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Abstract

Histone post-translational modifications (PTMs) are essential for regulating chromatin and
maintaining gene expression throughout cell differentiation. Despite the deep level of
understanding of immunophenotypic differentiation pathway in hematopoietic cells, few studies
have investigated global levels of histone PTMs required for differentiation and maintenance of
these distinct cell types. Here, we describe an approach to couple fluorescence-activated cell
sorting (FACS) with targeted mass spectrometry to define a global “epi-proteomic” signatures for
primary leukocytes. FACS was used to sort closely and distantly related leukocytes from normal
human peripheral blood for quantitation of histone PTMs with a multiple reaction monitoring LC-
MS/MS method measuring histone PTMs on histones H3 and H4. We validate cell sorting directly
into H,SO,4 for immediate histone extraction to decrease time and number of steps after FACS to
analyze histone PTMs. Relative histone PTM levels vary in T cells across healthy donors and the
majority of PTMs remain stable up to two days following initial blood draw. Large differences in
the levels of histone PTMs are observed across the mature lymphoid and myeloid lineages, as well
as between different types within the same lineage, though no differences are observed in closely-
related T cell subtypes. The results show a streamlined approach for quantifying global changes in
histone PTMs in cell types separated by FACS that is poised for clinical deployment.
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Introduction

Fluorescence-activated cell sorting (FACS) is a flow cytometric approach that capitalizes on
combinations of defined cell surface and/or intracellular markers to discriminate subtypes,
allowing for isolation of cells based on the presence and level of antigen expression. This
technique is widely used in both basic and clinical immunology and is routinely used to
isolate distinct subpopulations of immune cells for downstream analysis of the genetic
landscape through next-generation genomic technologies [1-3]. Despite arising from a
common progenitor, leukocyte subsets in peripheral blood exhibit distinct gene expression
signatures between the myeloid and lymphoid lineages [4], as well as the between cells
further down the differentiation pathway [5, 6]. The drastic differences in gene expression
are closely regulated by transcriptional programs which exert control over the differentiation
process by regulating chromatin and histone post-translational modifications (PTMs).

Despite the significance of histone PTMs in regulating gene expression, little is known about
the levels and changes in these PTMs during normal hematopoiesis. Previous studies in T
cells have identified locus-specific changes in histone PTMs that facilitate the expression of
certain cytokines or transcription factors associated with differentiation [7, 8]. In more
recent work, ChlP-Seq has been used to tie histone PTMs to loci specific for each subtype
[9, 10]. While these data have provided new information into the differentiation and
regulation of T cells, an understanding of the global difference in histone PTMs across
immune cell types could offer deeper insights into the underlying biology and be useful for
clinical applications, such as assessing the response of an individual to epigenetic-modifying
drugs such as the DOTL1L inhibitor, pinometostat [11], the EZH2 inhibitor, tazemetostat [12,
13].

With the emergence of drugs targeting epigenetic-modifying enzymes, more precise
techniques are needed to assess the resulting changes in histone PTMs. Antibody-based
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detections, such as western blot, have traditionally be used, but the growing issues
surrounding lack of specificity and reproducibility of commercial antibodies creates the need
for more accurate methods providing consistent quantitation over time and across labs [14].
Proteomics provides a possible option for more accurate representation of histone PTMs.
Based on a classical technique developed by Ben Garcia in 2007 [15], our group has
previously modified and applied methods for the quantitative analysis of histone PTMs using
multiple reaction monitoring methods [16, 17]. Here, we describe a direct approach for
sorting human immune cells by FACS and quantifying global changes in histone PTMs by
targeted LC-MS/MS. Isolation of cells of interest by FACS represents a high-throughput
approach for interrogating normal human blood cells and provides a future application for
clinical and translational proteomics.

