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SUMMARY

Mucosal tissues are constantly in direct contact with diverse beneficial and pathogenic microbes,
highlighting the need for orchestrating complex microbial signals to sustain effective host defense.
Here we show an essential role for intestinal epithelial cell expression of histone deacetylase 3
(HDACS3) in responding to pathogenic microbes and activating protective innate immunity. Mice
lacking HDACS3 in intestinal epithelial cells were more susceptible to Citrobacter rodentium when
under tonic stimulation by the commensal microbiota. This impaired host defense reflected
significantly decreased IFNvy production by intraepithelial CD8* T cells early during infection.
Further, HDAC3 was necessary for infection-induced epithelial expression of the IFNy-inducing
factor IL-18 and administration of 1L-18 restored IFNy activity to resident CD8* T cells and
reduced infection. Thus, HDAC3 mediates communication between intestinal epithelial cells and
resident lymphocytes, revealing that epithelial priming by an epigenetic modifier may direct
mucosal regulation of host defense against pathogenic microbes.

Graphical abstract

CORRESPONDENCE (Lead Contact): Theresa Alenghat, 3333 Burnet Ave, MLC 7038, Tel: 513-803-7498, Fax: 513-636-5355,
theresa.alenghat@cchmc.org.

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

AUTHOR CONTRIBUTIONS
T.A. and N.N. designed the studies. N.N., J.W., SW., V.W,, and J.M. carried out experiments. M.B.J., B.A.V,, and S.S.W. provided
bacterial and mouse strains, advice or technical expertise and T.A. and N.N. analyzed the data and wrote the manuscript.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Navabi et al.

Keywords

Page 2

Protect against Increased
infection susceptibility

=
\%
- &/
/::“\
j Kl
\ AN/
-

¥

AT 0
IL18 IL18
(hA IFNy

Infection; Intestine; Microbiota; HDAC3; Epigenetic; Mucosal Immunology; Epithelial; Defense;

Innate

INTRODUCTION

Enteric infections are a major cause of morbidity and mortality globally. Bacterial enteritis
alone causes four to six million deaths per year with pathogenic strains of Escherichia coli
(£. coli) accounting for an estimated 280 million diarrheal episodes (Black, 1993; DuPont,
2009, 2014). In addition to the impact of infection-induced enteritis, the intestinal mucosa is
a major site for invasion and replication of pathogens, such as Listeria, Salmonella, and HIV,
that cause disseminated infection and systemic disease (Cossart and Sansonetti, 2004).
Therefore, deciphering the innate mechanisms that drive local immunity and host defense
against enteric pathogens is critical for developing new approaches for treating and
preventing infection.

Enteric pathogens commonly associate with intestinal epithelial cells (IECs) that line the
lumen of the intestine. Although non-hematopoietic in origin, critically located IECs are
equipped to sense pathogens, produce antimicrobial peptides, and secrete cytokines that
regulate the immune system (Gallo and Hooper, 2012; Giacomin et al., 2015; Peterson and
Aurtis, 2014; Ramanan and Cadwell, 2016). Despite continuous exposure to microbes, little is
known about the mechanisms regulating how IECs instruct local protective responses to
enteric pathogens. Recent studies have highlighted that intraepithelial lymphocytes (IELS)
that are interspersed between IECs constitute a critical population of lymphocytes that
produce effector cytokines (Cheroutre et al., 2011), however how these resident lymphocytes
are instructed by surrounding IECs to defend against pathogens is not well understood.
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The constant exposure to diverse microbial signals in the intestine, along with the need to
limit pathogenic inflammation, suggests the existence of tightly regulated protective immune
regulatory pathways in the intestine. Histone deacetylases (HDACS) are enzymes that can
respond to environmental signals and regulate gene expression through the removal of acetyl
groups from histones and transcription factors(Chang et al., 2014; Chen et al., 2012;
Haberland et al., 2009). In previous work, we identified that the class | HDAC, HDAC3,
regulates histone acetylation in IECs and enables integration of microbiota-derived signals to
maintain IEC homeostasis (Alenghat et al., 2013), however whether HDAC-mediated
regulation directs protective immune response against infection is unknown.

Citrobacter rodentium is a murine bacterial pathogen with similar pathogenesis to
enteropathogenic £. coliinfection in humans. These Gram-negative extracellular bacteria
attach to IECs and initial susceptibility to infection is critically dependent on host innate
immune responses (Mundy et al., 2005). Here, we discovered that enteric infection with C.
rodentium increased HDAC enzymatic activty in IECs. Further, IEC-intrinsic expression of
HDAC3 was necessary to direct microbiota-sensitive innate immune responses that
controlled pathogen levels in the intestine. Interestingly, resident CD8* IELs from mice with
IEC-specific deletion of HDACS3 failed to produce significant IFN+y following C. rodentium
infection, suggesting that IEC-intrinsic regulation by HDACS3 is necessary to activate
effective IEL responses. C. rodentium-triggered IEC expression of the IFN-y-inducing
cytokine, 1L-18, was impaired in the colon of HDAC32/EC mice. By employing an ex vivo
enteric infection system, we found that IL-18 restored IFNy effector function in tissue-
resident IELs without signals from circulating immune cells. Further, administration of
IL-18 rescued pathogen control in HDAC3A!EC mice. Collectively, these data identify a
previously unknown role for epithelial expression of a HDAC in directing protective
antibacterial immunity through activation of local resident lymphocytes.

