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SUMMARY

IFN-v, critical for host defense and tumor surveillance, requires tight control of its expression.
Multiple cis-regulatory elements exist around /fng along with a non-coding transcript, /fng-as1
(also termed NeST). Here, we describe two genetic models generated to dissect the molecular
functions of this locus and its RNA product. DNA deletion within the /fng-as locus disrupted
chromatin organization of the extended /fng locus, impaired /fng response and compromised host
defense. Insertion of a polyA signal ablated the /fng-as1 full-length transcript and impaired host
defense, while allowing proper chromatin structure. Transient knockdown of /fng-asz also reduced
IFN-+y production. In humans, discordant expression of /FNG and /FNG-ASI was evident in
memory T cells, with high expression of this IncRNA and low expression of the cytokine. These
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results establish /fng-as as an important regulator of /fng expression, as a DNA element and
transcribed RNA, involved in dynamic and cell state-specific responses to infection.

Graphical Abstract
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Petermann et al. report that the long non-coding RNA locus /fng-as1 is an important regulator of
/fng. 1t does so through its role as a modifier of DNA structure, but also through transcription of
the IncRNA itself, which is involved in dynamic and cell state-specific regulation of IFN-g-
mediated host defense.

INTRODUCTION

Gene expression in vertebrates is controlled in a complex, dynamic, and temporally-
regulated manner to affect development and maintain homeostasis. This is especially the
case in immune responses, which require exquisite coordination of cell-specific regulatory
circuits that drive rapid expression of a vast array of genes to eliminate microbial pathogens,
while simultaneously limiting host damage (Smale et al., 2013). Cytokines are key secreted
regulators of immunity, whose genes exemplify this complex, cell-specific regulation of
expression. Interferon gamma (IFN-vy) is a major immunoregulatory cytokine predominantly
produced by T cells and innate lymphoid cells. IFN- -y has both, pro- and anti-inflammatory
functions, uniquely regulating pathways involved in host defense and tumor surveillance
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(Schroder et al., 2004). Patients with impaired production of IFN-y or mutations of the IFN-
y receptor are more susceptible to mycobacterial and viral infections (Bustamante et al.,
2014; Huang et al., 2007; Jouanguy et al., 1996; Newport et al., 1996). However, IFN- -y can
either exacerbate or ameliorate autoimmune pathology, depending on disease or biological
context (Lees, 2015). Therefore, the expression of /fng needs to be tightly regulated to
ensure proper pathogen clearance, while not contributing to immunopathogenesis.

Gene expression is controlled by transcription factors binding to promoters as well as to
proximal regulatory elements. However, we now appreciate the functions of distal regulatory
elements that contribute to the dynamic and cell-specific control of key genes. Distal
elements, such as enhancers, silencers and insulators co-operate with promoters and
proximal elements to ensure a coordinated expression of their target genes, thereby
controlling cell fate and phenotype. In addition, a large proportion of the human and mouse
genome is transcribed as noncoding RNAs (ncRNAs) (Derrien et al., 2012; Djebali et al.,
2012). These ncRNAs include microRNAs, which are critical elements in regulating
immune responses (O’Connell et al., 2010) and long noncoding RNAs (IncRNASs), which
comprise long intergenic noncoding RNA (lincRNA), intronic, natural antisense transcripts,
or transcribed products from divergent enhancers and promoters. Estimates for the number
of IncRNA loci in the human genome range from 10,000 to over 100,000 (Consortium et al.;
Zhao et al., 2016).

Although IncRNAs have been identified in virtually all immune cells, their functions in these
cells are only beginning to emerge (Atianand et al., 2017; Guttman et al., 2009). In
establishing the function of a IncRNA, one of the first critical questions is whether the
IncRNA regulates the expression of adjacent (cis) or distal (frans) protein coding genes.
Evidence suggests that antisense INCRNA loci are typically co-expressed with and regulate
their neighboring genes in cis, thus creating a linked transcriptional unit (Katayama et al.,
2005). Within a transcriptional unit, however, it remains challenging to establish whether
transcription at the non-coding locus reflects enhancer activity of the underlying genomic
sequence with the generated transcript being a dispensable by-product or whether the
transcript itself functions to regulate target gene expression. For some IncRNA loci the RNA
product has little or no sequence-specific function (Engreitz et al., 2016), whereas
knockdown of other ncRNAs by siRNA or antisense oligonucleotides results in decreased
target gene expression (Cheng et al., 2019). Knockdown studies further show that some
ncRNAS enhance the expression of neighboring genes by recruiting RNA polymerase 1 to
the gene promoter (Ivaldi et al., 2018), by inducing or strengthening enhancer-promoter
looping (Li et al., 2013) or by recruiting histone modifying enzymes (Wang et al., 2011). It
has also been observed that some ncRNAS regulate the genes adjacent to their endogenous
locus even when overexpressed from a distal site, thus acting in cisby a frans mechanisms
(Gomez et al., 2013).

Generation of congenic mice produced by backcrossing of B10.S versus SJL mice led to the
identification of a locus, termed 7mewvp3, that influenced susceptibility to Theiler’s virus
(Bihl et al., 1999; Bureau et al., 1993). Tmevp3 includes 3 protein coding genes (/fng, 1122
and MdmZI) and the IncRNA locus 7mevpgl. It was proposed that 7mevpgl was a potential
candidate gene for the Tmevp3 “virus susceptibility’ locus (Vigneau et al., 2003). However,
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there are nearly 100 polymorphisms within the 550 kb spanning Tmevp3 locus that differ
between B10.S and SJL, with nearly two dozen residing within in the 7mevgp1 locus (54
kb), providing uncertainty as to the genetic nature of the susceptibility. Transgenic
overexpression of 7mevpgl (also termed NeST, now officially designated as /fng-as)in
mice was associated with resistance to bacterial infection, and overexpression in 293T cells
showed that /fng-as1 complexes with the chromatin modifying enzyme WDR5 (Gomez et
al., 2013). The human /FNG locus also encompasses a INCRNA termed /FNG-ASI, and
SiRNA targeting of /FNG-AS1 reduced /FNG transcription (Collier et al., 2012). Based on
the nature of the approaches, the findings suggest that the /frng-as1/IFNG-AS1 RNAS act as a
sequence-specific trans-acting factors that regulate /fng transcription possibly by recruiting
chromatin modifiers. However, aside from transgenic overexpression approaches, the /in vivo
functions of /fng-as/have not been determined by genetically targeting this InNCRNA gene in
mice. Such loss-of-function approaches are necessary to evaluate the requirements of the
endogenous /fng-as1 in the regulation of IFN-y production during various immune
responses.

Given the centrality of IFN-vy in host defense and cancer immunotherapy, we generated two
genetic models to better understand requisite /n vivo functions of /fng-as1. one model
disrupts the /fng-as1locus, and hence both DNA structure and RNA production, and a
second that only interferes with /fng-asZ RNA transcription. By comparing /fng-as1 knock-
out (KO) (DNA + RNA product deletion) and /fng-as1-PolyA knock-in (KI) (RNA deletion)
mice, we sought to determine whether /fng-as1’s functions are primarily mediated by its
transcript or whether the /fng-asZ DNA locus is relevant in providing regulatory elements
that impact /fng. In related experiments, we also analyzed the impact of knocking down
(KD) the IncRNA transcript in vitro. We show that proper formation of the local chromatin
organization is a critical part of /fng-as1’s function with respect to the regulation of /fng
expression. However, optimal control of /fng expression requires the /fng-as1 transcription
as well. We show that these two components of /fng-as1 are required for mounting effective
host defense /n vivo. Furthermore, we show discordant expression of low /frg and high /fng-
asl transcripts in antigen-experienced memory T cells in human. Therefore, the /fng-asi
locus is an important regulator of proper /fng gene organization and expression through its
role as a DNA structure, but also through transcription of the INCRNA itself, which is
involved in dynamic and cell state-specific regulation of IFN-y- mediated host defense.

Reduced Ifng production in Ifng-as1 KO mice

Previous data have shown that /fng-as1/IFNG-AS1 is expressed in mouse and human Thl
cells and positively regulate /fng expression (Collier et al., 2012; Gomez et al., 2013;
Vigneau et al., 2003). In agreement with these previous findings, RNA sequencing of fully /n
vitro differentiated Th1 and Th2 cells revealed co-expression of /fngand /fng-as1in Thl
cells (Figure 1A). Analyzing the epigenetic landscape of the /fngand /fng-as1 loci we also
detected the presence of histone marks indicative of activated or poised chromatin states
(Histone 3 K36me3, K4m1, K27Ac), the absence of repressive marks (H3K27me3), and
binding of the Th1-associated transcription factor T-bet at both loci in Th1 cells but not Th2
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cells (Figure 1A). In addition, we found that /fng-as1 expression was decreased by IFN-y-
neutralizing antibodies but enhanced by exogenous IFN-y (Figure S1A), indicating a
positive feedback mechanism.

