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Summary

Natural killer (NK) cells are innate lymphocytes that display features of adaptive immunity during
viral infection. Biallelic mutations in //RF8have been reported to cause familial NK cell deficiency
and susceptibility to severe viral infection in humans; however, the precise role of this
transcription factor in regulating NK cell function remains unknown. Here, we show that cell-
intrinsic IRF8 was required for NK cell-mediated protection against mouse cytomegalovirus
infection. During virus exposure, NK cells upregulated IRF8 through interleukin-12 (IL-12)
signaling and the transcription factor STAT4, which promoted epigenetic remodeling of the /778
locus. Moreover, IRF8 facilitated the proliferative burst of virus-specific NK cells by promoting
expression of cell cycle genes, and directly controlling Zbtb32, a master regulator of virus-driven
NK cell proliferation. These findings identify the function and cell type-specific regulation of
IRF8 in NK cell-mediated antiviral immunity, and provide a mechanistic understanding of virus
susceptibility in patients with /RF8 mutations.

eTOC Blurb

The link between human /RF8 mutations and immunodeficiency is poorly understood. Adams et
al. demonstrate that IRF8 is required for NK cell-mediated antiviral immunity by promoting
proliferation of virus-specific NK cells.
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Introduction

Natural killer (NK) cells are innate lymphocytes capable of killing stressed, transformed, or
infected cells without prior sensitization (Lanier, 2005). Their germline-encoded receptor
repertoire and status as poised effectors classically position NK cells as cells of the innate
immune system. However, more recent evidence suggests that NK cells possess features of
adaptive immunity, including their derivation, requirements for homeostatic maintenance,
and acquisition of functional competence (Sun and Lanier, 2011). Recent studies
demonstrate that NK cells undergo a robust burst of clonal proliferation during mouse
cytomegalovirus (MCMYV) infection to promote viral clearance (Daniels et al., 2001; Dokun
et al., 2001; Sun et al., 2009), and establish a long-lived memory population with enhanced
protective function against MCMV reinfection (Sun et al., 2009), functions thought to be
limited solely to T and B cells of the adaptive immune system.

During MCMYV infection, NK cells mediate this “adaptive” antiviral response by binding the
viral glycoprotein m157 on infected cells with the DAP12-dependent activating receptor
Ly49H (Arase et al., 2002; Daniels et al., 2001; Dokun et al., 2001; Sun et al., 2009). In
addition to detection of viral ligands, these adaptive NK cell responses critically require
proinflammatory cytokines, particularly interleukin-12 (IL-12), IL-18, and type I interferons,
which play differential roles in supporting NK cell proliferation and survival during
expansion, and imprinting the effector to memory NK cell transition (Madera et al., 2016;
Madera and Sun, 2015; Sun et al., 2012). Nevertheless, the transcriptional regulators NK
cells employ to integrate these signals, and the transcriptional programs they drive to
generate antiviral responses, are only beginning to be elucidated.
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The interferon regulatory factor (IRF) family of transcription factors consists of nine
members in mammals with differential dependencies on type | and type Il interferon
signaling and pleiotropic functions both within and outside of the immune system (Tamura
et al., 2008). Our current understanding of the requirement for IRF family members in
mouse NK cell development and function is limited to IRF1 and IRF2. NK cell development
is impaired in germline /-7~ mice (Duncan et al., 1996; Ogasawara et al., 1998; Taki et al.,
1997); however, this was demonstrated to be secondary to IRF1-dependent IL-15 production
by radiation-resistant bone marrow stromal cells that support NK cell development
(Ogasawara et al., 1998). In contrast, IRF2 is thought to be required in a cell-intrinsic
manner to support the survival of mature peripheral NK cells (Lohoff et al., 2000; Taki et al.,
2005). More recently, a clinical study identified compound heterozygous or homozygous
IRF8 mutations that segregated with severe, and in some cases fatal, viral susceptibility in 3
unrelated families (Mace et al., 2017). These patients possessed a greatly diminished number
of mature NK cells and reduced NK cell cytolytic function, suggesting a role for IRF8 in NK
cell development and function. However, the direct /in vivo function of IRF8 in NK cells has
not been established.

Expression of IRF8 (also known as ICSBP) is restricted to the immune system, and a
growing number of studies has revealed the critical and divergent roles that IRF8 plays in the
transcriptional regulation of hematopoiesis and peripheral immune responses, including
monocyte and dendritic cell (DC) lineage commitment (Holtschke et al., 1996; Schiavoni et
al., 2002; Tamura et al., 2000), B cell development (Lu et al., 2003) and germinal center
reactions (Lee et al., 2006; Xu et al., 2015), T helper-1 (Th1) cell differentiation (Giese et
al., 1997; Scharton-Kersten et al., 1997), and thymic selection (Herzig et al., 2017). Given
its prominent role in lymphocyte biology, and its frequent mutation in familial cases of NK
cell deficiency and viral susceptibility, we hypothesized that IRF8 may act as an essential
regulator of NK cell antiviral responses.

In this study, we show that the transcription factor IRF8 played a critical and non-redundant
role in facilitating the proliferative burst of virus-specific NK cells during acute viral
infection, but was dispensable for their development. We used conditional /rf8 ablation to
demonstrate that IRF8 was required in a cell-intrinsic manner for host protection against
lethal viral challenge, consistent with the induction of IRF8 during early NK cell activation.
We found that the IL-12 and STAT4 signaling axis promoted IRF8 upregulation, which
drove the proliferation of antigen-specific NK cells by activating a transcriptional program
that promoted cell cycle progression and expression of the pro-proliferative transcription
factor Zbtb32. These findings attribute a function and regulation for IRF8 in NK cell-
mediated host immunity.

NK cells require IRF8 for antiviral immunity

NK cells play an essential, dominant role in control of MCMV and human cytomegalovirus
(HCMV) infection in mice and humans, respectively (Biron et al., 1989; Bukowski et al.,
1985; Etzioni et al., 2005). To determine whether IRF8 was required for host antiviral
immunity, we first challenged wild-type (WT) and /7787~ mice with a lethal dose of MCMV.
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Compared to WT mice, /787~ mice rapidly succumbed to MCMV infection due to elevated
viral burden (Figures 1A and 1B). Loss of IRF8-dependent CD8a.* DCs in /rf8”~ mice
impairs IL-12 production (Giese et al., 1997; Scharton-Kersten et al., 1997), which is
required to prime NK cells (Sun et al., 2012). Therefore, to investigate whether NK cells
require IRF8 in a cell-intrinsic fashion for MCMV control, we began by generating a genetic
mouse model with conditional deletion of /r78exon 2 specifically in NK cells (Nkp46/Cre/*
I8 herein designated NK-/rf87") (Figure S1A). NK cell numbers, frequency,
maturation, and receptor repertoire were unaffected by loss of IRF8 (Figures S1B-S1E),
suggesting this transcription factor was dispensable during NK cell development and
homeostasis. To test the protective capacity of IRF8-deficient NK cells, we challenged NK-
/rf8~~ and Cre-negative littermate control mice (/78" with a lethal dose of MCMV. NK-
/8~ mice exhibited poorly controlled viral replication, and many failed to survive beyond
4 days post infection (p.i.) (Figures 1C and 1D). Thus, IRF8 is required in a cell-intrinsic
manner for protective antiviral responses by NK cells.

