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Innate lymphoid cells (ILC) are important regulators of early infection at mucosal barriers. ILC
are divided into three groups based on expression profiles, and are activated by cytokines and
neuropeptides. Yet, it remains unknown if ILC integrate other signals in providing protection. We
show that signaling through herpes virus entry mediator (HVEM), a member of the TNF receptor
superfamily, in ILC3 is important for host defense against oral infection with the bacterial
pathogen Yersinia enterocolitica. HVEM stimulates protective IFN+y secretion from ILC, and mice
with HVEM-deficient ILC3 exhibit reduced IFNy production, higher bacterial burdens and
increased mortality. Additionally, IFNy production is critical as adoptive transfer of wildtype but
not IFN-y-deficient ILC3 can restore protection to mice lacking ILC. We identify the TNF
superfamily member, LIGHT, as the ligand inducing HVEM signals in ILC. Thus HVEM
signaling mediated by LIGHT plays a critical role in regulating ILC3-derived IFNy production for

protection following infection.
Graphical Abstract

Lumen lleumn
'] . : L [ - e
A Yersinia e @ ] e @
’ [ '] e .

L [l L e
Epithelium o be '-.’/'-.\' . L] " ﬂ,/l ’ c e
Wlea: Wl
e
0|0|¢]o]o}+ }0]0]]o|o|o|g|o r 0]0]0]o]o
Lamina propri a_. Pt ;\_wmnago £ '
> IFNyss> & o P
2 310 e L8 A Lee
= e 0o, "J A e
[ E L e, @VEII o’ " Local *
- ° ® Dissemination
HVEM ™ &
& LIGHT Systemic D|ssem|nation

w Liver
\ WT ILC3 HVEM-deficient ILC/

Seo et al. find that IFNy-producing ILC3 in the small intestine are required for host protection
against Yersinia enterocolitica infection. HVEM signaling in ILC3, mediated by the ligand
LIGHT, is critical for regulating IFN-y production for protection following infection.

In Brief
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INTRODUCTION

HVEM is a member of the tumor necrosis factor receptor superfamily (TNFRSF14). HVEM
binds the immunoglobulin (1g) super family molecules BTLA and CD160 and the TNF
superfamily member LIGHT (TNFSF14) (Murphy and Murphy, 2010; Shui and Kronenberg,
2013). LIGHT-HVEM signaling has a number of roles including providing a co-stimulatory
signal to T cells (Cohavy et al., 2004; Tamada et al., 2000), and it contributes to the
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development of dermatitis by keratinocytes (Herro et al., 2018). We have shown that HVEM
signaling in epithelial cells contributes to host defense against pathogenic bacteria, but with
CD160 involved as the ligand (Shui et al., 2012).

In addition to epithelial cells, HVEM is also expressed by various hematopoietic cells,
including B and T lymphocytes, natural killer (NK) cells, dendritic cells (DC) and myeloid
cells (Shui and Kronenberg, 2013). Additionally, it has been reported that CD3™~ ILC express
HvemmRNA (Kim et al., 2006). ILC are heterogeneous lymphoid cells that respond
promptly to changes in the microenvironment by secreting effector cytokines and
contributing to host defense and tissue homeostasis. ILC are divided into three different
groups, defined by patterns of expression of effector cytokines, transcription factors and cell
surface markers. Group 1 ILC include NK cells and ILC1 and are analogous to CD4 Thl
cells, while ILC2 and ILC3 share features with Th2 and Th17 cells, respectively (Artis and
Spits, 2015). ILC3 can be further divided into subsets distinguished by CCR6 and NKp46 in
mice (Klose et al., 2013; Luci et al., 2009; Sanos et al., 2009; Satoh-Takayama et al., 2008).
CCRG6™* ILC3, which are lymphoid-tissues-inducer cells (LTi) and LTi-like cells, produce
IL-22 and IL-17 (Eberl et al., 2004). CCR6™ ILC3, including those that do or do not express
NKp46, can express T-bet and produce IFNy in addition to 1L-22 (Klose et al., 2013).
Although ILC3 are more abundant in the small intestine than in the large intestine (Song et
al., 2015), several studies of the functions of ILC3 used infection models, such as Citobacter
rodentium (Cella et al., 2009; Satoh-Takayama et al., 2008; Sonnenberg et al., 2011) and
Helicobacter hepaticus (Buonocore et al., 2010), which predominantly target the cecum and
colon. ILC3 are also important for the response to Sa/monella typhimurium (Goto et al.,
2014; Klose et al., 2013), and while these bacteria infect M cells in Peyer’s patches, they
cause inflammation predominantly in the cecum and colon (Barthel et al., 2003).

To study the function of ILC in the small intestine, we orally infected mice with Yersinia
enterocolitica (Y. enterocolitica, YE), a facultative intracellular bacterium that targets the
small intestine and causes food borne illness. After oral uptake, YE replicate in the small
intestine, invade Peyer’s patches of the distal ileum and disseminate to the spleen and liver
(Trulzsch et al., 2007). Frequently the infection is cleared in 1 to 2 weeks (Bottone, 1997;
Cover and Aber, 1989), suggesting that innate immune cells could have important roles in
protection from YE infection. However, the role of ILC in YE infection remains unknown.
Here, we show that ILC populations, in particular CCR6™ ILC3, are important for resistance
to YE infection. Early production of IFN-y by these cells is, in part, responsible for
protection. Furthermore, HVEM signaling by LIGHT is a critical factor that regulates IFNy
production by ILC3 in the small intestine.

ILC are important for defense from YE

To determine if ILC are required for host defense against YE, ILC were depleted from
Rag1™~ mice by administering an anti-CD90.2 monoclonal antibody (mAb). The anti-
CD90.2 mAb depleted not only ILC but also other cell types, including most NK cells in the
small intestinal lamina propria (SI-LP) (Figure S1A). After YE infection, no differences
were observed in survival, body weight, bacterial translocation, and splenic yersinosis up to
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day 7, when comparing RagZ~~ mice, which lack T cells and B cells, to C57BL/6 mice
(Figures 1A-1D). These data indicate that innate immune cells, which include ILC, are
sufficient to mediate the early defense against YE. Compared to RagZ~~ mice, CD90.2-
depleted Rag2~~ mice lacking ILC had a decreased survival rate (Figure 1A), rapid weight
loss (Figure 1B), increased bacterial burden in the ileum, spleen and liver (Figure 1C) and
large areas of splenic necrosis with intralesional YE colonies (Figure 1D) after oral YE
administration. These data demonstrate ILC are important for defense against YE.

