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Innate lymphoid cells (ILCs) play important roles in host defense and inﬂammation. They are classiﬁed into three distinct groups based on their cytokine and
chemokine secretion patterns and transcriptome proﬁles. Here, we show that ILCs isolated from mice can be infected with herpes simplex virus 1 (HSV-1) but that subsequent replication of the virus is compromised. After infection, type 2 ILCs expressed signiﬁcantly higher levels of granulocyte colony-stimulating factor (G-CSF), interleukin 1␣
(IL-1␣), IL-6, IL-9, RANTES, tumor necrosis factor alpha (TNF-␣), CXCL1, CXCL2, CXCL10,
CCL3, and CCL4 than infected type 1 or type 3 ILCs. Transcriptome-sequencing (RNAseq) analysis of the ILCs 24 h after HSV-1 infection revealed that 77 herpesvirus genes
were detected in the infected type 3 ILCs, whereas only 11 herpesvirus genes were detected in infected type 1 ILCs and 27 in infected type 2 ILCs. Compared with uninfected
cells, signiﬁcant upregulation of over 4,000 genes was seen in the HSV-1-infected type 3
ILCs, whereas 414 were upregulated in the infected type 1 ILCs and 128 in the infected
type 2 ILCs. In contrast, in all three cell types, only a limited number of genes were signiﬁcantly downregulated. Type 1, type 2, and type 3 ILC-deﬁcient mice were used to
gain insights into the effects of the ILCs on the outcome of ocular HSV-1 infection. No
signiﬁcant differences were found on comparison with similarly infected wild-type mice
or on comparison of the three strains of deﬁcient mice in terms of virus replication in
the eyes, levels of corneal scarring, latency-reactivation in the trigeminal ganglia, or
T-cell exhaustion. Although there were no signiﬁcant differences in the survival rates of
infected ILC-deﬁcient mice and wild-type mice, there was signiﬁcantly reduced survival
of the infected type 1 or type 3 ILC-deﬁcient mice compared with type 2 ILC-deﬁcient
mice. Adoptive transfer of wild-type T cells did not alter survival or any other parameters tested in the infected mice. Our results indicate that type 1, 2, and 3 ILCs respond differently to HSV-1 infection in vitro and that the absence of type 1 or type
3, but not type 2, ILCs affects the survival of ocularly infected mice.
ABSTRACT

IMPORTANCE In this study, we investigated for the ﬁrst time what roles, if any, innate

lymphoid cells (ILCs) play in HSV-1 infection. Analysis of isolated ILCs in vitro revealed
that all three subtypes could be infected with HSV-1 but that they were resistant to replication. The expression proﬁles of HSV-1-induced cytokines/chemokines and cellular and
viral genes differed among the infected type 1, 2, and 3 ILCs in vitro. While ILCs play no
role or a redundant role in the outcomes of latency-reactivation in infected mice, absence of type 1 and type 3, but not type 2, ILCs affects the survival of infected mice.
KEYWORDS HSV-1, knockout, latency, infection, ocular, reactivation, replication