NK cells rapidly upregulate IRF8 during MCMYV infection in response to IL-12 and STAT4

To assess IRF8 regulation in antigen-specific NK cells during MCMV infection, we
performed comparative transcriptome analysis by RNA-seq during their adaptive responses.
Consistent with a critical role for IRF8 in early viral control by NK cells, /rf8was one of the
most highly induced transcription factors in activated Ly49H* NK cells (isolated at day 2
p.i.) compared to naive NK cells (Figure 2A), and was highly expressed and upregulated
compared with other IRF family members (Figure 2B). During MCMYV infection, IRF8 was
upregulated during early NK cell activation at both the transcript and protein levels (Figures
2C and 2D). However, maintenance of maximal IRF8 expression was transient, with both
transcript and protein returning nearly to baseline within 1 week and at memory time points
(Figures 2C and 2D), suggesting that IRF8 functions in the early programming of antiviral
NK cell responses.

IRF8 was first described to be induced in lymphocytes and macrophages by IFN-y
(Driggers et al., 1990); however, IRF8 upregulation in NK cells during MCMV infection
was not dependent upon IFN-y (Figure 3A). Because peak IRF8 expression was observed at
early time points /in vivo, when inflammation is maximal (Biron and Tarrio, 2015), we
hypothesized that proinflammatory cytokines such as IL-12, IL-18, or type | interferons may
instead be regulating IRF8 induction in activated NK cells. We generated mixed bone
marrow chimeric mice, harboring both WT cells and cells deficient in receptors for various
proinflammatory cytokines (IL-12, IL-18, or type | interferons) and downstream STAT
signaling molecules (STAT1 or STAT4), and challenged them with MCMV (Figure 3B).
Compared to WT NK cells, NK cells that were unresponsive to 1L-12 signaling (either
through absence of the IL-12 receptor or its downstream effector STAT4) were impaired in
their ability to maximally upregulate IRF8 after infection (Figure 3C). In contrast, IRF8
upregulation in /fnar1™", 1/18r17/~, and Stat”~ NK cells remained unaffected (Figure 3C).
Collectively, these data suggest an NK cell-specific mechanism of IRF8 regulation by IL-12
and STATA4.
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However, IRF8 induction /n vivowas not fully abrogated in the absence of IL-12 and STAT4
signaling, suggesting a role for other factors. Indeed, Ly49H signaling in NK cells
synergized with IL-12 to drive maximal IRF8 induction (Figure 3C), consistent with an
analogous report of T cell receptor (TCR) signaling contributing to IRF8 expression in
antigen-specific CD8* T cells (Miyagawa et al., 2012). Furthermore, ex vivo stimulation
with IL-12 or common y-chain-dependent cytokines (IL-2, IL-15) was also sufficient to
promote IRF8 upregulation in NK cells (Figure S2A). Given the dependence of NK cells on
common y-chain-dependent cytokines for their survival in the periphery (Jamieson et al.,
2004; Prlic et al., 2003; Ranson et al., 2003), the contribution of common y-chain-dependent
cytokines in IRF8 induction during MCMYV infection /n vivo cannot be assessed in the same
manner as for IL-12. Nevertheless, signaling through these two pathways (Ly49H and
common y-chain-dependent receptors) likely synergized with 1L-12 signaling to regulate
IRF8 expression in NK cells during MCMV infection.

In agreement with the necessary role for IL-12 and STAT4 signaling in IRF8 induction,
STAT4 occupied the /rf8 promoter by genome-wide chromatin immunoprecipitation coupled
to DNA sequencing (ChlP-seq) (Figure 3D), and /rf8was among the top ten STAT4-bound
transcription factor loci in activated NK cells (Figure S2B). STAT4 binding co-localized
with a region of increased accessibility in the /f8 promoter in Ly49H* NK cells at day 2
p.i., revealed by an assay for transposase-accessible chromatin with high throughput
sequencing (ATAC-seq) (Figures 3D and S2C). Furthermore, we detected STAT4-dependent
trimethylation of histone H3 at lysine 4 (H3K4me3, which marks transcriptionally active
promoters) at the /rf8locus in NK cells stimulated with proinflammatory cytokines (Figure
3E). Together, these data suggest that STAT4 may be actively remodeling the epigenetic
landscape to promote IRF8 induction in activated NK cells. Given the requirement for IL-12
and STAT4 for the clonal expansion of effector NK cells and the generation of memory NK
cells (Sun et al., 2012), IRF8 appears to represent a key effector molecule downstream of the
IL-12 and STAT4 axis driving a transcriptional program that supports antiviral NK cell
responses.

NK cells require IRF8 for virus-driven expansion

MCMV-induced NK cell activation results in rapid production and release of cytolytic
molecules (e.g. perforin, granzyme B) and proinflammatory cytokines (e.g. IFN-y),
resulting in lysis of infected cells and establishment of an antiviral state, as well as antigen-
specific clonal proliferation of the Ly49H* NK cell subset (Sun and Lanier, 2011). Given the
poor protective capacity of NK-/r/87~ NK cells, we sought to delineate which of these
effector functions was regulated by IRF8. WT and NK- /787~ NK cells demonstrate
comparable proinflammatory cytokine-dependent activation and IFN-y production during
MCMV infection /n vivo (Figures S3A and S3B), as well as following cytokine, or PMA
and ionomycin stimulation /n vitro (Figure S3C). Compared to WT cells, granzyme B
production was similarly unaffected in NK- /87~ NK cells (Figure S3B), resulting in
normal /n vivo elimination of m157-expressing target cells (Figure S3D).

