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Abstract

Interleukin 1P is a pro-inflammatory cytokine important for both normal immune responses and
chronic inflammatory diseases. The regulation of the 31 kDa prolL-1f precursor coded by the

/L 1B gene has been extensively studied in myeloid cells, but not in lymphoid-derived CD4 T cells.
Surprisingly, we found that some CD4 T cell subsets express higher levels of prolL-1p than
unstimulated monocytes, despite relatively low /L 78 mRNA levels. We observed a significant
increase in /L 1B transcription and translation in CD4 T cells upon ex vivo CD3/CD28 activation,
and a similar elevation in the CCR5+ effector memory population compared to CCR5- T cells /n
vivo. The rapid and vigorous increase in /L 1B gene transcription for stimulated monocytes has
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previously been associated with the presence of Spi-1/PU.1 (Spil), a myeloid-lineage transcription
factor, pre-bound to the promoter. In the case of CD4 T cells, this increase occurred despite the
lack of detectable Spil at the /L 18 promoter. Additionally, we found altered epigenetic regulation
of the /L1Blocus in CD3/CD28-activated CD4 T cells. Unlike monocytes, activated CD4 T cells
possess bivalent H3K4me3+/H3K27me3+ nucleosome marks at the /L 1B promoter, reflecting low
transcriptional activity. These results support a model in which the /LB gene in CD4 T cells is
transcribed from a low-activity bivalent promoter independent of Spil. Accumulated cytoplasmic
prolL-1p may ultimately be cleaved to mature 17 kDa bioactive IL-1, regulating T cell
polarization and pathogenic chronic inflammation.
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1. Introduction

ProlL-1p, the interleukin 1p protein precursor, is encoded by the /LB gene within an /L1
family gene cluster located on human chromosome 2. ProlL-1 is principally produced by
activated monocytes/macrophages. These cells become activated by pathogen-associated
molecule patterns (PAMPS) recognized by pattern recognition receptors (PRRs), and/or
secondary damage signals (DAMPs, danger-associated molecular patterns)[1, 2]. Following
activation, prolL-1p is synthesized as a precursor protein with very low biological activity. It
is then processed into highly active mature IL-1p, either intracellularly by the caspase-1
inflammasome or extracellularly by other proteases[3-5]. Most of our current understanding
of /L1Btranscriptional and translational regulation stems from studies of myeloidlineage
cells. /L1B gene expression has not extensively been examined in lymphoid cells.

Spi-1/PU.1 (Spil) is a transcription factor involved in genome-wide development and
maintenance of cells in the macrophage lineage[6]. Spil often associates with inducible
transcription factors, such as NFxB and C/EBP, on lipopolysaccharide (LPS)-responsive
promoters and enhancers in human and murine macrophages[7, 8]. In the monocyte/
macrophage lineage, Spil constitutively binds to the /L 1B promoter at two distinct sites
located between —50 to —39 and —115 to —97 relative to the transcription start site[9, 10]. In
non-myeloid cells, its ectopic expression can result in /L 1B transcription in the presence of
an activation signal for NF-xB and C/EBPB[9-11]. Additionally, Spil can act as a “pioneer
factor”, binding nucleosome-occluded DNA and facilitating chromatin accessibility for LPS-
responsive transcription factors in activated monocytes[12, 13]. Further, it directly recruits
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TATA-binding protein (TBP), which is involved in forming the pre-initiation complex (PIC)
that helps to recruit RNA Polymerase Il (Pol 1) to gene promoters[9, 14].

IL-1p is expressed at extremely high levels in myeloid-derived cells in response to microbial
invasion and tissue injury[9]. Although activated monocytes are a major source of IL-1p;
NK cells, B cells, dendritic cells, fibroblasts, and epithelial cells also express this protein,
but at much lower levels[15]. ProlL-1f has been previously detected in human lymphoid
CD4 T cells expressing chemokine receptor 5 (CCR5+)[16]. This prolL-1p can be cleaved
and released as highly active mature IL-1p following abortive HIV infection. Recent reports
have further shown that stimulation of the T cell antigen-receptor (TCR), when combined
with varied co-stimulation can induce the production of prolL-1f in CD4 T cells.
Specifically, mouse CD4 T cells that were TCR-activated /n vitro by CD3/CD28
crosslinking were found to produce prolL-1p mRNA and protein[17]. Human CD4 T cells
also produced high levels of prolL-1p when CD3 stimulation was combined with anti-CD46
complement receptor activation[18]. This study further showed that NLRP3 inflammasome
activation in these cells caused cleavage of prolL-1p to highly bioactive mature IL-1p form,
supporting polarization of type-1 T-helper cells in an autocrine manner [18]. While these
studies highlight the biologic importance of lymphocyte-derived IL-1p, little is known about
the regulation of the /LB gene in CD4 T cells.

As stated above, /L 1B transcription depends on the Spil transcription factor, which is highly
expressed in monocytes. However, it is not known whether prolL-1f expression depends on
Spilin CDA4 T cells. The status of /L1B gene transcription and its epigenetic landscape in
lymphoid CD4 T cells is also unknown. Thus, we set out to measure the regulation of /L1B
in lymphoid-derived CD4 T cells, including Pol 1l and Spil engagement and specific
epigenetic marks on /L1B chromatin, in both ex vivo CD3/CD28-activated CD4 T cells and
in vivo differentiated memory CCR5+ CD4 T cells isolated from human lymph nodes.