I

nnate lymphoid cells (ILCs) reside primarily at barrier surfaces. Although heterogeneous, they are derived from the same common lymphoid progenitor and lack
antigen-speciﬁc receptors (1–4). They respond to changes in the tissue cytokine microenvironment by secreting speciﬁc effector cytokines and chemokines and have been
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shown to play key roles in the maintenance of mucosal homeostasis and protection
against infection (1–4). Mature ILCs are divided into three major groups based on their
cytokine secretion proﬁles and the transcription factors required for their development.
These groups reﬂect the cytokine expression and transcription proﬁles of the classical
CD4⫹ T helper (TH) cell subsets, with type 1 ILCs (ILC1) paralleling the proﬁle of TH1
cells, type 2 ILCs paralleling the proﬁle of TH2 cells, and type 3 ILCs paralleling the
proﬁle of TH17 cells (5–7). Type 1 ILCs produce interferon gamma (IFN-␥) in response to
interleukin 12 (IL-12), IL-15, and IL-18, and type 2 ILCs secrete IL-5 and IL-13 in response
to IL-25, IL-33, and thymic stromal lymphopoietin (TSLP), whereas type 3 ILCs produce
IL-17, IL-22, and granulocyte-macrophage colony-stimulating factor (GM-CSF) when
stimulated with IL-23 and/or IL-1␤ (7–9). The development of type 1 ILCs requires the
T-box transcription factor T-bet (Tbx21), and the development of type 2 ILCs requires
the transcription factor GATA3 or retinoic acid receptor-related orphan nuclear receptor
␣ (ROR␣), whereas development of type 3 ILCs requires ROR␥t (10–12). Inbred C57BL/6
T-bet⫺/⫺ (13), RoraFloxIL7RCre (14, 15), and Ror␥t⫺/⫺ mice (16) lack type 1 (17), type 2
(14), and type 3 ILCs (18), respectively, and were used as models for in vivo analysis of
the effects of ILC deﬁciency.
ILCs are conserved in mice and humans (4, 10). They have been shown to play
important roles in host defense, metabolic homeostasis, and tissue repair and can
contribute to inﬂammatory diseases, such as asthma and colitis (19). Group 1 ILCs
include type 1 ILCs and natural killer (NK) cells (3, 20). Similar to NK cells, type 1 ILCs
function in the immune response to intracellular pathogens, including protozoan
parasites, bacteria, and viruses (2, 21–23). Use of the T-bet⫺/⫺ type 1 ILC-deﬁcient
mouse model has shown that type 1 ILCs limit Toxoplasma gondii replication in the
intestine (24). Recently, it has been shown that human type 1 ILCs can be subcategorized into CD4⫹ and CD4⫺ populations. CD4⫹ type 1 ILCs were efﬁciently infected by
human immunodeﬁciency virus type 1 (HIV-1) in vitro and in vivo, while chronic
infection with HIV-1 depleted both subpopulations and impaired their cytokine production (25).
Dysregulation of type 2 ILCs has been implicated in the pathology of several
diseases, including allergies, asthma, dermatitis, and ﬁbrosis, that have escalated in
incidence in developed countries over the past decade (5, 7, 9, 11, 19, 26, 27). In terms
of helminth infection, worm expulsion after Nippostrongylus brasiliensis infection is
impaired in RoraFloxIL7RCre type 2 ILC-deﬁcient mice (28), and the absence of major
histocompatibility complex class II (MHC-II) reduced the ability of the type 2 ILCs to
efﬁciently control helminth infection (29). In contrast, type 2 ILC deﬁciency had no
effect on clearance of Citrobacter rodentium (28). Type 2 ILCs are the predominant ILC
population in human and mouse lungs and are key initiators of allergen- and nonallergen-induced type 2 inﬂammation, as well as acting to promote airway tissue repair
(1, 2, 30). Brain is also rich in type 2 ILCs, and it has been shown that mucosal neurons
regulate type 2 inﬂammation by releasing neuromedin U (NMU), a neuropeptide that
directly activates type 2 ILCs (31–33).
Type 3 ILCs are major regulators of inﬂammation and infection at mucosal barriers.
Although they are present in small numbers in the intestinal tract, they have been
shown to be important for controlling infection (34, 35), thereby providing defense
against intestinal infections by various pathogenic bacteria, such as C. rodentium (36,
37), and fungi (2). Studies of mice with intact T cells have indicated that type 3 ILCs can
have redundant roles in protection against enteropathogenic bacteria (38) but may
function in the establishment and maintenance of a healthy gut microbial environment.
A characteristic of the type 3 ILCs is their production of IL-17 (3, 4). Simian immunodeﬁciency virus (SIV) infection of macaques resulted in loss of IL-17-producing ILCs,
especially in the jejunum (39) and in the intestinal mucosa (40). HIV-1 infection
depleted type 3 ILCs during acute and chronic infection, and the numbers did not
recover after resolution of peak infection (41, 42).
The published studies regarding the function of ILCs in infection and immunity
suggest that ILCs have protective roles against certain diseases and infection, while
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their atypical activation is linked to pathogenesis. Their contributions to the immune
response and pathogenesis can be inﬂuenced by external signals that can modulate or
exacerbate their functional capabilities and, in some cases, generate novel ILC phenotypes. Currently, little is known regarding the role of ILCs in viral infection and
virus-induced tissue damage in general and herpes simplex virus 1 (HSV-1) infection in
particular. Recent ﬁndings that ILCs regulate adaptive T-cell responses (43, 44) led us to
examine the regulatory potential of type 1, type 2, and type 3 ILCs in the context of
HSV-1 infectivity in vitro and in vivo. Our approach included analysis of (i) virus
replication in infected type 1, type 2, and type 3 ILCs; (ii) the effect of HSV-1 infection
of ILCs on their expression of cytokines and chemokines; (iii) the transcriptomes of type
1, type 2, and type 3 ILCs before and after HSV-1 infection; and (iv) the effects of
deﬁciency of ILCs on virus replication in the eye, survival, corneal scarring (CS), latency,
T-cell exhaustion, and explant reactivation.
RESULTS
HSV-1 replication in infected ILCs. To determine the susceptibility or resistance of
the subtypes of mouse ILCs to HSV-1 infection, we isolated type 1 ILCs from the liver,
type 2 ILCs from the lung, and type 3 ILCs from the intestine of Rag⫺/⫺ mice with a
C57BL/6 background. The cells were then incubated with 1 or 10 PFU/cell of wild-type
(WT) HSV-1 strain McKrae. The kinetics of virus replication were quantitated by determining the amounts of infectious virus at various times postinfection (p.i.) using a
standard rabbit skin (RS) plaque assay. At 1 PFU (Fig. 1A), the titers of HSV-1 in all the
types of ILCs were less than that of the input virus. At 10 PFU, no increases in virus titers
were observed over time (Fig. 1B). An increase in the titers of HSV-1 from 12 to 48 h p.i.
at both 1 and 10 PFU was conﬁrmed in the control RS cells (Fig. 1C). At all time points
and both tested numbers of PFU, the amounts of infectious virus from all three types
of ILCs were approximately 20% that of the input virus, suggesting that they do not
support virus replication and that the detected virus was most likely residual input
virus. These results suggest that, similar to our previous reports regarding dendritic cells
(DCs) and macrophages (45), type 1, 2, and 3 ILCs from mice are susceptible to HSV-1
infection but do not support its replication.
Differences in chemokine and cytokine expression in HSV-1-infected ILCs. To
determine if HSV-1 infection affects the production of cytokines and chemokines by the
ILCs, the isolated ILCs were infected with HSV-1 strain McKrae (10 PFU/cell) as described
above. Twenty-four hours later, the culture media from the wells containing the
infected or uninfected cells were collected and the levels of cytokines and chemokines
were determined using Illumina Mouse 32-Plex panels (Table 1). Since we added IL-2
and IL-7 to all cultures and IL-15 to the type 1 ILC cultures, these three cytokines were
excluded from the analyses. Several factors were not detected in the supernatants from
any of the uninfected ILC cell types, including the cytokines IL-1␣, IL-3, IL-4, IL-9,
IL-12p40, IL-12p70, IL-13, IL-17, leukemia inhibitory factor (LIF), granulocyte colonystimulating factor (G-CSF), macrophage-CSF (M-CSF), IFN-␥, tumor necrosis factor alpha
(TNF-␣), and vascular endothelial growth factor (VEGF) and the chemokines CCL11,
CCL24, CCL26, CXCL10 (IFN-␥-induced protein 10 [IP-10]), and CCL2 (MCP-1). Type 1
ILCs were unique in that IL-5 and IL-6 were not detectable in the supernatants from
uninfected cells, and type 3 ILCs were unique in that GM-CSF was not detectable in the
supernatants from uninfected cells. GM-CSF, RANTES, CXCL1 (KC), and CXCL9 (MIG)
were not detectable in the supernatants from uninfected type 1 and type 3 ILCs, and
IL-10 was not detectable in the supernatants from uninfected type 2 and type 3 ILCs.
Certain factors were not detectable in the supernatants of any of the infected ILCs,
including IL-3, IL-4, IL-12p40, IL-12p70, IL-13, IL-17, LIF, M-CSF, and VEGF and the
chemokines CCL11, CCL24, and CCL26. In contrast, certain factors were detectable in
the supernatants of all three types of ILCs on infection, including IL-1␣, IL-1␤, and IL-10
and the chemokines CXCL2 (macrophage inﬂammatory protein 2 [MIP-2]), CXCL5 (LIX),
CXCL9 (MIG), CCL2 (MCP-1), and CCL3 and CCL4 (MIP-1␣ and MIP-1␤).
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FIG 1 Virus replication in ILC1, -2, and -3. ILC1, -2, and -3 were isolated from Rag2⫺/⫺ mice by cell
sorting, as described in Materials and Methods. Each cell type was infected with 1 or 10 PFU/cell of
WT McKrae virus for 12, 24, and 48 h. Total virus was harvested at the indicated times postinfection
by two cycles of freeze-thawing. The amount of virus at each time for each cell was determined by
standard plaque assays on RS cells. Each point represents the mean titers ⫾ standard errors of the
mean (SEM) from two independent experiments (n ⫽ 6). RS cells were similarly infected and used as
controls. Due to the differences in the numbers of cells isolated per ILC subtype, the data are shown
as virus titer per infected cell: 1 PFU/cell (A), 10 PFU/cell (B), and RS cells (C).
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TABLE 1 Selected cytokine/chemokine levels in ILCs before and after infection with HSV-1
Level (pg/ml) in ILC typea:
1
Cytokine or chemokine
G-CSF
GM-CSF
IFN-␥
IL-1␣
IL-1␤
IL-5
IL-6
IL-9
IL-10
CXCL5 (LIX)
CXCL10 (IP-10)
CXCL1 (KC)
CCL2 (MCP-1)
CCL3 (MIP-1␣)
CCL4 (MIP-1␤)
M-CSF
CXCL2 (MIP-2)
CXCL9 (MIG)
RANTES
TNF-␣

Uninfected
BDb
4.1 ⫾ 1.1
BD
BD
1.9 ⫾ 1.4
BD
BD
BD
3.2 ⫾ 0.2
4.1 ⫾ 0.6
BD
BD
BD
7.7 ⫾ 0.8
16.4 ⫾ 4.2
BD
19 ⫾ 6
BD
BD
BD

2
Infected
BD
BD
BD
2.6 ⫾ 0.9
6.6 ⫾ 3.3
BD
BD
58 ⫾ 10c
3.8 ⫾ 0.8
4.8 ⫾ 1.4
BD
BD
9.3 ⫾ 4.3
11.5 ⫾ 2.8
18.9 ⫾ 6.4
BD
27 ⫾ 10
2.5 ⫾ 0.5
BD
BD

Uninfected
BD
10.5 ⫾ 1.8
BD
BD
2.9 ⫾ 2.4
136 ⴞ 3.0
19.1 ⫾ 0.1
BD
BD
4.4 ⫾ 0.3
BD
12.4 ⫾ 3.7
BD
15 ⫾ 6
22 ⫾ 5
5.9 ⫾ 0.5
87 ⫾ 12
2.8 ⫾ 0.8
4 ⫾ 0.5
BD

3
Infected
16 ⫾ 3c
7.7 ⫾ 0.6
3.5 ⫾ 0.6
13 ⫾ 2c
0.5 ⫾ 0.0
111 ⫾ 5c
67 ⫾ 5c
12 ⫾ 10c
4.0 ⫾ 0.7
5.1 ⫾ 1.1
20 ⫾ 3c
213 ⫾ 18c
5.5 ⫾ 0.5
123 ⫾ 3c
82 ⫾ 7c
4.8 ⫾ 1.8
1195 ⫾ 79c
2.3 ⫾ 0.3
8 ⫾ 0.5c
38 ⫾ 3c

