
Data in Brief Research Article 

Mapping influenza-induced posttranslational 

modifications on histones from CD8+ T cells  

Svetlana Rezinciuc1, Sisi Wu1, Shawna Hengel1, Ljiljana Pasa-Tolic1, and Heather S. Smallwood1,3*  

1Department of Pediatrics, University of Tennessee Health Science Center, Memphis, Tennessee, USA  
2 Environmental Molecular Sciences Laboratory, Pacific Northwest National Laboratory, Richland, Washington, 

USA 
3 Children's Foundation Research Institute, Memphis, Tennessee, USA  

 

* Correspondence: hsmallwo@uthsc.edu; +1 (901) 448-3068 

Abstract: T cell function is determined by transcriptional networks that are regulated by epigenetic 

programming via posttranslational modifications (PTMs) of histone proteins and DNA. Bottom-up 

mass spectrometry (MS) can identify histone PTMs, whereas intact protein analysis with high-field 

Fourier transform ion cyclotron resonance MS (FTICR-MS) can detect species missed by bottom-up 

approaches. We used high-resolution reversed-phase liquid chromatography (RPLC) FTICR-MS, 

alternating electron transfer dissociation (ETD) and collision-induced dissociation (CID) on precursor 

ions to maximize fragmentation of uniquely modified species. First online RPLC separation sorted 

histone families then weak cation exchange hydrophilic interaction liquid chromatography (WCX-

HILIC) separated species heavily clad in PTMs. Tentative PTM identifications were assigned by 

matching peptide masses to predicted theoretical masses that were verified with tandem MS. We used 

this innovative approach for Histone-intact protein PTM mapping (HiPTMap) and to quantify PTMs 

on core histones purified from CD8+ T cells directly isolated ex vivo post-influenza infection. 

Activation significantly reduced PTMs in vivo following influenza infection, histone maps changed as 

T cells migrated to infections, and T cells responding to secondary heterologous infections had 

significantly more PTMs enhancing transcriptional activation. Thus, HiPTMap identifies and 

quantifies PTMs on CD8+ T cell histones and determines their combinations in T cell states. 

Keywords: epigenetic; histone; posttranslational modifications; T cells; influenza; FTICR; top-down; 

mass spectrometry  

 

1. Introduction  

Clearance of viral infection depends upon a well-orchestrated immune response and requires precise 

control of the immediate effector T cell response as well as the formation and maintenance of the 

memory cell population. Activation of naïve T cells initiates an autonomous program of differentiation 

and the acquisition of effector functions, including proinflammatory cytokine and cytolytic effector 

molecule production [1-5]. Cytotoxic CD8+ T cells modulate their transcriptional programs as they 

adapt to activation and immune resolution stimuli, which influences their differentiation status and 

function. Thus, in response to dynamic environmental conditions, naïve cells alter their signaling 

cascades and pathways, leading to the induction of enzymes that control the epigenetic imprinting of 

CD8+ T cells [6]. These epigenetic imprints comprise posttranscriptional modifications (PTMs) to 

histones and DNA; these heritable changes circumvent altering primary DNA sequences [3, 7-12]. 

Indeed, T cells change histone PTMs at gene loci associated with effector function [3, 13-17]. After the 

resolution of viral infection, effector T cell populations contract, and a small population of pathogen-

specific, long-lived memory cells. Memory T cells are imprinted during the primary response, and their 

robust recall response dictates the efficiency of the immune response to secondary infections. These 

virus-specific memory T cells are preprogrammed to rapidly respond to subsequent infections without 

further differentiation [5, 18-23]. It has long been appreciated that naïve, effector, and memory CD8+ T 
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cells have distinct phenotypes and functions. However, we are just beginning to understand the 

underlying molecular mechanisms that control the maintenance of these subsets and their unique 

responses to infection.  

Combinations of histone PTMs at discreet genomic locations can indicate transcription levels and 

regulate cell type-specific gene expression patterns [24, 25]. The protruding termini of histone tails 

represents the main PTM sites for acetylation, methylation, phosphorylation and ubiquitination that 

directly alter DNA accessibility or act indirectly via binding or chaperoning other proteins [26, 27]. 