2. Materials and Methods

2.1. Cell Culture, Reagents and Treatment Conditions

Cell lines were obtained from American Type Culture Collection (ATCC). THP-1 cells were
cultured in RPMI media (Cellgro) supplemented with 10% heat-inactivated fetal bovine
serum (Hyclone), 1% Penicillin/Streptomycin Solution (Cellgro) and 500 pl of 2-
mercaptoethanol (Invitrogen). HEK293 cells were grown in EMEM (Cellgro) containing
10% heat-inactivated fetal bovine serum and 1% Penicillin/Streptomycin Solution. In
mRNA and ChIP analysis, THP-1 cells were stimulated with 1ug/ml of £.co/i055:B5
Lipopolysaccharide (LPS) (L2880, Sigma-Aldrich) for 1.5 hours. Human tonsils were
obtained from the Cooperative Human Tissue Network and processed as previously
described[16, 19]. Briefly, single cell suspensions were prepared and purified by density
gradient-centrifugation with FicollPaque Hypaque (GE Healthcare Life Sciences). CD4 T
cells were enriched by negative selection using EasySep Human CD4+ T Cell Enrichment
Kits (STEMCELL Technologies), per the manufacturer’s protocol. Following isolation, cells
were cultured in RPMI (Gibco), plus 10% heat-inactivated FBS (Atlas) and 1X Penicillin/
Streptomycin/L-Glutamine (Gibco). For CD3/CD28 stimulation, antiCD3/CD28 magnetic
beads (Dynabeads, Thermo Fisher Scientific) were added at a ratio of one bead per cell. Ex
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vivo anti-CD3/CD28 treatment of CD4 T cells results in antigen-independent activation of
the CD3 T cell receptor and the CD28 co-receptor. This is in contrast to normal /in vivo
activation involving cellular presentation of antigen by major histocompatibility complex Il
to the T cell receptor complex, in the context of costimulatory and cytokine signals.

2.2. Cell Sorting and Flow Cytometric Analysis

Human tonsils were obtained from the Cooperative Human Tissue Network and processed as
previously described[16, 19]. These tissue specimens are de-identified before receipt by the
laboratory, and have been classified exempt from human subjects research by the Human
Research Protection Program Institutional Review Board of the University of California, San
Francisco. Briefly, single cell suspensions were prepared and purified by density gradient-
centrifugation with Ficoll-Paque Hypaque (GE Healthcare Life Sciences). For ChIP
analyses, CD4 T cells were isolated from HLAC by positive selection using CD4
microbeads (Miltenyi) per manufacturer’s protocol. Isolated CD4 T cells were stained with
APCCD4, APC/Cy7-CD3, and PE-CCR5 (clone 2D7/CCR5) (BD Biosciences) on ice for 3
hours. Stained cells were sorted using FACSAriall (BD Biosciences) to isolate
CD3+CD4+CCR5+, and CD3+CD4+CCR5- T cell populations. For ChIP analyses the
sorted cells were cross-linked immediately with 1% formaldehyde (as described below) and
pellets were stored at =80 °C. For mRNA analyses cells were lysed in TRIzol (Invitrogen).
For protein analyses, CD4 T cells were enriched by negative selection using EasySep
Human CD4+ T Cell Enrichment Kits (STEMCELL Technologies), per the manufacturer’s
protocol. The CD4 T cells were labelled on ice for 30 minutes with APC/Cy7-CD3, PE/Cy7-
CD4, and Brilliant Violet 421-CCR5 (BioLegend). The cells were then FACS sorted as
above. Sorted cells were lysed with RIPA buffer: 50mM Tris (Sigma), 150 mM NaCl
(Sigma), 0.1% SDS (BioRad), 0.5% sodium deoxycholate (Sigma), 1% Triton X100
(Sigma), and Complete protease inhibitor (Roche), and the lysates were frozen at -80°C.

2.3. Western Blot Analysis

Cell lysates prepared as above were loaded in 4-12% Bis-Tris NUPAGE gels (ThermoFisher)
for gel electrophoresis and transferred to PVDF membrane (EMD Millipore). Membranes
were blocked for 1 hour at room temperature in blocking buffer: PBS + 0.05% Tween20
(Sigma) + 5% non-fat dry milk (BioRad). Primary antibodies were diluted in blocking buffer
and incubated overnight at 4°C. ProlL-1b was detected by a C-terminal-reactive mAb at 1
pg/mL (mAb 201, R&D Systems). Blots were washed and probed with secondary Goat
Anti-Mouse 1gG, Human ads-HRP (SouthernBiotech), diluted 1:20,000 in PBS + 0.05%
Tween20 + 5% bovine serum albumin (Axenia BioLogix) for 2 hours at room temperature.
HRP was detected using Western Lightning ECL Pro Enhanced Luminal Reagent
(PerkinElmer) and Hyperfilm ECL (GE/Amersham).

2.4, mRNA Expression Analysis

1x10% THP-1 and HEK293 cells were plated into 6-well plates (Thermo Fisher). Following
the LPS treatments, cells were pelleted and supernatant was removed. The cell pellet was re-
suspended in 500 pl of TRIzol reagent (Invitrogen). For ex vivo differentiation experiments,
naive or anti-CD3/CD28-treated T cells were cultured for 3 days, counted, and 5x10° cells
were resuspended in 500 pL of TRIzol reagent. For /n vivo analyses, T cells were sorted, as
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described above, and 5x108 CCR5- cells and 2x108 CCR5+ cells were immediately
resuspended in 500 pl of TRIzol reagent. Following the addition of 170 ul of Chloroform
(Fisher), the samples were vortexed well and incubated at room temperature for 15 minutes.
Then, the samples were centrifuged at 13200 RPM for 15 minutes at 4°C. Aqueous layer
was transferred into a fresh tube and combined with 500 ul of isopropanol (Fisher) and 1 pl
of Glycogen (Ambion). The samples were incubated at room temperature for 10 minutes and
then centrifuged at 13200 RPM for 10 minutes at 4°C. The RNA pellets were washed with
500 ul of 75% Ethanol (Pharmaco-AAPER) and centrifuged for 10 min in room temperature
at 14000 RPM. Then, the ethanol was aspirated and the pellets were allowed to air-dry for
10-15 minutes. Air-dried pellets were re-suspended in 25 ul of DEPCtreated water
(Ambion). The samples were incubated at 65°C for 10 minutes and subjected to DNAse
treatments using Turbo DNA-free reagents (Ambion) according to the manufacturer
instructions in order to eliminate genomic DNA contamination. RNA concentration, 260/280
and 260/230 values were measured using NanoDrop 1000 spectrophotometer (Thermo
Fisher). mRNA was converted into cDNA using GoScript Reverse Transcription System
(A5001, Promega). cDNA was analyzed using quantitative PCR (QPCR) carried out in a
StepOnePlus Applied Biosystems Real Time Instrument (Thermo Fisher). Relative
expression levels were calculated using ACt method. Primer Sequences used for mMRNA
analysis are indicated in Table 1A.