To test the role for IRF8 in MCMV-driven NK cell expansion, we adoptively co-transferred
WT and NK- /787~ NK cells at equal numbers into Ly49H-deficient recipient mice
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(Klra8"), infected the recipients with MCMV, and tracked the transferred effector Ly49H*
NK cell response in the recipients (Figure 4A). In contrast to WT NK cells, which expanded
robustly and reached peak numbers at day 7 p.i., NK-/r787~ NK cells were significantly
reduced at this time point (Figure 4B). However, NK cells from Cre-negative littermate
control mice expanded comparably to WT cells (Figure S3E). The defective expansion of
NK-/rf&”~ NK cells was observed as early as day 3 p.i., and was consistent across various
organs (Figure 4C), excluding impaired trafficking as an explanation for the observed
phenotype. However, despite the poor expansion, IRF8 deficiency did not impair the
terminal maturation of NK cells during infection (Figures S3F and S3G).

Furthermore, a severely diminished pool of NK- /787~ memory NK cells was observed at
day 30 p.i. compared to WT memory NK cells (Figures 4B and 4D). Although reduced in
number, IRF8-deficient memory NK cells were functional upon re-stimulation (Figure S3H).
To determine whether IRF8 was required for adaptive NK cell responses against other
viruses, we infected mice with recombinant vesicular stomatitis virus engineered to express
the MCMV m157gene (VSV-m157). During VSV-m157 infection, NK-/rf87~ NK cells
were similarly outcompeted by WT NK cells, and ultimately formed a smaller pool of
memory NK cells (Figure 4E), suggesting that the requirement for IRF8 in antigen-specific
NK cell expansion is not limited to MCMYV infection. However, IRF8 was not required for
hapten-specific NK cell-mediated contact hypersensitivity responses (Figure S4), suggesting
IRF8 only plays a critical role during infectious priming, but not non-infectious priming, of
adaptive NK cell responses.

To address whether IRF8 directly maintained virus-specific memory NK cell numbers, we
generated a mouse model in which the floxed exon 2 of /rf8 can be excised by a tamoxifen-
inducible Cre cassette driven by the ubiquitin promoter (UbcCeERTZ [rfgffh 1n our
adoptive co-transfer system, recipient mice were treated with either tamoxifen or oil just
prior to the contraction phase (treatment days 7-9 p.i.), resulting in successful deletion of
/rf8in tamoxifen-, but not oil-treated, UbcCeERT2 [rfgf/fI NK cells (Figure S3I). Inducible
deletion of /rf8after NK cell expansion did not affect formation of the memory NK cell
pool, as UbcCe-ERTZ g memory NK cells were found at similar proportions in the
blood of tamoxifen- and oil-treated mice (Figure S3I). Thus, IRF8 is essential in driving the
expansion, but not the memory maintenance of virus-specific NK cells.

NK cells also undergo homeostatic proliferation in a lymphopenic environment, thought to
be driven by availability of common -y-chain-dependent cytokines (Sun et al., 2011). NK-
1rf8~ NK cells were found to be defective in homeostatic proliferation following adoptive
transfer into Rag2~~ IL2rg™~ mice, which lack both innate and adaptive lymphocytes
(Figure S5A). Consistent with common y-chain-dependent IRF8 expression in CD8* T cells
(Miyagawa et al., 2012) and human NK cells (Mace et al., 2017), IRF8 abundance trended
upwards in lymphopenia-driven NK cells (Figure S5B). These findings collectively indicate
that IRF8 is specifically required to support robust expansion of mature NK cell humbers
during infection and homeostatic proliferation, whereas redundant mechanisms exist for NK
cell development or homeostatic maintenance, which necessitate modest cell turnover.
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IRF8 promotes proliferation through direct regulation of Zbtb32

To investigate pathways regulated by IRF8 that may be promoting NK cell expansion, we
performed comparative transcriptome analysis by RNA-seq on purified WT and NK- /87~
NK cells derived from MCMV-infected and -uninfected mixed bone marrow chimeric mice
(Figure 5A). Consistent with the reported ability of IRF8 to act as a transcriptional activator
or repressor depending on its binding partner (Tamura et al., 2015), 323 transcripts were
downregulated, and 379 transcripts were upregulated in NK-/r787~ NK cells at day 4 p.i.
compared to WT NK cells (Table S1). Classification of differentially expressed genes into
PANTHER pathways revealed a transcriptional program consistent with dysregulated cell
cycle control, DNA replication, and metabolism in NK- /787~ NK cells (Figure S6A).
Because these gene sets trended towards being comparatively enriched in WT NK cells
(Figure 5B), we tested whether cell proliferation was defective in NK-/rf87~ NK cells.
Indeed, analysis of WT and NK-/rf87~ NK cells labeled with Cell Trace Violet (CTV) prior
to adoptive co-transfer and MCMYV infection confirmed that NK- /7787~ NK cells fail to
divide efficiently (Figure 5C). In contrast, NK-/rf87~ NK cells exhibited no evidence of
enhanced caspase activation, and normal expression of the pro-survival protein Bcl-2 during
MCMV-driven expansion (Figures S6B and S6C). Collectively, these data indicate that IRF8
is essential for inducing a broad transcriptional program that primarily serves to promote
MCMV-driven NK cell proliferation.

We next sought to pinpoint key transcriptional targets of IRF8 that promote NK cell
proliferation during infection /in vivo. Given that there exist baseline transcriptional
differences between WT and NK- /787~ NK cells (Figure 5A), yet no NK cell
developmental phenotype in the absence of IRF8 (Figure S1), we reasoned that infection-
specific transcriptional differences would likely best explain the impaired proliferation of
NK-/rf87~ NK cells. Our RNA-seq analysis identified a subset of genes that were
differentially upregulated or downregulated in NK-/rf87~ NK cells in an infection-specific
manner (Figures 6A, 6B, and S6D). One such gene was Zbtb32, which was more highly
induced in WT than in NK-/rf87~ NK cells during MCMV infection (Figures 6A-6C).
Zbtb32 is a Broad complex, Tramtrack, Bric & Brac and Zinc Finger (BTB-ZF) transcription
factor previously reported to be essential for the proliferative burst of MCMV-specific NK
cells (Beaulieu et al., 2014). /n silico analysis identified multiple IRF8 binding sites that fall
in moderate-to-highly conserved non-coding sequence (CNS) regions within the Zbtb32
locus (Figure 6D), some of which are bound by IRF8 in other immune cells (Langlais et al.,
2016; Marquis et al., 2011; Shin et al., 2011). Moreover, IRF8 ChlIP followed by gPCR
revealed enrichment of Zbtb32 promoter DNA (compared to gene desert following
immunoprecipitation with a-IRF8 antibody), confirming that Zbtb32is a direct target of
IRF8-mediated transcriptional activation (Figure 6E). However, during MCMV infection,
IRF8 induction in NK cells was found to be independent of Zbth32 (Figure S6E). Given that
the Zbtb32 locus is IRF8-bound (Figure 6E) and that Zbtb32 expression is IRF8-dependent
(Figures 6A-6C), we thus propose a model wherein IRF8 functions upstream of Zbth32 to
drive antiviral NK cell proliferation.
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Discussion