Acetylation of lysine residues on histones reduces their positive charge, weakening the electrostatic 

interaction with DNA. This “permissive” state allows transcription factors to access genes in this 

region. Conversely, when histone deacetylases remove these PTMs, the structure condenses, thereby 

restricting access to the region [28]. Thus, these enzymes play central roles in controlling T cell 

development [29-31], regulatory function maintenance [32], CD8+ T cell proliferation [33], and effector 

functions, including the anti-viral response of antigen-specific CD8+ T cells [34, 35]. In contrast to the 

on/off effects of acetylation, the effects of histone methylation are context dependent. For example, 

trimethylation of histone 3 or 4 (H3 or H4) at lysine 4 or 9, respectively, is permissive, while the location 

and degree of methylation of H3 (H3K27me3, H3K9me3, H3K9me2) within gene loci typically 

correlates with transcriptional repression [25, 36-45]. This context dependency comes into play when 

both marks are present, which is called bivalent. Bivalent marks on H3 are thought to contribute to 

rapid T cell differentiation [46-48]. Mapping gene expression patterns at loci associated with H3K4me3 

and H3K27me3 from naïve, effector, and memory CD8+ T cells revealed the expression of T cell lineage-

defining genes correlated with phenotypic and functional differences between virus-specific CD8+ T 

cell subsets [3]. Following influenza infection, the transition from naïve to effector T cell was 

characterized by the loss of repressive H3K27me3 at specific bivalent loci and provided a mechanistic 

basis for the coordinate regulation of transcription during differentiation. Furthermore, a study of 

trimethylation at these sites within human polyclonal T cells showed specific methylation patterns 

correlated with subset-specific gene expression [17]. Whether changes in histone PTMs direct T cell 

differentiation and fate and the extent of epigenetic imprints on histones remains unclear. Identifying 

histone variants and their PTMs may elucidate their functional mechanisms in chromatin regulation in 

CD8+ T cells and may provide new insights into maintenance of T cell phenotypes.  

H3 trimethylations are the most widely studied of the histone octamer. However, the octamer 

contains two H2A and H2B dimers as well as a tetramer of H3 and H4 proteins. Given the emerging 

role of epigenetics in CD8+ T cell regulation, deciphering the histone code is of immediate importance. 

Analyzing intact histones by top-down mass spectrometry (MS) is a major advantage because 

combinatorial patterns of modifications on a single histone molecule can be identified [49]. Here, we 

used two-dimensional liquid chromatography-MS/MS (2D LC-MS/MS) for histone-intact protein PTM 

mapping (HiPTMap) of H2A, H2B, H3, and H4 purified from CD8+ T cells following influenza 

infection. This approach allowed us to assess the dynamics of the PTM landscape in naïve and activated 

T cells in the primary infection; map PTMs as effector T cells migrated to the site of infection; and 

compare primary, memory, and secondary subsets. We identified 225 PTMs in these isoforms from the 

spleen, bronchial lavage fluid (BAL) and lungs and found distinct PTMs based on T cell activation. 

HiPTMap is particularly valuable for advancing our understanding of T cell biology by providing 

relative quantification of PTMs in different cell states with minimal histone protein. Furthermore, these 

results demonstrate this approach and technological advancements in MS are poised to increase the 

identification of novel modification locations and combinations that will generate a more complete 

map of the histone code in T cell differentiation. This information may also shed light on other 

regulatory mechanisms and loci relevant to T cell function. 

2. Materials and Methods  

Infections and T cell extraction 

Female C57BL/6 mice (The Jackson Laboratory, Bar Harbor, ME, USA) were infected for 9 days 

for primary and ≥30 days for memory or secondary challenge. Mice were intranasally infected with 

influenza A virus (A/X-31(H3N2)) at EID50 = 106. For challenge, at least 30 days prior to X31 infection, 
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mice received an intraperitoneal injection of A/Puerto Rico/8/1934 at EID50 = 108. Mice were sacrificed 

at specific times after X31 infection (9 days for primary, 7 days for secondary, and 30 days for memory). 