2.5. Chromatin Immuno-precipitation (ChIP)

ChIP was performed using a modification of the Millipore/Upstate protocol
(MCPROTO407). In brief, a total of 1x107 THP-1 monocytes, 2.5x107 naive CD4 T cells,
2.5x107 CD3/CD28-activated CD4 T cells, 5.9x107 CCR5- CD4 T cells and 1.58x107
CCR5+ CD4 T cells were fixed in 1% formaldehyde (Fisher) for 10 min at room
temperature. Cross-linking was inhibited by addition of glycine to a final concentration
0.125 M. Cell pellets were washed twice with ice cold PBS and resuspended in SDS Lysis
Buffer (1% SDS, 10 mM EDTA, 50 mM Tris, pH 8.1) supplemented with Protease inhibitor
cocktail (Sigma) and 1mM phenylmethylsulfonyl fluoride (PMSF, Fluka). Samples were
sonicated (to generate DNA fragments of 250 base pairs (bp) average length) on ice using a
Fisher Scientific Sonic Dismembrator (Model 100), as follows: 15%25 strokes at 100%
power followed by 3x25 stokes at 50% power and centrifuged at 12000 RPM for 10 min.
Chromatin was diluted 7-fold in ChIP Dilution Buffer (0.01% SDS, 1.1% Triton X-100, 1.2
mM EDTA, 16.7 mM Tris-HCI, pH8.1, 167 mM NaCl. Total equivalence of 3x10° cells was
used for Pol Il and Spil pull downs for both ex vivoand in vivo CD3/CD28-activated T
cells. For histone modifications ChIP analyses, 3x106 cells were used for ex vivo whereas
1.5x10°% cells were used for i vivo CD3/CD28-activated CD4 T cells. Supernatants were
incubated at 4°C overnight with Santa Cruz antibodies Pol 11 (sc-899x), PU.1 (sc-352x),
control 1gG (sc2027x); Active Motif antibodies H3K9ac (61251), H3K4me3 (39915),
H3K27me3 (39155), H3K36me3 (61101) and Cell Signaling Technology antibody Histone 3
(9715S). Aliquots for INPUT and nonspecific 1gG control samples were included with each
experiment. Samples were precipitated using 25 pl of Magna ChIP Protein A+G Magnetic
beads, at 4°C for 3 hours, and subsequently washed with following solutions: once with
Low-Salt Buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20 mM TrisHCI, pH 8.1, 150
mM NacCl), once with High-Salt Buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20 mM
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Tris-HCI, pH 8.1, 550 mM NaCl), once with LiCl Wash Buffer (0.25 M LiCl, 1% IGEPAL-
CA630, 1% deoxycholic acid, 1mM EDTA, 10 mM Tris, pH 8.1), and twice with TE Buffer
(10 mM Tris-HCI, 1 mM EDTA, pH 8.0). Immunocomplexes were eluted for 4 hours at
65°C with 200 pl of ChIP Elution Buffer (1% SDS, 0.1M NaHCO3). To reverse the cross-
linking, eluted samples were treated with 10 pul of 5 M NaCl and subsequently incubated at
65°C for >4 hours. DNA was purified using a GeneJET PCR Purification kit (K0702,
Thermo Scientific). Primer Sequences used for ChlP analysis are indicated in Table 1B. The
size of the PCR products ranges between 80 and 150 bp. Twenty micro liter gPCR reactions
containing 2x Maxima SYBR Green/ROX qPCR Master Mix (Thermo Scientific), 250 nM
of primers, and 3 pl of precipitated DNA were set up in Fast 96-Well Reaction Plates
(Applied Biosystems). gPCR reactions were carried out in a StepOnePlus Applied
Biosystems Real Time Instrument. Fold enrichment was calculated based on Ct as 2(ACD),
where ACt = (Ct jnpyt — Ct jp). Final enrichment values were adjusted by subtraction of the
nonspecific 1gG antibody binding.

3. Results

3.1. Human lymphoid T cells express prolL-1p after T cell antigen-receptor activation.

To better understand the process of prolL-1f expression in lymphoid CD4 tonsillar T cells,
antiCD3/CD28 beads were used in order to stimulate the T cell antigen receptors. After three
days of activation, /L1B mRNA significantly increased in the ex vivo-activated tonsillar
CDAT cells, as compared to unstimulated T cells and the THP-1 human monocytic cell line,
a well-studied benchmark population for /L 1B gene expression, as well as the negative
control human kidney epithelial HEK293 (Fig. 1A). The mRNA Kinetic profile for /L1B
revealed highest transcription after 3 days following the CD3/CD28 activation
(Supplementary Fig. 1A). However, LPS-treated THP-1 cells expressed approximately
500fold more /L1B mRNA than the 3-day CD3/CD28 activated CD4 T cells. Of note, the
level of SP/Z mRNA, which encodes Spil, a myeloid-lineage transcription factor required
for vigorous /L 1B gene expression in activated monocytes[9], was slightly increased
following the activation of CD3/CD28 on CD4 T cells (Fig. 1B, Supplementary Fig. 1B),
although Spil protein was undetectable (Fig. 1C). By contrast, THP-1 monocytes expressed
high levels of constitutive SP/Z mRNA and protein, which did not increase after LPS
treatment.