A growing body of literature supports the paradigm that NK cells in mice, primates, and
humans undergo antigen-specific responses to viral pathogens (Adams et al., 2016).
Adaptive NK cell responses include the prolific expansion and memory formation of virus-
specific NK cell subsets (Sun et al., 2009), yet the transcriptional control of these processes
is poorly understood. Here, we have revealed that the transcription factor IRF8 is
dynamically regulated in antigen-specific NK cells during viral infection and is essential for
NK cell-mediated immunity against MCMV. In contrast to its canonical regulation
throughout the immune system by IFN-y (Driggers et al., 1990), we herein describe that the
proinflammatory cytokine IL-12 and the activating receptor Ly49H represent the critical
signals for maximal IRF8 upregulation in NK cells early during MCMYV infection. Given
that IL-12, but not IFN-v, is required for MCMV-driven NK cell expansion (Sun et al.,
2012), IL-12-dependent regulation uniquely positions IRF8 to exert a functional role over
antiviral NK cell responses.

Notably, /7787~ mice have greater viral susceptibility than do NK- /787~ mice. Several
studies have delineated a role for IRF8 in the development of monocytes, pDCs, and cDCl1s,
which are all affected in /7787~ mice (Aliberti et al., 2003; Schiavoni et al., 2002). Loss of
IRF8-dependent CD8a* cDC1s in /rf87~ mice has been demonstrated to impair IL-12
production in a variety of pathogen models (Giese et al., 1997; Scharton-Kersten et al.,
1997). During early MCMV infection, IRF8-dependent cDC1s are the major producer of
IL-12 (Weizman et al., 2017), and IL-12 signaling is critical for programming adaptive NK
cell responses to MCMYV infection (Sun et al., 2012). Thus, the striking mortality of /rf87~
mice during MCMV infection is likely a combination of both cell-extrinsic (impaired NK
cell priming due to low systemic IL-12 in the absence of cDC1s) and cell-intrinsic (impaired
IRF8-dependent NK cell proliferative burst) functions for IRF8.

During MCMV infection, we observed that IRF8 drives a transcriptional program consistent
with cell cycle progression, which supports NK cell clonal proliferation such that NK cells
can mount a maximal effector response. Our data suggest that the output of the IRF8
transcriptional program is likely mediated in part by IRF8 directly binding to the Zbtb32
locus to promote expression of Zbtb32, a pro-proliferative transcription factor previously
reported to be essential for controlling the proliferative burst of virus-specific NK cells
(Beaulieu et al., 2014), thus elucidating a previously uncharacterized relationship between
these two transcription factors. Given its function, Zbtb32 is tightly regulated by NK cells
during both homeostasis and MCMV infection. Naive NK cells do not express Zbth32, but
NK cells transiently upregulate Zbtb32 nearly 100-fold during MCMYV infection in a manner
similarly dependent on IL-12 signaling (Beaulieu et al., 2014). Maximal Zbtb32 induction is
critical, as Zbtb32 hemizygosity is insufficient to drive NK cell expansion during viral
infection (Beaulieu et al., 2014). Because STAT4 itself also directly regulates Zbth32
expression, this may explain why only an incomplete, yet not abrogated, Zbtb32
upregulation was observed in the absence of IRF8. Because additional transcription factors
may also be regulating Zbtb32 transcription (either individually or in concert with STAT4
and IRF8), it will be important to determine the complete mechanisms that ensure a robust
IL-12 and STAT4 effector program within activated NK cells.
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Despite the requirement for IRF8 in NK cell antiviral immunity, we observed no impact of
IRF8 deficiency on NK cell development. This observation appears inconsistent with
findings in patients with biallelic /RF8 mutations across 3 unrelated families who exhibit
impaired terminal maturation and diminished overall numbers of NK cells (Mace et al.,
2017). Perhaps this discrepancy can be ascribed to our use of a specific deletion of //78in
NK cells of transgenic mice, whereas NK cells in these patients developed in the presence of
hematopoietic and stromal cells that also bear the /RFE mutations. Despite carrying biallelic
/RF8 mutations, the NK cell deficient patient had normal amounts of IRF8 protein, which
translocated normally to the nucleus and demonstrated unaffected transcriptional activity
dependent on PU.1 and IRF1, two of its canonical binding partners (Mace et al., 2017).
Thus, the mutant IRF8 protein in humans may have adopted an altered function within the
NK cell population rather than representing a nonfunctional protein or the ablated gene we
investigated in mice.

In our study, we have delineated a dichotomous requirement for IRF8 in NK cells that
appears to be dependent on the degree of cell turnover, as IRF8 was required for MCMV-
and lymphopenia-driven proliferation, but dispensable for development and homeostatic
maintenance. However, it remains unclear how IRF8 is targeted for transcriptional activity
during different cellular states. Recent studies have found that dynamic epigenetic changes
accompany CD8* T cell differentiation during bacterial and viral infection, and can
modulate the availability of transcription factor binding sites (Pauken et al., 2016; Russ et
al., 2014; Scharer et al., 2013; Scott-Browne et al., 2016; Sen et al., 2016; Yu et al., 2017).
Furthermore, due to structural divergences in its IRF domain (Escalante et al., 2002), IRF8
requires a DNA-binding partner (e.g. Ets, AP-1, or other IRF family members) to bind DNA
with high affinity (Tamura et al., 2008). It is unknown whether IRF8 utilizes the same
binding partners in NK cells as it does in other hematopoietic cells, yet the availability or
modification of binding partners secondary to different NK cell states may dictate the set of
genes regulated by IRF8. Indeed, this mechanism has been described in macrophages
wherein the ability of IRF8 to bind alternative DNA sequences after LPS or IFN-y
stimulation is dependent on stimulus-inducible partners (Kuwata et al., 2002; Mancino et al.,
2015). Further understanding of the complete molecular mechanisms that regulate IRF8
transcriptional activity will offer valuable insights into how antigen-specific NK cells
generate robust proliferative responses to viral infection.