In each experiment, we used 2-5, 10-15, or 1-2 mice per group for the primary, memory, and secondary 

groups, respectively. Spleens were collected and CD8+ cells separated [5, 22, 50] using B220, MHCII, 

CD11b, and DX5 (NK) antibody cocktail (Miltenyi Biotec, Auburn, CA, USA). Fluorescence-activated 

cell sorting (FACS) was used to isolate CD8+ T cells. Activated splenic T cells were selected based on 

CD8hi CD44hi CD43hi CD25hi, and naïve cells were selected based on CD8hi CD44low CD43low CD25low. T 

cells from BAL were selected based on CD8+ CD44hi CD43hi+ CD25+, Lung CD8+ CD44hi CD43hi CD25mid-

hi. T cell pellets were resuspended in ammonium bicarbonate with protease inhibitor cocktail (Roche, 

Indianapolis, IN, USA). Histones were purified using a Histone Purification kit (Active Motif, Carlsbad, 

CA, USA) for purifying core histones while preserving modification states. Columns were poured for 

each group and kept constant. We followed the manufacturer’s protocol for gravity flow separation of 

H2A, H2B, H3 and H4 core histones. Protein was purified from each group, and 9 µg protein per run 

was used for MS analysis. For relative comparisons (e.g., naïve -vs- active or active spleen-vs-BAL-vs- 

lung), mice and samples were treated as above except histones were pooled for relative quantification 

(10 mice each). 

 

Mass spectra acquisition  

We previously developed an optimized MS workflow for HiPTMap and provided a detailed MS 

configuration and separation strategy [51]. Briefly, purified histones (7.5-10 μg) were separated in the first 

dimension using a Jupiter C5 column (5-μm particles, 300 Å pore size, 600 mm × 200 μm i.d.) 

(Phenomenex, Torrance, CA, USA). Two Model 100 DM 10,000 psi syringe pumps (ISCO, Lincoln, NE, 

USA) were used to maintain constant pressure (4,000 psi) during separation. A gradient was generated 

by adding mobile phase B to a stirred mixer of mobile phase A (2.5 mL volume at 100% “A” at time zero). 

Mobile phase A was 20% acetonitrile (CAN) aqueous solution with 5% isopropyl alcohol (IPA) and 0.6% 

formic acid (FA). Mobile phase B was 45% ACN, 45% IPA, and 0.6% FA. The appropriate split flow rate 

was controlled by the combination of a packed column together with 15 μm i.d. capillary, with an 

approximate flow of 10 µL/min. We used a SPECTRA100 UV detector (Thermo Separation Products, 

Waltham, MA, USA) to monitor protein elution online at 214 nm, and fractions were collected using a 

Cheminert column selector system (VICI, Houston, TX, USA). This setup allowed for sequential selection 

of histone core members by group and second dimension separation by fraction.  

Each histone family fraction was further separated in the second dimension by weak cation 

exchange hydrophilic interaction liquid chromatography (WCX-HILIC) using a 50 cm × 100 μm i.d. 

column prepared with PolyCAT A (5-μm particles, 1000 Å pore size) (PloyLC, Columbia, MD, USA). We 

used a 70% ACN aqueous solution with 1.0% FA for mobile phase A (2°A) and 70% ACN and 8% FA for 

mobile phase B (2°B) for the gradient in the second-dimension separation. To increase the throughput of 

the second dimension, we employed a ten-port Nanovolume injection valve (VICI) to house two capillary 

columns, enabling separation and concurrent loading/equilibration between the two columns. Each 

isolated core histone fraction was loaded onto a 150 μm i.d. × 5 cm solid-phase extraction column with 

HILIC stationary phase described above. After loading each fraction in mobile phase 2°A, mobile phase 

2°B was added to the mixing vessel to separate the isoforms of each core histone. We then acquired 

spectra using electrospray ionization (ESI) high-resolution MS and MS/MS acquisitions in an LTQ 

Orbitrap Velos (ThermoFisher Scientific, Waltham, MA). ESI voltage was applied by connecting the end 

of the LC column to a capillary emitter with a polyetheretherketone (PEEK) union while voltage was 

applied [51]. Acquisitions with the Orbitrap had nominal resolving power of 60,000 (m/z = 400). FTMS 

MS and MSn gain control were set at 1E6 and 3E5, respectively, with three micro scans each. Precursor 

ion fragments were isolated with a 1.5 m/z window. The collision-induced dissociation (CID; normalized 

collision energy 35%, 30 ms) and electron transfer dissociation (ETD; reaction time 25 ms) for the same 

precursor ion were alternated, and an exclusion duration of 900 s and an exclusion list size of 150 were 

applied. MS/MS was only performed on species with charge states greater than four. Raw MS data for 

both dimensions were deposited in the PeptideAtlas repository (link available on publication). 
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Data analysis 

Protein isoforms as well as PTMs were identified by searching raw data against a mouse-specific 

annotated database, Mouse – Top down database (1260319 basic sequences, 5097711 protein forms), using 