Western blot analysis revealed that CD3/CD28 activated T cells expressed significantly
higher levels of prolL-1p compared to their unstimulated counterparts (Fig. 1C).
Importantly, unstimulated THP-1 monocytes did not express prolL-1f protein (Fig. 1C). As
expected, CD4 T cells expressed much lower levels of prolL-1p protein than LPS-treated
THP-1 monocytes. Together, these results demonstrate that antigen receptor stimulation of
human CD4 lymphocytes can induce de novo expression of /L1B gene transcription and
protein synthesis. Flow cytometry analysis for prolL-1p revealed maximal protein after 3
days of CD3/CD28 activation with significant increase in induction over naive T cells after 1
day of activation (Supplementary Fig. 2D). This flow cytometry analysis also revealed that
increase in prolL-1f production in activated CD4 T cells is likely from majority of the T
cells expressing the protein at low levels and not from few high producers (Supplementary
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Fig. 2E). Interestingly, among the CD3/CD28 activated T cells, prolL-1 is produced by
both CCR5+ and CCR5- cells (Supplementary Fig. 2F).

Previous work has shown that CCR5+ cells express prolL-1f protein, which can be cleaved
and released during pyroptotic cell death[16]. /n vivo CCR5+ CD4 T cells are
predominantly effector memory cells, expanded from previous antigen-mediated activation.
Lymphoid-derived CCR5+ and CCR5- CD4 T cells were purified from fresh human tonsil
tissue by sequential magnetic and flow sorting (Fig. 2A). All preparations of these cells were
completely devoid of monocytes (Supplementary Fig. 2A). Cells from six donors were
combined and compared with negative control HEK293 cells, as well as both unstimulated
and LPS-stimulated THP-1 cells. /18 mRNA was approximately 15-fold higher in CCR5+
CD4 T cells than their CCR5- counterparts (Fig. 2B). Interestingly, /LB mRNA was much
lower in CCR5+ T cells than unstimulated THP-1 monocytes, which express measurable
levels of /L1B mRNAJ20]. SP/Z mRNA was also slightly higher in CCR5+ cells than in
CCR5- T cells (Fig. 2C). As previously described[9], THP-1 monocytic cells expressed high
levels of constitutive SP/Z mRNA, independent of LPS stimulation. Western blot analysis
revealed that CCR5+ T cells expressed higher levels of prolL-1p protein than CCR5- T
cells, unstimulated THP-1, and HEK293 cells (Fig. 2D). Anticipating that LPStreated THP-1
cells would produce high levels of prolL-1p protein, lysate for this positive control was
loaded at one-tenth of that used for all other samples. This revealed an intense band for
prolL-1p protein at ~31 kDa for LPS-treated THP-1. Again, prolL-1p protein was
completely undetectable in unstimulated THP-1 cells, but was present in CCR5+ CD4 T
cells (Fig. 2D). This result contrasts with the 25-fold greater abundance of /LZB mRNA in
unstimulated THP-1 compared to CCR5+ T cells (Fig. 2B), reflecting different mechanisms
of post-transcriptional regulation of /LZB mRNA between these two cell types.

3.2. Spilis not a detectable regulator of IL1B gene transcription in activated T cells.

To further understand de novo transcription of /L 1B after CD3/CD28 activation of CD4 T
cells, the presence of Pol Il and Spil on the /L1B gene was investigated using chromatin
immunoprecipitation-quantitative PCR (ChIP-qPCR). Amplicons for chromatin
immunoprecipitation (ChlP) were designed to span the /L 18 promoter and structural gene in
order to measure the enrichment profile for Pol 11 and Spil, as previously described[9] (Fig.
3A). We found that RNA Polymerase Il (Pol 1) on the /L1B gene in ex vivo CD3/CD28-
activated T cells was significantly enriched at the promoter and throughout the gene body,
compared with unstimulated CD4 T cells (Fig. 3B). Pol Il engagement was not detected on
the /L1B gene in negative control HEK293 cells. As expected, LPS-treated THP-1
monocytes had the highest levels of Pol 11 at both the promoter and throughout the body of
the gene.

In monocytes, Spil constitutively binds at the /L 1B promoter and is required for
transcription[9]. Because SP/Z mRNA was slightly up-regulated in CD4 T cells after ex vivo
CD3/CD28 activation, Spil protein engagement at the /L 1B promoter was measured. Spil
protein was not enriched at the promoter region of /LB in either CD3/CD28-activated or
CCR5+ CD4 T cells, when compared to the body of the gene (Fig. 3C, Supplementary Fig.
4C). This is supported by the lack of detectable Spil protein in T cells (Fig. 1C). Spil was
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also not significantly enriched at the promoter in /L 1B-refractory HEK293 cells. However,
Spil was more abundant at the promoter of LPS-stimulated THP-1 cells than at the
downstream gene body (Fig. 3C). Histone H3 ChIP nucleosome profiles were also generated
for the /L 1B promoter in activated CD4 T cells and compared to those of THP-1 cells,
Hut102 T cells, and HEK?293 cells from our previous work[9]. These revealed that both
unstimulated and stimulated primary T cells, like HEK293 and Hut102 T cells, possess a
nucleosome positioned over the Spil binding site, supporting a Spil-independent model for
/L 1B gene transcription in CD4 T cells (Fig. 3D).