To better understand the /in vivo requirements for /fng-as1, we first generated /fng-as1 KO
mice, in which we deleted a 30 kb DNA fragment containing the first exon and the first
intron of /fng-as1 (Figure S1B). /fng-as1 KO mice were born at the expected Mendelian
frequency and developed normally. Analysis of T cell populations in the thymus and lymph
node and innate lymphoid cells (ILC) in the small intestinal lamina propria also revealed no
differences between WT and /fng-as1 KO mice (Figure S2A-C). We performed RNA
sequencing of WT and /fng-asZ KO Th1 cells (day 6 of culture) and found only two
differentially expressed genes; /fngand /fng-as/ itself, arguing strongly that /fng-as/ acts
predominantly if not solely on /fng (Figure 1F).

Next, we differentiated naive T cells from WT and /fng-as1 KO mice in vitrointo Thl, Th2,
Th9 and Th17 effector cells. While we could not detect any differences in cell proliferation
(Figure S2F, G) or production of Th2, Th9, or Th17-associated cytokines (Figure 1D and
S2D), we noted significant reduction in IFN-vy in /fng-as1 KO Th1 cells compared to WT
Th1 cells (Figure 1B, 1C, S1C). We also observed reduced /fng expression in CD8" T cells,
v8 T cells and NK cells, which suggests that the /fng-as1 locus is a common regulator in
innate and adaptive immune cells (Figure 1E and S2E).

Ifng-asl is essential for normal type 1-mediated host defense

We next sought to explore the /n vivo function of /fng-as1. Originally, /fng-as1 (Tmevpgl)
was identified as a susceptibility locus for Theiler’s virus-induced demyelinating disease, a
murine model used to mimic some features of multiple sclerosis (Lipton, 1975). Another
mouse model for multiple sclerosis is experimental autoimmune encephalomyelitis in which
IFN-+y has been reported to be protective in acute disease. We found that /fng-as1 KO mice
had comparable levels of pathology as WT mice (Figure S3A). Adoptive transfer colitis is a
model of cell-mediated autoimmunity in which both IFN-y and IL-17 contribute to
pathology. However, we found that pathology was similarly inducible by cells from either
WT or /fng-as1 KO mice (Figure S3B).

Since we saw no significant impact of /fng-as deletion in autoimmunity models, we next
tested an infection model, as transgenic overexpression of /fng-as1 was reported to be
associated with reduced susceptibility to Sa/monella enterica via effects on IFN-y
production (Gomez et al., 2013). Toxoplasma gondii, is a parasite whose elimination is
highly dependent upon IFN-y and has been widely used to identify factors that influence
IFN-y and its actions (Yap and Sher, 1999). /fng-as1 KO mice exhibited decreased survival
compared to WT mice following infection (Figure 2A). The decreased survival rate was
accompanied by reduced serum IFN-y levels in the /fng-as1 KO mice in the presence of
equivalent levels of IL-12 (Figure 2B, C). Moreover, those /fng-asZ KO mice that survived
had a higher parasitic cyst burden in the brains compared to WT mice indicating that /fng-
aslis important to control /fng expression during both the acute and the chronic phases of 7.
gondii infection (Figure 2D). Thus, these data indicate process-specific functions of /fng-as1
during strictly IFN-y-dependent inflammatory states /n vivo such as Toxoplasma gondii
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infection. Taken together, our /in vitro data show that the /fng-as1 locus is an important
regulator for IFN-vy, although not obligatory for /fng transcription per se. However, in terms
of host defense against a model pathogen whose elimination is mainly mediated by IFN-y,
Ifng-as1is clearly required for efficient protection.

Locally restricted and context-dependent effects of the Ifng-as1 RNA on Ifnhg transcription

By deleting 30 kb of the /fng-as1 gene, we not only deleted a DNA fragment that possibly
contained relevant cis-regulatory elements, but we also perturbed the transcriptional activity
at this locus and abolished the full-length /fng-asz transcript itself. To assess the relative
contributions of /fng-as1 RNA versus the /fng-as1 locus per se, we generated a second /fng-
as1 deficient mouse, in which we incorporated a BGH (bovine growth hormone) poly A
terminator sequence 70 base pairs after the transcription start site, resulting in premature
termination of /fng-asI transcription without disrupting the local chromatin architecture
(Figure S4A). The insertion site was chosen to avoid disruption of potentially important
regulatory elements including CTCF, T-bet and STAT binding while terminating /fng-as1
transcription after a very short stretch (Figure S4B). We confirmed that full- length /fng-as1
transcript was undetectable in T cells from /fng-asZ-PolyA Kl mice. Using primer pairs
targeting multiple exon/exon boundaries, we detected /fng-as1 transcripts from the Kl locus
as well as from the KO locus, indicating the presence of multiple transcription initiation sites
throughout the locus and thus, shorter products in both models (Figure S4C).

Ifng-as1-PolyA KI mice, were born at the expected Mendelian ratio and exhibited no overt
phenotype (Figure S4). Analysis of T cell populations in the thymus and lymph node
revealed no differences between WT and /fng-asI-PolyA Kl mice (Figure S4A, B). Also, we
were unable to detect any differences in cell proliferation or the production of Th2, Th9, or
Th17-associated cytokines (Figure S4C-E, G, H). Differentiating naive CD4* T cells from
WT, /fng-as1 KO and /fng-asi-PolyA Kl mice under Thl conditions, we observed that IFN-
7y protein expression measured by flow cytometry was not significantly different in /fng-as1-
PolyA KI Th1 cells compared to WT cells (Figure 3A, B). However, /fng-asI-PolyA Kl
cells expressed /fng RNA at significantly lower levels than WT mice but at higher levels
than /fng-as1 KO Thl cells (Figure 3C). The IFN-y production in NK cells was similar in
WT and /fng-asi-PolyA Kl mice (Figure S4F).

While insertion of the polyA sequence after the TSS minimally modified the DNA sequence,
unintended outcomes cannot be excluded. Also, the polyA insertion does not allow to
distinguish between effects caused by loss of the transcript itself versus effects caused by
halting transcription at this locus. Therefore, as a third approach, complementing the
findings from KO and KI mice, we knocked down /fng-as1 RNA levels in T cells using
LNA/Gapmers, but allow unperturbed transcription at the locus. Here, we observed reduced
Ifng expression (Figure S51, J). These data collectively indicate that the findings from the
Ifng-as1-PolyA K1 model can be interpreted as evidence for the functional relevance of the
Ifng-as1 transcript; although, these data do not exclude the possibility that the act of
transcription through /fng-as/ can also contribute.

To determine /n vivo consequences of the polyA sequence insertion into the /fng-as1 locus,
we infected WT, /fng-as1 KO and /fng-asI-PolyA Kl mice with 7. gondii. Ifng-asi-PolyA
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KI mice showed a lower survival rate compared to WT mice in the acute phase of infection,
whereas cyst burden in the chronic phase was comparable between /fng-asi-PolyA Kl and
WT mice. The results indicate that the /fng-as1 transcript is necessary for proper expression
of /fng, especially in acute, /n vivo situations in which high levels of IFN-y are required
(Figure 3D, E). Deficits in host defense responses seen in /fng-asi-PolyA Kl and /fng-as1
KO mice, albeit to different degrees, suggested that both, transcription through the /fng-asz
locus, including the resultant transcript, and the /fng-asZ DNA sequence contribute in
shaping a maximal IFN-y response during infection.

Disturbed chromatin architecture at the extended Ifng/Ifng-as1 loci in Ifng-as1 KO cells

Our data indicated that the /fng-asI locus contains multiple potential DNA regulatory
elements that impact /fng expression. Previous work has suggested that the /fng locus may
be insulated from neighboring genes by CTCF binding boundary elements —70 kb upstream
and +66 kb downstream of the /fng TSS (Sekimata et al., 2009). In Th1 cells, both of the
CTCF sites (=70 kb and +66 kb) interact with a CTCF site within the /fng gene body (intron
1, +1 kb). The /fng-as1 locus spans from +111 kb to + 56 kb downstream of /fng, thus
encompasses the +66 kb CTCEF site. In addition to this CTCF site, we found another
prominent CTCEF site within the first intron of /fng-as1 (+95 kb).

To better define the chromatin topology of the /fng/Ifng-as1 loci, we used local in situ Hi-C
assays (Sanborn et al., 2015) and found that the /fng locus resides within a chromatin
interaction domain larger than previously recognized (Figure 4A). On the 5’ end, this
domain is bounded by CTCF sites within the Mdm/ gene (-287 kb downstream of /fng).
Visual inspection of the Hi-C matrices and quantitative assessment of the strength of
boundary formation (directionality index) revealed that the 3’ end of the /fg domain is
defined by both CTCEF sites located within the /fng-as1 locus (the +66 kb and +95 kb sites,
Figure 4A, yellow and purple bar).