ProSightPC 2.0 software (Thermo Scientific) using the Xtract algorithm and Top Down (MS2) default 

settings. The analysis was performed in single-protein search mode with dynamic modifications used for 

the identification of PTMs, including acetylation, mono-, di-, and trimethylation and phosphorylation 

with a mass tolerance of 10 ppm for precursor and 10 ppm for fragments using Δm mode (this function 

allows identification of proteoforms with PTMs not included in the annotated proteoform database). The 

minimum signal-to-noise (S/N), minimum reliability (RL), maximum charge and maximum mass were 

set to 1.0, 0.9, 40, and 25 kDa, respectively. Individual spectra were searched in absolute mass mode if a 

minimum of six fragments and minimum intact mass of 5,000 Da were observed, and the fragment mass 

tolerance was set at 10 ppm. Due to limitations in the ProSightPC search tool (i.e., restricted to previously 

annotated PTMs), manual analysis was performed in the few cases ProSightPC could not identify species 

in a region of import between biological comparisons. Histone identifications were filtered by requiring 

the 'Number of Best Hits' to be one (globally unique ID). The false discovery rate (FDR) was evaluated 

using a reversed database search with the same filtering criteria, where FDR = 100*Nreverse/Nforward. 

A P score cutoff of 0.00025 was chosen with FDR < 1%. MS Access was used as a platform to align and 

normalize individual histones from 2D display for further inference of LC-MS datasets of histone 

isoforms generated from T cell subsets. 

 

3. Results 

3.1. Naïve versus activated T cell histone modification   

We used high-resolution reversed-phase liquid chromatography with tandem mass spectrometry 

(RPLC-MS/MS) on a Orbitrap Velos with alternating CID and ETD. We previously developed this 

technique using histones purified from HeLa cells and demonstrated the high sensitivity of this method 

for comprehensive characterization of histone PTMs [51]. Here we applied this MS method for 

HiPTMap of modifications that formed in vivo following intranasal infection with influenza virus. Both 

MS and MS/MS were detected with high resolution and mass tolerance (intact 1 Da and fragment ions 

of 10 ppm). All core histones were realized in the first dimension of seperation and seperated into 

individual family members H4, H2B, H2A, and H3 that appear in increasing order of hydrophobicity 

[Fig 1a-c]. Isoforms within each histone core family elute together except for H3, which elutes in two 

distinct peaks, and in order by increasing molecular weight (H4, H2B, H2A, and H3 are 11,352.5, 

13,757.1, 14,019.9, and 15,350.8 Da, respectively). As one would expect with reversed-phase separation, 

each core histone group’s elution time is also influenced by its hydrophobicity. Hence the seperation 

of H3 into two groups, whereby the species eluting in the second peak is characterized by up to three 

additional methylations that increase the hydrophobicity of these isoforms. This clear separation of 

histone core family members allows for facile separation, fragmentation, and downstream HiPTMap 

of proteins isolated from naïve and activated T cells. 

  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 October 2020                   doi:10.20944/preprints202010.0215.v1

https://doi.org/10.20944/preprints202010.0215.v1


 5 of 27 

 

[Figure 1 about here] 

 
(a) 

 
(b) 

 
(c) 

 

Figure 1. Representative mass spectral data of core histones from CD8+ T cells. (a-e) Mice were intranasally 

infected with influenza A virus strain A/X-31(H3N2) at EID50 of 106 and sacrificed on day 7. Spleens were 

harvested. CD8+ T cells were enriched, stained for surface markers, and sorted by FACS. Histones were 

purified and subjected to RPLC-MS/MS analysis on an Orbitrap Velos Mass Spectrometer. Mass spectra were 

acquired with high resolution to ensure isotopic resolution for all detected protein species. Representative 

data are provided for the total ion current of histones from HeLa cell standards (a), naïve CD8+ T cells (b) 

and activated CD8+ T cells (c). Two-dimensional displays depicting resolved intact protein masses of H2A 

from two independent experiments (d & e); species were detected using reversed-phase separation for 

activated T cells.  