In summary, our work highlights the importance of IRF8 in orchestrating adaptive NK cell
antiviral responses. Because proinflammatory cytokines are necessary and sufficient for
IRF8 upregulation in NK cells, it will be of interest to test whether IRF8 is similarly induced
and required for the function of other innate lymphoid cell (ILC) lineages, which lack
antigen receptors and are thought to initiate antimicrobial responses by sensing cytokines,
alarmins, and inflammatory mediators (Sonnenberg and Artis, 2015). Analogous to
expansion of mouse Ly49H* NK cells during MCMV infection, HCMV-seropositive
individuals exhibit an expanded and long-lived population of NKG2C* NK cells (Guma et
al., 2004; Hendricks et al., 2014; Lopez-Verges et al., 2011) that are capable of recall
responses (Foley et al., 2012). Whether these adaptive NK cell responses in humans
similarly require IRF8 during HCMV infection remains to be determined. Nevertheless, our
results uncover molecular events that provide insight into the upstream regulation and
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downstream transcriptional program of IRF8, and shed light on ways to modulate NK cell
antiviral immunity for therapeutic benefit.

STAR Methods

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Joseph Sun (sunj@mskcc.org).

Experimental Model and Subject Details

Mice—All mice used in this study were housed and bred under specific pathogen-free
conditions at Memorial Sloan Kettering Cancer Center, and handled in accordance with the
guidelines of the Institutional Animal Care and Use Committee (IACUC). The following
mouse strains were used in this study: C57BL/6 (CD45.2), B6.SJL (CD45.1), B6
CDA45.1xCD45.2, Irf8™"~, Irf8"f Nkp46/Cre (Narni-Mancinelli et al., 2011), Nkp46/¢re
I8V UpcCre-ERTZ  (pcCre-ERTZ 1raflfl Kira8™~ (Ly49H-deficient) (Fodil-Cornu et al.,
2008), /fagr1 ™=, I112rb27~, Stat4™", Ifnar1™"~, Stat1™~, I/18r17~, m157-Tg (Tripathy et al.,
2008), RagZ™~ IL2rg™", and Zbth32~~ (Hirahara et al., 2008). Experiments were conducted
using age- and gender-matched mice in accordance with approved institutional protocols.

Virus—MCMV (Smith strain) was serially passaged through BALB/c hosts three times, and
then salivary gland viral stocks were prepared with a dounce homogenizer for dissociating
the salivary glands of infected mice 3 weeks after infection. Recombinant VSV-m157was
made by cloning the coding sequence for the MCMYV glycoprotein m157 into the parental
VSV Indiana strain provided by K. Schluns (MD Anderson) (Firth et al., 2013).

Method Details

Mixed Bone Marrow Chimeras—Mixed bone marrow chimeric mice were generated by
lethally irradiating (900 cGy) host CD45.1xCD45.2 animals and reconstituting them with a
1:1 mixture of bone marrow cells from WT (CD45.1) and genetic-deficient (CD45.2) donor
mice. Hosts were co-injected with anti-NK1.1 (clone PK136) to deplete any residual donor
or host mature NK cells. CD45.1*CD45.2* host NK cells were excluded from all analyses.

In vivo Virus Infection—Adoptive co-transfer studies were performed by transferring
splenocytes from WT (CD45.1) and genetic-deficient (CD45.2) mice, mixed to achieve
equal numbers of Ly49H* KLRG1!® NK cells, into K/ra8~~ recipients 1 day prior to
MCMYV infection. Recipient mice in adoptive co-transfer studies were infected either with
MCMV by i.p. injection of 7.5 x 102 plaque-forming units (PFU) in 0.5 mL or with VSV-
m157by i.v. injection of 1x107 PFU in 0.2 mL. Mixed bone marrow chimeric mice and
mice in survival experiments received 7.5 x 103 PFU or 4 x 10* PFU MCMYV respectively in
0.5 mL by i.p. injection.

In some experiments, recipient mice were treated for 3 consecutive days with 4 mg/day of
tamoxifen (Sigma) dissolved in 0.2 mL corn oil or with 0.2 mL corn oil control (Sigma) by
oral gavage, beginning on day 7 after infection.
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Hapten Contact Hypersensitivity—To study NK cell-mediated contact hypersensitivity
responses, experimental mice were depleted of circulating T cells with 100 ug anti-CD8a
(Bio X Cell, clone 2.43) and 400 pg anti-CD4 (Bio X Cell, clone GK1.5) depletion
antibodies 3 days prior to sensitization as well as on the days of sensitization and challenge.
Mice were sensitized on consecutive days by treating the shaved abdominal skin with 20 pL
of 0.5% 1-fluoro-2,4-dinitrobenzene (DNFB, Sigma) in a 4:1 mixture of acetone (Fisher
Scientific) to olive oil (Sigma). Mice were challenged 4 days later by treating both surfaces
of the left ear with 10 pL of 0.45% DNFB in a 4:1 acetone to olive oil mixture. Both
surfaces of the contralateral ear were treated with 10 pL of a 4:1 acetone to olive oil mixture
(vehicle) as a control. Ear thickness was measured using a Kéfer dial thickness gauge (Long
Island Indicator Service).

Virus Quantification—MCMYV viral titers were determined as previously described
(Johnson et al., 2016). DNA was isolated from peripheral blood using the QlAamp DNA
Blood Mini Kit (Qiagen). Following isolation, the DNA concentration was measured using
Nanodrop for each sample, and 3 UL was added into a mastermix containing iQ SYBR
Green (Bio-Rad) and primers specific to MCMV IE-1 DNA (forward:
TCGCCCATCGTTTCGAGA, reverse: TCTCGTAGGTCCACTGACGGA). Copy number
was determined by comparing Cq values to a standard curve of known dilutions of an
MCMYV plasmid and normalizing relative to total DNA content.

Lymphocyte Isolation—Spleens were dissociated using glass slides and filtered through
a 100-um strainer. To isolate lymphocytes from liver, the tissue was physically dissociated
using a glass tissue homogenizer and purified using a discontinuous gradient of 40% over
60% Percoll. To isolate cells from the lung, the tissue was physically dissociated using
scissors and incubated for 30 minutes in digest solution (1 mg/mL type D collagenase in
RPMI supplemented with 5% fetal calf serum, 1% L-glutamine, 1% penicillin-streptomycin,
and 10 mM HEPES). Resulting dissociated tissue was passed through 100-um strainers,
centrifuged, and lymphocytes were removed from the supernatant. To isolate bone marrow
lymphocytes, cleaned femur and tibia bones were ground with mortar and pestle, and the
resulting solution filtered through a 100-pm strainer. Red blood cells in spleen, liver, lung,
and bone marrow were lysed using ACK lysis buffer.