Epithelial cell HDAC3 protects against enteric bacterial infection

Citrobacter rodentium infects the murine large intestine with similar pathology to clinically
important attaching and effacing Escherichia colihuman pathogens (Koroleva et al., 2015).
C. rodentium histologic changes and peak infection occur at 12 days following exposure to
the pathogen. Thus, to assess HDAC activity in the intestinal epithelium, IECs were
harvested from the colon of naive mice and mice infected with C. rodentium for 12 days. To
directly test HDAC activity in IECs without contribution from leukocytes in IEC
preparations, contaminating CD45* leukocytes were depleted prior to assessing HDAC
activity (Supplemental Figure 1). Interestingly, quantification of HDAC enzymatic activity
revealed significantly elevated HDAC activty in colonic IECs following infection (Figure
1A), indicating that host IECs increase HDAC function in response to the pathogen. We
previously determined that HDAC3 is uniquely responsive in IECs to commensal microbial
signals (Alenghat et al., 2013). Therefore, to test whether IEC expression of HDAC3
impacts susceptibility to an intestinal infection, we employed C57BL/6 control floxed
HDAC3 mice (HDAC3FF) and floxed HDAC3 mice expressing Cre-recombinase under the
control of the IEC-specific villin promoter (HDAC32IEC), Following oral infection with C.
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rodentium for 12 days, significantly higher bacterial burdens were quantified in HDAC3AIEC
mice compared to floxed HDAC3FF littermate controls (Figure 1B). To specifically examine
C. rodentium at the site of infection at this time, mice were infected with GFP-expressing C.
rodentium, revealing that HDAC32!EC mice exhibited markedly elevated C. rodentium
within the colon adjacent to IECs (Figure 1C).

Constitutive deletion of HDAC3 has the potential to alter the development of cells in the
intestine. Therefore, to directly test whether IEC-intrinsic HDAC3 expression actively
regulates host defense against an enteric pathogen, we employed an inducible IEC-specific
HDAC3 knockout mouse model (HDAC3AIEC-INDY HDAC3AIEC-IND mijce and littermate
control HDAC3FF mice were equally infected with C. rodentium. Tamoxifen administration
was initiated in both genotypes at day 3 when the pathogen colonizes the distal colon
(Figure 1D) and reduction in HDAC3 expression was confirmed (Figure 1E). As expected,
similar pathogen loads were quantified in HDAC3FF and HDAC3AIEC-IND mjce prior to
tamoxifen-induced deletion of HDAC3 (Figure 1F). However, targeted deletion of HDAC3
in IECs following infection led to increased C. rodentium levels (Figure 1F). Collectively,
these data indicate that mice lacking epithelial HDAC3 expression are more susceptible to
the pathogen and that IEC-intrinsic HDACS3 actively regulates the infection in adult mice.

Consistent with significantly increased pathogen exposure, mice with deletion of HDAC3 in
IECs exhibited more severe colonic pathology associated with C. rodentium infection
(Figures 1G and 1H). Histologic features were characterized by exaggerated submucosal
edema, leukocyte expansion of the lamina propria, and mucosal hyperplasia (Figures 1G and
1H) and scoring the severity of these C. rodentium-associated histologic parameters resulted
in a significantly higher histologic score in mice lacking HDAC3 relative to control mice
(Figure 11). Therefore, these data demonstrate a critical role for IEC-intrinsic expression of
HDACS3 in controlling host response to an intestinal bacterial pathogen.

Epithelial HDAC3 expression promotes induction of a protective IFNy response to

infection

Several pathogens initially contact and/or adhere to epithelial cells lining mucosal surfaces
and their clearance is critically dependent on effective expression of the type 1 cytokine
IFNy (Fuchs et al., 2013; Shiomi et al., 2010; Simmons et al., 2002). Previous work has
highlighted a critical role for IFN-y in regulation of susceptibility to C. rodentium, in part
through stimulation of goblet cells in the intestine (Chan et al., 2013). We found that IFN-y is
increased in the colon 12 days after C. rodentium infection and that HDAC32!EC mice
exhibited defective induction of IFN-y at this stage (Figure 2A). Therefore, despite a
markedly increased amount of an IFN-y-inducing pathogen in HDAC32/EC mice, these mice
were unable to initiate an appropriate IFNy effector cytokine response. Levels of other C.
rodentium-induced cytokines, IL-17 and IL-22, were less altered in the colon by day 12 post
infection in HDAC32IEC mice (Supplemental Figures 2A and 2B). Previous work
demonstrated that mice lacking IFN-y exhibited significantly elevated bacterial loads
(Simmons et al., 2002). Consistently, we found that IFN-y~/~ mice infected with C.
rodentium displayed elevated bacterial burdens (Figures 2B and 2C). Further, loss of
HDAC3 within IECs resulted in increased infection (Figure 2B) and more severe intestinal
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pathology that were remarkably similar to the differences observed in infected IFNy~/~ mice
(Figures 2D and 2E).