Uninfected
BD
BD
BD
BD
2.4 ⫾ 1.9
12.8 ⫾ 1.8
8⫾2
BD
BD
3.0 ⫾ 0.5
BD
BD
BD
9.5 ⫾ 0.1
12.4 ⫾ 0.6
BD
13 ⫾ 6
BD
BD
BD

Infected
BD
3.7 ⫾ 0.7
BD
1.1 ⫾ 0.5
5.8 ⫾ 2.2
18.1 ⫾ 3.2
17 ⫾ 2
BD
3.9 ⫾ 0.7
4.9 ⫾ 1.3
BD
8.6 ⫾ 0.4
6.1 ⫾ 1.1
9.4 ⫾ 1.3
20 ⫾ 0.8c
BD
34 ⫾ 6c
2.5 ⫾ 0.5
BD
BD

aCytokine/chemokine

levels in the culture media were analyzed using mouse 32-plex panels. Details of the experimental procedures are provided in Materials and
Methods. Brieﬂy, isolated type 1, type 2, and type 3 ILCs were infected with 10 PFU/cell of HSV-1 strain McKrae for 1 h at 37°C, washed with phosphate-buffered
saline (PBS), and incubated for an additional 24 h in fresh medium. The results are presented as means ⫾ SEM of the results from three experiments. No IL-3, IL-4,
IL-12p40, IL-12p70, LIF, IL-13 IL-17, VEGF, or eotaxin was detected in any of the cell types before or after infection. As all three ILC cultures contained IL-2 and IL-7
and the type 1 ILC culture medium contained IL-15, these cytokines were excluded from the analyses. n ⫽ 3.
bBD, below detection level.
cDifference from the mock-infected counterpart is statistically signiﬁcant.

Type 1 ILCs were unique in that IL-5, IL-6, and the chemokine CXCL1 were not
detectable in the supernatants of uninfected cells and GM-CSF was detectable in
supernatants from uninfected but not infected cells. In these cells, IL-1␤ and IL-10 and
the chemokines CXCL2, CXCL5, CCL3, and CCL4 were detected in the supernatants of
both infected and uninfected cultures, but IL-9 was the only factor for which there was
a statistically signiﬁcant difference between the infected and uninfected cells
(P ⬍ 0.0001) (Table 1). Similarly, in type 3 ILCs, there was a restricted pattern of altered
expression on infection. Although IL-1␤, IL-10, and the chemokines CXCL2, CXCL5,
CCL3, and CCL4 were detected in the supernatants of both infected and uninfected
type 3 ILCs, the only factors for which there were signiﬁcant differences in levels
between the infected and uninfected type 3 ILCs were CXCL2 and CCL4 (P ⬍ 0.05). The
levels of cytokines and chemokines tended to be higher in the supernatants of the
uninfected type 2 ILCs than in those of the uninfected type 1 and type 3 ILCs. Similarly,
the levels of cytokines and chemokines tended to be higher in the supernatants of the
infected type 2 ILCs than in those of the type 1 and type 3 ILCs. In common with type
1 ILCs, the infected type 2 ILCs exhibited signiﬁcantly higher secretion of IL-9 than
uninfected cells, and in common with the type 3 ILCs, they exhibited signiﬁcantly
higher secretion of CXCL2 and CCL4. However, the infected type 2 ILCS also secreted
signiﬁcantly higher levels of G-CSF, IL-1␣, IL-6, TNF-␣, RANTES, CXCL1, CXCL10, and
CCL2, CCL3, and CCL4 than their uninfected counterparts, while the levels of IL-5 were
signiﬁcantly lower in the infected cells than in the uninfected cells (P ⬍ 0.05) (Table 1).
The above-mentioned results suggest that the patterns of cytokine and chemokine
secretion in the uninfected type 1 and type 3 ILCs are similar and that HSV-1 infection
induces similar changes in the proﬁles of these cell types, except for differences in the
expression of IL-9, CCL4, and CXCL2. In contrast, the proﬁle of cytokine and chemokine
secretion in the uninfected type 2 ILCs differed considerably from that observed in the
type 1 and type 3 ILCs, and HSV-1 infection of the type 2 ILCs resulted in signiﬁcantly
greater secretion of a much larger number of cytokines and chemokines.
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FIG 2 The transcriptome in ILC1, -2, and -3 following infection with HSV-1. Type 1, 2, and 3 ILCs were isolated as for Fig. 1 and infected with 10 PFU/cell of
WT McKrae for 24 h. The transcriptomes of infected type 1, type 2, and type 3 ILCs were compared with those of their corresponding uninfected counterparts.
The x axis shows the fold change in gene expression in infected cells versus uninfected cells, and the y axis shows the statistical signiﬁcance of the differences.
The dots represent different genes. The red vertical lines represent a 2-fold change in gene expression, and the horizontal lines represent a P value of 0.05. (a)
Type 1 ILCs. (b) Type 2 ILCs. (c) Type 3 ILCs.