3.3. IL1B is transcribed from a bivalent H3K4me3/H3K27me3 promoter in CD3/CD28-
activated T cells.

The ex vivo CD3/CD28-activated lymphoid CD4 T cells were examined for the presence of
chromatin marks that correlate with either permissive/active or repressed/inactive genes at
the /L 1B locus. Specifically, H3K4me3 and H3K9ac at promoter-proximal regions are
generally associated with actively transcribed genes[21], whereas H3K27me3 is generally
associated with inactive genes[22]. Additionally, H3K36me3 located at downstream regions
of genes is generally associated with active transcript elongation by Pol 11[23].

Following ex vivo CD3/CD28 activation, the H3K9ac and H3K4me3 marks significantly
increased (Fig. 4A and B), consistent with transcriptional activity. The H3K27me3
repressive mark only slightly decreased (Fig. 4C), while the H3K36me3 mark increased
along the length of the gene, indicating ongoing transcription (Fig. 4D). However,
comparing these /L 1B histone modifications to those of constitutively expressed
“housekeeping” HISTH4K gene in the same cells, the activating H3K9ac and H3K4me3
marks were approximately 2- and 4-fold lower, respectively, on /L1Bthan HISTH4K (Fig.
4F and G). Also, the repressive H3K27me3 mark is 10 to 12-fold higher on /L1Bin
activated T cells than on H/STH4K in the same cells (Fig. 4H). Together, these findings of
intermediate levels for both activating and inhibitory marks support a “bivalent” status for
the /L1B promoter in CD4 lymphocytes following activation.

The epigenetic status of the /LB gene in CCR5+ and CCR5- CD4 T cells was also
investigated; revealing a slightly enriched H3K9 acetylation at the /L1B promoter in CCR5+
CDAT cells (Supplementary Fig. 4F). Both active H3K4me3 and repressive H3K27me3
were also enriched in CCR5+ CD4 T cells (Supplementary Fig. 4G and H), a characteristic
of low-activity bivalent promoters[24]. In contrast, CCR5- CD4 T cells exhibited the
H3K27me3, but not the active H3K4me3 mark at the /L 1B promoter. Histone H3K36me3
was not significantly different on /LZBin either CCR5+ or CCR5- populations
(Supplementary Fig. 41). The control “housekeeping” H/ST1H4K gene for both activated
CCR5+ and naive CCR5- cells revealed a promoter signature characteristic of actively
expressed genes (H3K4me3*/H3K27me3-oW), with CCR5- revealing higher levels of
H3K4me3 than CCR5+ (Supplementary Fig. 4G and H). Histone H3K36me3 revealed the
classic increase of gene body over promoter at the transcriptionally active HIST1H4K gene
(Supplementary Fig. 41).
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4. Discussion

Recent findings of prolL-1p production and functionality in CD4 T cells highlight the
importance of lymphocyte-derived IL-1p, a previously unappreciated phenomenon. We set
out to investigate the regulation of the /L 1B gene expression in CD4 T cells, as previous
reports have all focused on these processes in myeloid-lineage cells. In the absence of
stimulation, low-level /L1B transcription in resting monocytic cells does not result in IL-18
protein expression because of a specific post-transcriptional translation blockade[20] (Fig.
1). LPS-TLR-stimulation of THP-1 cells causes a massive increase in /L1B transcription,
overcoming the post-transcriptional block, resulting in abundant translation of prolL-1p. By
contrast, the vast majority of unstimulated lymphoid CD4 T cells have little or no /L1B
transcription, while TCR activation causes de novo transcription and translation of /L1Bto
prolL-1p (Fig. 1A and C, Supplementary Fig. 1A). It is important to note that the low
expression of prolL-1f protein in CD4 T cells is not from few high producers but from
majority of the activated cells expressing the protein at low levels (Supplementary Fig. 2E).
Interestingly, both CCR5+ and CCR5- CD4 T cells are expressing prolL-1p after 3 days of
CD3/CD28 activation. Thus, it is likely that prolL-1p expression is induced independently
of CCR5, following TCR activation.

Previous studies demonstrated that vigorous /L 1B transcription in activated monocytes has
an absolute requirement for the myeloid lineage-determining Spil transcription factor[9].
Although Spil is expressed in early stage, pre-commitment (CD4/8 double-negative)
thymocytes, it is lost in CD4/8 double-positive and single-positive naive T cells[25]. Spil
can be re-expressed in polarized Th2[26] and Th9[27] cells, suggesting that it may play a
role in the regulation of /L 1B gene expression following activation of CD4 T cells.
Accordingly, we sought to compare the status of Spil involvement in /L1B gene
transcription for activated CD4 T cells. Although, a slightly higher level of SP/1 mRNA was
observed in activated T cells, when compared to resting T cells and HEK293 cells, Spil
protein was not detected in any of these cells (Fig. 1C). Consistent with the role of Spil as a
required monocyte-macrophage lineage commitment factor for /L 1B transcription[9], its
basal expression in both unstimulated and LPS-treated THP-1 monocytes were very high
when compared to HEK293 and CD4 T cells. The very low level of prolL-1 protein in
activated T cells, as compared to LPS-treated THP-1 monocytes, suggested a potentially
distinct mechanism for /L 1B gene transcription in T cells. The significant increase of Pol Il
at the promoter and body of the /L1B gene in activated T cells revealed by ChIP-qPCR
provides further support for de novo /L 1B transcription following TCR activation (Fig. 2B).
Consistent with the mRNA observations, this level of Pol Il engagement at the /L 1B gene is
much lower than that observed on LPStreated THP-1 cells, resulting in significantly lower
/L 1B gene transcription in T cells than in activated monocytes. Additionally, Spil ChiIP did
not reveal enrichment at the /L 1B promoter in activated T cells, arguing that transcription of
/L1Bin lymphocytes is Spil-independent. This result is in striking contrast to monocytes,
for which /L 1B gene expression is absolutely dependent on Spil and THP-1 cells exhibit a
robust constitutive presence of Spil at the canonical DNA recognition site on the /L 1B
promoter[9] (Fig. 2C).
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Additionally, the /L1B promoter in both unstimulated and activated T cells reveals strong
nucleosome enrichment positioned directly over the Spil DNA binding site (Fig. 3D),
consistent with the lack of involvement of Spil in CD4 T cell transcription of /L1B. We
have previously reported the presence of a stable nucleosome directly over the Spil binding
site at the /L 2B promoter in the Hut102 T cell line that does not express /L18 mRNA[9].
The winged helix-turn-helix (WHTH) DNA binding domain of Spil, like other wHTH
proteins[28], possesses potential “pioneer” activity for opening chromatin by nucleosome
displacement. Consequently, the presence of a strong nucleosome signal over the high
avidity Spil DNA binding sequence at the /L 1B promoter is consistent with the absence of
Spil activity in CD4 T cells.