All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted.
FACS antibodies were purchased from BD Biosciences (San Jose, CA): PerCP-Cy5.5 mouse
anti-human CD3 (clone SK7), BUV395 mouse anti-human CD4 (clone SK3), APC-H7
mouse anti-human HLA-DR (clone L243), PE-Cy7 mouse anti-human CD45RA (clone
HI1100), BV421 mouse anti-human CD197 (CCR?7, clone 150503), BV605 mouse anti-
human CD38 (clone HB7), Alexa Fluor 700 mouse anti-human CD138 (clone 1C6/CXCR3),
PE mouse anti-human CD194 (CCR4, clone 1G1), FITC mouse anti-human CD62L (clone
DREG-56), PE-Cy7 mouse anti-human CD14 (clone M5E2), FITC mouse anti-human CD15
(clone HI96), PE mouse anti-human CD19 (clone HIB19), and APC-H7 mouse anti-human
CD45 (clone 2D1).

Clinical specimens.

De-identified donor peripheral blood (PB) specimen were obtained from AllCells (Alameda,
CA), Innovative Research (Novi, Ml), or as clinical discards from the Clinical Flow
Cytometry Laboratory at Northwestern Memorial Hospital. All procedures performed in
studies involving human participants were in accordance with the ethical standards of the
institutional and/or national research committee and with the 1964 Helsinki declaration and
its later amendments or comparable ethical standards.

Sorting of CD4+ T cell subtypes.

CDA4+ helper T-cells were isolated directly from peripheral blood with EasySep Direct
Human CD4+ T Cell Isolation Kit (Stemcell Technologies, Cambridge, MA) according to
the manufacture’s procedure. Cells were stained with pre-titered volumes of the following
antibodies for 30 min. at RT in the dark: PerCP-Cy5.5 anti-CD3, AF700 anti-CD4, PE-Cy7
anti-CD45R0, BV421 anti-CD197, BUV395 anti-CXCR3, PE anti-CCR4, and APC anti-
CD45RA. Appropriate single color compensation controls were also stained using antibody
capture beads (AbC Total Antibody Compensation Bead Kit), per manufacturer’s protocol.
These tubes were used for experiment setup to calculate the spill-over compensation matrix.
Cells were washed twice with 2% BSA in PBS then sorted on a 6-laser BD FACSAria SORP
cell sorter with 4-way sort purity mode. Naive T (CD3*CD4*CD62L*CD45RA
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*CXCR3*CCR4’CCR7%), Th1 (CD3*CD4*CXCR3*CCR47), and Th2 cells
(CD3*CD4*CXCR3~CCR4") were sorted into collection tubes containing either 2% BSA in
PBS or 0.4 N, 1 N, or 2 N H,SOy (initial concentration, 0.2 N final concentration for all
following dilution with sheath buffer during cell sorting and collection) at 10° events each.
Cells sorted into 2% BSA in PBS were centrifuged at 500 x g for 5 min. then flash frozen
and stored at —80 °C until preparation. Cells sorted into HySO4 were directly subjected to
centrifugation and histone precipitation with TCA. Two separate collections were performed
for each condition.

Time course for sorting of CD3+ T cells.

Peripheral blood (500 pL) was stained with PerCP-Cy5.5 anti-CD3 for 30 min at RT in the
dark. Red blood cells were lysed with the addition of a freshly prepared hypotonic
ammonium chloride solution (15 mM ammonium chloride, 1 mM sodium bicarbonate, 0.1
mM EDTA) for 10 min. Cells were pelleted at 280 x g for 5 min and washed twice with 2%
BSA in PBS prior to sorting on a 6-laser BD FACSAria (BD Biosciences). CD3+ cells (10°
events) were sorted using 4-way sort purity mode into 2 N H,SO4 (30 pL, diluted to 0.2 N
final concentration) and subjected to the histone preparation protocol and targeted mass
spectrometry as described below. Blood was stored at 4 °C between sorting experiments. A
single sorting replicate was performed for each donor at the indicated time point.

Sorting of leukocytes.