We next assessed chromatin conformation in /fng-as KO cells, in which the 5” end of /fng-
asl (+111 kb to +81 kb relative to /fng TSS, purple bar), including the +95 kb CTCF site, is
absent (Figure 4B, purple bar). Importantly, the overall formation of chromatin domains was
largely preserved throughout the genome segment examined, encompassing the Mdm1, 1122,
1tifb, Ifng, Ifng-as1and Dyrk2 genes. The perturbation did not abolish formation of the
chromatin boundary at the 3’ end of the /fng//fng-as1 loci either (yellow boxes, Figure 4A,
B), but resulted in a truncation of the boundary region. The fact that the 3’ boundary at the
IfngHfng-as1 loci in the KO cells consists of a single CTCF binding site as opposed to two
CTCF sites in WT cells that participate in the insulation, led us to hypothesize that the
separation between adjacent chromatin domains at the extended /fng//fng-as1 loci is likely
impaired in the KO condition. We speculate that weakening of this boundary disrupts
organization of normal chromatin interactions that orchestrate /fng expression. And indeed,
we observed significantly more interactions crossing the 3’ boundary at the extended /fng/
Ifng-as1 loci (Figure 4C, D (region I1)) consistent with the reduced contact insulation
observed in KO cells. Furthermore, we observed fewer contacts in a domain surrounding
/fng (=70 kb to +66 kb, region 1) in KO cells compared to WT cells (Figure 4C, D (region
1)). Therefore, we conclude that deletion of the DNA segment containing the +95 CTCF site
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weakened total insulation strength at this chromatin boundary, leading to aberrant chromatin
interactions and impaired /fng expression in /fng-as1 KO cells. Interestingly, aberrant
enhancement of interactions in region Il was not associated with higher expression of genes
located upstream of /fng-asi, indicating that the formation of ectopic chromatin loops by
itself is not sufficient to induce aberrant gene expression (Figure S6A).

To explore whether the /fng-as1 transcript participates in shaping the local chromatin
architecture, we also analyzed the chromatin architecture in /fng-asz-PolyA KI cells. Here,
we found equivalent chromatin interactions within the extended /fng/Ifng-as1 loci in WT
and /fng- as1-PolyA KI cells, despite the absence of the /fng-asI transcript and transcription
in the latter (Figure S6B-D). Taken together, these results demonstrate that the /fng-asz
locus is critical for ensuring proper local chromatin architecture that is requisite but not by
itself sufficient for maximal IFN-y production. The /fng-as1 transcript further contributes to
the regulation of /fng expression on top of the properly formed local chromatin architecture.

Deletion within Ifng-as1 disrupts chromatin interactions in the extended Ifng/Ifng-asl loci
despite preservation of chromatin accessibility and CTCF binding

The more dramatic /n7 vitro and in vivo phenotypes of /fng-as1 KO mice versus /fng-asi-
PolyA KI mice suggested that the /fng-as1 locus not only transcribes an RNA that influences
Ifng expression but is also important as a cis-regulatory element for /fng. This conclusion is
supported by our Hi-C data; however, chromatin conformation capture assay (3C) can
provide better resolution than Hi-C. In 3C assays, we confirmed a strong, Th1-specific
interaction between the +66 site and the /fng locus (+1 kb) in WT Th1 cells but not Th2
cells (Figure 5A, B). This loop was absent in /fng-as1 KO Th1 cells, establishing that
deletion of the 5’ end of the /fng-as1 gene resulted in disturbed /fng chromatin interactions,
even though this region is distal to the boundaries of the /fng interaction domain (=70 kb to
+66 kb) (Figure 5A, B). Importantly, the observed changes in chromatin architecture were
not associated with differences in DNA accessibility or CTCF binding between WT and
/fng-as1 KO cells within the region (=70 kb to +111 kb, aside from the +95 kb site deleted
in /fng-as1 KO cells, Figure 5C, F). We also did not find significant differences in the
accessibility or CTCF deposition in cells from WT versus /fng-asZ-PolyA Kl mice (Figure
5D - F). Thus, lack of /fng-as1 RNA or the disruption of the /fng-as1 locus appears not to
have discernible influences on chromatin accessibility or CTCF binding. Although residing
outside the /fng interaction domain per se, the /fng-as1 locus contributes as a cis-regulatory
element that is required for normal local chromatin topology, providing potential enhancer
elements and/or CTCF binding sites.

Discordant expression of Ifng-as1 and Ifng in effector T cells

The simultaneous expression of /fngand /fng-asZin T helper 1 (Th1) cells and the use of
shared transcription factor, such as T-bet, argue for a coordinated regulation (Collier et al.,
2012). However, we observed surprisingly distinct expression Kinetics for /fngand /fng-as1
in the course of a Thl cell differentiation. Whereas /fng expression peaked at day 3 of
culture, we detected only very low levels of /fng-as1 RNA at this time point (Figure 6A). We
found that the /fng-as1 expression increased starting from day 4 of culture, the day of
aCD3/a.CD28 withdrawal, reaching its highest levels at day 6 of culture (Figure 6A). To
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pursue the idea that aCD3/aCD28 stimulation might inhibit /fng-as1 expression, we
withdrew the stimulation at different time points of culture and let the cells rest for another
24 hours. We found that 24 hours of aCD3/a.CD28 stimulation in the presence of IL-12
followed by a 24-hour rest in IL-12-containing medium alone was sufficient to induce /fng-
asl transcription (Figure 6B). However, in contrast to /fng, whose expression increased after
three days of aCD3/a.CD28 plus IL-12 stimulation, /fng-as1 expression was inhibited as
long as CD3/CD28 engagement was maintained. We next sought to ascertain whether this
inhibition was mediated by signals from CD3, CD28 or both. We found that CD3
engagement was sufficient to suppress /fng-as1 transcription, whereas CD28-mediated
signaling had no effect (Figure 6C). In contrast, a CD3 stimulation was necessary for proper
Ifng expression as expected. The combination of IL-12 and I1L-18 is a potent inducer of IFN-
vv. However, we found that IL-18 had opposing effects on /fng and /fng-as1 expression;
stimulation of T cells with IL-12 and 1L-18 increased /fng expression but decreased /fng-as1
expression (Figure 6D). Both T cell receptor and IL-18 signaling activate NF-kB and since
NF-kB was shown to bind the /frng-as locus, it is conceivable that the NF-kB pathway is
causally involved in the discordant expression pattern of /fngand /fng-as1 (Collier et al.,
2014).

Ifng-as1 controls Ifng expression in memory T cells

Since we found that /fng-asI was expressed upon initiation of the Th1 differentiation
program but extinguished by prolonged CD3 engagement, we returned to the question of
Ifng-asI’s role in various T cell subsets. Therefore, we analyzed /fng-as1 expression levels
in subsets of memory T cells. We first isolated CD4* T memory cells from spleens and
lymph nodes of WT mice and found, consistent with previous studies, little or moderate
expression of /fng in central memory cells or effector memory cells, respectively (Figure
6E). Unexpectedly, /fng-as1was expressed at equally high levels in both effector and central
memory cells, its expression even exceeding /g expression in central memory cells.

In order to investigate whether this expression pattern was limited to CD4* T cells or also
relevant for CD8* memory T cells, we next analyzed the /fng and /fng-as1 expression in
antigen-specific CD8* T cells isolated from mice infected with LCMV. We found higher
expression levels of /fng-as1 in antigen-specific memory precursor and central memory T
cells (Figure 6F). Lower expression of /fng-as1 was detected in terminal effector and
effector memory T cells, consistent with antigen receptor-driven extinction of /fng-asi
transcription. In contrast, /fng showed an inverse expression pattern, being expressed at its
highest levels in terminal effector and effector memory T cells. Considering that /fng-as1 is
located at syntenic positions adjacent to /FNG in different species, including mouse and
human, we speculated that similar expression patterns might exist for /FNG-AS1 and IFNG
in human T cells.

It has been previously shown that antigen-specific CD8* memory T cells isolated from
subjects immunized with a live attenuated yellow fever vaccine (YFV) maintain an
accessible chromatin profile at CD8" effector gene loci and rapidly produce IFN-y upon
peptide re-stimulation up to a decade later (Akondy et al., 2017). In agreement with our
mouse data, we found high expression of /FNG-ASI in the face of low expression of /FNG
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in YFV-specific memory T cells compared to naive T cells or cells isolated 2-4 weeks after
the vaccination (Figure 6G). Since the vaccination was done in the United States where
yellow fever is not indigenous, it is extremely unlikely that subjects were re-exposed to
yellow fever antigen again after the vaccination. The data therefore suggest that the /FNG-
ASI expression is maintained at a high level in memory T cells up to 10 years after antigen
encounter. To further dissect the role of /fng-asZin memory T cells, we isolated effector
memory cells and central memory cells from naive /fng-as1 KO and /fng-as1-PolyA Kl

mice and found reduced expression of /fng compared to cells isolated from WT mice (Figure
6H), pointing to the functional relevance of /fng-as1 transcription in memory T cells.

