 29 Pl was recorded using
a four-point scale in which a grade of 4 for a given quadrant of the circle represents
centripetal growth of 1.5 mm toward the corneal center. Scores of the four eye quadrants
were summed to derive the neovessel index (range, 0-16) for each eye at a given time
point. The data were then plotted in prism to generate a graph, and nonparametric
Mann-Whitney t-test with two tailed P-values was performed.

Detecting GFP expression in corneas, whole eyes, and TG of infected mice

Three mice per group were ocularly infected with 2 x 10° PFU/eye of GFP-McKrae
virus. On days 2, 3 and 5 PI, the mice were euthanized, and their eyeballs were
removed. Corneal tissue was separated, and the tissues were flattened with four partial
cuts from the limbal to central cornea. Corneal tissue was mounted with Vectashield
medium containing DAPI (Vector Laboratories, Burlingame, CA). Images were acquired
as described above. For whole eye imaging, eyeballs were removed from the euthanized
mice and stored in medium before processing. Eyeballs were kept on a dry paper towel
to remove residual medium and transferred into OCT blocks. Eyeballs in OCT were
immediately frozen on dry ice and transferred to —80°C. Eyes in the OCT blocks were
thawed at —20°C before sectioning. For TG, mice were euthanized as described earlier.
Individual TGs were separated from the brain and surgically removed. TG were stored in
medium before processing. TG were transferred to OCT blocks and quickly frozen in dry
ice. For sectioning, OCT blocks were removed from —80°C and sectioned as described
earlier.

TG RNA extraction, cDNA synthesis, and TagMan RT-PCR

TG from individual mice were collected on day 30 PI, immersed in RNAlater RNA
stabilization reagent, and stored at —80°C until processing. Qiazol RNA reagent (Qiagen)
and BCP were used to extract RNA from individual TGs. Total RNA was extracted as
we described previously (35, 40). Following RNA extraction, 1,000 ng of total RNA was
reverse-transcribed using random hexamer primers and murine leukemia virus reverse
transcriptase from the High Capacity cDNA Reverse Transcription Kit (Applied Biosys-
tems, Foster City, CA), according to the manufacturer’s recommendations. Primer probe
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sets consisted of two unlabeled PCR primers and the FAM™ dye-labeled TagMan MGB
probe formulated into a single mixture. The following assays were used in this study: 1)
CD4 (ABI Mm00442754_m1, amplicon length = 72 bp); 2) CD8a (ABI Mm01182108_m1,
amplicon length = 67 bp); 3) IFN-y (Mm00801778_m1, amplicon length = 101 bp);
4) IFN-a2A (Mm00833961_s1, amplicon length = 158 bp); 5) IFN-B (Mm00439552_s1,
amplicon length = 69 bp); 6) CD80 (MM00711660_m1, amplicon length = 117 bp);
7) CD86 (Mm00444540_m1, amplicon length = 91 bp); 8) CD28 (Mm01253994_m1,
amplicon length = 98 bp); 16) PD-LT (Mm03048248_m1, amplicon length = 73 bp); 9)
CTLA4 (MmO00486849_m1, amplicon length = 71 bp); 10) PD-1 (programmed death 1; ABI
MmO00435532_m1; amplicon length = 65 bp); 11) TGFB (MmM01178820_m1 — amplicon
length = 59 bp); and 12) FoxP3 (Mm00475164_m1 — amplicon length = 80 bp). In all
experiments, glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Mm99999915_gT,
Amplicon size 107 bp) was used to normalize transcripts. Expression levels of transcripts
in naive mice TG was used as a baseline control to estimate the relative expression
of each transcript in TG of latently infected mice. A custom-made primer and probe
set was used for latency-associated transcript (LAT) as follows: Forward- 5-GGGTGGGC
TCGTGTTA'AG-3’; Reverse’-, 5-GGACGGGTAAGTAACAGAGTCT'TA-3’; and Probe- 5’-FAM-A
CACCAGCCCGTTC'TT-3, Amplicon length = 81 bp. For GFP, a custom TagMan Gene
Expression Assay, Catalog number: 4331348, Assay ID: AP9HURV. Transcripts in latent TG
were evaluated using commercially available TagMan Gene Expression Assays (Applied
Biosystems, Foster City, CA, USA) with optimized primer and probe concentrations. The
27247 method was used to calculate fold change in gene expression relative to expres-
sion in uninfected controls.