As previously demonstrated[16], the majority of CD4 T cells producing prolL-1p /n vivo
are marked by expression of the chemokine receptor CCR5 (Fig. 2D). Interestingly, the
relative /L 1B mRNA expression in CCR5+ lymphocytes, though 15-fold higher than their
CCR5- counterparts, was lower than that of unstimulated THP-1 monocytes. This
observation is consistent with previous studies demonstrating that the /L 1B gene is
transcribed from a Spil-poised promoter in unstimulated THP-1 monocytes[9] that
expresses a low basal level of /L1218 mRNA[29]. Despite active transcription of /LIBin
unstimulated THP-1 cells, the intracellular prolL-1f protein level in CCR5+ CD4 T cells
was higher. This finding is not surprising, since unstimulated monocytes are known to
exhibit a constitutive background level of /LB mRNA transcript in the absence of
detectable protein, due to a translational blockade that is reversed by LPS treatment[20].
Therefore, if CCR5+ CDA4 T cells lack a post-transcriptional blockade, a low-level
translation of prolL-1p may occur as a result of a low level of /L1B transcription.
Supporting a model of low /L 1B transcription rate in CCR5+ cells, we detected only slight
Pol Il enrichment at /L 1B promoter-proximal regions, as compared to CCR5- CD4 T cells
(Supplementary Fig. 4B), but differences in Pol 1l enrichment between these T cells
populations were not detected throughout the length of the /L 1B gene body, as observed in
CD3/CD28 ex vivoactivated T cells. The same chromatin samples were also evaluated for
the actively transcribed H/ST1H4K housekeeping gene. Both CCR5+ and CCR5- cells
showed significant engagement of Pol Il on H/ST1H4K (Supplementary Fig. 4D). Although
Pol Il is likely transcribing /L 1B at a very low level, over time, accumulation from low-rate
transcription/translation could explain the substantial pool of intracellular prolL-1p detected
in CCR5+ CDA4 T cells (Fig 2D).

As observed following ex vivo CD3/CD28 activation, SP/Z gene mRNA levels were slightly
higher in CCR5+ cells than in both CCR5- and HEK293 cells. However, in light of the lack
of detectable Spil in activated CD4 T cells (Fig. 1C) and negative detection of /L1Bin Spil
ChIP of CCR5+ CD4 T cells (Supplementary Fig. 4C), it is unlikely that Spil is responsible
for the low level /L 1B transcription observed in CCR5+ CDA4 T cells /n vivo.

It is well established that CCR5+ CD4 T lymphocytes are the primary cellular targets of
HIV infection[30-34]. However, in ex vivo cultures from fresh human tonsil or spleen
tissues[35], the majority of these cells are non-permissive for HIV replication, with the
cytosolic viral DNA intermediates initiating an innate immune response that leads to the
activation of caspase-1. This results in abortive HIV infection[36], along with the death of
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abortively-infected CD4+ T-cells via caspase 1-mediated pyroptosis (an inflammatory form
of programmed cell death)[16]. As a result, dying CCR5+ CD4 T cells release mature I1L-1p
protein into the extracellular space, potentially driving a localized inflammatory
response[16]. Such an inflammatory response likely drives a vicious pathogenic cycle,
where pyroptotic CD4 T cells release bioactive IL-1p and inflammatory mediators including
chemokines that attract more cells into the infected lymph nodes to die, driving even more
inflammation[37].

Resident CCR5+ CD4 T cells in lymphoid tissues are primarily memory cells. Unlike naive
CDA4 T cells (which do not express CCR5), these CCR5+ CD4 T cells have previously
undergone TCR activation before developing into activated/memory T cells. As our results
show that CD3/CD28 activation of resting CD4 cells drives prolL-1p expression, it is likely
that CCR5+ cells express prolL-1 as a consequence of prior, /7 vivo TCR activation.
Memory CD4 T cells continually recirculates within lymphoid tissues, scanning for
presentation of their cognate antigen[38—40]. CCR5 expression has been previously
characterized as a marker of Thl lymphocytes[41]. CCR5+ CD4 T cells could contribute
substantially to chronic inflammation through activation of caspase-1 and release of
bioactive IL-1p.

Our previous work explored epigenetic regulation of /L1Bin myeloid cells[9]. Genes in
embryonic and hematopoietic stem cells[42-44], as well as differentiated T cells[44], have
been previously reported to be marked by active and repressive histone modifications, with
the ratio of these marks modulating gene transcription. The new evidence presented in this
study suggests that the /LB gene in CD4 T cells following TCR-activation is modified to a
bivalent H3K4me3*/H3K27me3™ status (Fig. 4) that likely supports of a low level of
transcriptional activity[24]. By contrast, the /L1B gene in unstimulated T cells is marked
solely by high levels of monovalent H3K27me3 (/.e., no detectable promoter-localized
H3K4me3). This supports the observed lack of /L 1B transcription in naive/unstimulated T
cells. Additionally, a significantly higher level of H3K9ac is observed at the /L 1B promoter
in activated CD4 T cells, supporting active transcription. Finally, progressively increasing
H3K36me3 through the /L 1B gene body is consistent with ongoing, de novoPol Il
transcription [9]. These marks in activated CD4 T cells differ from myeloid cells:
unstimulated THP-1 cells possess monovalent H3K4me3, the active mark, which increases
along with H3K9ac when stimulated with LPS[9].