Gene expression proﬁles of infected type 1, 2, and 3 ILCs. To further characterize
changes induced in the ILCs by HSV-1 infection, we used a transcriptome-sequencing
(RNA-seq)-based transcriptome analysis approach. The ILCs were isolated and infected
with HSV-1 as described above for analysis of cytokine expression. Total RNA was isolated
using SMART-Seq V4 (Takara Bio USA, Inc., Mountain View, CA), and libraries were sequenced as described in Materials and Methods. As shown in Fig. 2, the transcriptome
analysis of infected ILCs versus uninfected ILCs showed upregulation (⬎2-fold increase)
of the expression of 414 genes in type 1 ILCs (Fig. 2a, right), 128 genes in type 2 ILCs
(Fig. 2b, right), and 4,183 genes in type 3 ILCs (Fig. 2c, right). Downregulation (⬎2-fold
decrease; P ⬍ 0.05) of the expression of 137 genes was found in type 1 ILCs (Fig. 2a,
left), 110 genes in type 2 ILCs (Fig. 2b, left), and 127 genes in type 3 ILCs (Fig. 2c, left).
GO of infected type 1, 2, and 3 ILCs. Examination of the gene ontology (GO) terms
enriched among the upregulated and downregulated genes in HSV-1-infected ILCs was
carried out using the Database for Annotation, Visualization and Integrated Discovery
(DAVID) v6.8. In the type 1 ILCs, the GO terms enriched among the upregulated genes
included Immune Response, Immune System Process, Response to Virus Infection,
Defense Response to Protozoan, and Positive Regulation of Interferon-␥ Production
(Fig. 3A). These GO terms are associated with genes involved in immune reactions,
including Lt␣, Lt␤, Ccl1, Ccl3, Gzmc, and Oas1c. The GO terms enriched among the
downregulated genes in type 1 ILCs included Cellular Component Organization, Regulation of Interferon-␥ Production, and Positive Regulation of Cell Migration (Fig. 3A).
Type 2 ILCs also showed enrichment of GO terms associated with immune reactions,
such as Chemotaxis, Immune Response Genes, Cellular Response to Lipopolysaccharide, and Inﬂammatory Response in upregulated genes. The genes associated with
these GO terms are Cxcl2, Cxcl16, Ccr9, CTLA4, and Cxcl1. Thus, although these GO terms
also are related to immune reaction genes, they appear to skew toward chemotaxis and
inﬂammatory responses (Fig. 3B). GO terms enriched among downregulated genes in
the type 2 ILCs included Lipid Transport, Bone Development, and Positive Regulation of
Retinoic Acid (Fig. 3B). A broad range of GO terms that involved different cellular
processes, such as Translation, RNA Splicing, mRNA Processing, and Protein Transport,
were enriched in the genes that were upregulated in infected type 3 ILCs, which might
reﬂect cellular proliferation induced by HSV-1 infection (Fig. 3C). In addition, the GO
terms related to apoptosis and the MHC class I pathway were upregulated in infected
type 3 ILCs (Fig. 3C). GO terms enriched among downregulated genes in the type 3 ILCs
included Cell Adhesion, Bone Development, Meiotic Cell Cycle, and Extracellular Organization (Fig. 3C).
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FIG 3 GO term analysis of infected ILC1, -2, and -3. GO terms were enriched for genes that were upregulated (red) or downregulated (blue) in infected ILCs.
The bars represent log-converted P values and minus log-converted P values for upregulated and downregulated genes, respectively, showing statistical
signiﬁcance. The GO terms were ranked according to statistical signiﬁcance, and the top 15 GO terms for upregulated genes and the top 5 GO terms for
downregulated genes are shown. (A) Type 1 ILCs. (B) Type 2 ILCs. (C) Type 3 ILCs.
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Cellular gene expression in infected type 1, 2, and 3 ILCs. To further examine the
similarities and differences in the gene expression patterns induced in the ILCs by
HSV-1 infection, we compared the gene sets showing signiﬁcant changes in expression
after infection (Fig. 4). There were overlaps in upregulated genes among the three
types of ILCs (Fig. 4A). As shown in the Venn diagram, one gene, Tspan3, encoding
tetraspanin 3, is upregulated in all three cell types (Fig. 4A). Tetraspanins are involved
in multiple processes during virus infection and at various stages of infection, such as
virus trafﬁcking and exit. Among upregulated genes, there were 9 genes in common
between type 1 and type 2 ILCs, 111 genes in common between type 1 and type 3 ILCs,
and 22 genes in common between type 2 and type 3 ILCs (Fig. 4A); 293, 96, and 4,049
genes were uniquely upregulated in infected type 1 ILCs, type 2 ILCs, and type 3 ILCs,
respectively (Fig. 4A). The downregulated genes in the infected ILCs were independent
of each other except for three genes (Yam1, Zfp251, and Slc35e2) that were downregulated in both infected type 1 and type 3 ILCs (Fig. 4B).
Heat maps were used to identify genes that were either upregulated (red) or
downregulated (blue) signiﬁcantly upon HSV-1 infection in type 2 ILCs versus type 3
ILCs (Fig. 4C), type 1 ILCs versus type 2 ILCs (Fig. 4D), and type 1 ILCs versus type 3 ILCs
(Fig. 4E). Besides the genes shown in the Venn diagrams, the heat maps show that eight
genes are upregulated in type 2 ILCs but downregulated in type 3 ILCs (Cideb, Mylpf,
Rad51b, Lbx2, Gm28151, Gpt, and CD38, and Fig4), and one gene was downregulated in
type 2 ILCs but upregulated in type 3 ILCs (CD86) (Fig. 4C); three genes were upregulated in type 1 ILCs but downregulated in type 2 ILCs (3830403N18Rik, Ank, and Ssx2ip),
and one gene was downregulated in type 1 ILCs but upregulated in type 2 ILCs (Adssl1)
(Fig. 4D); 17 genes were upregulated in type 1 ILCs but downregulated in type 3 ILCs
(Klf3, 2810021J22Rik, Usp53, Clybl, Zdhhc13, Ank, Pdlim5, Gmcl1, Ugdh, Mib1, Cpne3,
Rnasel, Msh6, Nucks1, Kat2b, Abcb7, and Usp34), and one gene was downregulated in
type 1 ILCs but upregulated in type 3 ILCs (CD40) (Fig. 4E).
HSV-1 gene expression in infected type 1, 2, and 3 ILCs. Analysis of the
expression of viral genes in infected ILCs (Fig. 5A) identiﬁed nine genes that were
detected in all three cell types (ICP0, ICP4, UL15, UL19, UL28, UL36, gC, UL47, and gE
genes). All of the HSV-1 genes detected in the type 1 and type 2 ILCs were also present
in the type 3 ILCs, and an additional 48 genes were detected in the type 3 ILCs but not
type 1 or type 2 ILCs (ICP34.5, gL, gM, UL2, UL3, UL4, UL7, UL11, UL12, UL14, UL16,
UL18, UL19, UL20, UL21, gH, UL23, UL24, UL24, UL25, UL26, UL26.5, UL31, UL32, UL33,
UL33, UL34, UL38, UL40, UL41, UL42, UL43, UL45, UL46, VP16, UL49, gN, UL50, UL51, gK,
ICP27, UL55, UL56, ICP22, US2, gI, US8, and US9 genes). Eighteen genes were detected
in type 2 and type 3 ILCs but not type 1 ILCs (UL5, UL6, UL8, UL9, UL13, UL17, gB, UL29,
UL30, UL37, UL39, UL46, UL52, US10, US11, ICP47, gJ, and gD genes), and two genes
(UL35 and US9 genes) were detected in type 1 and type 3 ILCs but not type 2 ILCs. Our
results suggest that HSV-1 replication is curtailed greatly in type 1 ILCs and progresses
slightly further in type 2 ILCs. In contrast, the process of replication is initiated in type
3 ILCs, although this does not culminate in a higher virus titer (Fig. 1). Detection of at
least 77 HSV-1 genes in the infected type 3 ILCs is in line with the upregulation of a
higher number of cellular genes in the infected type 3 ILCs than in infected type 1 or
type 2 ILCs.
To conﬁrm the RNA-seq results described above for HSV-1 gene expression in
infected type 1, 2, and 3 ILCs, total RNA from infected cells was analyzed using
quantitative real-time reverse transcription-PCR (qRT-PCR) with ICP4 or gB primers as
described in Materials and Methods. We detected ICP4 and gB expression in all infected
ILCs (Fig. 5B). The levels of both ICP4 and gB were signiﬁcantly higher in infected ILC2
than in infected ILC1 or ILC3 (P ⬍ 0.001) (Fig. 5B). In contrast, the levels of ICP4 and gB
expression in ILC1 and ILC3 cells were similar (Fig. 5B) (P ⬎ 0.05). Thus, similar to the
RNA-seq results, the RT-PCR results showed differences in the level of HSV-1 gene
expression between type 1, 2, and 3 ILCs.
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FIG 4 Cellular gene expression in infected ILCs. The Venn diagrams show the numbers of genes that are uniquely or commonly
upregulated or downregulated upon infection of type 1, type 2, and type 3 ILCs (A and B), while the heat maps illustrate the genes with
signiﬁcant changes in expression upon HSV-1 infection (C to F). (A) upregulated genes in infected cells. (B) Downregulated genes in
infected cells. (C) Heat map of type 2 ILCs versus type 3 ILCs showing genes that are signiﬁcantly different from each other. (D) Heat map
of type 1 ILCs versus type 2 ILCs showing genes that are signiﬁcantly different from each other. (E) Heat map of type 1 ILCs versus type
3 ILCs showing genes that are signiﬁcantly different from each other. (F) Heat map color key: red represents increase and blue represents
decrease of gene expression upon infection.
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FIG 5 Viral gene expression and RT-PCR in infected ILCs. (A) Venn diagram showing the numbers of
HSV-1 genes uniquely or commonly detected in HSV-1-infected type 1, type 2, and type 3 ILCs. (B)
Isolated ILC1, ILC2, and ILC3 were infected as for Fig. 1, and 24 h p.i., total RNA was isolated and qRT-PCRs
for HSV-1 ICP4 and gB were performed as described in Materials and Methods. In each experiment, an
estimated relative copy number for gB or ICP4 was calculated using standard curves generated from a
plasmid containing the complete open reading frame (ORF) of gB or ICP4, respectively. GAPDH expression was used to normalize the relative expression of gB or ICP4 RNA. Each point represents the
mean ⫾ SEM from 3 infected ILC1, ILC2, or ILC3.