In summary, this study establishes /fng-asI as an important regulator of /fng expression,
both /in-vitro and in-vivo, as a DNA element and transcribed RNA, involved in dynamic and
cell state-specific responses to infection (Figure S6E).

DISCUSSION

Among the surprises associated with the completion of the sequences of the human and
other genomes were the paucity of protein-coding genes relative to the large proportion of
the genome that is transcribed. Compared to the expression patterns of protein-coding genes,
the expression of non-coding genes often occurs at very low levels and exhibits a much
higher cell- and process-specificity (Cabili et al., 2011; Derrien et al., 2012). While selected
ncRNA molecules have broad effects on adjacent or even distal genes, the low level
expression of many other ncRNAs and the lack of species conservation has suggested
restricted local effects with minimal roles for sequence-specific functions of the RNA
produced or “transcriptional noise” that may not be functionally critical (Necsulea et al.,
2014). Nonetheless, it has become increasingly clear that ncRNAs, especially INcRNAs, are
important, yet cryptic regulators of gene expression (Engreitz et al., 2016; Isoda et al., 2017,
Kotzin et al., 2016). In many cases, however, the mechanism by which INcRNAs regulate
gene expression remains unclear.

IFN-v is a critical cytokine with essential functions in host defense and cancer. In this study,
we dissected the functional cross-talk between /frng and its adjacent IncRNA locus, /fng-as1.
Using /fng-as1 KO and KI mice, we establish that both the integrity of the /fng-as1 locus
and the /fng-as1 transcript are required for maximal /fng gene expression in IFN-y
producing cells—Whereas disruption of DNA structure or the encoded RNA product
compromised host defense response, the degree of impairment with DNA/RNA deletion was
clearly more severe than interference of RNA production alone. Furthermore, our study
revealed a discordant regulation of /fngand /fng-as1 depending on the state of cells. As
previous reports have emphasized the co-regulation of /fng-as1 with its adjacent cytokine
gene /fng, we observed that TCR signaling led to discordant expression of /fngand /fng-asi,
with the latter being upregulated with termination of TCR stimulation. The most compelling
example of this was shown in human memory T cells where /fng-as1 expression is
maintained in the absence of /fng transcription for at least a decade after the initial antigen
encounter. In this regard, /fng-as1 could be a relevant identifier of antigen-experienced T
cells, denoting prior /fng expression.
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Multiple mechanisms have been identified and proposed by which IncRNAs regulate gene
expression (Kopp and Mendell, 2018), and it is more likely that each INcRNA functions
uniquely to suit local structure of a given locus. For example, Xist acts locally yet its action
can impact nearly the entire X chromosome with its RNA product being critical for initiating
recruitment of gene silencing proteins to chromatin. In contrast, ypperhand (Uph) acts
locally but its RNA product has no discernible sequence-specific functions (Toiber et al.,
2017). We propose that the predominant action of /fng-as1 is also local, confined and
specialized to regulate its neighbor, the /fng gene, with its major, but not exclusive influence
being an organizer of chromatin architecture.

The /fng locus is remodeled during Th1 cell differentiation by CTCF and cohesion-mediated
formation of long-range chromatin loops between /FNG and the adjacent intergenic regions
(Hadjur et al., 2009). Depletion of CTCF binding typically perturbs insulation at boundaries
between neighboring, functionally distinct regions of the genome (TADs) (Dixon et al.,
2012; Nora et al., 2012) and results in inappropriate interactions between adjacent TADs
(Lupiafez et al., 2015; Narendra et al., 2015; Nora et al., 2012; Sanborn et al., 2015;
Tsujimura et al., 2015). An interesting exception to this principle is the INCRNA locus Firre,
which harbors ~ 15 CTCF binding sites and represents a stable TAD boundary across many
cell types; yet, deletion of Firre does not alter TAD formation (Barutcu et al., 2018). This re-
emphasizes the concept that each locus exhibits unique features that may not easily conform
to general rules.

The /fng-as1 locus harbors two CTCF sites: a telomeric site in intron 1 (+95 kb downstream
of the /fng TSS) and a centromeric site in intron 4 (+66 kb). The latter, more proximal to
Ifng, has been described as a cis-regulatory element, interacting with a CTCF site within the
/fng gene body (intron 1, +1 kb from /fng TSS) and separating the locus from its
surroundings (Sekimata et al., 2009). However, in the /fng-as1 KO mouse described herein,
the more distal CTCF site in intron 1 of /fng-asI (+95 kb) is deleted. Although it has been
postulated that this site is located beyond the /fng-centered functional domain, we observed
perturbed chromatin architecture of the extended /fng//fng-as1 loci associated with impaired
IFN-y production and host defense deficits. Thus, we suggest that one critical aspect of
Ifng-asI’s function is the underlying DNA sequence acting as a c/s-regulatory element. The
+95 CTCEF site appears to not interact with the /fng locus via chromatin looping; however,
deletion of this region reduced interactions between /fng and its +66 enhancer. However,
upon deletion of the +95 site we did identify increased interactions in the region telomeric to
Ifng-as1. This and the analysis of upstream and downstream contacts (“directionality index™)
relative to the +95 site suggest that this CTCF site serves as a functional insulator. Our data
collectively establish the importance of the chromatin architecture at the /fng/Ifng-as1 loci
and the impact of /fng-as1 on the extensive looping within the /fng interaction domain
which correlates with optimal expression of /fng.

Beyond the role of /fng-as1 as a chromatin organizer, the phenotype of /fng-asZ-PolyA KI
mice is illuminating in terms of /fng-as/transcription. We noted that the modified /fng-as1
locus in cells from /fng-as1-PolyA KI mice failed to produce a full-length /fng-asi
transcript, but still generated shorter transcripts, suggesting a role of the full-length /fng-as1
RNA in supporting normal /fng responses. As we did not observe major changes in
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chromatin loop formation in /fng-asi-PolyA Kl Th1 cells, the /fng-as1 transcript does not
take part in the local chromatin architecture, suggesting alternative mechanisms controlling
Ifng expression. The /fng-as1 RNA may serve to enrich transcription factors and chromatin
modifiers within the proximity of the /fng locus once the proper chromatin conformation is
formed within the /fng interaction domain. In addition, we cannot entirely exclude the
possibility that the /fng-as1 transcript influences /fng translation in the cytoplasm, although
low transcript levels are presumed to not act via this mechanism (Ulitsky and Bartel, 2013).
However, the observed discrepancies between RNA and protein levels are notable. As both
the generation and degradation of mMRNA and proteins are highly dynamic processes, it is
possible that the degradation rate of /fng mRNA and IFN-+y protein are quite different
resulting in the observed discrepancies between /fng transcript and protein in /fng-as1 Kl
cells. How /fng-as1 might impact these processes will be important to examine in the future.

Many IncRNAs are not conserved amongst species and there is limited conservation between
mouse /fng-as1 and its human counterpart /FNG-AS/ (Collier et al., 2012; Necsulea et al.,
2014). Even the organization of the extended mouse and human /FNG-IL22locus are
distinct, with the /L26locus being a pseudogene in the mouse. Nonetheless, large anti-sense
transcripts are present in both mouse and human and both /fng-as1 and /FNG-AS/have been
argued to be important regulators of IFN-y (Collier et al., 2012; Gomez et al., 2013;
Spurlock et al., 2017). While /fng-as1/IFNG-AS/expression is induced in Thl cells,
apparently by some of the same factors that induce /FNG, the overall expression level is
very low (Collier et al., 2014). Low level expression is a common feature of IncRNAs that
act locally on their neighboring gene (Derrien et al., 2012; FANTOM Consortium and the
RIKEN PMI and CLST (DGT) et al., 2014; Werner and Ruthenburg, 2015). That is, high
expression might not be required because of the proximity between the IncRNA and its
target gene or because the RNA transcript itself is dispensable. However, we found high
level expression of /fng-as1and IFNG-ASIin memory cells. There are at least two ways to
interpret these results: /fng-as1 RNA expression might lock the extended /fng/Ifng-as1 loci
in a poised epigenetic state, facilitating rapid /fng transcription after antigen re-challenge. It
is tempting to speculate that /fng-as1 transcription maintains local chromatin architecture in
order to promote secondary IFN-y induction. It has been suggested that chromatin loops are
involved in a process, called transcriptional memory (Tan-Wong et al., 2009); the extent to
which this is a fundamental determinant of immunologic memory remains to be determined.
Technical advances in chromatin conformation assays will be necessary to investigate the
role of /fng-as1 in small subsets such as antigen-specific memory cells in a sufficient
resolution. However, it is also reasonable to consider that /fng-as1 may have more complex,
process-specific roles, enhancing /fng expression during the effector phase but suppressing
its expression during resting periods, thus inhibiting possibly harmful consequences of
unnecessary stochastic IFN-y secretion. It is conceivable that the /fng-as1 transcript
employs different mechanisms in effector cells that differentiate under the influence of IL-12
and IFN-g and in long-lived resting memory cells whose maintenance rather relies on
cytokines such as IL-7, IL-15 or IL-21 (Cui et al., 2011; Fehniger et al., 2001; Kieper et al.,
2002; Rubinstein et al., 2008). To understand the functional relevance of /fng-asI during
memory responses, it will be important to elucidate factors that drive high level expression
of /fng-as1/IFNG-AS/independent of /FNG.
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In sum, we demonstrate here that the INcRNA /fng-as1 modulates the expression of /fng
both as a regulatory DNA element and through transcription of its RNA product. That a
IncRNA regulates its neighboring gene by multiple mechanisms is likely due to the
importance of IFN-y for both the innate and the adaptive immune response and highlights
the relevance of a tight control of its expression potentially lasting decades. We also show
that antigen availability reciprocally affects the expression of /fngand /fng-as1, allowing for
Ifng-as1/IFNG-AS1 to serve as a biomarker for memory T cells previously involved in IFN-
y-dependent immune responses.