To confirm if there is a role for ILC during enteric YE infection, Lin"CD3"Thy1.2*NK1.1~
ILC, which excludes NK cells and ILC1, were transferred into Rag2”~gc™~ mice, which
lack all ILC subsets. Rag2”~gc™~ mice infected with YE were rescued from decreased
survival, rapid weight loss and increased bacterial translocation by transfer of purified ILC
(Figures 1E-1G). RagZ”~gc™~ mice had multiple, massive necrotic areas in the spleen after
oral YE infection, while Rag2”~gc™" recipients of ILC exhibited only very small lesions
(Figure 1H). We conclude that under these experimental conditions ILC were necessary and
sufficient to mediate early host defense against YE.

A role for ILC3 subsets in protection from YE

We identified intestinal 1LC subsets via flow cytometry as CD3™, lineage™, CD90" cells, and
based on transcription factor expression (Gronke et al., 2017), we confirmed earlier work
revealing that ILC3 were predominant in the small intestine lamina propria (Figures S1B
and S1C). In the large intestine lamina propria, ILC1 and ILC2 constituted a larger
percentage of the total ILC population (data not shown), and NK cells were infrequent in
both locations. To test the role of ILC3 specifically during YE infection, we used Rorc-cre x
Ahr”f mice (AR mice), which are selectively deficient for ILC3 (Song et al., 2015).
Although AR mice may also have some reduction in the function of Th17 and Th22 cells,
we excluded a requirement for T lymphocytes for early host defense for several reasons.
First, Ragl™~ mice were protected up to day 7, similar to C57BL/6 mice, emphasizing the
early importance of the innate immune response (Figures 1A-1D). Second, as described
below, the principal cytokines produced by Th17 and Th22 cells were not essential for
survival. We observed that AR mice had marked weight loss and increased mortality
following during YE infection (Figures 2A and 2B), implicating a nonredundant function of
ILC3 in host defense against YE infection. On the other hand, NKp46-cre x Rorc™f mice
(RN mice), which selectively lack NKp46*ILC3 as well as ex-1LC3 (Song et al., 2015), did
not have any difference in survival or body weight after YE infection compared to control
mice (Figures 2C and 2D), suggesting that the NKp46* ILC3 subset is not required to
mediate early host defense.

To address further which of the ILC3 subsets is essential for protection against YE, CCR6*
ILC3 and CCR6™ ILC3, the latter population including NKp46* ILC3 and NKp46~ ILC3,
were isolated from the Sl of uninfected RagZ~~ mice by cell sorting based on previous
criteria (Guo et al., 2016). We selected Lin-CD90MINCD45M cells that were mainly RORyt
*ILC3 from all subsets, in agreement with a previous report (Guo et al., 2016) (Figure S2A),
and then divided these further based on NKp46 and CCR6 expression (Figure S2B).
Rag2™~gc™" recipients of NKp46~ILC3 infected with YE were rescued from decreased
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survival, rapid weight loss and large areas of splenic necrosis that contained YE colonies
(Figures 2E-2G). The same was true for recipients of equal numbers of NKp46* ILC3
(Figures 2E-2G), indicating these cells have protective capacity, although they are less
numerous and were not required in the presence of other populations (Figures 2C-2D) By
contrast, Rag2”~gc™" recipients of CCR6* ILC3 were not protected (Figures 2E-2G).

Intestinal ILC3 secrete protective IFNvy after infection

ILC effector functions are mainly mediated through cytokine secretion, which promotes
protection at mucosal barriers. ILC3 have been reported to produce IL-17A, I1L-22 and in
some instances IFN-y (Klose et al., 2013; Sanos et al., 2009; Satoh-Takayama et al., 2008).
To determine which of these cytokines might be important, we examined survival and
bacterial translocation in /fng™~, //17ra™~, and //227/~ mice after oral YE infection. /fng™~
mice showed decreased survival, rapid weight loss, increased bacterial translocation to the
spleen and liver and multiple, massive necrotic areas in the spleen after oral YE infection
(Figures 3A-3D), in agreement with a previous report (Autenrieth et al., 1996; Echeverry et
al., 2010). However, //17ra™~ mice showed increased bacterial burden in the ileum, but not
in the spleen and liver, on day 7 after infection, and the mice did not exhibit decreased
survival (Figures S3A and S3B). These results are in contrast to a previous study, in which
mice receiving a neutralizing IL-17 antibody showed reduced survival and increased
bacterial translocation (DePaolo et al., 2012). /227~ mice also exhibited no differences in
either survival or bacterial burden (Figures S3C and S3D). Therefore, IFNy was required for
host defense during Y. enterocolitica, whereas, in our colony, IL-17 had a limited role and
IL-22 was not essential for survival.

We tested IFN+y production by ILC subsets in the SI-LP during oral YE infection to
determine how these cells reacted after pathogen exposure. The absolute numbers of ILC
subsets in the SI-LP of YE-infected mice were similar to uninfected mice (Figure S3E),
indicating that ILC do not expand greatly after YE infection. Consistent with this, only a
small percentage of cells in ILC subsets incorporated Ki67 following infection (Figure S3F).
Notably, the number of NKp46~ ILC3 producing IFNvy in the SI-LP was greater than for
other ILC (Figure 3E). There are also some IFN-y-producing NK cells and a smaller number
of IFNy-producing ILC1 and NKp46* ILC3. By contrast, CCR6*ILC3 did not incorporate
Ki67 or produce IFNvy after YE infection (Figures 3E and S3F). These data indicate that
CCR6™ ILC3, especially NKp46~ ILC3, are important for host defense during YE infection.

IFNy-producing ILC3 provide protection

To confirm that IFN+y production by ILC3 is important for immunity to YE, we performed
an adoptive transfer of CCR6™ ILC3 from /fng™~ or WT mice into Rag2”~gc™~ mice.
Rag2™~gc™" recipients of /fng™~ ILC3 infected with YE had significantly decreased
survival (Figure 4A), rapid weight loss (Figure 4B), and large areas of necrosis and
increased bacterial colonies in the spleen and liver (Figure 4C). Therefore, our data indicate
that IFNy-producing ILC3 play an essential role in protective immunity to early YE
infection.
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HVEM expression by RORyt* ILC3 is important for host defense

Our previous work found a role for HVEM expression in multiple cell types to be important
for regulation of the mucosal immune system, including CD8* memory T cells, epithelial
cells, and an unidentified cell type in Rag™~ mice (Shui and Kronenberg, 2013; Steinberg et
al., 2013; Steinberg et al., 2008). Therefore, we investigated if HVEM functions in ILC.
HVEM was expressed by all small intestine ILC subsets in mice and all ILC in human
peripheral blood, and a previous analysis indicated RNA encoding HVEM was present in all
ILC subsets from human tonsil (Bjorklund et al., 2016) (Figures S4A-S4C). Mice with a
germ line deletion of Hvem had an undiminished absolute number of ILC3 (Figures S4D
and S4E), ILC1 or ILC2 (data not shown), in the SI-LP, with similar results in the large
intestine (data not shown). In the absence of infection, there was only a very small
percentage of IFNy* ILC in either the small intestine or large intestine, and Hvern™~ mice
were similar to control WT mice (Figure S4F).