IHC staining

Eyes from GFP-McKrae- and WT-McKrae-infected mice were harvested on days 3, 5, and
30, frozen in OCT compound, and stored at —80°C until further processing. Uninfected
mice were used as control. Frozen tissue was sectioned using a Cryostar NX70 (Thermo
Scientific, Rockford, IL). Tissue sections were fixed with 4% paraformaldehyde, washed
with 1x PBS, and then permeabilized with 0.1% Triton X-100 in PBS. The slides were
blocked using blocking solution (2% BSA +2% goat serum +2% milk in 0.1% PBST) for
1 h at 25°C, then incubated with rat anti-GFP (Abcam- ab252881; 1:100), rabbit anti-gD
(ThermoFisher- PA1-30233; 1:50) in blocking buffer at 4°C overnight. Slides were washed
thrice with 1x PBST and incubated with goat anti-rat AF594 (ThermoFisher- A-11007;
1:100) and goat anti-rabbit AF647 (ThermoFisher- A-21245; 1:100) for 2 h at 25°C. Slides
were then washed thrice with 1x PBST and developed using a Vector VIP substrate kit
according to company instructions (Vector Laboratories, Burlingame, CA. Cat# SK-4600).
Slides were prepared with Prolong Gold antifade reagent with DAPI (Invitrogen- P36931)
mounting medium, and image acquisition and data analysis were performed using a
Leica Leica Stellaris 8-STED Super-resolution Confocal Microscope (Leica Microsystems,
Buffalo Grove, IL). Images were analyzed using LAS X Office 1.4.4 software. Whole TG
images were acquired on a Zeiss AxioscanZ1 fluorescent microscope at 20x magnifica-
tion and processed using ZEN lite (version: Zen 3.8) software.

Imaging mass cytometry staining and data acquisition
Antibody validation

Antibodies used in this study (Table S1) were stored in 0.5 mg/mL aliquots at 4°C.
To reduce channel overlap, which is minimal for the IMC platform and predominantly
occurs between adjacent channels, we avoided placing low-intensity markers next to
high-intensity markers during the panel design. Conjugation of antibodies with metal
tags was performed following the manufacturer’s instructions. The antibody panel was
titrated to identify the optimal titer for each antibody.
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Tissue staining

Frozen mouse cornea samples were sectioned at 7 um on a super frost plus slide and
stored at —80°C. Before IMC staining, slides were air dried for 2 h, fixed in cold acetone
for 10 min, then air dried for 30 min. A Pap pen was used to make a boundary around
the sample and slides were soaked in 1x PBS for 5 min followed by soaking in 3% BSA at
RT for 45 min. After discarding the BSA, a cocktail of meta-antibody conjugates to each
antibody was applied to the sample and incubated overnight at 4°C in a humid chamber.
After incubation, sections were washed twice for 8 min in a container with 0.1% Triton
in 1x PBS and 1x PBS wash buffer, respectively. The slides were incubated with 1:500
dilution of Intercalator-Ir in 1x PBS for 40 min at RT. The slides were washed for 4 min
with Milli-Q water at RT and air dried at RT.

IMC data acquisition

Slides were processed for ablation using a Hyperion imaging system (Standard Biotools)
connected to a Helios mass cytometer (Standard Biotools) according to the manufactur-
er's instructions. Resulting ionized isotope element plumes were captured by a mass
cytometer to provide the number and type of metal isotopes per pixel (1 pixel =
1 uM X 1 puM). Acquired images were processed using dedicated imaging analysis
software. Cell segmentation and feature extraction were performed to identify individual
cells and quantify marker expression so that the spatial distribution of different cell
types could be determined within the sample. Marker expression patterns of different
sample groups were compared by statistical analysis. To ensure performance stability,
the mass cytometer machine was calibrated daily with a tuning slide spiked with five
metal elements (Fluidigm), and tissue slides were laser-ablated at a resolution of T mm
(ablation energy: 2 dB) and a frequency of 200 Hz. A total of six (uninfected), seven
(day 3) and ten (day 5) regions-of-interest (ROIls) were acquired and stored as individual
MCD and.txt files. A selected areas (1-2 mm?) in each section was ablated by laser
at a resolution of approximately 1 um with a frequency of 200 Hz and an estimated
acquisition time of 1 mm? per hour. Selected areas for ablation were larger than the
actual area of interest to account for loss of overlapping areas due to cumulative rotation
of sections. All data were collected using commercial Fluidigm CyTOF software v.01.