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 Franziska Petermann, Yuka Kanno or John J. O’Shea.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—All animal experiments were performed in the AAALAC-accredited animal housing
facilities at NIH. All animal studies were performed according to the NIH guidelines for the
use and care of live animals and were approved by the Institutional Animal Care and Use
Committee of NIAMS. Female mice of 6 -14 weeks old were used in all experiments. For
sample size, see corresponding figure legends. B6(Cg)-Rag2tm1.1Cqgn/J (Rag2™'") were
purchased from Jackson Laboratories. To generate /fng-as1 KO mice exon 1 and intron 1 (~
30 kb) of the /fng-as1 gene were replaced with an EGFP and an FRT-flanked positive
selection cassette. The targeting vector was generated using BAC clones from the C57BL/6J
RPCIB-731 BAC library and transfected into the TaconicArtemis C57BL/6N Tac ES cell
line. Homologous recombinant clones were isolated using positive (Puro resistance) and
negative (Thymidine kinase) selections. The constitutive knock in allele was obtained after
Flp-mediated removal of the selection marker (Puro). To generate /fng-asZ-PolyA Kl mice
we constructed a targeting vector (backbone: pcDNA3.1) containing the BGH
polyadenylation sequence flanked by two 3 kb homologous arms. In addition, we designed a
CRISPR single-guide RNAs (sgRNAs) using MIT’s CRISPR online tool (crispr.mit.edu/).
The sgRNA sequence was cloned into an sgRNA vector using OriGene’s SgRNA cloning
services. Then, the sgRNA was in vitro-transcribed using the MEGAshortscript T7 kit (Life
Technologies). Cas9 mRNA was in vitro-synthesized from the MLM3613 plasmid vector
(no. 42251; Addgene) using the nMESSAGE mMACHINE T7 kit (Life Technologies). To
insert the BGH sequence into the /fng-asI gene, the sgRNA (50 ng/uL) was mixed with
Cas9 mRNA (100 ng/uL) and the double-stranded vector and then coinjected into the
cytoplasm of fertilized mouse eggs. After culturing overnight in M16 medium (EMD
Millipore), those embryos that reached the two-cell stage of development were implanted
into the oviducts of pseudopregnant foster mothers. Mice born to these foster mothers were
genotyped by PCR amplification of the targeted regions, followed by DNA sequencing.

ACCAACCAAAAGTATAGTCATCCGGGAAGAGAAGAGCCTGAGAGAAAAATAACA
CTTGGACTGGCATCtgtgccttctagttgccagcecatctgttgtttgecectcceceegtgcectteettgaccctggaaggtge
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cactcccactgtcctttcctaataaaatgaggaaattgcatcgeattgtctgagtaggtgtcattctattctggggggtggggtggggca
ggacagcaagggggaggattgggaagtcaatagcaggcatgctggggatgeggtgggctctatggAGGAGG

(Legend: /fng-as1TSS, gRNA, BGH sequence, PAM)

The sequences of the primer pairs that were used to detect remaining transcripts at the /fng-
as1 KO and KI locus were: catccgggaagagaagagcectg (Exonl, fwd), ggacttggtgtcaaagaatggtge
(Exon 2, rev), gcaccattctttgacaccaagtce (Exon 2, fwd), tgggagtttcaccctgtcttctg (Exon 3, rev),
cacatccattggagccttcttcag (Exon 3, fwd), cgtcaaacattgggaggcagce (Exon 4, rev),
ccteccaatgtttgacgacatce (Exon 4, fwd) and tgaccttcectcacttgttctage (Exon 5, rev).

Cell culture medium—All primary T cells isolated from mice were cultured in complete
RPMI (cRPMI) medium containing 10% (vol/vol) FCS, 2 mM glutamine, 100 IU/ml of
penicillin, 0.1 mg/ml of streptomycin and 20 mM HEPES buffer, pH 7.2-7.5, 1 mM sodium
pyruvate, nonessential amino acids (all Thermo Fisher), and 2 uM B-mercaptoethanol
(Sigma-Aldrich).

METHOD DETAILS

Purification of T cell populations—CD4* T cells were purified from splenocytes and
lymph nodes of untreated 6- to 14-week-old mice by negative selection and magnetic
separation (Miltenyi Biotec). To obtain naive T cells, CD4* T cells were sorted into
CD4*CD62L+*CD44-CD25™ T cells by fluorescence activated cell sorting (FACS) using
FACSArria lllu or FACSAria Fusion (BD). To obtain central and effector memory T cells
CD4* T cells were sorted into CD4*CD62L*CD44*CD25~ T cells or CD4*CD62L
~“CD44*CD25~ T cells, respectively, by FACS.

T cell differentiation—Naive CD4* T cells were activated by plate-bound anti-CD3 (10
pg/ml, clone: 145-2C11) and anti-CD28 (10 ug/m1, clone: 37.51) in cRPMI for 3 days with
IL-12 (10 ng/ml, R&D Systems) and anti-1L-4 (10 pg/ml, 11B11) for Th1 cells or IL-4 (20
ng/ml, R&D Systems) and anti-IFN-y (10 pg/ml, XMG1.2) for Th2. After 3 days, cells are
split onto uncoated plates with fresh media and cytokines added along with IL-2 (100 U/ml,
R&D Systems). For LNA knockdown experiments, a pool consisting of four LNA GapmeRs
(Exigon) targeting different sites of the Ifng-as1 full-length transcript or a negative control
LNA GapmeR was added to a Thl cell culture on day 3 of culture after splitting and TCR
withdrawal via unassisted delivery at a final concentration of 1 uM.

Flow Cytometry—Cells were stained with live/dead fixable dyes (Aqua [405 nm exc] or
Near-IR [633 nm exc], Thermo Fisher) and fluorochrome-labelled anti-mouse antibodies to
the following surface markers (all purchased from BD Biosciences unless otherwise stated):
CD3 (clone 145-2C11), CD4 (GK1.5 or RM4-5), CD11b (M1/70), CD8 (53-6.7), CD19
(6D5 or eBio1D3, ThermoFisher), CD25 (PC61 or 7D4), CD44 (IM7), CD62L (MEL-14),
CD127 (A7R34), GL-3 (GL3, BioLegend), IFN-y (XMG1.2), NK1.1 (PK136), NKp46
(29A1.4), TCRb (H57-597). For intracellular cytokine staining, cells were re-stimulated with
50 ng/ml PMA (Sigma-Aldrich), 1 ug/m1 ionomycin (Sigma-Aldrich) and monensin (1
ul/ml BD GolgiStop, BD Biosciences) at 37 °C for 2.5 h. Subsequent to live/dead and
surface staining, cells were fixed and permeabilized (Cytofix/Cytoperm and Perm/Wash
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Buffer; BD Biosciences), and stained for cytokines IFN-y (XMG1.2, BD Biosciences) and
IL-13 (eBiol3A, ThermoFisher). Flow cytometry analysis was performed on a FACSVerse
or FACSCanto Il machine (BD Bioscience). Acquired data were analyzed with FlowJo
software (TreeStar).

Quantitative RT-PCR—Total RNA was extracted with TRIzol reagent (Thermo Fisher) in
conjunction with or solely using the Quick RNA MiniPrep Plus Kit or the Direct-zol RNA
MiniPrep Kit (both from Zymo Research). RNA was reverse-transcribed to cDNA with the
iScript cDNA synthesis kit (Bio-Rad) according to the manufacturer’s instructions.
Quantitative real-time PCR (qRT-PCR) experiments were carried out in duplicate with
Tagman Universal PCR Master Mix (Applied Biosystems) in total reaction volumes of 20 pl
and thermocycled in a CFX96 Touch real-time PCR detection system (Bio-Rad). The
following Tagman gene-specific primer probes were purchased from Applied Biosystems:
Actb, Tbx21, Ifng, Ifng-as1. Cycle threshold (C;) values were exported and normalized
against the control probe via the 272Ct method and are reported as expression relative to a
control condition.