Replication of HSV-1 in the eyes of ILC-deﬁcient mice. To assess the effects of
ILCs on HSV-1 infection in vivo, we used inbred C57BL6 T-bet⫺/⫺ (13), RoraFloxIL7RCre
(14), and Ror␥t⫺/⫺ mice (16), which lack type 1 (17), type 2 (14), and type 3 (18) ILCs,
respectively. In each of these experiments, groups of mice in which T cells from WT
mice had been adoptively transferred to type 1 ILC-, type 2 ILC-, and type 3 ILC-deﬁcient
mice were included. No signiﬁcant differences in any of the parameters that we tested
were found between the mice that received T cells and those that did not. These results
suggested that transfer of T cells to recipient type 1, type 2, and type 3 ILC-deﬁcient
mice did not alter their phenotypes with regard to HSV-1 infection. Correspondingly,
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FIG 6 Virus titers in the eyes of infected mice. WT and type 1-, type 2-, and type 3 ILC-deﬁcient mice were
ocularly infected with 2 ⫻ 105 PFU/eye of HSV-1 strain McKrae as described in Materials and Methods.
Tear ﬁlms were collected on days 1 to 5, and virus titers were determined using standard plaque assays.
Each point represents the mean titer ⫾ SEM of 30 eyes for WT, 28 eyes for type 1 ILC-deﬁcient, 26 eyes
for type 2 ILC-deﬁcient, and 80 eyes for type 3 ILC-deﬁcient mice from 2 to 5 separate experiments.

the data presented (see Fig. 6 to 9) represent the data for mice that received T cells
combined with the data generated using their respective counterparts that did not
receive T cells.
We ﬁrst tested the effects of deﬁciency of ILCs on ocular HSV-1 infection by ocularly
infecting WT and ILC-deﬁcient mice with 2 ⫻ 105 PFU/eye of HSV-1 strain McKrae. Tear
ﬁlms were collected from day 1 to day 5 p.i., and the titers of infectious virus in the tear
ﬁlms were determined using standard plaque assays. The virus titers in the eyes were
similar among all four groups of mice between day 1 and day 5 p.i. (P ⬎ 0.05; analysis
of variance [ANOVA]) (Fig. 6), suggesting that the absence of type 1, type 2, or type 3
ILCs did not affect HSV-1 replication in the eyes of the infected mice.
Virulence and corneal scarring in ocularly infected ILC-deﬁcient mice. Survival
was monitored for 4 weeks in groups of WT and type 1 ILC-, type 2 ILC-, and type 3
ILC-deﬁcient mice that had been infected in both eyes with 2 ⫻ 105 PFU/eye of strain
McKrae. One mouse in the type 1 ILC-deﬁcient group and three mice in the type 3
ILC-deﬁcient group died after day 14 postinfection, and we did not include them in our
survival ﬁgure. These deaths may or may not have been due to herpes encephalitis. As
shown in Fig. 7A, consistent with previous reports, 84% of the WT mice (21 of 25)
survived. All of the infected type 2 ILC-deﬁcient mice (22/22) survived, 66% (8 of 12)
of the infected type 1 ILC-deﬁcient mice survived, and 58% (24 of 41) of the infected
type 3-deﬁcient mice survived. There were statistically signiﬁcant differences between the type 3 ILC-deﬁcient and type 1 ILC-deﬁcient mice (P ⫽ 0.04; chi-square
test) (Fig. 7A) and between the type 2 ILC-deﬁcient and type 3 ILC-deﬁcient mice
(P ⫽ 0.0009; chi-square test) (Fig. 7A), which suggests that type 2 ILC-deﬁcient mice
are less susceptible to HSV-1 infection, while type 3 ILC-deﬁcient mice are more
susceptible.
The eyes of the mice that survived ocular infection were examined for CS on day 28
p.i., and eye disease was scored on a 0-to-4 scale. We did not ﬁnd signiﬁcant differences
in the levels of corneal scarring between each group of ILC-deﬁcient mice and WT mice
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FIG 7 Survival of, and corneal scarring in, ocularly infected mice. Twelve to 41 mice per group were
ocularly infected as for Fig. 6. Mouse survival was followed for 4 weeks. Survival analysis was based on
22 of 22 mice in the type 2 ILC-deﬁcient group, 21 of 25 mice in the WT group, 8 of 12 mice in the type
1 ILC-deﬁcient group, and 24 of 41 mice in the type 3 ILC-deﬁcient group. The P value was determined
using a chi-square test. CS was assessed in surviving mice on day 28 p.i. based on a scale of 0 (no scarring)
to 4 (severe ulcer). CS was assessed in 42 eyes from WT mice, 16 eyes from type 1 ILC-deﬁcient mice, 44
eyes from type 2 ILC-deﬁcient mice, and 48 eyes from type 3 ILC-deﬁcient mice. The CS score is presented
as the mean ⫾ SEM. The P value was determined using one-way ANOVA. (A) Survival in infected mice.
(B) CS in surviving mice.

or among the groups of ILC-deﬁcient mice (P ⬎ 0.05; ANOVA) (Fig. 7B). Thus, the
absence of type 1, type 2, or type 3 ILCs neither ameliorated nor exacerbated the CS
induced by ocular infection with HSV-1.
Time of reactivation is not affected in the TG of latently infected ILC-deﬁcient
mice. In these experiments, WT and type 1 ILC-, type 2 ILC-, and type 3 ILC-deﬁcient
mice were infected ocularly with 2 ⫻ 105 PFU/eye of HSV-1 strain McKrae, and individual trigeminal ganglia (TG) from the surviving mice were isolated on day 28 p.i. Virus
reactivation was analyzed using explanted individual TG from infected mice. We did not
ﬁnd signiﬁcant differences in the times to explant reactivation between each group of
ILC-deﬁcient mice and WT mice or among the groups of ILC-deﬁcient mice (P ⬎ 0.05;
ANOVA) (Fig. 8A). Thus, the absence of type 1, type 2, or type 3 ILCs did not alter the
time to explant reactivation in ocularly infected mice, suggesting that the cells do not
play a role in virus reactivation.
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FIG 8 Duration of reactivation and level of latency in ocularly infected mice. For analysis of explant reactivation in
infected mice, WT and type 1 ILC-, type 2 ILC-, and type 3 ILC-deﬁcient mice were ocularly infected as described
in the legend to Fig. 6. On day 28 p.i., TG from infected mice were harvested for explant reactivation. Each
individual TG was incubated in 1.5 ml of tissue culture medium at 37°C, and the presence of infectious virus was
monitored for 15 days. Reactivation is based on 20, 7, 17, and 22 TG for WT and type 1 ILC-, type 2 ILC-, and
type 3 ILC-deﬁcient mice, respectively. The average time that the TG from each group ﬁrst showed CPE ⫾ SEM
is shown. The P value was determined using one-way ANOVA. For analysis of the levels of latency in the TG
of latently infected mice, WT and type 1 ILC-, type 2 ILC-, and type 3 ILC-deﬁcient mice were ocularly infected
as described in the legend to Fig. 6. On day 28 p.i., TG were harvested from the latently infected mice.
Quantitative RT-PCR was performed on the individual TG from each mouse. GAPDH expression was used to
normalize the relative expression of LAT RNA in the TG. LAT copy numbers per TG were measured using
pGEM5317, a LAT-containing plasmid, as we described previously (74). Latency was based on 20, 10, 20, and
18 TG for WT and type 1 ILC-, type 2 ILC-, and type 3 ILC-deﬁcient mice, respectively. The P value was
determined using one-way ANOVA. (A) Time of reactivation in TG of latently infected mice. (B) LAT expression
in TG of latently infected mice.