Flow Cytometry and Cell Sorting—Cell surface staining of single-cell suspensions
from various organs was performed using fluorophore-conjugated antibodies (BD
Biosciences, eBioscience, BioLegend, Tonbo Biosciences, Cell Signaling Technology).
Intracellular staining was performed by fixing and permeabilizing with the eBioscience
Foxp3 Transcription Factor Staining Set (Thermo Fisher) for staining intranuclear proteins
and cytokines, or with formaldehyde and methanol for staining phosphorylated STAT
proteins.

Flow cytometry and cell sorting were performed on the LSR Il and Aria Il cytometers (BD
Biosciences), respectively. Data were analyzed with FlowJo software (Tree Star). Flow
cytometry of lymphocytes was performed using the following fluorophore-conjugated
antibodies: CD3e (17A2), TCRp (H57-597), CD19 (6D5), F4/80 (BM8.1), NK1.1
(PK136), NKp46 (29A1.4), Ly49H (3D10), CD45.1 (A20), CD45.2 (104), CD45 (30-F11),
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IRF8 (V3GYWCH), CD11b (M1/70), CD27 (LG.7F9), KLRG1 (2F1), Ly49D (4E5), Ly49A
(YE1/48.10.6), Ly49C/I (5E6), STAT4 pY 693 (38/p-Statd), STATS pY694 (C11C5), F(ab’)2
Rabbit 1gG (polyclonal), CD69 (H1.2F3), Granzyme B (GB11), IFN-y (XMG1.2), CD107a
(1D4B), CD8a (53-6.7), and Bcl-2 (3F11).

Apoptosis was evaluated by caspase activity staining using the carboxyfluorescein FLICA
poly caspase assay kit (Bio-Rad). NK cell proliferation was analyzed by labeling cells with 5
UM CellTrace Violet (CTV, Thermo Fisher) prior to transfer, and CTV labeling was
performed according to manufacturer protocol.

Ex vivo Stimulation of Lymphocytes—Approximately 10° spleen lymphocytes were
stimulated for 4 hours in RPMI containing 10% fetal bovine serum with 20 ng/mL
recombinant mouse IL-12 (R&D Systems) plus 10 ng/mL 1L-18 (MBL) or 50 ng/mL PMA
(Sigma) plus 500 ng/mL lonomycin (Sigma). Cells were cultured in media alone as a
negative control.

Chromatin Immunoprecipitation and Sequencing—5-10 x 10% NK cells (TCRp
~“CD3e"CD197F4/80"NK1.1*) were first enriched from spleens of pooled C57BL/6 mice by
negative selection over BioMag goat anti-rat 1gG beads (Qiagen) coated with rat anti-mouse
CD8a., CD4, CD19, and Ter-119 antibodies (Bio X Cell, clones 2.43, GK1.5, 1D3, and
TER-119 respectively), sorted to high purity, and incubated with or without 20 ng/mL IL-12
and 10 ng/mL IL-18 (as well as 10 ng/mL IL-2 and 10 ng/mL IL-15 for IRF8 ChIP, R&D
Systems). NK cells were stimulated for 30 min (H3K4me3 ChlP) or 16 hours (STAT4 and
IRF8 ChIP). DNA and proteins were cross-linked for 7.5 minutes using 0.75%
formaldehyde. ChIP was performed as previously described (Zheng et al., 2007), using 10
ug of rabbit polyclonal anti-STAT4 antibody (Santa Cruz sc-486, clone C-20), 1 ug of rabbit
polyclonal anti-trimethyl Histone H3 (Lys4) antibody (H3K4me3, Millipore 07473), or 8 ug
of goat polyclonal anti-IRF8 antibody (Santa Cruz sc-6058, clone C-19), followed by qPCR
or lllumina next-generation sequencing. qPCR primers for IRF8 ChIP include: Zbtb32
(forward: TACGGCGATCATCCCTCCTT, reverse: AGAGCATCATCTCCCTAGCG), and
gene desert 50kB upstream of Foxp3 (forward: TAGCCAGAAGCTGGAAAGAAGCCA,
reverse: TGATACCCTCCAGGTCCAACCATT). After determining the Ct value, percent
input was calculated as 100 x 2(Ctadjusted input - Ct target) \yhere the Cti"PUt was adjusted from
5% to 100% by subtracting log, 20 from input Ct values.

RNA Sequencing—RNA was isolated from sorted cell populations using TRIzol (Thermo
Fisher) and total RNA was amplified using the SMART-seq V4 Ultra Low Input RNA kit
(Clontech). Subsequently, 10 ng of amplified cDNA was used to prepare Illumina HiSeq
libraries with the Kapa DNA library preparation chemistry (Kapa Biosystems) using 8
cycles of PCR. Samples were barcoded and run on Hiseq 2500 1T, in a 50bp/50bp paired-
end run, using the TruSeq SBS Kit v3 (Illumina).

ATAC Sequencing—ATAC-seq libraries were prepared as previously described
(Buenrostro et al., 2013). Briefly, fresh cells were washed in cold PBS and lysed.
Transposition occurred at 42°C for 45 minutes. DNA was purified using the MinElute PCR
purification kit (Qiagen) and amplified for 5 cycles. Additional PCR cycles were evaluated
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by real time PCR. Final product was cleaned by Ampure Beads at a 1.5x ratio. Libraries
were sequenced on a Hiseq 2500 1T in a 50bp/50bp paired-end run, using the TruSeq SBS
Kit v3 (Illumina).

Quantification and Statistical Analysis

ChlIP Sequencing Analysis—Analysis of ChlP-seq data was performed as previously
described (Rapp et al., 2017).

RNA and ATAC Sequencing Analysis—For both RNA-seq and ATAC-seq, paired-end
reads were trimmed for adaptors and removal of low quality reads using Trimmomatic (V.
0.36) (Bolger et al., 2014). Trimmed reads were mapped to the Mus musculus genome
(mmZ10 assembly) using Bowtie2 (v2.2.9) (Langmead and Salzberg, 2012). For RNA-seq,
read counts for features exons were generated using the summarizeOverlaps function from
the GenomicAlignments package(v1.10.1) (Lawrence et al., 2013). Differential analyses
were executed with DESeq?2 (v1.14.1) (Love et al., 2014) using the UCSC ensGene model as
a reference annotation. Gene tracks were generated by converting BAM files to bigWig files
using bedtools2 (v.2.26.0) (Quinlan and Hall, 2010) and UCSC’s bedGraphToBigWig (v.4)
(Kent et al., 2010) and visualized using the Gviz R package (v.1.18.2) (Hahne and Ivanek,
2016). All tracks show genomic coordinates in megabase pairs on the x-axis and normalized
tag counts on the y-axis.