Consistent with previous work, CD45* cells in the intestine produced significant levels of
IFNy relative to naive mice. CD8* T cells comprised a large proportion of IFNy-producers
during infection (Figure 2F) and mice lacking CD8" T cells exhibited decreased IFNy
within the colon (Figure 2G) and increased pathogen load at day 12 post infection (Figure
2H), suggesting a functional role for CD8" cells in IFN-y-mediated defense against C.
rodentium. Staining of glycoproteins demonstrated that wildtype mice exhibited goblet cell
depletion during infection, whereas HDAC3A!EC mice displayed reduced goblet cell
depletion and maintained their mucous layer (Supplemental Figure 2C). These data are
consistent with findings that mucosal-adherent pathogens are cleared in part through IFN-y-
triggered depletion of goblet cells (Chan et al., 2013). To test whether the microbiota
composition of HDAC32EC mice alone can increase C. rodentium burden, germ-free
wildtype mice were colonized with microbiota from either HDAC3FF mice or HDAC3AIEC
mice then infected with C. rodentium. Unlike the impaired control of C. rodentium observed
in conventionally-housed HDAC32IEC mice, germ-free mice colonized with HDAC3AIEC
microbiota did not exhibit increased C. rodentium burden (Supplemental Figures 2D and 2E)
or altered colonic IFNvy at day 12 (Supplemental Figure 2F). These data suggest that the
microbiota composition of HDAC32EC mice is not sufficient to transfer altered host defense
against C. rodentium infection.

HDAC3-dependent regulation of C. rodentium and intestinal IFNy occurs early during
infection in a microbiota-dependent manner

To identify the initial time point of altered pathogen dynamics in HDAC32!EC mice, the
level of infection was closely monitored following original exposure. Interestingly,
significant impairment of pathogen control (Figure 3A) and induction of colonic IFNy
(Figure 3B) was already evident by day 6 post infection in mice lacking IEC-intrinsic
HDAC3 expression, prior to significant histologic alterations. In the complimentary model,
induced deletion of HDAC3 in IECs of infected HDAC3AIEC-IND adult mice also prevented
induction of IFN-y in the colon within 5 days after tamoxifen (Supplemental Figure 3A). To
test whether impaired early IFNvy induction in the colon may contribute to increased
susceptibility of HDAC32!EC mice to C. rodentium infection, a Thl-inducing
immunostimulatory oligonucleotide (ISS-ODN) (Ciorba et al., 2010) was administered
intraperitoneally at day 3 and 5 post infection. ISS-ODN partially restored IFNvy levels in
the colon of C. rodentium-infected HDAC32!EC mice (Figure 3C). Further, 1ISS-ODN
treatment of mice lacking IEC-intrinsic expression of HDAC3, constitutively or inducibly,
resulted in improved regulation of C. rodentium infection compared to vehicle-treated
HDAC3AIEC mice (Figure 3D and Supplemental Figure 3B). IFNY is essential for the
protective benefits of ISS-ODN on pathogen load since the reduction in bacterial burden was
not observed following administration of 1SS-ODN to IFNy~/~ mice (Figure 3D). Taken
together, these data indicate that epithelial expression of HDAC3 is necessary to mount an
effective IFNy immune response to an enteric bacterial infection.
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To interrogate the role of microbiota-derived signals in HDAC3-dependent regulation of C.
rodentium, the response to infection was compared in germ-free (GF) wildtype mice (GF-
HDAC3FF) and GF-HDAC3AEC mice. Consistent with previous work (Kamada et al., 2012),
GF wildtype mice (GF-HDAC3FF) exhibited increased C. rodentium loads in the intestine
relative to microbiota-replete conventionally-housed wildtype mice. Remarkably, in the
absence of the microbiota, epithelial-intrinsic expression of HDAC3 was dispensable for
resistance against C. rodentium (Fig. 3E). Unlike conventionally-housed microbiota-replete
HDAC3AEC mice, GF-HDAC3A!EC mice did not exhibit increased luminal C. rodentium
burden (Fig. 3E) or decreased colonic IFN+y levels (Fig. 3F) relative to GF control mice.
Although potential differences in pathogen localization can not be ruled out, these data
suggest that HDAC3-dependent integration of microbiota-derived signals permits effective
control of enteric bacterial infection.

Early infection-induced IFNy production by intraepithelial CD8* lymphocytes is impaired in
HDAC32EC mice

HDAC3AIEC mice exhibited impaired control of pathogen loads and failed to induce
effective IFN+y production in the colon early in the course of infection (Figures 3A and 3B),
suggesting that resident immune cells in HDAC32/EC mice may not be primed to effectively
activate protective local IFN-y responses during infection. Intraepithelial lymphocytes (IELs)
constitute a heterogeneous population of immune cells that are in close proximity to IECs
and produce IFN-y in response to mucosal pathogens (Cheroutre et al., 2011). Remarkably,
we found that CD45" IELs harvested from the colon 6 days post infection already exhibited
significant activation of IFN-y relative to naive mice (Figure 4A). The majority of infection-
induced IFN+y-producing IELs represented T cells and CD8a* TCRR* lymphocytes, not
CD4* cells, y8 T cells, or NK cells, were the major initial source of IFN+y in the IEL
compartment of C. rodentium-infected wildtype mice (Figures 4B and 4C, Supplemental
Figure 4A). More in depth characterization identified the predominant IFN-y-producing
CD8a* TCRRB* IELs during C. rodentium infection as resident CD8a.a*, CD103* IELs,
whereas a smaller portion were CD8aR*IELs (Figures 4D and 4E).