The level of latency is not affected in the TG of latently infected ILC-deﬁcient
mice. To determine if the absence ILCs modulates the levels of latency associated with
ocular HSV-1 infection, WT and type 1 ILC-, type 2 ILC-, and type 3-ILC-deﬁcient mice
were infected ocularly with 2 ⫻ 105 PFU/eye of HSV-1 strain McKrae. Individual TG from
surviving mice were isolated on day 28 p.i., and total RNA was isolated. Latencyassociated transcript (LAT) RNA levels were quantitated using TaqMan RT-PCR. The
combined data from two separate experiments are shown in Fig. 8B. We did not ﬁnd
signiﬁcant differences in the amounts of LAT RNA during latency between type 1 ILC-,
type 2 ILC-, or type 3 ILC-deﬁcient mice and WT mice (P ⬎ 0.2; ANOVA) (Fig. 8B).
Although the levels of LAT RNA in the type 2 ILC-deﬁcient mice were twice those in WT
and ILC1-deﬁcient mice and three times those in ILC3-deﬁcient mice, the differences
were not statistically signiﬁcant (P ⬎ 0.2) (Fig. 8B). These results suggest that ILC
functions are not required for efﬁcient latency in the TG of mice that have been ocularly
infected with HSV-1.
Levels of CD8 and PD-1 mRNAs in TG of latently infected mice. To investigate
the effects of the absence of the ILCs on T-cell exhaustion in the TG of latently infected
mice, the relative levels of CD8 and programmed cell death protein (PD-1; CD279)
transcripts were determined in the TG of latently infected type 1 ILC-, type 2 ILC-, and
type 3 ILC-deﬁcient mice by RT-PCR of total TG RNA extracts, as depicted in Fig. 8B. The
results are presented in Fig. 9 as “fold increase” in the infected type 1 ILC-, type 2 ILC-,
and type 3 ILC-deﬁcient mice compared to the baseline mRNA levels in the TG from
their uninfected naive counterparts. The levels of CD8 (Fig. 9A) and PD-1 (Fig. 9B)
mRNAs in the TG of the latently infected type 1 ILC-, type 2 ILC-, and type 3 ILC-deﬁcient
and WT mice were elevated compared with the levels in their uninfected counterparts;
however, we did not ﬁnd signiﬁcant differences among the levels of CD8 and PD-1
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FIG 9 Roles of ILCs in CD8 and PD-1 expression in TG of latently infected mice. RNAs isolated from WT and
type 1 ILC-, type 2 ILC-, and type 3 ILC-deﬁcient mice as described in the legend to Fig. 8B were used to
measure the expression of CD8␣ and PD-1 in latently infected TG. qRT-PCR was performed using total RNA,
as described in Materials and Methods. CD8␣ and PD-1 expression in naive mice 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 the relative expression of each transcript. Each point represents the mean ⫾ SEM from
20, 10, 20, and 18 TG for WT and type 1 ILC-, type 2 ILC-, and type 3 ILC-deﬁcient mice, respectively. The P
value was determined using one-way ANOVA. (A) CD8␣ transcript. (B) PD-1 transcript.