Red blood cells in peripheral blood were lysed using freshly prepared hypotonic ammonium
chloride, leukocytes pelleted by centrifugation at 280 x g for 5 min and washed twice with
2% BSA in PBS. Cells were then stained with PE anti-CD19, PerCP-Cy5.5 anti-CD3, PE-
Cy7 anti-CD14, FITC anti-CD15, and APC-H7 anti-CD45 for 30 min at RT in the dark.
After washing with 2% BSA in PBS, monocytes (CD457CD14%), neutrophils
(CD45*CD15%), B cells (CD45*CD19™), and T cells (CD45*CD3") were sorted into 2 N
H,SO4 (30 pL, 10X concentration) on a 6-laser BD FACSAria using 4-way purity and
subjected to the histone preparation and targeted LC-MS/MS analysis described below.
Three separate collections were performed for each cell type.

Histone extraction and preparation.

After cells were sorted into H,SO4 and histones were extracted, cellular debris was removed
by centrifugation at 4,000 x g for 5 min. Trichloroacetic acid (TCA) was added to the
supernatant to a final concentration of 20% (v/v) and incubated overnight at 4 °C to
precipitate histone proteins. Histones were then pelleted at 10,000 x g for 5 min., washed
once with 0.1% HCI in acetone then twice with 100% acetone with centrifugation at 15,000
x g for 5 min., then dried briefly in a fume hood. Histone derivatization and digestion was
modified from Garcia et al. [18]. Dried histones were resuspended in 50 mM ammonium
bicarbonate (10 uL). Sodium hydroxide (5 puL) was added immediately followed by the
addition of propionic anhydride (20 uL, 1:3 dilution in isopropanol). The pH was adjusted to
8 with additional sodium hydroxide. Samples were incubated at 52°C for 1 h and dried to
completion in a SpeedVac concentrator. Histones were resuspended in 50 mM ammonium
bicarbonate (50 uL) and digested for 16 h with 1 ug trypsin. Peptide digested were dried in a
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Speedvac concentrator and subjected to a final propionylation as described above prior to
targeted mass spectrometry.

Targeted mass spectrometry.

Histone peptides were resuspended in 0.1% trifluoroacetic acid (TFA) in water and analyzed
by nano-LC (Dionex, Sunnyvale, CA) on a triple quadrupole mass spectrometer (TSQ
Quantiva, ThermoFisher Scientific). Peptides (10% of the peptide mixture) were loaded onto
a trapping column (3 cmx150 pm, packed with ProntoSIL C18-AQ, 3um, 200A resin (New
Obijective, Woburn, MA)) for 10 min. with 100% Solvent A (0.1% TFA in water) at a flow
rate of 2.5 uL/min then eluted from the trapping column and separated on a PicoChip
analytical capillary column (10 cm 75 um packed with ProntoSIL C18-AQ, 3um, 200A
resin (New Objective)) by increasing the percentage of Solvent B (0.1% formic acid in 95%
acetonitrile) from 1 to 35% at a flow rate of 0.30 uL/min over 45 minutes. The peptides were
eluted from the analytical column and introduced into the triple quadrupole mass
spectrometer by electrospray from an emitter with a 10 um tip (New Objective). The
instrument settings were as follows: collision gas pressure of 1.5 mTorr; Q1 peak width of
0.7 (FWHM); cycle time of 3 s; skimmer offset of 10 V; electrospray voltage of 2.5 kV. All
injections were performed in technical triplicate. Targeted analysis of unmodified and
various modified histone peptides was performed with transitions specific to each peptide
species (Supplementary Table 1) [16, 19].

Quantitation of histone modifications.

Raw MS files were imported and analyzed in Skyline with Savitzky-Golay smoothing [20].
All Skyline peak area assignments were manually confirmed. Total peak areas from SRM
exported from Skyline were used to determine the relative abundances of distinct histone
PTMs. The relative abundances were determined from the mean of three technical replicates
with error bars representing standard deviation.