To address the role of HVEM expression by ILC3 subsets in the SI-LP during YE infection,
we examined the immune response in Rorc-cre mice crossed to Hvem™ mice (Figure S4G),
hereafter referred to as HvemAROrT, HyemARoe mice exhibited marked loss of HVEM in
ILC3 and partially in ILC1, which may reflect the conversion of RORyt- expressing ILC3 to
ILC1 (Monarbourg et al., 2010). There was no deletion in NK cells or ILC2 (Figure S4H).
HvemAROC mice also exhibited loss of HVEM expression in T lymphocytes (Figure S4H),
because RORyt is expressed in double positive (CD4*CD8*) thymocytes (Eberl and
Littman, 2004). To define the role of HVEM expression specifically by ILC, as opposed to T
lymphocytes, we also analyzed Cd4-cre x Hvem™™ mice (HvemAC%). HvemAC® mice
lacked HVEM expression in all T cells, but not in ILC (Figure S4H).

Hvem™~ mice had reduced survival after oral YE infection (Figure 5A). HvemARor¢ mice
also had reduced survival (Figure 5B), rapid weight loss (Figure 5D), an increased bacterial
burden in the ileum, spleen and liver (Figure 5E) and massive necrotic areas containing
bacteria in the spleen and liver (Figure 5G) after oral YE infection. Hvem4<? mice had no
difference, however, in survival (Figure 5C), weight loss (Figure 5D), bacterial burden
(Figure 5F) and histopathology (Figure 5G). Therefore, our data suggest that HVEM
expression by ILC3, but not CD4*T cells, is required for protection from early enteric
bacterial infection.

RORyt" ILC3 deficient for HYEM are impaired in protective IFNy production.

To determine if HVEM signaling plays a role in the activation of ILC, we examined IFNy
production by ILC from HvemARo¢ mice at day 3 and 7 p.i. ILC from HvemARoC mice
produced significantly less IFN-y at day 3 (Figures 6A and 6B) and day 7 (Figure S5A) p.i.,
but cytokine production by CD4* T cells from HvemAR97¢ mice was not affected at either
time (Figures 6C—-6D and S5B). Furthermore, ILC and CD4*T cells of HvemA%# mice did
not show any difference in production of IFNy when compared to Hvem™ mice after
infection (Figures S5C and S5D). Therefore, Rorc-mediated deletion of HVEM in ILC in the
small intestine diminished their ability to produce protective IFN+y after infection.
Furthermore, Rag2”~gc™" recipients of Hvem™~ ILC3 infected with YE had significantly
decreased survival, massive necrotic areas and increased bacterial colonies in the spleen and
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liver (Figures 6E and 6F), indicating that HVEM expression by ILC3 plays an essential role
in protection during early YE infection.

LIGHT provides the ligand for HVEM in ILC.

To determine if HVEM signals in ILC to induce IFN-y, ILC were stimulated /n vitro with the
HVEM ligand LIGHT in the presence of IL-7 +/- IL- 23. IFNy production was increased by
soluble LIGHT at both the transcript and protein levels (Figures 7A and 7B). ILC expressed
HVEM (Figure S4A), but wild type and Hvem ™" ILC did not express LTBR (Figures S6A
and S6B), which also can bind to LIGHT, indicating that LTBR was not involved. BTLA and
CD160 did not stimulate IFN-y release by ILC (data not shown), but they bind HVEM as
monomers (Cai and Freeman, 2009; Compaan et al., 2005) and therefore this might only
reflect their reduced binding strength. Light~~ mice had no difference in the number of
ILC3 (Figures S6C and S6D), ILC1 or ILC2 (data not shown) in the SI-LP in the absence of
infection.

To test if there is an exclusive role for LIGHT engaging HVEM during enteric YE infection,
we used two type of mouse colonies. First, wild type and global Light knock out mice from
separate breedings were co-housed upon weaning, and, second, Light”~and Ligh*/- mice
littermates were compared. After YE infection, Light~ mice in both of these experimental
setups had decreased survival (Figures 7C and S7A), rapid weight loss (Figures 7D and
S7B), and massive necrotic areas and increased bacterial colonies in the spleen and liver
(Figures 7E and S7C), similar to HvemARo¢ mice. Furthermore, combining data from the
two experimental setups, RORyt* ILC3 in the SI-LP from Light”~mice produced
significantly less IFN+y at day 3 p.i., compared to control mice (Figure S7D and S7E). Btla
~~mice and Cd160~~ mice exhibited no differences in survival, body weight, and
histopathology of spleen and liver (Figures STF-S7K). Therefore, our data indicate that
LIGHT mediated signaling to HVEM expressed by innate immune cells, especially ILC3
subsets, provides protection from YE.

DISCUSSION

It is established that ILC in the small intestine have a protective role against several mucosal
bacterial infections (Buonocore et al., 2010; Cella et al., 2009; Klose et al., 2013). Here, we
demonstrated that ILC3 have a crucial function in the innate immune response in protecting
the host against YE by secreting IFNy. Although ILC3-deficient mice (Song et al., 2015)
exhibited heightened susceptibility to YE, our analysis demonstrated that the signature ILC3
cytokines, IL-22 and IL-17A, were not important for protection. A possibly similar function
of ILC3 that is not dependent on the hallmark cytokines was shown in anti-CD40 induced
colitis, which was dependent on ILC and the RORyt/IL-23 axis (Buonocore et al., 2010), but
blockade of IL-17A or I1L-22 also had no effect (Pearson et al., 2016). Surprisingly, transfer
of ILC3 showed that the ability to produce IFNy was essential. NKp46* and NKp46~ ILC3
previously have been reported to express T-bet and to secrete IFN-y after infection, with a
higher percentage NKp46* ILC3 capable of secreting this cytokine (Buonocore et al., 2010;
Klose et al., 2013). When equal cell numbers were transferred, both NKp46* and NKp46~
ILC3 were protective, while CCR6" ILC3 were not. However, deletion of NKp46* ILC3 did
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not lead to increased susceptibility, likely because the number of IFN-y-secreting NKp46™~
ILC3 is much greater. ILC1 and NK cells typically secrete IFNy when activated and
released this cytokine after YE infection. Despite the non-redundant role of NKp46~ ILC3,
there could be a contribution to defense by NK cells, ILC1 and former ILC3. However, our
data indicate that ILC3 could not be replaced and provide evidence that IFNy is an
additional cytokine from ILC3 populations that also has an important protective function.
IFNy was previously shown to be a critical cytokine for host defense against YE. However,
the effector mechanisms induced by IFNvy for YE clearance are not well defined. It is known
that IFNy activates macrophages that kill extracellular and intracellular pathogens after
being engulfed. There might also be an essential role for IFN+y induced chemokines in
attracting immune cells.