To test whether HDAC3 expression in IECs is necessary to activate initial IFNy-producing
IELs, these cells were compared in HDAC32EC mice. Similar to wildtype mice,
CD8a*TCRR* cells represented the predominant IEL population within the colon of C.
rodentium infected HDAC32EC mice (Figure 5A). Interestingly, however, induction of
IFNy-producing CD8a*TCRR* IELs was significantly impaired in the colons of
HDAC3AIEC mice relative to control HDAC3FF mice post-infection (Figures 5B and 5C).
These data indicate that epithelial HDACS3 is required to activate early cytokine production
by the main IFN-y-producing IEL population during enteric infection. Moreover, IFN-y-
producing y6 IELs, which were not a major source of IFN-y following C. rodentium
infection, were also reduced within the colon of HDAC3AEC mice (Supplemental Figures
4B and 4C), whereas IL-17 and IL-22 IEL responses were less affected at day 6 post
infection (Supplemental Figures 4D and 4E). Collectively, these data demonstrate that
expression of HDAC3 in IECs is required for early activation of local IFNy-producing IELs
during an enteric infection.
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To decipher whether CD8a* TCRR* IELs from mice lacking IEC-intrinsic HDAC3 were
developmentally blocked from producing IFN+y, a Th1-inducing immunostimulatory
oligonucleotide (1SS-ODN) was administered to HDAC32EC mice. 1SS-ODN treatment did
not alter the frequency of CD8a*TCRR* IELs (Figure 5D), but increased IFN-y-producing
CD8a*TCRR* IELs (Figure 5E) in HDAC32!EC mice. Thus, IELs from mice lacking
epithelial HDAC3 remain capable of producing IFN+y, suggesting that IEL-extrinsic
activating signals are impaired in HDAC32!EC mice during infection.

Epithelial HDAC3 regulates IEL activation independent of circulating signals

While CD8aa* TCRaR™ IELs are thought to localize within the intestinal epithelium early
in development, protection against C. rodentium infection reflects both local and systemic
immune response. Therefore, to distinguish whether regulation of 1ELs by epithelial HDAC3
represents local intestinal immunity or requires input from non-colonic or circulating cells,
an ex vivo infection system was established in which naive and infected colon tissues from
the same mouse were compared (Figure 6A). Infection of colon explants resulted in
association of the pathogen with IECs (Figure 6B) along with a significant increase in local
colonic IFN+y production (Figure 6C), confirming that tissue-resident cells can
independently induce IFN-y expression during infection. Similar to C. rodentium infection in
vivo, CD8a*TCRR* IELs within colon explants were the main producers of IFNvy following
C. rodentium infection (Figures 6D and 6E). Further, HDAC3 expression in IECs was
necessary to induce IFN+y expression by CD8a*TCRR* IELs following ex vivo infection
(Figure 6F). Therefore, activation of these tissue-resident IELs during infection largely
reflects intestine-intrinsic regulation rather than signals received from circulating factors or
recruited immune cells.

IEC-intrinsic HDAC3 coordinates local host protection against enteric infection through
epithelial IL-18 expression

To investigate potential molecular mediators linking IEC regulation by HDAC3 to activation
of local IFN-y-producing IELs, the IFNy-inducing cytokine I1L-18 was examined. Following
infection, C. rodentium induced IL-18 expression initially in colonic IECs (Figure 7A).
Interestingly, IECs from HDAC32EC mice were unable to induce significant IL-18 in
response to the pathogen (Figures 7B and 7C), indicating that HDAC3 expression is
necessary for activation of IL-18 production by IECs during infection. Other cytokines
expressed by epithelium, such as IL-1p, IL-15, and IL-7, were minimally altered in
HDAC32EC mice (Supplemental Figure 5A), indicating that IL-18 represents a cytokine that
is more specifically regulated by HDAC3 during C. rodentium infection. Further, IECs from
infected HDAC32!EC mice exhibited decreased expression of multiple genes that can induce
IL-18 transcription and post-translational processing (Supplemental Figure 5B), suggesting
that networks of pathways mediate how HDAC3 regulates IL-18 expression and activation in
IECs.

To test whether HDAC3-dependent regulation of IL-18 in IECs triggered resident IELs to

produce IFN+y independently of circulating factors, we employed the ex vivo colon infection
model (Figure 6). Consistent with alterations observed /n vivo, infection of explanted colons
lacking IEC-intrinsic HDACS3 failed to induce significant epithelial 1L-18 expression (Figure
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7D). Interestingly, direct administration of IL-18 to infected colon tissue from HDAC3AIEC
mice significantly increased the frequency of IFNy-producing CD8a*TCRR* IELs (Figures
7E and 7F). Collectively, these data identify that intestine-intrinsic regulation of IL-18 by
HDACS3 is essential for activating local type 1 effector function by IELs in response to an
enteric infection.

In the intestine, recent evidence suggests that the /n vivo effect of IL-18 production can vary
depending on the immune context, microbial signals, and cellular source (Nowarski et al.,
2015; Siegmund, 2010). To test whether regulation of I1L-18 by HDAC3 mediates protection
to an enteric infection, 1L-18 was administered intraperitoneally during infection to
HDAC3AIEC mice. Similar to ex vivo explant analyses, 1L-18 increased the frequency of
IFN+y-producing CD8a*TCRR* IELs in HDAC32EC mice at day 6 post infection (Figures
7G and 7H). Interestingly, IL-18-treated HDAC3A!EC mice also exhibited significantly
improved control of the pathogen relative to vehicle-treated HDAC32EC mice (Figures 71
and 7J). Taken together, these findings reveal that regulation of IL-18 expression by HDAC3
in IECs is critical for innate defense in the intestine and tissue-intrinsic activation of resident
lymphocytes.