mRNAs between the infected ILC-deﬁcient mice and the infected WT mice or between
the different groups of infected ILC-deﬁcient mice (P ⬎ 0.05) (Fig. 9). The results were
consistent with the previously observed increases in the numbers of CD8⫹ T cells and
T-cell exhaustion, as evidenced by increased expression of the PD-1 markers in the TG
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of mice latently infected with HSV-1, and further suggest that the absence of type 1,
type 2, or type 3 ILCs does not affect these parameters.
DISCUSSION
In the current study, we demonstrate that HSV-1 replication in type 1, type 2, and
type 3 ILCs from WT mice is markedly lower than virus replication in RS cells. This result
is similar to that of our previous studies, in which we found that both DCs and
macrophages isolated from WT mice are refractory to HSV-1 infection (45). In the
previous studies, we found that DCs and macrophages isolated from signal transducers
and activators of transcription 1-deﬁcient (STAT1⫺/⫺) mice were susceptible to HSV-1
replication and that the kinetics of replication were similar to those of HSV-1-infected
RS. Our current results suggest that the refractory nature of ILCs to HSV-1 infection is
not due to inefﬁcient virus attachment. Similarly, our results suggest that the nonpermissiveness of ILCs to HSV-1 was not due to inefﬁcient virus penetration, since viral
transcripts were detected in all three types of ILCs. Despite the similarities in the levels
of virus replication in type 1, type 2, and type 3 ILCs at 12, 24, and 48 h p.i. and at
different levels (numbers of PFU) of infection, the patterns of gene expression as
determined by RNA-seq differed signiﬁcantly among the three cell types. More than 80
genes were found after efﬁcient HSV-1 infection and replications; however, at 24 h p.i.,
only 11 HSV-1 genes were detected in the infected type 1 ILCs and 27 in the infected
type 2 ILCs. In contrast, at least 77 HSV-1 genes were detected in the infected type 3
ILCs. Despite this detection of a large number of genes in the infected type 3 ILCs, the
cells were refractory to HSV-1 replication. It is possible that the nonpermissive nature
of the cells is immune mediated, as we have reported for DCs and macrophages (45).
RNA-seq analysis demonstrated that HSV-1 infection altered the expression of
endogenous genes in ILCs and that there were substantial differences in the patterns
of HSV-1-induced changes in gene expression among the type 1, type 2, and type 3
ILCs. Examination of the associated GO terms suggested preferential upregulation of
immune response-associated genes in the type 1 and type 2 ILCs, and the higher levels
of expression of these genes may have contributed to the low HSV-1 gene expression
in these types of ILCs. In contrast, HSV-1 infection of the type 3 ILCs appears to
upregulate the genes in a genomewide manner, given the very high numbers of
signiﬁcantly upregulated genes and the associated GO terms. The preferential association with the GO terms Translation, RNA Splicing, and mRNA Processing suggests that
the virus is capable of hijacking the cellular machinery for RNA synthesis and protein
production in infected ILCs and is consistent with the expression of a broad range of
viral genes in these cells. We observed more cell death in the ILC3 group than in the
other two infected-cell types. In infected ILC1, 20 apoptotic genes were upregulated,
and in infected ILC2, no apoptotic gene was upregulated, while in infected ILC3, 140
apoptotic genes were upregulated. Thus, upregulated apoptosis genes in HSV-1infected type 3 ILCs would make type 3 ILCs more vulnerable to virus infection.
Although detection of most HSV-1 genes in infected type 3 ILCs is likely to be due to
lower expression of immune-mediated genes, such as innate immune regulators that
stimulate interferon genes. While reduced numbers of viral transcripts in type 1 and
type 2 ILCs could be due to suppression of viral gene expression by higher immunemediated responses, alternatively, it is possible that type 1 and type 2 ILCs are missing
important cellular transcription factors.
Both T-cell-dependent immune responses and T-cell-independent immune responses have been implicated in protection against HSV-1 infection and manifestations
of disease associated with infection (46–53). One of the goals of the present study was
to determine if, similar to T cells and other innate cell types, the ILC-related immune
responses contribute to protection against ocular HSV-1 infection or its disease
manifestations. To determine the role of ILCs in HSV-1 infection, we used accepted
ILC-deﬁcient-mouse models; however, the absence of the speciﬁc transcription factors
in these mice also may affect other immune-related responses. To address this issue,
total T cells from WT mice were adoptively transferred into the ILC-deﬁcient mice. We
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did not see any differences between mice that received T cells and their counterparts
that did not receive T cells with regard to virus replication in the eye, eye disease,
survival, latency, reactivation, or T-cell exhaustion. We did not observe any signiﬁcant
differences among the ILC-deﬁcient mice in terms of the patterns of virus replication in
the eye during primary infection or in the TG during latency, or in the time of
reactivation or occurrence of eye disease. However, largely due to low abundance and
lack of a good marker to detect different types of ILCs by immune staining or RT-PCR,
it is not known if ILCs are present in healthy or diseased corneas. Compared with the
other ILC-deﬁcient mice, we did observe signiﬁcantly reduced survival in the type 3
ILC-deﬁcient ROR␥t mice. Although this reduced survival was not ameliorated by the
adoptive transfer of WT T cells, it is possible that the profound effects of lack of ROR␥t
on the immune system could affect survival independently of the lack of ILCs. For
example, it has been shown previously that ROR␥t is required for thymocyte survival
and lymphoid organ development (16).
Despite our in vitro ﬁndings that indicate that HSV-1 infection affects the biology of
ILCs and the literature demonstrating their importance in autoimmunity, mucosal
homeostasis, and certain infections (1–4), our in vivo studies suggest that ILCs do not
play a signiﬁcant role in determining the outcome of ocular HSV-1 infection, except for
survival. Similar to our ﬁndings, it has been reported that the absence of ILCs had no
effect in immunodeﬁcient children after bone marrow transplantation and that ILC
deﬁciencies in humans were not associated with any susceptibility to disease (54). The
discrepancy between the effects of HSV-1 infection in vitro and in vivo may reﬂect
differences in the microenvironmental cues but may also indicate that ILCs have
redundant roles in the immune response to ocular HSV-1 infection with regard to some
parameters, but not survival.
In summary, our results demonstrate that, similar to DCs and macrophages, ILCs are
refractory to HSV-1 infection. Furthermore, the data presented here illustrate that the
three different types of ILCs have very different responses to HSV-1 infection and
control of HSV-1 replication. However, except for differences in survival among the
three types of ILC-deﬁcient mice, ILCs do not appear to affect the outcome of ocular
HSV-1 infection. Based on our results, we propose a model in which ILC1 and ILC2
regulate HSV-1 via upregulation of immune response genes, whereas ILC3 may function
via upregulation of apoptotic genes.
MATERIALS AND METHODS
Cells and virus. RS cells were generated in our laboratory, prepared, grown in minimal essential
medium (MEM) plus 5% fetal bovine serum (FBS), and used as described previously (55). The tripleplaque-puriﬁed virulent HSV-1 strain McKrae was grown in RS cell monolayers as described previously
(56, 57).
Mice. Inbred C57BL/6J T-bet⫺/⫺ mice (13) lacking type 1 ILCs (17); Ror␥t⫺/⫺ mice (16) lacking type
3 ILCs (18); and Rag2⫺/⫺ mice were obtained from the Jackson Laboratory (Bar Harbor, ME), while
RoraFloxIL7RCre mice (lacking type 2 ILCs) were a gift from Andrew McKenzie (MRC Laboratory of
Molecular Biology, Cambridge Biomedical Campus, Cambridge, United Kingdom) and have been described previously (14, 15). All the mice had a B6 background and were bred in-house. Both male and
female (6- to 8-week-old) mice were used in the study. All animal procedures were performed in strict
accordance with the Association for Research in Vision and Ophthalmology Statement for the Use of
Animals in Ophthalmic and Vision Research and the NIH Guide for the Care and Use of Laboratory Animals
(ISBN 0 –309-05377-3). The animal research protocol was approved by the Institutional Animal Care and
Use Committee of Cedars-Sinai Medical Center (protocols 5030 and 6134).
Isolation of type 1, type 2, and type 3 ILCs. All cell isolations were carried out by cell sorting using
a FACS Aria III instrument (BD Biosciences, Mountain View, CA) and the following antibodies: anti-CD11b
(M1/70), anti-CD127 (A7R34), anti-Gr-1 (RB6-8C5), anti-IL-33R␣ (DIH9), anti-NK1.1 (PK136), anti-NKp46
(29A1.4), anti-TER-119 (TER-119), and anti-TRAIL (N2B2) (all from BioLegend, San Diego, CA); anti-CD45
(30-F11; BioLegend or BD Biosciences, San Diego, CA); and anti-CD49b (DX5; eBioscience). For isolation
of type 1 ILCs, livers from Rag2⫺/⫺ mice were dissociated using a 70-m cell strainer (Fisher Scientiﬁc,
Waltham, MA) as described previously with minor modiﬁcations (58). Brieﬂy, lymphocytes were enriched
at the interface between gradients of 42% and 72% Percoll (GE Healthcare, Uppsala, Sweden). Type 1 ILCs
were then sorted using a cocktail of antibodies to select for 7-aminoactinomycin D-negative (7AAD⫺)
CD45⫹ CD49b⫺ TRAIL⫹ cells. For isolation of type 2 ILCs, Rag2⫺/⫺ mice were treated intranasally with
1 g of mouse IL-33 (BioLegend) for 3 days in a row. The lungs were then removed aseptically, minced,
and incubated in RPMI 1640 supplemented with 10% fetal calf serum (FCS), 250 U/ml of collagenase
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(CLS4; Worthington Biochemicals, Lakewood, NJ), and 25 U/ml DNase I (Sigma-Aldrich, St. Louis, MO) at
37°C for 20 min and then pressed through a 70-m mesh ﬁlter, and the lymphocytes were enriched by
centrifugation in 40% Percoll (GE Healthcare). Type 2 ILCs were sorted using a cocktail of antibodies to
select for CD11b⫺ Ter-119⫺ Gr-1⫺ NK1.1⫺ 7AAD⫺ CD45⫹ CD127⫹ IL33R␣⫹ cells, as described previously
(59). Type 3 ILCs were isolated as described previously (60). Brieﬂy, the intestines of Rag2⫺/⫺ mice were
removed and washed with Hanks balanced salt solution (HBSS) containing 2% FBS (Omega Bioscience,
Tarzana, CA) and then opened and cut into 2-cm-long pieces that were incubated at 37°C for 20 min in