Chromosome conformation capture assay (3C)—The 3C assays were performed as
described previously with slight modifications (Hagege, Nat Prot). In brief, 10 million cells
were cross-linked in 8 mL RPMI containing 10% FBS (vol/vol) and 2% paraformaldehyde
(vol/vol) for 10 min on ice, followed by the addition of glycine to 0.125 M to stop the cross-
linking reaction. After washing with 1 x PBS, cells were lysed in 10 mM Tris (pH8.0), 10
mM NacCl, and 0.2% (vol/vol) Nonidet P-40 for 10 min on ice. Nuclei were pelleted by
centrifugation and resuspended with 1.1 x restriction enzyme buffer (NEBuffer 2; New
England BioLabs) containing 0.3% (wt/vol) SDS. After 1 h of incubation at 37 °C, Triton-X
was added to a final concentration of 2% (vol/vol) for an additional hour of incubation at

37 °C to neutralize the SDS. Chromatin then was digested by the addition of 200 U HindlIlI
(New England BioLabs) for overnight incubation at 37 °C, followed by a second addition of
200 U HindlIlI for an additional 4 h. Digestion was stopped by the addition of SDS to 0.8%
(wt/vol) and heat inactivation at 68 °C for 10 min. Digested chromatin was purified from
cellular proteins by centrifugation for 16 h at 35,000 rpm through 8 M urea in a Beckman
SWA4QTi rotor at 10 °C. The cross-linked chromatin pellet was resuspended in 2 mL of 30
mM Tris-HCI (pH 7.4) and 10 mM MgCl, and was dialyzed against the same buffer
overnight to remove urea. Purified chromatin then was diluted by the addition of 5 ml of the
same buffer followed by DTT to 10 mM and ATP to 1 mM. The chromatin then was ligated
by the addition of 200 U T4 ligase (New England BioLabs) for overnight incubation at

16 °C, followed by the addition of another 200 U of T4 ligase for 4 h additional incubation.
Ligated DNA was collected after overnight incubation at 65 °C with 10 pg/ml proteinase K
and purification by phenol/chloroform extraction and ethanol precipitation. 3C products
were quantified by Tagman-based real-time gPCR assays using a LightCycler 480 probe
master kit (Roche) and a LightCycler 480 Real-Time PCR system (Roche). The following
PCR program was used: 95 °C for 10 min, followed by 48 cycles of 95 °C for 10 s and

65 °C for 30 s. All PCR reactions were run in duplicate. The sequences of probes and PCR
primers are shown in Table S1. An unbiased pool of 3C products generated by digestion and
religation of RP23-55021 BAC DNA (spanning the /fng/Ifng-as loci) was used to generate
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standard curves. Accordingly, standard curves generated by using digested and religated
BAC DNA spanning the Gapadh locus (RP23-410F11) served to normalize the samples.

Hi-C—A detailed protocol to generate HiC libraries including sequence alignment can be
obtained at PMID:25497547 and PMID:26499245.

RNA-seq—For LCMV experiments RNA was isolated from sorted cells of LCMV-infected
mice with the Qiagen AllPrep Micro Kit. Libraries were prepared and sequenced by the
HudsonAlpha Genomic Services Lab (paired-end, 150 bp reads). For all other experiments
total RNA was prepared using the RNeasy kit (Qiagen). 500 ng of total RNA was
subsequently used to prepare RNA-seq libraries by a combination of NEBNext RNA library
prep kit (New England BioLabs) and Ovation SP Ultralow DR Multiplex system (Nugen)
following the manufacturer’s protocol. The libraries were sequenced for 50 cycles (single
read) using the HiSeq 2500 (Illumina).

Histone chromatin immunoprecipitation (ChIP) sequencing—~0.5-1.5 million Thl
and Th2 cells cultured as indicated above were cross-linked for 10 min with 1%
formaldehyde and harvested in 100 ul detergent lysis shearing buffer (1% SDS, 10 mM
EDTA, 50 mM Tris-HCI, pH 8.0). Cells were sonicated (Bioruptor (Diagenode), 40 cycles,
30s on, 30s off, power H) and immuno-precipitated using antibodies recognizing H3K36me3
(ab9050, Abcam), H3K4mel (ab8895, Abcam), H3K27me3 (07-449, Millipore Sigma) or
H3K27Ac (ab4729. Abcam). ChIP was performed overnight at 4 °C using Protein A
Dynabeads (Thermo Fisher). Antibody-bound beads were washed twice with RIPA buffer,
twice with RIPA buffer containing 0.3M NaCl, twice with LiCl buffer (0.25 M LiCl, 0.5%
Igepal-630, 0.5% sodium deoxycholate), once with TE buffer (pH 8.0) containing 0.2%
Triton X-100, and once with TE buffer (pH 8.0). DNA was released by incubating the beads
at 65°C for 4 hrs in the presence of 0.3% SDS and 1 mg/mL Proteinase K. ChIP DNA was
purified by a DNA clean and concentrator column (Zymo research). 10 ng of ChiPed DNA
was subsequently used to prepare ChlP-Seq libraries by a combination of NEBNext library
prep kit (New England BioLabs) and Ovation SP Ultralow DR Multiplex system (Nugen)
following the manufacturer’s protocol. The libraries were sequenced for 50 cycles (single
read) using the HiSeq 2500 (Illumina). SICER (Zang et al., 2009) was used for peak calling
using mm9 as a reference genome.

CTCF and Tbet chromatin immunoprecipitation (ChIP) sequencing—210 million
Th1 and Th2 (for CTCF ChlIP only) cells cultured as indicated above were cross-linked for
10 min with 1% formaldehyde and harvested. Cells were lysed by sonication (Sonifier S-450
Digital Ultrasonic Cell Disruptor/Homogenizer, Branson Ultrasonics) in shearing buffer
(50mM Tris-HCI pH 7.6, 0.2% Triton X) and immuno-precipitated using a polyclonal rabbit
anti-mouse anti-CTCF antiserum (07-729, Millipore Sigma, 8 pl per assay). ChIP was
performed overnight at 4 °C using Protein A Dynabeads (Thermo Fisher). Antibody-bound
beads were washed twice with RIPA buffer, twice with RIPA buffer containing 0.3M NacCl,
twice with LiCl buffer (0.25 M LiCl, 0.5% Igepal-630, 0.5% sodium deoxycholate), once
with TE buffer (pH 8.0) containing 0.2% Triton X-100, and once with TE buffer (pH 8.0).
DNA was released by incubating the beads at 65°C for 4 hrs in the presence of 0.3% SDS
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and 1 mg/mL Proteinase K. ChlIP DNA was purified by a DNA clean and concentrator
column (Zymo research). 80 ng (for CTCF ChIP) or 10 ng (for Thet ChIP) of ChlPed DNA
was subsequently used to prepare ChlP-Seq libraries using Ovation SP Ultralow DR
Multiplex system (Nugen) following the manufacturer’s protocol. The libraries were
sequenced for 50 cycles (single read) using the HiSeq 3000 (Illumina). MACS1.4.2 (Zhang
et al., 2008)was used for peak calling using mm10 as a reference genome.

ATAC-Seq—ATAC-seq was performed according to a published protocol (Buenrostro et al.,
2013) with minor modification. Fifty thousand cells were pelleted and washed with 50 pl 1x
PBS, followed by treatment with 50 pl lysis buffer (10 mM Tris-HCI [pH 7.4], 10 mM NacCl,
3 mM MgCl,, 0.1% IGEPAL CA-630). After pelleting the nuclei by centrifuging at 500 x g
for 10 min, the pellets were re-suspended in a 40-pl transposition reaction with 2 pl Tn5
transposase (FC-121-1030; Illumina) to tag and fragmentalize accessible chromatin. The
reaction was incubated at 37°C with shaking at 300 rpm for 30 min. The fragmentalized
DNAs were then purified using a QIAGEN MinElute kit and amplified with 10 or 11 cycles
of PCR based on the amplification curve. Once the libraries were purified using a QIAGEN
PCR cleanup kit, they were further sequenced for 50 cycles (paired-end reads) on a HiSeq
2500.

Toxoplasma gondii infection—WT, /fng-as1 KO and /fng-as1 PolyA_KI mice were i.p.
infected with approximately 20 cysts of the avirulent ME49 strain of 7. gondii as described
previously (Jankovic et al., 2007). To check serum cytokine levels, mice were bled on day 8
post-infection. 8 weeks after the infection, the mice were euthanized and whole-brain
homogenates were used to count cysts in a blinded manner.