DISCUSSION

These findings highlight a previously unrecognized level of intestine-intrinsic regulation
between IECs and resident lymphocytes in immunity against a mucosal pathogen.
Specifically, epithelial regulation by a microbiota-responsive HDAC is necessary to control
enteric infection and induce adjacent lymphocytes to initiate defense against the pathogen
(Supplemental Figure 6). Similar to other cells in which bactieral-derived fatty acids can
modulate HDACSs, metabolites from C. rodentium may be sensed by HDAC3 in the
epithelium. Alternatively, or in addition to, HDAC3 activation may function downstream of
pattern recognition signaling or nuclear hormone receptor-dependent regulation. Although
excess production of pro-inflammatory cytokines such as IL-18 are associated with
autoimmune disease, these findings indicate that epithelial priming of CD8a.a*
intraepithelial lymphocytes by IL-18 maintains optimal protective immunity. Previous
studies indicate that CD8a.a*TCRaB™* IELS possess an antigen-experienced phenotype
(Cheroutre et al., 2011) and we have identified that these cells are a dominant source of
intestinal IFNy initially following C. rodentium infection. While our studies highlight the
significance of crosstalk between IECs and IELs, we cannot rule out that myeloid cells or
other innate populations in the intestine play a contributory role in mediating IEC-initiated
communication with IELs. Along this line, myeloid I1L-12 production or IL-22 from innate
lymphoid cells may synergize with IL-18 to maintain optimal IFNvy responses (Freeman et
al., 2012; Simmons et al., 2002; Zheng et al., 2008). The frequency of IFN-y-producing y6
cells was also reduced in infected HDAC32IEC mice. Thus, our data provoke the intriguing
possibility that epithelial HDAC3 is required to broadly activate local lymphocytes early
during an enteric infection.

Innate pathways differentially protect against C. rodentium infection. For instance, mice
lacking innate lymphoid cells or 1L-23/1L-22 signaling quickly succumb to C. rodentium
infection due to impaired barrier function and translocation of the pathogen (Cella et al.,
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2009; Satoh-Takayama et al., 2008; Satpathy et al., 2013; Sonnenberg et al., 2011; Zheng et
al., 2008). IL-22-induced production of antimicrobial peptides from IECs appears to be a
critical downstream pathway that mediates containment of the bacterial pathogen (Zheng et
al., 2008). Mast cells have also been shown to prevent dissemination of the pathogen (Wei et
al., 2005). Similar to HDAC3 in IECs, other innate pathways regulate the severity of C.
rodentium infection itself, more so than intestinal containment and survival. Depletion of
CD32°NK1.1" cells results in decreased colonic IFN-y, TNFa and IL-12 followed by
increased bacterial load (Reid-Yu et al., 2013). In addition, mice lacking IL-17 exhibit
increased bacterial burden, prolonged infection and more severe C. rodentium induced
pathology (Ishigame et al., 2009; Zheng et al., 2008). Further, while expression IFN+y often
associates with more severe colitis, IFN-y production during C. rodentium infection reduced
the severity of the infection and improved clearance from the intestine (Simmons et al.,
2002). Our results indicate that this protective role for IFN-y reflects HDAC3-dependent
intestine-intrinsic regulation.

Recent studies have demonstrated seemingly opposing effects of IL-18 in the intestine,
suggesting that IL-18 is central to the balance between healthy immune homeostasis and
pathologic inflammation in the intestine (Elinav et al., 2011; Harrison et al., 2015; Levy et
al., 2015; Nowarski et al., 2015; Siegmund et al., 2001; Wlodarska et al., 2014). Increased
IL-18 expression from IECs, macrophages and dendritic cells has been found in samples
from Crohn’s disease patients (Pizarro et al., 1999). In line with this data, blocking IL-18
signaling protects mice from DSS and TNBS damage-inducing models of colitis (Siegmund
et al., 2001; Sivakumar et al., 2002). Further, deletion of IL-18/IL-18R in IECs reduced
DSS-induced colitis whereas loss of 1L-18 binding protein, a negative regulator of IL-18,
increased the severity of colitis by inhibiting goblet cell maturation and development
(Nowarski et al., 2015). In contrast, 1L-18/IL-18R deficient mice, as well as Caspl and
NIrp6 deficient mice that cannot activate I1L-18, exhibit a more severe DSS-induced colitis
and decreased survival during C. rodentium infection (Elinav et al., 2011; Takagi et al.,
2003; Wlodarska et al., 2014).

Taken together, these findings suggest that I1L-18 equilibrium needs to be tightly regulated in
the intestine to protect against infection while limiting the risk of intestinal or systemic
pathology. Our work identifies the HDAC3 enzyme as a necessary regulator in calibrating
production of IL-18 locally in the intestine during enteric bacterial infection. The most well
characterized function of the HDAC3 enzymatic complex is to repress transcription through
histone deacetylation of direct targets. Because IL-18 is decreased in HDAC32IEC mice, it is
likely that HDAC3 directly regulates 1L-18 repressive pathways. The altered response to
Citrobacter infection of mice with IEC specific HDAC3 deletion is unlikely due to
abnormalities in a single downstream pathway. Instead, our data suggest that the changes
observed in HDAC32EC mice reflect an integrated effect of multiple transcriptional
networks that result from impaired HDAC3 activity. Further, we cannot exclude that
HDAC3-dependent regulation of inflammasomes, deacetylation of non-histone proteins,
such as those involved in NF-xB signaling, or enzyme-independent processes represent
additional mechanisms for how HDAC3 regulates IL-18 transcription and activation in IECs.
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Recent studies have highlighted that commensal microbes can greatly impact how the
mammalian host immune system responds to infection (Abt et al., 2012; Benson et al., 2009;
Ganal et al., 2012; Ichinohe et al., 2011). However, little is known about host mechanisms
that regulate how mammalian cells integrate beneficial microbial signals and simultaneously
instruct clearance of intestinal pathogens. The work described here suggests that microbiota-
dependent epigenetic mechanisms prime mammalian cells and render them more responsive
to pathogens in the context of the diverse microbial signals. Because HDAC3 in IECs
integrates signals from the microbiota to regulate transcription, this epigenetic enzyme
reflects a microbiota-sensitive target that enables optimal host responsiveness to enteric
pathogens. Therefore, HDAC3-triggered epithelial-IEL crosstalk represents a pathway that
can be exploited to improve how the microbiota directs innate immunity to mucosal
infection.