The distribution of read counts across all genes was bimodal. The assumption that this
corresponded to “expressed” and “non-expressed” genes was supported by examination of
marker genes known to be expressed or not expressed in NK cells. The local minimum
between the two peaks was chosen to be the threshold for expression.

Gene set enrichment analysis (GSEA) was performed using the v3.0 software running
default parameters (Subramanian et al., 2005) (http://www.broad.mit.edu/gsea/), and with
genes from significantly overrepresented PANTHER pathways. GSEA plots were replotted
into a vector graphics format using the ReplotGSEA script by Thomas Kuilman (https://
github.com/PeeperLab/Rtoolbox/blob/master/R/ReplotGSEA.R).

Plots of fold change vs. fold change (Figures 6A and S6D) were used to identify candidate
genes of interest (Figure 6B), with the assumption that genes that are insufficiently
upregulated or downregulated in NK- /787~ NK cells at D4 may account for the D4-specific
phenotype observed, despite there also being baseline transcriptional differences between
NK-/rf8”~and WT NK cells (Figure 5A). The first plot (Figure 6A) examined genes
differentially expressed (] log2 fold change | = 1) between WT and NK-/rf87~ NK cells at
D4 (red or blue-colored genes), then further identified a subset of these DE genes for which
the magnitude of the difference between WT and NK-/rf87~ is larger on D4 than at DO
(DAL ogorcWT/NK-778 ]~ DOLog2rcpwT/NK-#r#5 1 2 1 OF DA ogorcwT/NK-r78 7 ] =
DOLog2FC[WT/NK- /rfg_/_] < -1). Similarly, a separate fold change plot (Figure S6D) examined
genes that are differentially expressed in WT NK cells on D4 vs. D0, and then honed in on a
subset of these genes for which the magnitude of the difference between D4 and DO is larger
in WT than in NK-/r787~ NK cells (WT_ogorc[paipo) = NK-/rf87" og2rc[paipo) = 1 0F
WTLOgZFC[D4/DO] - NK- /rfg_/_LOgZFC[DMDO] < -1). Genes which satisfied both of these
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analyses, and which showed statistical significance (pagj < 0.05) in their respective initial
differential expression analyses, excluding pseudogenes and genes with ambiguous
annotation, are plotted as a heatmap (Figure 6B).

Statistical Analyses—For graphs, data are shown as mean £ SEM, and unless otherwise
indicated, statistical differences were evaluated using a two-tailed unpaired Student’s t test,
assuming equal sample variance. Statistical differences in survival were determined by
Gehan-Breslow-Wilcoxon Test analysis. p < 0.05 was considered significant. Graphs were
produced and statistical analyses were performed using GraphPad Prism.

Data Availability

ChIP-seq, RNA-seq (timecourse), and ATAC-seq datasets are available in the Gene
Expression Omnibus (GEO) repository as a SuperSeries under accession code GSE106139.
RNA-seq data comparing WT and NK-/rf87~ NK cells before and after MCMYV infection
are available in GEO under accession code GSE112948.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:
IRF8 is required for NK cell-mediated protection against MCMV

Rapid NK cell upregulation of IRF8 during MCMYV infection is STAT4-
dependent

IRF8 is essential for MCMV-specific NK cell expansion
IRF8 supports NK cell proliferation by directly regulating Zbtb32
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Figure 1. IRF8 is required for NK cell-mediated host protection against MCMYV infection
(A-B) Kaplan-Meier survival curves (A) and peripheral blood viral titers at day 4 p.i. (B) for

WT (solid line) and /778~ mice (dashed line) challenged intraperitoneally (i.p.) with a
lethal dose of MCMV.

(C-D) Kaplan-Meier survival curves (C) and peripheral blood viral titers at day 4 p.i. (D) for
littermate control /rf8%" (solid line) and NK-/r87~ mice (dashed line) challenged i.p. with
a lethal dose of MCMV.

Data are representative of three independent experiments with 3—6 mice per group per
experiment. Groups were compared using the Gehan-Breslow-Wilcoxon test (A and C), or
an unpaired, two-tailed Student’s t test (B and D). Data are presented as the mean + SEM.
*p < 0.05, ™p < 0.01, ™ p < 0.0001). See also Figure S1.
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Figure 2. NK cells upregulate IRF8 early during MCMYV infection
(A-C) Splenocytes were adoptively transferred into Ly49H-deficient mice one day prior to

MCMYV infection, and Ly49H* NK cells (TCRB"CD3~CD197F4/80"CD45*NK1.1*Ly49H
*) were sorted from the spleen at various time points post-infection, followed by RNA-seq
(2-3 replicates per time point). (A) Volcano plot comparing expression of loci encoding
transcription factors in Ly49H* NK cells isolated prior to (day 0 p.i.) and following (day 2
p.i.) MCMYV infection. Points colored in cyan indicate genes with | Log, (D2/D0) | > 1, with
Padj < 0.1. P values were calculated in DESeq2. (B) RNA-seq reads for IRF family members
at day 0 and day 2 p.i. Reads are normalized per exon length and total mapped reads
(RPKM). For each gene, time points were compared using an unpaired, two-tailed Student’s
t test. (C) /rf8expression is displayed as the fold change in normalized read number
compared with the mean value in NK cells isolated from uninfected mice.

(D) Representative flow cytometric histograms of IRF8 expression in splenic Ly49H" NK
cells in MCMV-infected WT mice (left panel). Data is represented as fold change in IRF8
median fluorescence intensity (MFI) in splenic Ly49H* NK cells at indicated time points
following MCMYV infection relative to the mean value in uninfected mice (right panel). Data
are representative of three independent experiments with 4-5 mice per time point per
experiment. Each time point was compared against a hypothetical value of 1 using a one
sample t test.

Data are presented as the mean + SEM. “p < 0.01,

*hk *kkk

p <0.001, p <0.0001.
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Figure 3. NK cell induction of IRF8 is IL-12 and STAT4-dependent
(A) Representative histograms of IRF8 expression in /fgr1”~ NK cells from uninfected

(gray line) and infected (red dashed line) chimeric mice, and WT NK cells from infected
chimeric mice (black line).