HBSS containing 1 mM EDTA and 10 mM HEPES. The pieces were then further cut and incubated at 37°C
for 20 min in Dulbecco’s modiﬁed Eagle’s medium (DMEM) containing 10% FBS, 10 mM HEPES, 100 U/ml
penicillin, 0.1 mg/ml streptomycin, 500 U/ml collagenase IV, and 50 U/ml DNase I (Sigma-Aldrich). The
solution containing digested tissue was passed through a 70-m cell strainer, and the lymphocytes were
enriched by centrifugation in 40% Percoll. The type 3 ILCs were sorted using a cocktail of antibodies to
select for 7AAD⫺ CD45⫹ NK1.1⫺ NKp46⫹ cells. The average yields were 3 ⫻ 105 type 1 ILCs per mouse
liver, 8 ⫻ 103 type 2 ILCs per mouse lung, and 3 ⫻ 104 type 3 ILCs per mouse intestine.
Virus titration in ILCs. The isolated primary type 1, type 2, and type 3 ILCs were plated in 6-well
plates and grown to 70 to 80% conﬂuence. The cells were then infected with McKrae virus at 1 and 10
PFU/cell for 12, 24, and 48 h in RPMI 1640 medium supplemented with 10% FBS, 2 mM glutamine, 20 mM
HEPES, 100 U/ml penicillin, 0.1 mg/ml streptomycin, 50 M 2-mercaptoethanol, 10 ng/ml IL-2, and
10 ng/ml IL-7. In addition, 20 ng/ml IL-15 was added for type 1 ILCs, and 20 ng/ml IL-33 was added for
type 2 ILCs (all the cytokines were from BioLegend). Virus was harvested at the indicated time points by
two cycles of freeze-thawing of infected cells in medium. Virus titers were determined using a standard
plaque assay on RS cells, as we described previously (61).
Luminex xMAP immunoassay (magnetic-bead kits). Luminex assays were performed in the
Immune Assessment Core at the University of California, Los Angeles (UCLA), as we described previously
(62). Brieﬂy, mouse 32-plex magnetic cytokine/chemokine kits were purchased from EMD Millipore
(Billerica, MA) and used according to the manufacturer’s instructions. Isolated type 1, type 2, and type 3
ILCs were infected with 10 PFU/cell of HSV-1 strain McKrae or left uninfected for 24 h as described above.
Media from the infected and uninfected cells were collected, and 25 l of 1:2-diluted samples were
mixed with 25 l magnetic beads and allowed to incubate overnight at 4°C with shaking. After washing
the plates twice with wash buffer in a Biotek ELx405 washer, 25 l of biotinylated detection antibody was
added. The reaction mixture was incubated for 1 h at room temperature, and then streptavidinphycoerythrin conjugate (25 l) was added and the reaction mixture was incubated for another 30 min
at room temperature. Following two washes, beads were resuspended in instrument sheath ﬂuid buffer
(Luminex Corp, Austin, TX), and ﬂuorescence was quantiﬁed using a Luminex 200 instrument (Luminex
Corp., Austin, TX).
Library preparation and sequencing. Isolated type 1, type 2, and type 3 ILCs were infected with 10
PFU/cell of HSV-1 strain McKrae or left uninfected for 24 h as described above. Up to 10,000 infected or
uninfected cells per sample in triplicate were pelleted, washed, ﬂash-frozen in liquid nitrogen, and then
stored at ⫺80°C. Total RNA was isolated using a SMART-Seq V4 ultralow RNA input kit for sequencing
(TaKaRa Bio USA, Inc., Mountain View, CA). The isolated RNA was used for reverse transcription and
generation of double-stranded cDNA for subsequent library preparation using a Nextera XT library
preparation kit (Illumina, San Diego, CA). Quantiﬁcation of cDNA was performed using Qubit (Thermo
Fisher Scientiﬁc). cDNA normalized to 80 pg/l was fragmented, and the sequencing primers were added
simultaneously. A limiting-cycle PCR added index 1 (i7) adapters, index 2 (i5) adapters, and sequences
required for cluster formation on the sequencing ﬂow cell. The indexed libraries were pooled and
cleaned up, and the pooled library size was veriﬁed using a 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA) and quantiﬁed via Qubit. The libraries were sequenced using a NextSeq 500 (Illumina)
with a single-end 75-bp read length and coverage of over 25 million reads/sample.
Data analysis. The raw reads obtained were aligned to the transcriptome using STAR (version 2.5.0)
(63) and RSEM (version 1.2.25) (64) with default parameters, using a custom mouse CRCm38 transcriptome reference, downloaded from http://www.gencodegenes.org, containing 92 External RNA Controls
Consortium (ERCC) sequences, all protein-coding and long noncoding RNA genes based on Mouse
GENCODE M8 annotation. Expression counts for each gene (transcripts per million [TPM]) in all samples
were normalized by the sequencing depth. GO term analysis was performed using DAVID (v6.8) (65).
Visualization of data was carried out using R statistical software (v3.5.1).
RNA extraction, cDNA synthesis, and TaqMan RT-PCR. Isolated type 1, type 2, and type 3 ILCs were
infected with 10 PFU/cell of HSV-1 strain McKrae or left uninfected for 24 h, and total RNA was isolated
as described above. Following RNA extraction, the total RNA was reverse transcribed using random
hexamer primers, as we have described previously (66). To conﬁrm the RNA-seq results, the levels of
HSV-1 ICP4 and gB in infected cells were evaluated using commercially available TaqMan gene expression assays (Applied Biosystems, Foster City, CA) with optimized primer and probe concentrations. The
primer-probe sets consisted of two unlabeled PCR primers and the FAM (6-carboxyﬂuorescein) dyelabeled TaqMan MGB probe formulated into a single mixture. Additionally, all cellular amplicons included
an intron-exon junction to eliminate signals from genomic-DNA contamination. The assays in this study
used the following: (i) gB-speciﬁc primers (forward, 5=-AACGCGACGCACATCAAG-3=; reverse, 5=-CTGGTA
CGCGATCAGAAAGC-3=; and probe, 5=-FAM-CAGCCGCAGTACTACC-3=) and (ii) ICP4-speciﬁc primers (forward, 5=-GGCCGAGGGCTTCGA-3=; reverse, 5=-AGCTCGCGCAGCCA-3=; and probe, 5=-FAM-CCGCTTCCCCG
CCGCC-3=). GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (ABI Mm999999.15_G1) was used for
normalization of transcripts.
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Adoptive transfer of T cells. To eliminate the possibility of an effect of the absence of each
transcription factor on the development of T cells, WT T cells were adoptively transferred into type 1-,
type 2-, and type 3-deﬁcient mice before infection with HSV-1. Brieﬂy, spleens from WT C57BL/6 mice
were pooled, and single-cell suspensions were prepared as described previously (67). Total T cells were
isolated using magnetic beads as described by the manufacturer (Miltenyi Biotec, San Diego, CA). Each
recipient mouse was injected intraperitoneally once with T cells, equivalent to one donor mouse,
suspended in MEM (300 l). The control mice were injected intraperitoneally with MEM alone (300 l).
The mice were infected ocularly with McKrae virus 2 weeks after transfer of the T cells.
Ocular infection. The mice deﬁcient in type 1, type 2, or type 3 ILCs and the WT control mice were
infected ocularly with 2 ⫻ 105 PFU of HSV-1 strain McKrae per eye in 2 l of tissue culture medium as an
eye drop without corneal scariﬁcation, as we have described previously (68).
Titration of virus in tears. Tear ﬁlms were collected from both eyes of infected mice on days 1 to
5 p.i. using a Dacron-tipped swab. Each swab was placed in tissue culture medium (1 ml), and the amount
of virus in the medium was determined using a standard plaque assay on RS cells (69).
Evaluation of CS. The severity of corneal scarring in surviving mice on day 28 p.i. was scored in a
masked fashion on a scale of 0 to 4 (0, no disease; 1, 25% involvement; 2, 50% involvement; 3, 75%
involvement; and 4, 100% involvement) as described previously (70).
In vitro explant reactivation assay. Mice were sacriﬁced at 28 days p.i., and individual TG were
removed and cultured in 1.5 ml tissue culture medium, as we described previously (71). Brieﬂy, a 100-l
aliquot was removed from each culture daily for 15 days and used to infect RS cell monolayers. The RS cells
were monitored daily for 5 days for the appearance of cytopathic effect (CPE) to determine the time of ﬁrst
appearance of reactivated virus from each TG. As the media from the explanted TG cultures were plated daily,
the time at which reactivated virus ﬁrst appeared in the explanted TG cultures could be determined.
RNA extraction, cDNA synthesis, and TaqMan RT-PCR. TG were collected from naive mice and
mice that had survived ocular infection on day 28 p.i., and the individual TG were immersed in RNAlater
RNA stabilization reagent and stored at ⫺80°C until they were processed. Tissue processing, total RNA
extraction, and RNA yield determination were carried out as we have described previously (72, 73).
Following RNA extraction, 1,000 ng of total RNA was reverse transcribed using random hexamer primers
and murine leukemia virus (MuLV) reverse transcriptase from a high-capacity cDNA reverse transcription
kit (Applied Biosystems, Foster City, CA) in accordance with the manufacturer’s recommendations. The
levels of various RNAs were evaluated using commercially available TaqMan gene expression assays
(Applied Biosystems, Foster City, CA) with optimized primer and probe concentrations. The primer-probe
sets consisted of two unlabeled PCR primers and the FAM dye-labeled TaqMan MGB probe formulated
into a single mixture. Additionally, all cellular amplicons included an intron-exon junction to eliminate
signal from genomic DNA contamination. The assays used in this study were as follows: (i) CD8␣, ABI
assay Mn01182108_m1 (amplicon length, 67 bp); (ii) PD-1 (programmed death 1), ABI Mm00435532_m1
(amplicon size, 65 bp); and (iii) GAPDH, used for normalization of transcripts, ABI Mm999999.15_G1
(amplicon length, 107 bp).
The custom-made primer-probe set for LAT was as follows: forward primer, 5=-GGGTGGGCTCGTGT
TACAG-3=; reverse primer, 5=-GGACGGGTAAGTAACAGAGTCTCTA-3=; and probe, 5=-FAM-ACACCAGCCCG
TTCTTT-3= (amplicon length, 81 bp, corresponding to LAT nucleotides 119553 to 119634). In each
experiment, an estimated relative copy number for LAT was calculated using standard curves generated
from pGem-LAT5317. Brieﬂy, the plasmid DNA template was serially diluted 10-fold so that 5 l
contained from 103 to 1011 copies of the desired gene and then subjected to TaqMan PCR with the same
set of primers as the test samples. By comparing the normalized threshold cycle of each sample to the
threshold cycle of the standards, the copy number for each reaction was determined.
qRT-PCR was performed using the QuantStudio 5 system (Applied Biosystems, Foster City, CA) in
384-well plates, as we described previously (72, 73).
Statistical analyses. Student’s t test, ANOVA, and chi-square tests were performed using the
computer program Instat (GraphPad, San Diego, CA). Results were considered statistically signiﬁcant
when the P value was ⬍0.05.
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