EXPERIMENTAL PROCEDURES

Mice

HDAC3FF mice (Mullican et al., 2011) were bred to C57BL/6 mice expressing Cre-
recombinase(Madison et al., 2002) or tamoxifen-dependent Cre recombinase(el Marjou et
al., 2004) under the control of the villin promoter to generate HDAC32/EC and
HDACB3AIEC-IND mice, respectively(Alenghat et al., 2013). Germ-free (GF) mice were
maintained in isolator units in the CCHMC Gnotobiotic Mouse Facility, fed autoclaved feed
and water, and routinely monitored to ensure absence of microbial contamination. Deletion
of HDAC3 in HDAC3AIEC-IND mice was induced by intraperitoneal injection of 1 mg of
tamoxifen (Sigma) once per day for 5 days starting day 3 post infection. For
immunostimulatory DNA (1SS-ODN), mice were injected with 10 pug I1SS-ODN (5'-
TGACTGTGAACGTTCGAGATGA-3") at day 3 and 5 post infection. Colonization of GF
mice was performed with intestinal contents from either HDAC3FF or HDAC32EC mice.
Mice were used at 7-12 weeks old, and age- and gender-matched mice were used for all
experiments. Animals were housed up to 4 per cage in a ventilated cage with 12 h light/dark
cycle and free access to water and chow. Animals were provided with appropriate care by a
licensed veterinarian. All experiments were done according to guidelines of the Institutional
Animal Care and Use Committee.

C. rodentium infection

Mice were infected orally with 1x10° GFP-C. rodentium (Bergstrom et al., 2010). Stool was
collected in phosphobuffered saline (PBS) and homogenized in a Tissue Lyser Il at 30 Hz.
Homogenates were serially diluted and plated on MacConkey. CFUs were counted and
normalized to stool weight after 24h. For IL-18 treatment, 0.5 pg/mouse riL-18 (MBL) was
injected at day 2 and 4 post infection. For explants, the whole colon was removed and
divided longitudinally, washed and placed in complete media (DMEM, 10% FBS, 1%
glutamine, 1% HEPEs and 0.1% 2-Mercaptoethanol). The colon explant was incubated with
1x108 GFP-C. rodentium for 24 h. Longitudinal sections from the same mouse were treated
with PBS or 100ng/ml rIL-18.
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IEC harvest, real-time PCR, ELISA

IECs were isolated from murine samples as described (Alenghat et al., 2013) by shaking
intestinal tissue in 1 mM EDTA/1 mM DTT and 5% FCS at 37°C for 10 minutes. RNA was
isolated from cells using RNeasy Kit (Qiagen) and subjected to reverse transcription (\erso,
Thermoscientific). Real-time PCR was performed using SYBR (Applied Biosystems) and
custom primers (Invitrogen, Supplemental Table 1). Reactions were run on a real-time PCR
machine (Applied Biosystems) and analyzed with a threshold in the linear range of
amplification and based on a standard of serial ten-fold dilutions. Samples were normalized
to an endogenous control gene. For tissue ELISA, 1 cm colon sections were rinsed with PBS
and homogenized in RIPA. Samples were centrifuged and assayed by ELISA; IFNy (BD),
IL-17 (eBio), IL-22 (BioLegend). Concentrations were normalized to colon weight.

HDAC activity

IECs were isolated followed by CD45* depletion using Mojosort mouse CD45 nanobeads
and magnet (Biolegend). IECs were lysed in RIPA and equal protein concentration of lysate
was in incubated with 100 uM of HDAC substrate (Active Motif), followed by developer
solution containing 2 uM of trichostatin A (TSA) to stop the reaction. Fluorescence was
measured using a fluorescent plate reader (Biotek Synergy 2; excitation:340nm, emission:
460nm) and plotted relative to naive samples.

Flow cytometry

Large intestine was shaken in 5 mM EDTA/1 mM DTT for 10 min and then transferred to
fresh 5 mM EDTA/L mM DTT to incubate for 10 more minutes to obtain IEL fractions. IEL
pellets were mixed in 30% isotonic Percoll and layered onto 70% isotonic Percoll. Cells
were collected from Percoll gradients following centrifugation at 1800 rpm for 20 min and
washed in RPMI-1640. Cells were stained with a combination of the following fluorescence-
conjugated mAbs: PE-CF594 anti-CD4 (BD), PE-Cy7 anti-TCRp (eBioscience), PE anti-
CD326 (EpCAM) (Miltenyi Biotec), eFluor450 anti-CD8p (eBioscience), eFluor450 anti-
TCRvy6 (eBioscience), APC anti-IFN-y (eBioscience), FITC anti-CD45 (eBioscience),
PerCP-Cy5.5 anti-CD8a (eBioscience), BV650 anti-1L-17 (BD), APC anti-1L-22
(BioLegend). Dead cells were excluded with Fixable Aqua Dead Cell Stain kit (Invitrogen).
Samples were acquired on LSR Fortessa 11 and analyzed with FlowJo software (v10.0;
TreeStar).