We followed the infection up to day seven, and therefore it is possible that adaptive
immunity plays a larger role in host defense at later times. However, our data demonstrating
the importance of the innate immune response are in agreement with the finding that adult
CD4 deficient mice were not more susceptible to YE infection (Echeverry et al., 2010),
although these mice have CD8* T cells that also could have contributed to IFN+y secretion
and protection.

Because HVEM is expressed by different cell types, and also because it can signal or act as a
ligand for signaling receptors BTLA and CD160, it is not surprising that HVEM has
multiple functions in mucosal immunity. Regarding bacterial infections, immune defense
from C. rodentium infection of mice, a model for enteropathogenic £. coliinfection, was
dependent on HVEM expression (Shui et al., 2012). Additionally, an effective defense from
Clostridium difficile was dependent on the HVEM ligand CD160 (Sadighi Akha et al.,
2015). Furthermore, the generation of CD8" T cell mucosal memory to Listeria
monocytogenes was dependent on HVEM (Steinberg et al., 2013). These previous studies
prompted us to investigate the role of HVEM in ILC function. We found that Hvem deletion
mediated by Rorc-cre led to increased susceptibility to infection and decreased IFNy
secretion by ILC. These results implicated a role for HVEM in either ILC3 or CD4* T cells,
because Rorc-crealso acts in T lymphocytes (Eberl and Littman, 2004). However, mice with
a Cd4-cre mediated deletion of Hvem were not more susceptible to YE infection and did not
have reduced IFN+y production by ILC after infection, demonstrating a specific role for
HVEM in ILC3. ILC are tissue-resident cells that are locally maintained during homeostasis
and in some cases expanded during infection. We found that HVEM was not required for
ILC differentiation, and during YE infection, ILC subsets did not increase in number in the
SI-LP. Instead, the effect of HVEM expression was specifically on cytokine production.

HVEM expression by ILC could have an effect on cytokine production because it can
stimulate ILC, or because it serves as a ligand to stimulate an interacting cell type through
HVEM ligands that signal, such as BTLA or CD160. These possibilities are not mutually
exclusive, but our /n vitro data indicated that HVEM could signal in ILC to stimulate
cytokine production. The ligand for HVEM stimulating protective ILC cytokine production
is LIGHT, a TNF super family member, and not CD160 or BTLA. We did not rule out a role
for LTa homotrimers in engaging HVEM, but their affinity for HVEM is weaker than the
other ligands (Cai and Freeman, 2009). Furthermore, it is formally possible that LIGHT has
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additional roles in host protection besides engaging HVEM on ILC3, but the similarity in
outcome between global Lightknock out mice and the HvemAR9¢ mice suggests this is not
the case. It has been shown that LIGHT-HVEM signaling upregulate IFN+y production in
CDA T cells as well as in NK cells (Cohavy et al., 2004; Fan et al., 2006; Tamada et al.,
2000). The cellular source of LIGHT is not known, but a previous analysis indicated RNA
encoding LIGHT was present in all ILC subsets from the small intestine of mice (Gury-
BenAuri et al., 2016). Therefore, an autocrine as well as paracrine mechanism of action is
possible. Regarding IFN-y, HVEM signals through TRAF proteins to activate nuclear factor-
kappaB (NF-xB) and AP-1 (Marsters et al., 1997), and it has been shown that transcription
binding sites for NF-xB and AP-1 are within the /fng promoter region and increase /fng
transcription (Samten et al., 2008; Sica et al., 1997). Therefore, it is plausible that HVEM
signaling mediates increased IFN+y production by ILC through the actions of NF-xB and
AP-1.

Cytokine secretion by ILC subsets is activated by cytokines from other innate immune cells,
such as epithelial or myeloid cells. Recently, there also has been evidence that ILC can be
activated by neuropeptides (Cardoso et al., 2017; Ibiza et al., 2016; Klose et al., 2017;
Wallrapp et al., 2017). The TNF superfamily of cytokines and receptors play diverse and
important roles in regulating both innate and adaptive immune cells, and therefore are good
candidates for influencing ILC. It has been shown previously that the DR3 ligand, TNF-like
protein 1A (TL1A or TNFSF15), promoted ILC2 cytokine secretion and also the survival
and expansion of these cells in allergic responses (Meylan et al., 2014; Yu et al., 2014).
Additionally, we demonstrated that human ILC express HYEM and human ILC3 express
DR3 and TL1A enhanced their IL-22 production (Ahn et al., 2015). Here, we found that
HVEM expression by ILC3 not only regulates cytokine secretion but also has a
nonredundant role in host defense. Therefore, an appealing hypothesis is that different
members of the TNFR super family will prove to be important regulators of ILC subsets,
similar to their role in CD4 and CD8 T cell biology. In doing so, they would provide a third
type of signal, in addition to cytokines from innate immune cells and neuropeptides, which
ILC must integrate to modulate their responses. If true, this will have implications for the
use of agonistic or blocking antibodies to TNFR super family members for augmentation of
anti-cancer and other immune responses.

STARXMETHODS
+ KEY RESOURCES TABLE

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat monoclonal anti-mouse Invitrogen Cat#46-9966-42;

GATA-3 (clone TWAJ) RRID: AB 10804487

Mouse monoclonal anti- BioLegend Cat#108724; RRID: AB 830871
mouse NK1.1 (clone PK136)

Rat monoclonal anti-mouse BD Bioscience Cat#561169; RRID: AB 10561840

NKp46/CD335 (clone
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KEY RESOURCES TABLE
REAGENT or RESOURCE

SOURCE

IDENTIFIER

29A1.4)

Rat monoclonal anti-mouse
Eomes (clone Danll mag)

Rat monoclonal anti-mouse
CD45 (clone 30.F11)

Armenian hamster
monoclonal anti-mouse
CD3e (clone 145-2C11)

Rat monoclonal anti-mouse
Thy1.2/CD90.2 (clone 53—
2.1)

Rat monoclonal anti-mouse
CD4 (clone RM4-5)

Armenian hamster
monoclonal anti-Mouse
CD196/CCR6 (clone 29—
2L.17)

Rat monoclonal anti-mouse
CD19 (clone ID3)

Rat monoclonal anti-mouse
CD45R / B220 (clone RA3-
6B2)

Armenian hamster
monoclonal anti-mouse
CD11c (clone N418)

Rat monoclonal anti-Mouse
Ly-6G (Gr-1) (clone RB6—
8C5)

Rat monoclonal anti-mouse
IFNgamma (clone
XMG1.2)

Rat monoclonal anti-mouse
IL-17A (clone eBiol7B7)

Rat monoclonal anti-mouse
RORgt (clone B2D)

Armenian hamster
monoclonal anti-mouse
HVEM (clone HMHV-1B18)

Mouse monoclonal anti-
human CD4 (SK3 (SK-3))
(clone SK3 (SK-3))