Validation of our results is found in the epigenetic analysis of the short, intronless
HIST1H4K gene from the same chromatin samples. This “housekeeping” gene is actively
transcribed, displaying high-level monovalent H3K4me3, with minimal enrichment of
H3K27me3 in both resting and activated T cells (Fig. 4). Also, as expected for a
constitutively active gene, strong enrichment for H3K9ac was observed at the H/ST1H4K
promoter, and H3K36me3 increased towards the 3’ end of the gene body. Notably, the
histone marks associated with transcriptional activity were all significantly higher on the
constitutively expressed H/IST1H4K gene than the /L 1B gene from the same activated T cell
chromatin samples. The repressive H3K27me3 histone mark at the /L 1B promoter is much
higher than that on the H/ST1H4K gene, supporting the model that /L 1B in activated T cells
is transcribed from a low-activity bivalent H3K4me3*/H3K27me3* promoter. The Spil-
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independent nature of T cell /L1B expression may explain this observation, whereas Spil
activity in monocytes supports monovalent H3K4me3™" and high transcription.

Furthermore, the epigenetic study of CCR5+ T cells also reveals a bivalent profile at
(H3K4me3*/H3K27me3™") of the /L 18 promoter. Similar to unstimulated CD4 T cells, the
/L 1B gene in CCR5- cells contains only high levels of monovalent H3K27me3, the
transcriptional repressive mark (Supplementary Fig. 4G and H). Also, the H3K36me3
comparison did not reveal a progressive increase toward the 3’ end of the /L 1B, as was
observed in ex vivoactivated T cells. H3K36me3 did present a classic profile for the
HIST1H4K gene in both CCR5+ and CCR5- cell types. It is striking that the relative level of
modification for this mark throughout /LB in both CCR5+ and CCR5- T cells is
comparable and appears elevated throughout the gene with respect to that of H/ST1H4K.
Interestingly, literature suggests that H3K36me3 modification patterns are not exclusively
associated with gene activation, and can be related to other processes[45]. Consequently,
although the pattern of this modification did not provide information on the transcriptional
status of /LB in either CCR5+ or CCR5- T cells, it is not evidence against active /L1B
transcription in CD4 T cells. Generally, the epigenetic studies of CCR5+ vs. CCR5- CD4 T
cells were limited by the low amounts of primary T cell chromatin samples with six donor
samples being pooled in order to generate sufficient material for analysis.

In conclusion, we have extended the current understanding of /LB gene transcription in
human CD4 T lymphocytes, by investigating the involvement of Spil and the nature of
chromatin organization for the /L 1B gene in these newly recognized cellular sources of
IL-1p protein expression. The proposed model argues that the /LB gene in TCR-activated
CD4 T cells is transcribed from a low-activity bivalent (H3K4me3*/H3K27me3*) promoter
in a Spil-independent fashion that results in the accumulation of intracellular prolL-1p (Fig.
5). By contrast, myeloid cells transcribe the /L 1B gene constitutively at a low level in a
Spil-dependent manner but have a post-transcriptional block on translation. TLR activation
of monocytes drives extreme transcription of Spil-dependent /LB, while releasing
translation inhibition. These findings are highly relevant to further our understanding of
adaptive immunity, since CD4 lymphocytes, as a source of IL-1p, can shape immune
response polarization and inflammation in disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. TCR activation induces /LB gene transcription in CD4 T cells

. Unlike monocytes, /LIBin T cells is independent of critical myeloid Spil

. Spil binding site on /L1B promoter is blocked by a nucleosome in CD4 T

. Distinctly, /L1B gene in CD4 T cells utilizes a bivalent H3K4me3/H3k27me3

Highlights

protein

cells

promoter

Cytokine. Author manuscript; available in PMC 2019 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

Pulugulla et al.

Relative transcript level

Page 17

A B cC ¢
% Donor 1 Donor 2
+ 9 © ©
F&,PENEN
e dE05 0
|7} |7}
TWI 2o 2gao
A0 IL1B 104 SPI1 F IF 3050
<
> €
g - -
B a®
8 g
e a2 - -
@ 2
= )
3 5
& -5 .
@ z
4 o — S
0
ey @ © - - ” © ) - o
g £ 8 £ § 3 g€ g £ 8 £ & 7 g 5 ‘
< @ o ] o I I< < > o » & T T =
8§ £ 858 FF §E 5858 ¢#%# |
T = - .
Donor 1 Donor 2 Donor 1 Donor 2

Figure 1. CD4 T cells express prolL-1p following TCR stimulation.
Relative mRNA expression for (A) /L1B and (B) SP/1in purified CD4 T cells from human

lymphoid tissue (two individual patient donors), stimulated for 3 days with anti-CD3/CD28
beads, compared to resting CD4 T cells, HEK293 cells, and THP-1 cells (unstimulated or
LPStreated for 1.5 h). Data were normalized to the HEK293 cell sample; standard error
represents technical replicates. (C) Western blot analysis of prolL-1p and Spil proteins from
samples shown in A and B. The prolL-1p and Spil blots are shown at short and long
exposures to illustrate the relative abundance of these proteins in CD4 T cells. Membranes
were stripped and re-probed for B-actin. Note that the -actin levels vary between cell types
and increases with TCR stimulation. Sample inputs for western blots were normalized by
cell equivalents: 1.5x10° for all lanes. For conciseness and clarity, only cropped western blot
images are displayed. The full-length images of these blots are provided in Supplementary
Fig. 3A. Standard error for each donor from lymphocyte populations represents technical
replicates, and control cell lines from cultured biologic replicates.
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Figure 2: in vivo differentiated CCR5+ CD4 T cells express prolL-1p.
(A) Shown is a representative flow-sort from an individual CCR5+ CD4 T cell isolation.