Histology, immunohistochemistry, immunofluoresence

Sections were fixed in 4% paraformaldehyde or methanol carnoy (60%methanol, 30%
chloroform, 10% acetic acid), paraffin embedded, sectioned, and stained with hematoxylin
and eosin or periodic acid-schiff/Alcian blue. For immunofluorescence, tissue was stained
with anti-GFP (ThermoFisher), anti-IL-18 (Rockland), or HCS CellMask™ Red Stain
(ThermoFisher) and DAPI. For histological scoring, H&E-stained colonic tissue sections
were blindly graded by a board-certified pathologist on a scale of 1-5 for each of the
following C. rodentium-associated histologic parameters: (a) mural edema (1-5), (b)
epithelial lesions (crypt hyperplasia, elongation, erosion) (1-5), and (c) leukocyte infiltration
(1-5) (Giacomin et al., 2015; Jain et al., 2015; Liu et al., 2012; Osbhorne et al., 2013). Each
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parameter was scored at 12 days post infection on a scale ranging from 1-5; allowing for
maximum total histologic score of 15. 1 corresponded to no inflammation and 2, 3, 4, and 5
corresponded to minimal, mild, moderate, and severe, respectively.

Statistics

Results are shown as mean + s.e.m. Mice of the indicated genotypes were assigned at
random to groups. Mouse studies were not performed in a blinded fashion. All inclusion/
exclusion criteria were pre-established. Statistical significance was determined with the #
test. All data meet the assumptions of the statistical tests used. Results were considered
significant at *p < 0.05; **p < 0.01. Statistical analyses were performed using Prism version
7.0 (GraphPad).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Epithelial cell HDAC3 expression protects against intestinal bacterial infection
(A) HDAC activity in IECs of naive and C. rodentium infected C57BL/6 mice. Infection was

assessed at 12 days. (B) C. rodentium colony forming units (CFU) in stool of HDAC3FF and
HDAC3AIEC mice. (C) Immunofluorescent staining of GFP-expressing C. rodentium
(green), intestinal cells (red) and nuclei (DAPI, blue) in the colon, scale bar 50 um. (D)
Experimental plan for induced deletion of HDAC3 from IECs after C. rodentium infection.
Tamoxifen was administered to HDAC3FF and HDAC3AIEC-IND mice. (E) HDAC3MRNA
in IECs from colon. (F) C. rodentium CFU in stool of HDAC3FF and HDAC3AIEC-IND mjce
infected with C. rodentium pre tamoxifen (day 3) and post tamoxifen (days 6-12). (G, H)
H&E-stained sections from colon of (G) HDAC3FF and HDAC3A!EC mice and (H)
tamoxifen-treated HDAC3FF and HDAC3AIEC-IND mjce, scale bar 50 um. (1) Histologic
scores for C. rodentium-induced intestinal pathology. Scores reflect severity of the following
C. rodentium-associated histologic parameters: (a) mural edema (1-5), (b) epithelial lesions
(1-5), and (c) leukocyte infiltration (1-5). Data are representative of at least 3 independent
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experiments containing 3-6 mice per group at day 12 post infection. CFUs are normalized to
fecal weight. Results are mean * s.e.m. *p<0.05, **p<0.01.
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Figure 2. HDAC3 in IECs induces IFNy-mediated protection in the intestine during infection
(A) IFN<y in colonic tissue measured by ELISA. (B) C. rodentium CFU in stool of

HDAC3 FF, HDAC3A'EC and IFNy~'~ mice. (C) Immunofluorescent staining of GFP-
expressing C. rodentium (green), intestinal cells (red) and nuclei (DAPI, blue) in the colon,
scale bar 50 um. (D) H&E-stained sections from colon of C. rodentium infected mice, scale
bar 50um. (E) Histologic scores for C. rodentium-induced intestinal pathology. Scores
reflect severity of the following C. rodentium-associated histologic parameters: (a) mural
edema (1-5), (b) epithelial lesions (1-5), and (c) leukocyte infiltration (1-5). (F)
Representative flow cytometry plots of IFNy-producing CD45* IELs from wildtype (WT)
mice, naive and 12 days post C. rodentium. (G) IFN-y levels in the colon of WT and
CD8a '~ mice, measured by ELISA. (H) C. rodentium CFU in stool of infected WT and
CD8a '~ mice. Data are representative of at least 3 independent experiments containing 3 to
6 mice per group at day 12 post infection. CFUs are normalized to fecal weight. Results are
mean + s.e.m. *p<0.05.

Cell Rep. Author manuscript; available in PMC 2017 July 06.



1duasnuely Joyiny 1duasnue|y Joyiny

1duosnuepy Joyiny

1duosnuen Joyiny

Navabi et al.