Mouse monoclonal anti-
human CD8 (clone RPA-T8)

Mouse monoclonal anti-
human CD16 (clone
eBioCB16 (CB16))

Mouse monoclonal anti-
human CD19 (clone HIB19)

Mouse monoclonal anti-
human CD127 (clone
HIL-7R- M21)

Mouse monoclonal anti-
human CD94 (clone
HP-3D9)

Mouse monoclonal anti-
human CD3 (clone SK7)

Thermo Fisher Scientific

BD Bioscience

BD Bioscience

BioLegend

BioLegend

BioLegend

Thermo Fisher Scientific

BD Biosciences

Thermo Fisher Scientific

Thermo Fisher Scientific

BD Biosciences

Thermo Fisher Scientific

Thermo Fisher Scientific

BioLegend

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

BD Bioscience

BD Bioscience

BD Bioscience

Cat#50-4875-82;
RRID: AB 2574227
Cat#564225; RRID: AB 2716861

Cat#563123; RRID: AB 2687954

Cat#140317; RRID: AB 11203724

Cat#100559; RRID: AB 2562608

Cat#129817; RRID: AB 10898320

Cat#25-0193; RRID: AB 657663

Cat#552772; RRID: AB 394458

Cat#25-0114-82;
RRID: AB 469590

Cat#25-5931-82;
RRID: AB 469663

Cat#562303; RRID: AB 11153140

Cat#53-7177-81;
RRID: AB 763579

Cat# 12-6981-82;
RRID: AB 10807092

Cat#136303; RRID: AB 1967105

Cat#47-0047-42;
RRID: AB 10804505

Cat#47-0088-42;
RRID: AB 1272046
Cat#47-0168-42;
RRID: AB 11220086
Cat#47-0199-42;
RRID: AB 1582230

Cat#560905; RRID: AB 10563899

Trial Ab

Cat#563219; RRID: AB 2714001

Cell Host Microbe. Author manuscript; available in PMC 2019 August 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Seo et al.

Page 11

KEY RESOURCES TABLE
REAGENT or RESOURCE

SOURCE

IDENTIFIER

Mouse monoclonal anti-
human CD45 (clone HI30)

Mouse monoclonal anti-
human CD34 (clone 561)

Mouse monoclonal anti-
human HVEM (clone 122)

Mouse 19G 1 kappa isotype
control, PE

Rat monoclonal anti-mouse
CD90.2 (clone 30H12)

Rat 1gG2b isotype control
Bacterial and Virus Strains

Y. enterocolitica strain WA-C
(pYV::CM)

Biological Samples

Human PBMC

BD Bioscience

BioLegend

BioLegend

Thermo Fisher Scientific

BioXcell

BioXcell

Laboratory of Dr. J.
Heesemann (Trulzsch et
al., 2004)

LJI normal blood donor
program

Chemicals, Peptides, and Recombinant Proteins

Recombinant Mouse IL-7
Recombinant Mouse 1L-23

Recombinant Mouse LIGHT
(TNFSF14)

LIVE/DEAD™ Fixable
Yellow Dead Cell Stain Kit

Critical Commercial Assays

Deposited Data

R&D SYSTEMS
BioLegend
BioLegend

Thermo Fisher Scientific

Experimental Models: Cell Lines

Experimental Models: Organisms/Strains

Mouse: Hvemlox-neo/flox-neo

Mouse: B6;SJL-
Tnfrsf14™1-1K10)] (Also
known as: Hvem/ox)

Mouse: Light™~
Mouse: Btla™~

Mouse: C57BL/6-
Cd160"1Yx (Also known as:
Cad160™)

Mouse: Ahrm3161j3 (Also
known as: Ahrflory

Mouse: B6.FVB-Tg(Rorc-
cre)1Litt/J (Also known as:
Rord( y-cre)

Mouse: B6(Cg)-Rorc™m3Lity)
(Also Known As: Rorc(yt)7)

Mouse: NKp46-cre

This paper
This paper

This paper
This paper

The Jackson Laboratory
(Tu et al., 2015)

The Jackson Laboratory
(Walisser et al., 2005)

The Jackson Laboratory
(Eberl and Littman,
2004)

The Jackson Laboratory
(Eberl and Littman,
2004)

(Narni-Mancinelli et al.,
2011)

Cat#562312; RRID: AB 11154590
Cat#343610; RRID: AB 2561358
Cat#318805; RRID: AB 2203704
Cat#12-4714-81;

RRID: AB 470059

Cat#BE0066; RRID: AB 1107682

Cat#BE0090; RRID: AB 1107780

N/A

Single donor, male, 44 years old

Cat# 407-ML
Cat# 589002
Cat# 557604

Cat# L34959

N/A

RRID:
IMSR_JAX:030862

N/A

N/A

RRID:
IMSR_JAX:028527
RRID:
IMSR_JAX:006203
RRID:
IMSR_JAX:022791

RRID:
IMSR_JAX:008771

N/A
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KEY RESOURCES TABLE
REAGENT or RESOURCE

SOURCE

IDENTIFIER

Mouse: STOCK Ty(Cd4-
cre)1 Cwi/BfluJ (Also
Known As: Cd4-cre)

Mouse: B6.129S57-
Rag1™Momjy (Also Known
As: Rag™")

Mouse: B10,B6-Rag2miwa
112rg™Vl (Also Known As:
Ragz”~ yc™)

Mouse: C57BL/6J

Oligonucleotides

Primer: /fng(F): AGC TCA
TCC GGT GGTCCAC

Primer: /fng(R): AAA ATT
CAA ATA GTG CTG GCA
GAA

Primer: L3AF): GAA ACT
GGC GGA AAC CCA

Primer: L32R): GGA TCT
GGC CCTTGAACCTT

Recombinant DNA
Software and Algorithms
FlowJo software 10.4.1
Prism softward 7
ZEN2.3 (blue edition)
Other

The Jackson Laboratory

The Jackson Laboratory

Taconic

The Jackson Laboratory

(Zheng et al., 2008)

(Zheng et al., 2008)

(Mucida et al., 2007)

(Mucida et al., 2007)

FlowJO, LLC
GraphPad

Zeiss

RRID:
IMSR_JAX:017336

RRID:
IMSR JAX:002216

RRID:
IMSR_TAC:4111

RRID:
IMSR JAX:000664

https://www.flowjo.com/solutions/flowjo
https://www.graphpad.com/scientific-software/prism/

https://www.zeiss.com/microscopy/us/downloads/zen.html#service-packs

» Contact for Reagent and Resource Sharing

Experimental Model and Subject Details

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Mitchell Kronenberg (mitch@lji.org).