Data structure and IMC analysis

Ablation sessions from the Fluidigm Hyperion imaging system produce MCD files that
contain individual TXT ROl files for each acquisition. Due to the circular peripheral shape
of corneas and optimization of ablation time, images of each cornea were obtained in
rectangular tiles along the tissue and later computationally stitched (recombined) to
reconstruct a single ROl per cornea by maximizing correlation versus offset of nuclear
and other markers along the stitching edges of adjacent image tiles. Subsequent
analysis included identifying cells via segmentation, obtaining expression, normaliza-
tion, cell phenotyping, identifying spatial interactions, and quantifying phenotypes and
functional expression across samples.

IMC pipeline steps

Cells were segmented using the DeepCell Mesmer model (68). Segmentation requires
both a nuclear and membrane channel, which were obtained via Iridium-191/193
intercalator staining and a pseudo-membrane channel based on edge detection of
nuclei as we did not have a single ubiquitously expressed membrane marker. In the
resulting cell masks, pixels were labeled by the index of the cell they belong to. Cell
expression was determined by averaging the pixel values of each marker over each
cell. Expression was normalized by log-scaling raw expression and soft-clipping the
upper range by applying a hyperbolic tangent with the upper “elbow” of the expres-
sion quantile plot across the data set as a cofactor for each individual marker. This
was done to attenuate the impact of expression outliers during subsequent clustering
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and phenotyping by applying community detection via Leiden clustering on phenotype-
associated lineage markers within each sample (69), following the same logic as in the
phenograph method (70). In addition to clustering cells based on expression, we also
clustered on spatial location with high resolution - resulting in 10 to 20 cells per spatial
cluster (i.e,, local niche) — using Leiden again with a nearest-neighbor setting of 5. Having
both data-driven expression clusters (pseudo-phenotypes) and spatial clusters, we could
infer phenotypic proportions within each local niche and represent phenotypic spatial
interactions by calculating pairwise correlations of phenotype enrichment across sample
niches for all phenotype clusters. We show clustered heatmaps indicating phenotypic
spatial interactions based on these correlations.

IMC staining and analysis

Staining was standardized on a small region of mouse corneas to visualize GFP-McKrae
on day 3 PIl, and single GFP-positive ROl was assigned for analysis that detected 25
different protein markers including GFP. Live and dead cells were identified by expression
of Ki67 and cleaved Caspase 3, respectively. Markers that did not show clear staining,
including CD19, CD44, Tbet, CD138, MMP9, GATA3, and Granzyme B, were removed from
the analysis, leaving the detectable markers CD11b, CD11¢, CD45, CD163, CD3, CD4,
F4-80, CD8a, CD68, Ly-6G, iNOS, FoxP3, E-cadherin, and GFP. Each antibody resulted in
a single image per sample, and collectively was used to construct a multi-image stack
in MCD format. By applying hierarchical and Leiden clustering to IMC single-cell data
as described above, we obtained data-driven immune phenotyping (Fig. STA). After cell
segmentation, feature extraction, and normalization, cell populations were identified
using iterative PhenoGraph clustering. Final matrix data were converted to .FCS files
within the MATLAB pipeline for clustering and heatmap creation. Several immune cell
markers were identified as expected (Fig. S1B). Cells with GFP-positive regions were
spatially located on the cornea (Fig. S1C). Individual markers or in combination identity
immune cells as described in Table S1. Notably, not all immune cells were CD45 positive,
a discrepancy previously observed by others (71-73). Neighborhood analysis was used
to identify closely situated clusters (Fig. S1D), and GFP distribution was used to identify
GFP-positive cells (Fig. S1E). Individual clusters were analyzed to determine the fraction
(Fig. S1F) and number of cells (Fig. S1G).

Statistical analysis

For all statistical tests, P < 0.05 was considered statistically significant and indicated by
a single asterisk (*), and P < 0.001 are indicated by double asterisks (**). A two-tailed
Student t test with unequal variances was used to compare differences between two
experimental groups. A one-way analysis of variance (ANOVA) was used to compare
differences among three or more experimental groups. All experiments were repeated at
least thrice to ensure accuracy.
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