(B) Experimental schematic. Mixed bone marrow chimeric mice harboring both WT NK
cells (CD45.1) and NK cells deficient in various proinflammatory cytokine receptors and
STAT molecules (CD45.2) were infected with MCMYV. IRF8 expression in splenic Ly49H*
and Ly49H™ NK cells was assessed prior to infection and at day 1.5 p.i.

(C) Representative histograms of IRF8 expression in various CD45.2 genetically-deficient
NK cells from uninfected (gray line) and infected (red dashed line) chimeric mice, and in
CD45.1 WT NK cells from infected chimeric mice (black line) (left panels). Data is
represented as ACD45.2 MFI / ACD45.1 WT MFI (A = difference in IRF8 MFI between day
0 and 1.5 p.i.) (right panel). Data are representative of two independent experiments with 2—
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13 mice per group per time point per experiment. Groups with a ratio < 1 were compared
against a hypothetical value of 1 using a one sample t test. Data are presented as the mean +
SEM. *p < 0.05, *"p < 0.0001.

(D) Sorted splenic NK cells were stimulated with IL-12 and IL-18 for 16 hours or
unstimulated, followed by STAT4 ChlP-seq. STAT4 ChlP-seq reads mapping to the /178
locus are shown in black (top two panels). Data are representative of three independent
experiments. Ly49H" NK cells were sorted from the spleen at day 2 p.i, followed by ATAC-
seq. ATAC-seq reads mapping to the /rf8locus are shown in green (bottom panel). Data are
representative of three independent experiments with 2—3 replicates per experiment. /rf8
exons are shown as gray boxes with black arrow denoting the origin and directionality of
transcription.

(E) NK cells sorted from spleens of WT or Stat4™~ mice were stimulated with 1L-12 and
IL-18 for 30 min or unstimulated, followed by H3K4me3 ChIP-seq. H3K4me3 signal from
/rf8locus is plotted as normalized fragment counts binned at 50 bp across a 20-kb window
centered on the transcriptional start site (TSS). Data are representative of two independent
experiments.

See also Figure S2.
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Figure 4. IRF8 is required for NK cell expansion during MCMYV infection
(A) Experimental schematic. Splenocytes from WT (CD45.1) and NK-/rf87~ mice

(CD45.2), mixed to achieve equal numbers of Ly49H* KLRG1!° NK cells, were adoptively
co-transferred into K/ra8~/~ recipients 1 day prior to MCMV infection.

(B) Representative flow plots gated on NK cells in blood at day 7 p.i. (left) and day 30 p.i.
(middle). Quantification of percent WT and NK-/rf87~ Ly49H* NK cells within total NK
cells in blood at indicated time points (right).

(C) The percentage of WT and NK-/rf87~ NK cells within transferred Ly49H* NK cells in
various peripheral organs at day 3 p.i.

(D) As in (C), except in spleen and liver at day 30 p.i. Data are representative of two (C) or
four (B,D) independent experiments with 4-5 mice per experiment.

(E) Experimental design as in (A), except recipient mice were infected with VSV-m157.
Shown are the percentages of WT and NK- /7787~ NK cells within transferred Ly49H* NK
cells in blood at day 7 p.i. and in liver at day 29 p.i. Data are pooled from two independent
experiments.

Groups were compared using an unpaired, two-tailed Student’s t test (B) or against a
hypothetical value of 50 using a one sample t test (C-E). Data are presented as the mean +
SEM. *p<0.05, *p < 0.01, ™*p < 0.001, **p < 0.0001. See also Figures S3, S4, and S5.
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Figure 5. IRF8 drives a transcriptional program that promotes NK cell proliferation
(A-B) Mixed bone marrow chimeric mice harboring both WT and NK- /787~ NK cells were

infected with MCMV. Splenic Ly49H* WT and NK- /787~ NK cells were sorted for RNA-
seq at day 0 and 4 p.i. (2-3 replicates per genotype and time point). (A) Principal component
analysis of RNA-seq data, using the top 2000 genes with the highest variance. Each dot
represents an RNA sample from a single mouse. (B) Gene set enrichment analysis of RNA-
seq data at day 4 p.i. Genes within each given gene set are derived from significantly
overrepresented PANTHER pathways and have expression above a minimal threshold based
on the distribution of all genes.

(C) Experimental design as in Figure 4A, except NK cells were labeled with CTV prior to
adoptive co-transfer. Representative histograms of CTV in splenic and hepatic WT and NK-
Irf87~ Ly49H* NK cells at day 3 p.i. (left panel). Quantification of Ly49H* NK cells that
have divided at least once (right panel). Data are representative of two independent
experiments with 4 mice per experiment. Groups were compared using an unpaired, two-
tailed Student’s t test. Data are presented as the mean + SEM. **p < 0.001, ™*p < 0.0001.
See also Figure S6 and Table S1.
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Figure 6. IRF8 directly regulates the pro-proliferative factor Zbtb32
(A-C) Experimental design as in Figure 5A. (A) Relative expression of all “expressed”

genes in WT versus NK- /87~ NK cells at day 4 p.i. compared with prior to infection. Red-
or blue-colored dots denote | D4 oqorc | 2 1, and red dots specifically denote D4 ogoFc -
DOy ogorc = 1 or D4y ggorc — DOpogorc < -1, i.€. genes which show greater differential
expression between WT and NK-/rf87~ at D4 than at DO. Triangles signify genes that have
been coerced onto the plot boundary. (B) Heat map and hierarchical clustering of selected
genes. Replicates are shown in order. Selected genes show greater differential expression in
WT than in NK-/r787~ NK cells and at D4 more than at DO. (C) RNA-seq reads mapping to
Zbtb32 locus. P value was calculated in DESeq2 and adjusted for testing multiple
hypotheses.

(D) Position and sequence of putative IRF8 binding sites are shown relative to Zbtb32
promoter. Traces show percent conservation between mouse (mm210) and human (hg19)
genomes. Conserved non-coding sequences (CNS) are defined as having >70% homology
over >100bp. The location relative to the transcriptional start site and the sequence of the
putative IRF8 motif are listed for each putative IRF8 binding site.

(E) Sorted splenic NK cells were stimulated with IL-2, IL-12, IL-15, and IL-18 for 16 hours.
IRF8-DNA complexes were immunoprecipitated, followed by gPCR to amplify across a
putative IRF8 binding site 2975 bp upstream of the Zbtb32 promoter. A gene desert ~50kb
upstream of the Foxp3locus served as a negative control for IRF8 binding. Data are
representative of two independent experiments. Samples were compared using an unpaired,
two-tailed Student’s t test.

Data are presented as the mean + SEM. *p < 0.05. See also Figure S6 and Table S1.
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