Mice— Hvemlox-neo/flox-neo ( t4,emf/f1y mice were generated using C57BL/6NTac
embryonic stem (ES) cells by the UC San Diego Health Sciences transgenic mouse core
facility. A frt-flanked LacZ reporter cassette was inserted into intron 2 of the HVEM gene
and a F3-flanked Neo" cassette (for drug selection) was inserted into intron 6 of the Hvem
gene by recombineering (Chan et al., 2007). We confirmed that Hvem™" mice (knockout
first) were deficient for HVEM expression due to the presence of the Neo' cassette and we
refer to them as Hvem™". Germ line transmitted mice (Hvem™" knockout first) were
crossed with £LPe mice to delete the Neo cassette to generate Hvem!fl mice, which have
loxP sites flanking exons 3 and 6 of the 7nfrsf14 gene. Hven™ mice were bred to Cre-
expressing mice to generate conditional knockout mice. Light”~ mice were generated using
C57BL/6NTac ES cells by the UC San Diego Health Sciences transgenic mouse core
facility. We confirmed that Light”~ mice (knockout first) were deficient for Light expression
by Southern Blot and long range PCR. Bt/a™~ generated by crossing B6.C-Tg(CMV-
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cre)1Cgn/J mice (The Jackson Laboratory, ME), which are useful for deletion of loxp-
flanked genes in all tissues, with transgenic Bt/a™" mice, which have loxp sites flanking
exon 4 and 5 of the Btfagene (in preparation). Cd160~~ mice were provided by Dr. Yang-
Xin Fu (UT Southwestern, TX) (Tu et al., 2015). AR mice (Rorc-cre x Ahr™fi mice) and RN
mice (NKp46-cre x Rorc™ mice) have been described previously (Song et al., 2015).
RagZ™~gc™~ mice were purchased from Taconic and bred in-house for all experiments.
C57BL/6, Ragl™~, Rorc-creand Cd4-cre mice were all purchased from The Jackson
Laboratory. All Cre mouse strains were maintained on the C57BL/6 background or were
backcrossed to C57BL/6 for at least for 6 generations. Mice of both genders were used at 8—
20 weeks of age. Whenever possible, groups of control and gene knockout mice were
housed in the same cage to minimize the effect of housing conditions on experimental
variation. For tissue or cell analyses, tissues were collected and used for histological analysis
and lamina propria cell preparation. Mice were bred and housed under specific pathogen-
free conditions in the vivarium of the La Jolla Institute for Allergy & Immunology (LJI) or
Washington University, St. Louis. All procedures were approved by the LJI Animal Care and
Use Committee or the Washington University Animal Studies Committee.

Bacterial infection— Y. enterocolitica strain WA-C (pYV::CM), which is resistant to
chloramphenicol, was obtained from Dr. J. Heesemann (Ludwig Maximilian University of
Munich, Germany) (Trulzsch et al., 2004) and used in all infection studies. Bacteria were
grown overnight in Luria-Bertani (LB) broth with shaking at 30°C for 1 6h, and the culture
was refreshed the next day for 6h. Bacterial density was measured by O.D. 600 and bacterial
cultures were diluted with PBS for proper concentration. Individual titers were determined
after each experiment by serial dilution. Mice were infected with 1x108 to 2x108 ¢.f.u. of ¥/
enterocolitica by oral gavage, and tissues were collected at the indicated time points after
infection. For c.f.u. assays, spleen, liver or ileum contents were weighed, homogenized in
sterile PBS, serially diluted and plated in chloramphenicol-containing LB agar plates.

Isolation of human PBMCs—Human peripheral blood monocuclear cells (PBMCs)
were obtained from donor (male, 44 years old) of LJI normal blood donor program. Blood
sample was obtained using standard phlebotomy techniques. Study was approved by La Jolla
Institute for Allergy and Immunology Institutional Review Board. PBMCs were isolated
from the blood using density-gradient centrifugation (Ficoll).

* Method Details

Depletion of CD90.2* cells in mice—For depletion of CD90* cells in RagZ~~ mice,
mice were injected with anti-CD90.2 (30H12; BioXCell) (100ug/mouse) or isotype control
on days -4, -1, 2, 5.

Adoptive transfer of ILC—Isolated ILC from SI LP from RagZ~~ mice were transferred
by retro-orbital injection into Rag2”~gc™" recipients at day -1, and then mice were infected
with YE. Control mice were injected with PBS. For adoptive transfer of NKp46~1LC3,
NKp46*ILC3, and CCR6¥ILC3, cells were isolated from the small intestine of uninfected
Rag1™~ mice. /fng™~ ILC3 were isolated from the small intestine of uninfected /fg
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~~Rag1™~ mice. Hvern™~ ILC3 were isolated from the small intestine of uninfected Hvem
“~Rag1™~ mice.

Preparation of Lamina Propria Lymphocytes—Small intestines were collected from
mice. Peyer’s patches were carefully removed, and tissues were cut open longitudinally,
briefly washed, and cut into 1.5 cm pieces. The tissue pieces were incubated in 25 ml of
HBSS (5% FBS, 25mM HEPES and 1mM DTT) in a shaker at 225 r.p.m., 37°C, for 20 min.
After incubation, the cell suspension was filtered through a metal mesh. The tissue debris
was saved for Lamina Propria Lymphocytes (LPL) preparation. For LPL preparation, the
tissue debris was incubated in 20 ml of HBSS (25mM HEPES and 20mM EDTA) in a
shaker at 225 r.p.m., 37°C, 2 times for 15 min to further remove epithelial cells. After that,
tissues were placed in 20 ml pre-warmed digestion solution containing 0.5 mg/ml
collagenase type VIII (Sigma) and incubated at 37°C for 25 min with rotation. After
incubation, digested tissues were filtered through a metal mesh. The flow-through cell
suspension was spun down. The cell pellets were then re-suspended in 40% Percoll solution
and overlaid above 80% Percoll solution. LPL were collected from the interface, washed
once and re-suspended in the complete RPMI-1640 medium. The cells were used
immediately for cell counting and staining.

Culture of ILC—For ILC culture, sorted ILC (CD45*Lin"CD3-CD90.2*) (~0.2 x 10%/
well) from SI-LP of RagZ™~ mice were cultured with IL-7 (100ng/mL) and IL-23
(10ng/mL) in the presence or absence of soluble LIGHT (500ng/mL) for 18 hours. /fng
transcript was determined by gPCR. For intracellular cytokines, sorted ILC (~0.2 x 105/
well) were cultured with IL-7 (100ng/mL) in the presence or absence of soluble LIGHT for
18 hours, and then were stimulated for 4h with Pl and BFA was added in the last 2h of
incubation before analysis for intracellular cytokine.