LCMV infection and cell sorting—For collection of LCMV Armstrong-infected mouse
samples, 2 x 103 P14 cells from a CD45.1*CD45.2~ P14 (LCMV-gp33 specific transgenic
TCR) donor mouse (CD45.2*, C57BL/6J background) were injected intravenously into
C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME). The next day, these mice were
injected intraperitoneally with 2 x 10° pfu of LCMV Armstrong. At day 8, terminal effector
cells (CD8*CD45.1*KLRB1*CD1277) and memory precursor cells
(CD8*CD45.1"KLRB1~CD127*) were isolated from spleens using FACS. Effector memory
cells (CD45.1*CD44*CD127*CD62L") and central memory cells
(CD45.1*CD44*CD127+*CD62L*) were collected by FACS from CD8* T cell enriched
splenocytes (using the Stemcell Mouse CD8* T cell isolation kit) 48 days after infection.
Naive cells (CD8*CD44-CD62L™") were collected from the spleens of LCMV-naive
CD45.1*CD45.2™ P14 mice (C57BL/6J background). Antibodies (clones) used for flow
sorting were: CD4 (GK1.5); CD19 (6D5); CD45.1 (A20); CD8 (53-6.7); CD127 (SB/199);
KLRG1 (2F1); CD62L (MEL-14); CD44 (IM7). Animal experiments were approved by the
Institutional Animal Care and Use Committee of Emory University.

QUANTIFICATION AND STATISTICAL ANALYSIS

RNA-seq Analysis—Raw sequencing data were processed with CASAVA 1.8.2 to
generate FastQ files. Sequence reads for RNA-seq were mapped onto the mouse genome
build mm9 using TopHat 2.1.0. Gene expression values (RPKM, reads per kilobase exon per
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million mapped reads) were calculated by Partek Genomics Suite (6.6/6.14.0514). BigWig
tracks were generated from Bam files and converted into Bedgraph format using
BEDTOOL. These were further reformatted with the UCSC tool bedGraphToBigWig. The
differential gene expression was calculated by Partek Genomics Suite (6.6/6.14.0514).

Differentially expressed genes were selected with following criteria (1) absolute RPKM > 1
in at least 1 condition, and (2) p value < 0.01 and (3) fold expression change > 2.

ATAC-seq analysis—ATAC-seq reads from two biological replicates for each sample
were mapped to the mouse genome (mm39 assembly) using Bowtie 0.12.8 (Langmead and
Salzberg, 2012). In all cases, redundant reads were removed using FastUniq (Xu et al., 2012)
and customized Python scripts were used to calculate the fragment length of each pair of
uniquely mapped paired-end (PE) reads. The fragment sizes distribute similar to previously
published data (data not shown). Regions of open chromatin were identified by MACS
(version 1.4.2) (Zhang et al., 2008) using a p-value threshold of 1 x 107°. Only regions
called in both replicates were used in downstream analysis. Peak intensities (“tags” column)
were normalized as tags per 10 million reads (RP10M) in the original library. Downstream
analysis was performed with the Hypergeometric Optimization of Motif EnRichment
program (HOMER) version 4.8 (Heinz et al., 2010) and R 3.0.1 (R Core Team, 2014).

Preprocessing and analysis of local Hi-C experiments—Juicer was used to
preprocess local Hi-C libraries (Durand et al., 2016). Raw ligation frequency matrices at the
resolution of 5 kb were extracted from the .hic files. We considered only chr10 in the
subsequent analyses. The data was imported to R using a custom script. A chromosome-
wide contact matrix suitable for normalization by balancing was created, as suggested in
(Sanborn et al., 2015). Briefly, we used published Hi-C data from Vian et al., 2018, (Vian et
al., 2018) to obtain the in-silico spike ins (Sins). The amount of Sins was estimated by
computing the median of the chromosome-wide per-bin coverage of the local Hi-C matrix at
the targeted region (/fng) in each local Hi-C sample. Next, the number of reads per bin pair
resulting in the final coverage of each of the 5 kb bin equal to Sins was sampled using Hi-C
map obtained in WT CH12 cells (excluding the targeted region from the procedure). This
matrix was normalized using Knight-Ruiz balancing algorithm with the juicebox pre —r
5000 command. We constructed these normalized matrices for each biological replicate
separately and also for the pooled library (in this case, the unnormalized ligation frequency
matrices for each replicate were first summed. Sins were next added and normalization
procedure was applied). At the final step of analysis, we first considered each biological
replicate separately. We compared the distributions of log2 (Mutant/wild type) Hi-C signals
in the two regions (Figure 4A, region | and region Il) for each of the samples separately.
After confirming reproducibility of the trend, in Figure 4, we used pooled normalized
matrices to derive the final estimates of the effect of the genetic manipulations on chromatin
topology at the /fng locus. To estimate the interaction bias of each bin, we inferred the
directionality index ((DI) (Dixon et al., 2012)), as implemented in Pekowska et al., 2018
(Pekowska et al., 2018). We considered the normalized interaction matrices at the resolution
of 5kh. To calculate the DI of bin /7, we computed the sum of the interactions of bin /within
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the window of 150 kb to the left and the sum of the interactions of bin /within the window
of 150 kb to the right.

Statistical analysis—Statistical significance was assessed with non-paired two-tailed
Student's t-test.

DATA AND SOFTWARE AVAILABILITY

Raw and analyzed data reported in this paper will be available via NCBI GEO (accession
number: GSE132531)
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Ifng-as1 regulates /fng expression locally, in cis without affecting other genes.
. Ifng-as1 gene locus, but not its non-coding transcript, impacts chromatin
organization.
. Ifng and /fng-as1 transcripts can be discordantly regulated in long-lasting

memory cells.
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Figure 1: Reduced Ifng expression in 1fng-asl KO Th1 cells and Ifng-asl KO NK cells
(A) Genome track view of the /fng locus showing RNA sequencing, H3K36 trimethylation,

H3K4 monomethylation, H3K27 trimethylation, H3K27 acetylation for WT Th1 and Th2
cells and Tbet binding for Th1l cells. (B)-(D) Naive T cells from WT mice or /fng-as1 KO
mice were isolated by FACS and cultured under Th1 (B)(C) or Th2 (D) polarization
conditions for up to 8 days. (B) IFN-y expression was analyzed by flow cytometry on day 6
of Thl culture. Shown are representative flow cytometry plots and cumulative data from
n=12 independent experiments. (C) /fng expression on day 6 of Thl culture was analyzed by
RT-gPCR and normalized to the expression of g-actin. (D) 1L-13 expression was analyzed
by flow cytometry at day 6 of Th2 culture. Shown are representative flow cytometry plots
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and cumulative data from n=12 independent experiments. (E) Splenocytes from WT mice or
Ifng-as1 KO mice were isolated and cultured in the presence of IL-12 and IL-2 for 6 hours.
IFN- -y expression in NKp46* NK cells was measured by flow cytometry. Shown are
representative flow cytometry plots and cumulative data from n=4 independent experiments.
(F) Volcano plot showing log2 fold changes in RNA expression between WT and /frng-as1
KO Th1 cells (d6 of culture) and their associated p-values. A gene was identified as
significantly changed (green dots) if the log2 fold change was greater than 2 and the p-value
less than 0.01. Box plots in (B), (D), and (E) show minimum, median and maximum. Graph
in (C) shows mean + sem. *p<0.05 **p<0.01 ***p<0.001. See also Figure S1 and S2.
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Figure 2: Reduced survival and higher parasitic cyst burden in Ifng-asl KO mice upon

Toxoplasma gondii infection

WT or /fng-as1 KO mice were infected with 25 cysts of T. gondii (ME49 strain). Shown are
pooled data from n=3 independent experiments. (A) Mice were monitored for survival. (B)
Serum IL-12 levels were measured on day 8 after infection. (C) Serum IFN-vy levels were
measured on day 8 after infection. (D) On day 60 of infection the number of parasitic cysts
in the brain of each mouse was counted. Graphs in (B)-(D) show mean * sem. *p<0.05

***n<0.001. See also Figure S3.
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Figure 3: Absence of Ifng-asl RNA leads to small reduction in Ifng expression and impaired
survival during Toxoplasma gondii infection

(A-C) Naive T cells from WT mice, /fng-as1 KO, and /fng-as1-PolyA KI mice were isolated
by FACS and cultured under Thl or Th2 polarization conditions for 6 days. (A)(B) IFN-y
was analyzed by flow cytometry. Shown are representative flow cytometry plots and
cumulative data from n=8 independent experiments. (C) /fng expression was analyzed by
RT-gPCR and normalized to the expression of g-actin. (D) WT mice, /fng-as1 KO mice, and
Ifng-as1-PolyA KI mice were infected with 25 cysts of T. gondii (ME49 strain) and
monitored for survival. (E) On day 60 of T. gondii infection the number of cysts per brain
was counted. Shown are pooled data from n=2 independent experiments. Box plots in (B)
show minimum, median and maximum. Graphs in (C) and (E) show mean * sem. *p<0.05
**p<0.01 ***p<0.001. See also Figure S4 and S5.
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Figure 4: Disturbed chromatin architecture at the extended |fng/Ifng-asl loci in Ifng-asl KO
Th1 cells