Statistical analysis.

All values represent the mean + one standard deviation. Significance was determined using
ANOVA with a Bonferroni correction with confident results reported at a p-value <0.05.

Results and Discussion

Optimization of cell sorting conditions.

Typical FACS methods require sorting into cell culture media and/or bovine serum albumin
(BSA) to maintain cell viability for downstream experiments. While this method is very
effective for culturing of sorted cells, it may not be optimal for analysis of histone PTMs due
to known incompatibilities of BSA with MS approaches [21]. Further, many histone PTMs
have short half-lives [22], and increased time in the collection tube following sorting
increases the possibility of an altered epigenetic profile during long sorts. Improvements in
the sorting conditions to eliminate BSA, reduce the possibility of PTM loss, and reduce
sample handling are essential to develop a robust, general method.
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To optimize the approach, 0.4 N, 1 N, and 2 N H,SO4 (2X, 5X, or 10X concentration based
on standard preparation protocols [18]) as the collection buffers were assessed alongside the
standard 2% BSA in PBS for sorting Th1 cells. Significant decreases were observed in MS
signal intensity between the 2% BSA control and the 0.4 N and 1 N H,SOy4 collection
conditions (Figure 1A). No significant differences were observed in the signal intensities
between 2% BSA and 2 N H,SO4. PTMs on histone H4 K20 have a large dynamic range,
with dimethylation typically representing >80% of PTM occupancy at that site with other
methylations representing ~1-10% [23]. Comparison of the abundance of PTMs at this site
across different collection conditions shows significant differences in the 0.4 Nand 1 N
H,SO,4 compared to the 2% BSA control (Figure 1B). Similar to the observations in signal
intensity, the 2 N H,SO4 showed no significant differences in the relative abundance of
PTMs at this site compared to the 2% BSA. Direct sorting into concentrated H,SO,4 reduces
the amount of time cells are stored, helping to reduce post-sort biases and maintain PTMs,
providing significant advantages over traditional collection buffers while yielding
comparable results. Since the results obtained from 2 N H,SO,4 were consistent with those
acquired from 2% BSA and due to the advantages of sorting directly into acid, we chose to
use 2 N H,S0Oy4 as the collection buffer for all subsequent experiments.

Ranges for histone modifications in healthy individuals.

Previous work assessing gene expression patterns from cells in peripheral blood showed
significant variability in expression between individuals, even in distinct cell types [24].
Given the variability in gene expression patterns, we anticipate variability in histone PTMs
as well. To determine the levels histone PTMs across individuals, CD3+ T cells were sorted
from three healthy donors according to the method optimized above and histone marks were
quantified by targeted LC-MS/MS. PTMs at histone H3 K27 and K36 are of great interest in
the literature due to the well-documented disruptions in modifications at these sites
contributing to tumorigenesis [25-28]. Hence, we focused on these sites when assessing
individual variation as they would provide useful in future disease studies.

Quantitation of the abundance of PTMs at H3 K27 and K36 showed small, but significant
changes. At histone H3.1 K27, significant differences were observed in all modification
states except trimethylation, with the differences in relative abundance being less than 4%,
3%, and 0.2% for mono-, di-methylation and acetylation, respectively (Figure 2A). Fewer
differences were observed at histone H3.1 K36, where no significant differences were seen
with trimethylation and acetylation and differences in relative abundance being less than 3%
and 2% for mono- and di-methylation, respectively (Figure 2B). On histone H3.3, which is
present within transcriptionally active genes and promoters [29], small, yet statistically
significant differences were seen in both K27me3 (<4% difference) and K27ac (<0.5%
difference) (Figure 2C) and K36me2 (~5% difference) and K36ac (~1% difference) (Figure
2D). Despite the significant differences measured between individuals, these variations were
small, representing approximately 5% or less difference in relative abundance at all sites
measured. The narrow ranges observed for these PTMs suggest that the global abundance of
histone marks likely exhibit a “normal range,” which will prove useful to assess new
epigenetic therapies using this approach.
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Histone modifications change with increased storage time.