Analysis of human HVEM expression—For analyzing the protein level of HVEM
expression on human ILC, we identified ILC subsets from human PBMC via flow cytometry
based on gating strategy from the reference (Simoni et al., 2017). For analyzing the
transcript level of Hvem expression in human ILC, single cell RNA-Seq was performed on
ILC1, ILC2, ILC3 and NK cells from human tonsils by Bjorkland et al. (Bjorklund et al.,
2016). Gene expression was determined in the form of reads per kilobase per million
mapped reads (RPKM). Previous reports stated that a minimum RPKM threshold of 10 (or
less) adequately eliminates noise associated with sequencing (Glaus et al., 2012; Ramskold
et al., 2009).

Flow cytometry—Flow cytometry analysis was performed on an LSRII instrument (BD
Biosciences) and data analyzed using FlowJo software (Tree Star).

Histology analysis—Histopathology analysis of spleen and liver samples was performed
on zinc formalin (Medical Chemical Corporation)-fixed tissue after hematoxylin and eosin
(H&E) stain or Warthin-Starry silver stain.

Real-time PCR analysis—Total RNA was extracted from infected tissues using an
RNeasy Kit (Qiagen), according to the manufacturer’s instructions. cDNA synthesis was
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performed with an iScript cDNA Synthesis Kit (Bio-rad). Quantitative real-time PCR
reactions were performed with the SYBR Green | Master Kit and LightCycler 480 system
(Roche). /fng mRNA levels shown in figures were normalized to the housekeeping gene
L32. The primer sequences were synthesized at the Integrated DNA Technologies.

* Quantification and Statistical Analysis

Statistics—Details concerning the statistical analysis methods are provided in each figure
legend. Briefly, all data were analyzed using GraphPad Prism 7 software and were shown as
mean and the standard error of the mean (SEM). Statistical significance was determined by
Log-rank test for survival curves, 2 way ANOVA with Bonferroni’s multiple hypothesis
correction for changes in body weight, or Mann-Whitney test for bacterial burdens and data
on cytokines and cell numbers. Statistical significance is indicated by*, p < 0.05; **, p <
0.01; ***, p < 0.001; ns, not significant. A p value < 0.05 was considered statistically
significant. The exact value of n, representing the number of mice in the experiments
depicted, is indicated in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
- ILC3 are required for early host defense during Y. enterocolitica infection.
- IFNy from CCR6™ILC3 is essential for protection of mice from Yersinia.

- HVEM expression by ILC3 is important for IFN-y production following
infection.

- LIGHT is the ligand for HVEM signaling in regulating ILC3-derived IFN-y
production.
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Figure 1. ILC are critical for host defense against YE infection.
(A-D) RagI™~ mice were injected i.p. with CD90.2 mAb or isotype control on days —4,

-1, 2, 5. Mice were infected with 1.2 x 108 YE CFU/mouse. (A) Survival curves. (B)
Changes in body weight (% of baseline). (C) Bacterial burdens at day 7 p.i. (D)
Representative H&E-stained splenic sections from the indicated mice at day 7 p.i. showing
pale necrotic areas and bacterial colonies in mice treated with a-CD90.2. Scale bars, 100um.
(E-H) Sorted ILC (CD45*Lin"CD3~CD90.2*NK1.1~; 5 x 10%/mouse) from SI-LP of
Rag1™~ mice were transferred by retro-orbital injection into Rag2”~gc™" recipients at day
-1. Control mice were injected with PBS. Mice were infected with 1.4 x 108YE CFU/
mouse. (E) Survival curves. (F) Changes in body weight (% of baseline). (G) Bacterial
burdens at day 5 p.i. (H) Representative H&E-stained splenic sections from the indicated
mice at day 5 p.i. Scale bars, 100um. Statistical analysis was performed using Log-rank test
(AE), 2 way ANOVA with Bonferroni’s multiple hypothesis correction (B,F), or Mann-
Whitney test (C,G). Statistical significance is indicated by *, p < 0.05; **, p < 0.01; *** p <
0.001. Data shown are mean+SEM (B,F). Bars show the mean, symbols represent individual
mice. Dotted horizontal line represents the limit of detection (C,G). Data represent pooled
results from at least two independent experiments having at least three mice per group in
each experiment (n=6-10 mice per group; co-housed). (A-C, E-G). Two independent
experiments were carried out yielding similar results (D,H). See also Figure S1.
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Figure 2. An ILC3 subset is essential for protection against enteric bacterial infection.

(A-D) Survival curves (n=13-16 per group) (A,C) and changes in body weight (B,D) of AR
mice (Rorc-cre x Ahr/M mice, which are selectively deficient for ILC3) and RN mice
(NKp46-cre x Rorc™ mice, which selectively lack NKp46*ILC3 as well as ex- ILC3). (E-
G) NKp46~ ILC3 (Lin"CD3"NK1.1-CD90.2MI"CD45MCCR6~NKp46~), NKp46* ILC3
(Lin"CD3"NK1.1-CD90.2hghC D45MCCRE6™NKp46*), and CCR6* ILC3 (Lin"CD3~
NK1.1 CD90.2MIhCD45MCCRE*NKp46~) were sorted from SI-LP of Ragr '~ mice. Sorted
cells (5 x 10° cells/mouse) were transferred by retro-orbital injection into Rag2”~gc™~
recipients at day —1, and then mice were infected with 1.2 x 108 YE CFU/mouse (n=6-8 per
group; co-housed). (E) Survival curves. (F) Changes in body weight. (G) Representative
H&E-stained (i-iii) and Warthin-Starry silver stained (iv-vi) splenic sections, demonstrating
large colonies of YE, from the indicated mice at day 5 p.i. Scale bars, 100um. Two
independent experiments were carried out yielding similar results. Statistical analysis was
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performed using Log-rank test (A,C,E) or 2 way ANOVA with Bonferroni’s multiple
hypothesis correction (B,D,E). Statistical significance is indicated by*, p < 0.05; **, p <
0.01; *** p < 0.001, and statistical significance in E and F is indicated by red stars
(NKp46~ILC3 vs none or NKp46*1LC3 vs none) and green stars (NKp46~ ILC3 vs
CCR6*ILC3 or NKp46~ ILC3 vs CCR6*ILC3). Data in B, D and F show mean+SEM. Data
represent pooled results from two independent experiments having at least three mice per
group in each experiment. See also Figure S2.
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Figure 3. IFN+y provides crucial defense in host against YE infection.
(A-D) /fng™~ mice or control mice were infected orally with 1.5 x 108 YE CFU. (A)

Survival curves (n=18-19 per group). (B) Changes in body weight (n=5 per group). (C)
Bacterial burdens (n=6-7 per group) at day 7 p.i. Bars show the mean, symbols represent
individual mice. Dotted horizontal line represents the limit of detection. (D) Representative
H&E-stained splenic sections at day 7 p.i. Scale bars, 100um. Two independent experiments
were carried out yielding similar results. (E) C57BL/6 mice were infected orally with 1.5 x
108 YE CFU (n=5 per group). Absolute numbers of IFNy-producing cells from ILC subsets
from the SI-LP of uninfected (-YE) and Y. enterocolitica infected (+YE) mice were analyzed
at day 3 p.i. Cells were stimulated for 4h with PMA and ionomycin (P/I) and brefeldin A

(BFA) was added in the last 2h of incubation before analysis by intracellular cytokine

Page 24

staining. Statistical analysis was performed using Log-rank test (A), 2 way ANOVA with
Bonferroni’s multiple hypothesis correction (B), or Mann-Whitney test (C,E). Statistical
significance is indicated by *, p < 0.05; **, p < 0.01; ***, p < 0.001. Data in B and D show

mean+SEM. Data represent pooled results from two experiments (A) or representative

results of at least two independent experiments with five mice in each experimental group

(B-E). See also Figure S3.
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Figure 4. IFNy-producing ILC3 provide protection.