In vitro polarized Th1 cells (day 6 of culture) from WT mice and /fng-asZ KO mice were
subjected to local Hi-C targeting an approximately 1 Mb large sequence containing the /fng
and /fng-as1 loci. Shown are pooled data from n=4 independent experiments. (A)(B) Shown
are contact matrices, CTCF ChlIP-seq profiles and average directionality index values for the
extended /fng/Ifng-as1loci in WT (A) and /fng-as1 KO (B) Thl cells. Blue and red arrows
indicate orientation of CTCF sites. Blue and red numbers indicate distance of CTCF sites to
Ifng TSS. (C) Shown are contact matrices (ratio KO versus WT) and CTCF ChiP-seq
profiles. Arrows indicate CTCF binding site orientation. (D)(E) The interactions in the
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domain surrounding /fng (“1”) and in the one situated upstream (telomeric) of /fng-as1 (“11”)
were quantified by local Hi-C. For both regions, the per-bin log2 ratios were computed. The
significance of the deviation of the above derived ratios from 0 was evaluated with a two-
sided t-test. See also Figure S6
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Figure 5: Extent of local chromatin interactions does not depend on locus accessibility and
CTCF binding at the extended 1fng/lIfng-asl loci

(A)(B) Looping interactions within the /fng/lfng-as1 loci were analyzed by 3C between the
+66 kb (66 kb downstream of /fng TSS) Hindlll fragment as anchor (shown in violet) and
different fragments positioned at increasing distances from the anchor. Shown are
representative data from n=3 independent experiments using Thl cells (A) or Th2 cells (B).
Dashed lines indicate deleted DNA fragment in /fng-as1 KO cells. (C) ATAC sequencing
profiles comparing WT and /fng-asZ KO Thl and Th2 cells. Shown are representative tracks
from n=2 independent experiments (D) ATAC sequencing profiles for WT and /fng-asi-
PolyA KI Thl and Th2 cells. Shown are representative tracks from n=2 independent
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experiments. 26 ATAC peaks (indicated in red) were called in a 340 kb region encompassing
Ifng and /fng-as1. (E) Statistical significance (p-values) of peak calling between WT and
Ifng-as1-PolyA K1 Th1l ATAC sequencing samples (F) Genomic tracks of CTCF binding
comparing Thl and Th2 cells (day 6 of culture) isolated from WT and /fng-asZ KO mice and
Ifng-as1-PolyA KI mice. Shown are representative tracks from n=2 independent
experiments. See also Table T1.
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Figure 6: 1fng-asl expression is suppressed by TCR stimulation but maintained in long-lived
memory cells in the absence of antigen stimulation.

(A)-(D) Naive T cells from WT mice were isolated by FACS and cultured under Thl
polarization conditions for up to 6 days. /fngand /fng-as1 expression was analyzed by RT-
gPCR and normalized to the expression of B-actin. Shown are representative graphs from
n=2 independent experiments. Graphs show mean * sem. (A) /fngand /fng-as1 expression
on day 3 and on day 6 of culture. (B) aCD3/aCD28 stimulation was withdrawn at different
time points of culture, followed by 24 hours of resting. Expression of /fng (top panel) and
Ifng-as1 (bottom panel) for indicated conditions was analyzed by RT-gPCR and normalized
to the expression of g-actin. (C) Cells were stimulated under Th1 polarizing conditions for 2
days. Afterwards cells were cultured in IL-12-containing medium in the presence or absence
of aCD3 or aCD28 stimulation for an additional period of 24 hours. (D) Cells were
stimulated without cytokines or in the presence of IL-12 or IL-12 and IL-18 for 6 days. (E)
Effector memory cells (Tgp, CD47CD25-CD44*CD62L ") or central memory cells (Tem,
CD4*CD25-CD44*CD62L*) were isolated from WT mice. 76x21, Ifng, and /fng-asl
expression was analyzed by RT-qPCR and normalized to the expression of g-actin. Shown
are representative data from n=3 independent experiments. Graphs show mean + sem. (F)
CD45.1*CD45.2~ P14 cells (LCMV-gp33 specific transgenic TCR, CD45.1*) were injected
intravenously into CD45.2" WT mice. The next day, these mice were challenged with 2 x
10° pfu of LCMV Armstrong. At day 8, terminal effector cells
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(CD8*CD45.1*KLRB1*CD1277) and memory precursor cells (CD8*CD45.1*KLRB1~
CD127%) were isolated from spleens using FACS. Effector memory cells
(CD45.1*CD44*CD127+*CD62L") and central memory cells
(CD45.17CD44*CD127+*CD62L*) were collected by FACS from CD8" T cell enriched
splenocytes 48 days after infection from splenic CD8* fractions. Naive cells
(CD8*CD44-CD62L™") were independently collected from the spleens LCMV-naive
CD45.17CD45.2™ P14 mice. /fngand /fing-as1 expression was analyzed by RNA
sequencing. (G) Expression of /FNG and /FNG-ASI in naive and A2-NS4B214 tetramer*
effector (day 14, day 28) and long-term memory CD8* T cells in human samples (see
PMID: 29236685 for further details). (H) /fngand /fng-as expression was analyzed by RT-
gPCR in effector memory cells (Tgy, CD4*CD25"CD447CD62L") and central memory
cells (Tcm, CD4YCD25-CD44*CD62L") from WT mice, /fng-as1 KO mice, and /fng-asi-
PolyA KI mice. Shown are representative graphs from n=3 independent experiments. Graphs
show mean £ sem. *p<0.05 **p<0.01 ***p<0.001.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

APC anti-mouse IFN-y BD 554413
BV421 anti-mouse NKp46 Biolegend 137611
Alexa Fluor 488 anti-mouse Thet BD 651266

PE anti-mouse CD44 BD 553134
APC anti-mouse CD62L ThermoFisher 17-0621-83
CTCF Millipore 07-729
H3K36me3 Abcam ab9050
H3K4mel Abcam Ab8895
H3K27me3 Millipore 07-449
H3K27Ac Abcam Ab4729
Thet Santa Cruz Sc-21003
Anti-IFN-y (neutralizing) BioXCell BEO0055

Bacterial and Virus Strains

Toxoplasma gondii

Jankovic et al., 2007

N/A, generated in house

LCMV Armstrong

Araki et al., 2017

N/A, generated in house

Biological Samples

N/A

Chemicals, Peptides, and Recombinant Proteins

Recombinant mouse 1L-12 R&D systems 419-ML-010
Anti-CD3 BioXCell BEO0001-1
Anti-CD28 BioXCell BEO0087
Antisense LNA GapmerR Qiagen 339511
Critical Commercial Assays

Nugen Ovation Ultralow Library System V2 Nugen 0344NB-32

NEXTflex DNA Barcodes (for Hi-C sequencing)

Bioo Scientific

NOVA-514102

Deposited Data

Raw and analyzed data

This paper

ChlIP Seq (K4mel, K27Ac, Thet, related to Figure 1)

lwata et al., 2016

GEO: GSE96724

ChIP Seq (K27me3, K36me3, related to Figure 1)

Wei et al., 2010

GEO: GSE22104

RNA Seq (human YFV-specific CD8 T cells, related to
Figure 6)

Akondy et al., 2017

GEO: GSE100745
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental Models: Cell Lines

N/A

Experimental Models: Organisms/Strains

C57BL/6J The Jackson Laboratory #000664

B6 (Cg)-Rag2tm1.1Cgn/J (Rag2-/-) The Jackson Laboratory #008448
NeST KO This paper

NeST-PolyA KI This paper

Oligonucleotides

Tagman Assay Actb

ThermoFisher

MmO00607939_s1

Tagman Assay Ifng

ThermoFisher

Mm01168134_m1

Tagman Custom Assay NeST

ThermoFisher

AIAAYT7C

For 3C primers see Table 1

Recombinant DNA

N/A

Software and Algorithms

TopHat 2.1.0 Trapnell et al., 2012 https://ccb.jhu.edu/software/tophat/index.shtml
bedtools Quinlan and Hall, 2010 http://bedtools.readthedocs.io/en/latest/
Bowtie 0.12.8 Langmead et al., 2009 http://bowtie-bio.sourceforge.net/index.shtml
FastUniq Xu et al., 2012 https://sourceforge.net/projects/fastuniq/

MACS (version 1.4.2)

Zhang et al., 2008

http://liulab.dfci.harvard.edu/MACS/index.html

R3.0.1

R Core Team, 2014

https://www.r-project.org

The Integrative Genomics Viewer (IGV)

Thorvaldsdottir et al., 2013

http://software.broadinstitute.org/software/igv/

Partek Genomics Suite

Partek

http://www.partek.com/pgs

Juicer Durand et al., 2016 https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC5846465/

Other

N/A
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