Cells were sorted from the CCR5+ and CCR5- gates as shown, after performing negative-
selection magnetic enrichment of CD4 T cells from fresh human tonsil. Relative mMRNA
expression levels for (B) /L1Band (C) SP/1from CCR5+ and CCR5- CD4 T cells, HEK293
cells, and both unstimulated and LPS-stimulated THP-1. For mRNA analysis, multiple
donors were pooled and the standard error represents technical replicates. The standard error
for THP-1 and HEK293 reference samples were calculated from biological replicates. (D)
Western blot for prolL-1f from cells prepared as above described for two individual patient
donors. Samples were normalized by cell equivalents: 1.5x10% cell equivalents for
THP-1+LPS and 1.5x10° in all other lanes. Membranes were stripped and re-probed for -
actin. The p-actin band for LPS stimulated THP-1 is not visible on the blot because only
1/10t of the cells were added to prevent over-saturation of pro-1L1f band. For conciseness
and clarity, only cropped western blot images are displayed. The full-length images of these
blots are provided in Supplemental Fig. 3B.
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Figure 3. Occupancy of Pol 11 and Spil on the IL1B gene.
(A) Gene schematics with exons labeled as Roman numerals, and gPCR amplicons indicated

by Arabic numbers referenced to positions listed in Supplementary Table 1. (B) Pol Il and
(C) Spil ChIP for indicated CD4 T cell populations. For comparison, /L 1B-refractory
HEK?293 cells were used as a negative control, and THP-1 cells stimulated with LPS for 1.5
hours were used as a positive control. CD4 T cells were purified from human lymphoid
tissue and activated for 3 days with anti-CD3/CD28 beads and compared to unstimulated
CDA4 T cells. Promoter-proximal amplicons are shown as green bars, whereas downstream
amplicons are shown as gray scale bars. Standard error for each donor from lymphocyte
populations represents technical replicates, and control cell lines from cultured biologic
replicates. (D) Histone H3 nucleosome ChlIP at /L 1B promoter in ex vivo CD3/CD28-
activated and unstimulated CD4 T cells as described within, are qualitatively compared to
the previously reported Spil binding site and nucleosome distribution at the /.18 promoter
in THP-1 cells[9]. This reveals that a nucleosome is positioned over the Spil recognition site
in T cells. It has also been reported that Spil-binding displaces this histone in THP-1 cells,
but not in both Spil-negative 293 cells and the HUT102 T cell line[9]. The gPCR amplicons
used are listed in Supplementary Table 1.
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Figure 4. CD3/CD28-stimulation of CD4 T cells induces bivalent H3K4me3 */H3K27me3™"
marks.
Histone modification ChlP analysis of /L ZBin CD3/CD28-activated and unstimulated CD4

T cell populations from two donor samples as indicated: (A) H3K9Ac; (B) H3K4me3; (C)
H3K27me3, and (D) H3K36me3. The qPCR amplicon designations for panels A-D are as
described in Fig. 3A. Histone modification ChIP of the H/ST1IH4K (H4) gene in ex vivo
CD3/CD28-activated and resting CD4 T cell populations as indicated: (F) H3K9Ac; (G)
H3K4me3; (H) H3K27me3; and (1) H3K36me3. The gPCR amplicon designations for
panels F-I are as shown in (E). Promoter-proximal amplicons are shown as green bars,
whereas downstream amplicons are shown as gray scale. H3K9ac levels at the /L 1B
promoter are approximately half of H#/S71H4K in activated CD4 cells. H3K4me3 is much
lower on /L1B. Note that the inhibitory mark, H3K27me3, is significantly reduced on the
/L 1B gene following TCR activation, but not as low as it is on H/ST1H4K in the same cells.
Standard error for each donor represents technical replicates.
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Figure 5. Monocytes and T cells have distinct mechanisms for IL1B gene regulation.
LPS-treated monocytes have high levels of active monovalent H3K4me3 (@) but lack

inhibitory H3K27me3 (®) epigenetic histone modifications at the /L 1B promoter. These
modifications, along with activated NF-xB and C/EBP [9], drive a vigorous Pol Il
engagement with extremely high transcriptional activity (™) and correspondingly high levels
of cytoplasmic prolL-1p protein (@ ®®). Unstimulated monocytes contain lower levels of
monovalent H3K4me3 at the /L 18 promoter and are deficient in inhibitory marks, resulting
in weak Pol 1l engagement and extremely low transcription levels compared to stimulated
monocytes. Accumulation of prolL-1 in these cells is inhibited due to a translational
blockade (X). The myeloid competence factor, Spil (£), is constitutively bound at a constant
level to the /L 1B promoter in these cells [9]. In contrast to the immediate-early LPS
responsive /L 1B gene in monocytes, slowly-activated developmentally-regulated genes
possess bivalent promoters with both active H3K4me3 and inhibitory H3K27me3 epigenetic
histone modifications. The /L1B promoter in lymphoid CCR5+ CD4 T cells contains such a
bivalent H3K4me3*/H3K27me3" mark, resulting in decreased Pol Il engagement and
significantly lower (~25- times) transcription activity, as compared to resting monocytes.
Interestingly, despite such a low level of transcription, intracellular prolL-1p accumulates in
CCR5+ CD4 T cells in amounts higher than unstimulated monocytes. CCR5- CD4 T cells
exclusively contain the inhibitory H3K27me3, which does not support active /L 1B
transcription until after the engagement of the T cell receptor (TCR).
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