CCR6™ ILC3 (Lin"CD3"NK1.1~ CD90.2MI"hCD45MCCRE™) were sorted from SI-LP of
Ragl™" Ifng™" or Ragl™~ mice. Sorted CCR6™ ILC3 (~1.5 x 10° cells/mouse) were
transferred by retro-orbital injection into Rag2”~gc™" recipients at day —1. Groups of mice
were infected orally with 1.4 x 108YE CFU (n=5-11 per group; co-housed). (A) Survival
curves. (B) Changes in body weight. Data show mean+SEM. (C) Representative H&E
stained (i-iii, vii-ix) or Warthin-Starry silver stained (iv-vi, x-xii) tissues from the indicated
mice at day 5 p.i. Images of spleen (i-vi) and liver (vii-xii). Scale bars, 100um. Two
independent experiments were carried out yielding similar results. Statistical analysis was
performed using Log-rank test (A) or 2 way ANOVA with Bonferroni’s multiple hypothesis
correction (B). Statistical significance is indicated by *, p < 0.05; ***, p < 0.001 and
statistical significance in A and B is indicated by green stars (WT ILC3 vs /fng~C3) and
red stars (WT ILC3 vs none). Data represent pooled results from two independent
experiments having at least three mice per group in each experiment.
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Figure 5. HVEM expression by RORyt* ILC3 is required for host defense.
Groups of mice were infected orally with YE. (A-C) Survival curves (A,1x108 YE CFU/

mouse; B,1.2x108 YE CFU/mouse; C,1.4x108 YE CFU/mouse; A-C, n=17-23 per group).
(D) Changes in body weight (1.1x108 YE CFU/mouse;n=5 per group). Data shown are mean

Hvem?c#

mouse;n=5 per group) at day 7 p.i. In E and F, bars show the mean, symbols represent
individual mice, and dotted horizontal line represents the limit of detection. (G)
Representative H&E stained (i-iii,vii-ix) or Warthin-Starry silver stained (iv-vi, x-xii) tissue
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sections from the indicated mice at day 7 p.i. (1.1 x 108 YE CFU/mouse). Images of spleen
(i-vi) and liver (vii-xii). Scale bars, 100um. Two independent experiments were carried out
yielding similar results. Statistical analysis was performed using Log-rank test (A-C), 2 way
ANOVA with Bonferroni’s multiple hypothesis correction (D), or Mann- Whitney test (E,F).
Statistical significance is indicated by *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not
significant. Data represent pooled results from at least two experiments (A-C, E-F) or
representative results of two independent experiments with at least four mice in each
experimental group (D). All mice were co-housed littermates. See also Figure S4.
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Figure 6. HVEM deficiency affects IFNy production by ILC during YE infection.
(A,C) Representative plots of IFNy and IL-17A expression by ILC (CD45*Lin"CD3~

CD90.2%)(A) or CD4* T cells (CD45*Lin"CD3*CD4%)(C). (B,D) Frequencies and absolute
numbers of IFN+y expressing ILC (B) and CD4* T cells (D) from ileal LPL isolated from
Hvem™ and HvemAROe mice at day 3 p.i. (2x108 YE CFU/mouse; n=5-6 per group;
cohoused littermates). Cells were either unstimulated (un) or stimulated for 4h with P/l and
BFA was added in the last 2h of incubation before analysis for intracellular cytokine. (E- F)
CCR6™ ILC3 (Lin"CD3~NK1.1~CD90.2M3IhCD45MCCR6™) were sorted from SI-LP of
Ragl™~ Hvem™" or Ragl™~ Hvem*’* mice. Sorted CCR6™ ILC3 (~1.5 x 10° cells/mouse)
were transferred by retro-orbital injection into Rag27~gc™" recipients at day —1. Groups of
mice were infected orally with YE (1.4 x 108 YE CFU/mouse; n=7-11 per group;
cohoused). (E) Survival curves. (F) Representative H&E stained (i-iv) or Warthin-Starry
silver stained (v-viii) tissues from the indicated mice at day 6 p.i. Images of spleen (i,ii, v, vi)
and liver (iii,iv,vii,viii). Scale bars, 100um. Two independent experiments were carried out
yielding similar results. Statistical analysis was performed using Mann- Whitney test (B,D)
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or Log-rank test (E). Statistical significance is indicated by*, p < 0.05; **, p < 0.01; ns, not
significant. In B and D, bars show the mean and each symbol represents a measurement
from a single mouse. Data represent pooled results from two independent experiments
having at least three mice per group in each experiment. See also Figure S5.
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Figure 7. LIGHT provides the ligand for HVEM in ILC.
(A) LIGHT induces /fng expression by ILC. Sorted ILC (CD45*Lin"CD3~CD90.2*) from

SI-LP of RagZ™~ mice were cultured with IL-7 and IL-23 in the presence or absence of
soluble LIGHT for 18 hours. /fng transcript was determined by gPCR. (B) IFN+y expression
by intracellular cytokine staining. Sorted ILC were cultured with IL-7 in the presence or
absence of soluble LIGHT for 18 hours, and then were stimulated for 4h with Pl and BFA
was added in the last 2h of incubation before analysis. (C-E) Ligh~~ mice and control mice
were infected orally with 1.6 x 108 YE CFU (n=9-10 per group; co-housed). (C) Survival
curves. (D) Changes in body weight. Data show mean+SEM. (E) Representative H&E
stained (i,iii,v,vii) or Warthin-Starry silver stained (ii,iv,vi,viii) tissues from the indicated
mice at day 7 p.i. Images of spleen (i,N,v,vi) and liver (iii,iv,vii,viii). Scale bars, 100pum.
Two independent experiments were carried out yielding similar results. Statistical analysis
was performed using Mann-Whitney test (A,B), Log-rank test (C), or 2 way ANOVA with
Bonferroni’s multiple hypothesis correction (D). Statistical significance is indicated by *, p
<0.05; **, p <0.01; ***, p < 0.001. Data show representative results of two independent
experiments with at least three mice in each experimental group. See also Figure S6 and S7.
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