We then wanted to investigate the changes in histone PTMs that may occur over time
following initial blood collection. Since histone PTMs can have fast turnover [19, 30],
knowledge of potential alterations in PTMs during temporary storage, such as when analysis
cannot be performed on the day of blood collection, may prove useful in future translational
approaches. CD3+ were sorted from peripheral blood the day of blood draw (Day 0) and
Day 1, Day 2, and Day 3 after the initial analysis. To eliminate variability caused by
individual differences, analyses were performed with blood from a single donor. Based on
previous work determining the kinetics and turnover of modifications in cell lines [19, 30],
PTMs with turnovers greater than 0.6 h™ were classified as rapidly turned over, whereas
those with a turnover of less than 0.4 h=1 were classified as slowly turned over. Histone
analysis showed statistically significant differences with increased storage time at sites that
are low in abundance and rapidly turned over, such as H3.3 K27ac with ~0.5% increase and
K18ac with ~1% increase (Figure 3A) following two days of storage. PTMs with slower
turnover, such as H3.1 K27me3 and H4 K20me2 (Figure 3B), remained stable throughout
the study period. Of those marks that are high in abundance and rapidly turned over, only
K14ac showed a statistically significant decrease of 4% on Day 1 and increase of 10% on
Day 4 (Figure 3C). Histone H3 K79ac, which is low in abundance and slowly turned over
[31], showed significant differences at all time-points, whereas other low abundance with
long half-life modifications showed no differences (Figure 3D).

Little variation is observed between helper T cell subtypes.

To begin to investigate how an altered chromatin landscape can impact cell type and
function, we desired to delve deeper into a defined branch of differentiation to assess the
histone PTMs underlying for the biological differences. Currently, there is little knowledge
of alterations in histone PTMs associated with differentiation beyond loci-specific changes.
In CD4+ T cells, exposure of naive T cells to antigen results in differentiation into a
multitude of effector T cells, including Th1 and Th2 subtypes, depending on the stimulus
[32]. Findings in the literature show that acetylation of K9 and K14 at different loci
contributes to the differences in cytokine secretion between Th1 and Th2 cells [7, 8], as well
as differing transcription factor activation and DNA methylation, though no studies have
investigated the global differences in histone modifications between subtypes.

To measure the changes in histone marks between these closely-related cell subtypes, we
sorted 105 CD4+ naive T, Th1, and Th2 cells and performed histone analysis to measure the
global differences in PTMs. Surprisingly, no global differences were observed between these
three subtypes for acetylations on histone H3 K9 or K14 (Figure 4A and 4B), two PTMs
known to play a role in gene regulation between Thl and Th2 following differentiation, nor
in PTMs known to play a role in active (Figure 4C) or repressed (Figure 4D) chromatin.
These data are surprising given the vastly different roles these subtypes play in the immune
system. The results suggest that local alterations in histone PTMs and chromatin at distinct
loci, rather than global chromatin remodeling as detected by our assay, regulate the
epigenetic difference in these three closely related subtypes.
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Large differences are seen across major cell lineages.

Since little variation was observed between the T cell subtypes studied above, we
investigated if there were differences in the abundance of histone PTMs across these cell
lineages. Analysis of histone marks from sorted lymphoid cells (B and T cells) and myeloid
cells (neutrophils and monocytes) showed statistically significant differences between these
two lineages at multiple sites 1 (Figure 5). Additionally, significant differences were seen
between cell types within the same lineage, such as histone H3.1 K27me3 in B and T cells
and histone H3.1 K36me3 in neutrophils and monocytes. These results were striking, most
notably for the lineage-specific differences. Histone H3.3 K27ac, which resides within active
enhancer regions [33], along with H3.1 K36me2, which borders open reading frames of
active genes [34], are more than twice as abundant in myeloid cells (Figure 5). In contrast,
lymphoid cells have levels of H3.1 K27me3 roughly four times higher than myeloid cells
(~25% versus ~6%), indicative of repressed chromatin [35]. The biological implications of
these differences are unknown, but future work using ChlP-Seq directed toward these
particular marks will help distinguish the significance of these differences within cellular
differentiation.