A o IFNy
| * ek *k 15 2 20
% | 5'310 ‘ [®)]
5 10% £ £ 0
& (=]
T 2 2
O ~-HDAC3FF B
-B-HDAC3LEC -
0 - . B
0 6 12 HDAC3FF HDAC3AEC
Days post infection
D E
109 * * 10724
O Vehicle T i = 1
S M ISS-ODN L
@ ()
D108/ 5105 8
=l T LL
[T (@] B
O -0~ GF-HDAC3FF
1/ - GF-HDAC34EC
107 0 4 T 1
0 6 12
HDAC3FF  HDAC38EC IFNy*

Days post infection

Page 19

IFNy

0 “HDAC3" Veh. ISS-ODN

HDAC3AEC
IFNy

N

HDAC3FF HDAC3AIEC
germ-free

Figure 3. HDAC3-dependent regulation of C. rodentium and intestinal IFN-y occurs early during

infection in a microbiota-dependent manner

(A) C. rodentium colony forming units (CFU) in stool of infected HDAC3FF and
HDAC32EC mice. (B) IFNvy in colonic tissue measured by ELISA 6 days post infection. (C)
IFNy in colonic tissue 6 days post infection following treatment with PBS or Th1-inducing
immunostimulatory oligonucleotide (ISS-ODN). (D) C. rodentium CFU in stool mice
treated with Vehicle (PBS) or ISS-ODN 6 days post infection. (E) C. rodentium CFU in
stool of infected germ-free HDAC3FF and germ-free HDAC32!EC mice. (B) IFNY in colonic
tissue of germ-free mice measured by ELISA 6 days post infection. Data are representative
of at least 3 independent experiments containing 3 to 6 mice per group. CFUs are
normalized to fecal weight. Results are mean + s.e.m. *<0.05.
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Figure 4. Intraepithelial lymphocytes activate a rapid IFN+y response following C. rodentium

infection

(A) Representative flow cytometry plots of IFNy-producing CD45* IELs from wildtype
(WT) mice, naive and 6 days post C. rodentium. (B) Representative plots of IFN-y-producing
CD8a* and CD4* cells from infected mice. Gated on CD45*, IFNy-producing cells in (A).
(C) Representative plots of TCR staining. Gated on CD8a* cells in (B). (D, E)
Characterization of CD8* cells in (B) for (D) CD8a.a versus CD8af and (E) CD103
expression. Data are representative of at least 3 independent experiments containing 3 mice

per group at day 6 post infection.
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Figure 5. Intraepithelial lymphocytes in HDAC32!EC mice exhibit impaired IFN+y response to an

enteric bacterial infection

(A) %CD8a*TCRB* IELs in colon of HDAC3FF and HDAC3A!EC mice. (B) Representative
flow cytometry plots of IFNy-producing CD8a*TCRB* IELs. (C) %IFN-y-producing
CD8a*TCRpB" IELs in colons from infected mice. (D) %CD8a*TCRB* IELs in infected
HDAC3AEC mice following 1SS-ODN treatment. (E) %IFNvy-producing CD8a.*TCRB*
IELs in colons from HDAC3A!EC mice treated with Vehicle (PBS) or ISS-ODN. Data are
representative of at least 3 independent experiments containing 3—6 mice per group at day 6
post infection. Results are mean £ s.e.m. *p<0.05, **p<0.01.
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Figure 6. Epithelial HDAC3 regulates intestinal lymphocyte activation independent of circulating
signals

(A) Ex vivo colonic infection. (B) Immunofluorescent staining of ex vivo cultured colon
from the same mouse, naive or infected with GFP-expressing C. rodentium (green) as in (A).
Mammalian cell membrane and nuclei are stained with CellMask (red) and DAPI (blue),
respectively, scale bar 50 pm. (C) IFN<y in colon samples from (B) measured by ELISA. (D)
Identification of CD8a*TCRp™ IELs in colon explant by flow cytometry. (E) %IFNy-
producing CD8a*TCRB* IELs in colon samples from (B). (F) %IFNy-producing
CD8a*TCRB" IELs of C. rodentium infected colon explants from HDAC3FF and
HDAC3AIEC mice. Data are representative of at least 3 independent experiments containing
3-6 mice per group 24h post ex vivo infection. Results are mean + s.e.m. *p<0.05.
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Figure 7. Regulation of epithelial 1L-18 by HDACS3 directs local innate IFNy-mediated
antibacterial immunity

(A) /L-18 mRNA expression in IECs from the colon of wildtype mice during infection. (B)
/L-18 mRNA expression in IECs at day 6 post C. rodentium infection. (C)
Immunofluorescent staining of IL-18 (Red) and nuclei (DAPI, blue) in the colon post
infection, scale bar 50 pm. (D) /L-18 mRNA expression in IECs following 24h ex vivo
infection with C. rodentium. (E) Representative flow cytometry plots of IFN-y-producing
CD8a*TCRp" IELs following vehicle (PBS) or IL-18 treatment of ex vivo infected colon
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from the same HDAC32!EC mouse. (F) %IFN+y-producing CD8a*TCRB™ IELs in colon
samples from (E). (G) Representative plots of IFNy-producing CD8a*TCRB* IELs
following /n vivo vehicle (PBS) or IL-18 treatment 6 days post infection. (H) %IFN-y-
producing CD8a*TCRB* IELs in colon from (G). (1) C. rodentium CFU in stool at day 6
post infection following vehicle (PBS) or IL-18 treatment. (J) Immunofluorescent staining
of GFP-expressing C. rodentium (green), intestinal cells (red) and nuclei (DAPI, blue), scale
bar 50 um. Data are representative of at least 3 independent experiments containing 4-6
mice per group. CFUs are normalized to fecal weight. Results are mean * s.e.m. *p<0.05.
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