Conclusions

Changes in global histone PTMs in hematopoiesis remain poorly understood despite the
extensive studies of gene expression signatures at different stages of development and
differentiation. Efforts have focused on enrichment of regions of DNA associated with
histone PTMs by ChIP-Seq to reveal histone PTM profiles [36, 37], though these methods
do not provide a direct measure of histone PTMs and their stoichiometry. We have
developed a complementary approach for quantifying histone PTMs from cells sorted by
FACS to quickly surveil their epigenetic landscape. PTMs remain stable during short periods
of storage as whole blood, allowing this technique to be employed in future clinical research
and the protocol should be directly extensible to far fewer number of cells than that reported
in this study. In a small cohort of three donors, little variability is observed in histone PTMs
between individuals. The large differences in PTMs are seen across cell lineages, likely
exemplifying the underlying chromatin structure that proceeds through cellular
differentiation. The methods developed here reveal an area of high potential growth in
translational and clinical research. In an era of precision medicine and emerging epigenetic
therapies, this approach can be leveraged to investigate dysregulation of histone PTMs in
disease, inform treatments, and assess therapeutic response in human subjects.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Direct sorting into acid for histone analysis. Th1 cells (10° events) were sorted in duplicate
into 2% BSA in PBS, 0.4 N H,SOy4, 1 N HySOy, or 2 N HySO4 and histones were extracted,
derivatized, digested, and subjected to targeted LC-MS/MS with three technical replicates.
A) Signal intensity (log10) for each collection condition shows significantly lower signal in
0.4 N and 1 N H»SOy4. B) Analysis of H4 K20 PTMs shows no difference in each of the
modification states between the BSA, 1 N, and 2 N H»,SO,4 collection conditions. Asterisk
represents p < 0.05 by ANOVA with Bonferroni correction.
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Figure 2.

Individual variability in histone modifications in healthy donors. CD3+ cells (10° events)
were sorted from total leukocytes collected from three healthy individuals. Targeted LC-
MS/MS analysis shows small but significant differences between individuals at histone H3.1
A) K27 and B) K36 and H3.3 C) K27 and D) K36. Asterisk represents p < 0.05 by ANOVA
with Bonferroni correction.
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Alterations in histone modifications with storage time. Blood was drawn and red blood cells
were stained and lysed on Day 0 (day of blood braw) and Day 1, Day 2, and Day 3
following initial analysis. CD3+ T cells (10° events) were sorted from total leukocytes into 2
N H,SOg4. The percent relative abundance was determined for histone PTMs that are A) in
low abundance and rapidly turned over, B) in high abundance and slowly turned over, C) in
high abundance and rapidly turned over, and D) in low abundance and slowly turned over.
Asterisk represent p < 0.05 by ANOVA with Bonferroni correction.
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Figure 4.
Histone profiles of T cell subtypes. CD4+ T cells were enriched with magnetic beads prior

to sorting naive T, Th1, and Th2 subtypes (10° events). Quantitation of histone H3 A) K9ac,
B) K14ac, C) K36me2, and D) K9me2 show no significant differences between subtypes.
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Figure 5.
Histone profile of leukocytes. Peripheral blood mononuclear cells were collected and sorted

into neutrophils, monocytes, B cells, and T cells (10° events). Histone analysis shows
significant differences between cell lineages and between cells types within a lineage.
Asterisk represent p < 0.05 by ANOVA with Bonferroni correction.
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