Due to the high degree of similarity between various histone isoform masses and the considerable 

difference in the amounts of each hore histone [Figure 1b & c], HiPTMap required extensive separation 

prior to detection in the mass spectrometer. We employed a combination of high-resolution protein 

separation and high-performance MS analysis for the identification of individual histone isomers. Raw 

data were then searched against mouse-specific anotated data to map top-down fragmentation spectral 

data to associated sequences for the identification of PTMs, including acetylation, mono-, di-, and 

trimethylation and phosphorylation [Supplemental File 1]. We identified 166 unique histone isoforms 

from naïve and activated CD8+ T cells isolated from the spleen of mice infected with influenza for 9 

days [Table 1]. We validated the identity of these isoforms using online nanoflow WCX-HILIC LC-

MS/MS (data not shown). WCX-HILIC MS/MS uses specialized separation for characterization of 

complex mixtures of hypermodified combinatorial proteins. However, WCX-HILIC only marginally 

increased the isoforms in the naïve T cells, so we continued with the RPLC-MS/MS-CID/ETD approach 

for HiPTMap.  

 
(d) 

 
                   (e) 
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Table 1. Number of unique modified sequences identified from naïve and activated CD8+ T cells. 

  H1F H2A H2B H3 H4 Total 
Naive Identified  30 18 18 25 91 

 Fragments  832 443 291 598 2164 
 Unique Isoforms  9 6 16 19 50 
        

Active Identified 1 39 12 10 13 75 
 Fragments 21 635 356 139 279 1430 
 Unique Isoforms 1 10 5 9 12 36 

The number of peptides identified, the sum of their corresponding fragments detected, and 

the total number of unique isoforms mapped. 

Histones from naïve T cells had more total unique modified species than those from activated 

T cells [Table 1]. H2A was the only core histone with more unique modified sequences than those 

in naïve T cells (6 out of 9 contained lysine acetylation (K5ac)). This species was not present in 

H2A isolated from naïve mice. This trend remained true when K5ac was accompanied by serine 1 

acetylation and/or threonine 120 phosphorylation (i.e., five found in activated T cells, one in naïve) 

[Table S1]. Core histones from H2B, H3, and H4 had more unique modified species detected in 

histones purified from naïve T cells [Table 1]. Lysine 108 acetylation was specific to H2B from 

naïve T cells [Table S1]. The peak intensity of H3 was lower than that of other core histones [Fig.1], 

resulting in low overall intensities for H3 isoforms from both naïve and activated T cells. However, 

H3 and H4 were generally more heavily modified, and these modifications were often associated 

with each other [Figure 2a and Table S1]. For example, lysine 9 through 36 on H3 were often 

acetylated and/or methylated in groups as were those on H4, whereas serine 1 acetylation was 

often accompanied by acetylation at positions 12 and 16 and methylation at position 20 [Figure 2 

and Table S1]. In general, H4 had a relatively high level of triple and quadruple modifications that 

were distributed on a few amino acids [Figure 2a and Table S1]. One modification on H4 that was 

on twice as many unique sequences in naïve than in activated was serine 1 acetylation [Table S1]. 

Indeed, several of these species were not present in H4 histones from activated T cells (e.g., 

S1acK12acK16ac, S1acK12acK16acK20me3, S1acK16ac, S1acK16acK20me, S1acR3me2K20me3, 

and S1acR3meK20me2). However, some of these modifications were also detected exclusively in 

naïve histones from uninfected mice in the absence of serine 1 acetylation (e.g., 

K12acK16acK20me2 and K12acK16acK20me3). These findings indicate H3 and H4 are clad in 

multiple PTMs whose roles in T cell biology are currently unknown. 
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[Figure 2 about here] 

 
                                                    (a)                                                                  (b) 

Figure 2. HiPTMap of naïve and activated CD8 T cells. Histones purified from naïve (CD8hi CD44low CD43low CD25low) or 

activated T cells (CD8hi CD44hi CD43hi CD25hi) purified by FACS of splenocytes from mice 9 days after intranasal infection with 

influenza and subjected to RPLC-MS/MS-CID/ETD using Orbitrap Velos with alternative CID/ETD. Raw datasets were searched 

against Mouse – Top down database. PTMs including acetylation; mono-, di-, and tri-methylation; and phosphorylation were 

detected (a,b). The modifications for each proteoform were combined to yield the sum of each modification per core histone. A 

Wilcoxon matched-pairs signed-rank test was performed (p < 0.0001) with pairing evaluated by Spearman correlation (p < 

0.0001). 

To better compare proteoforms in naïve and activated T cells, we normalized one 

representative dataset with the total histone isoform intensities within the naïve and activated T 

cells [Table S2]. H2A accounted for the largest percentage of histone cores in activated T cells. We 

found acetylation of serine 1 on H2A (S1ac) was lower in relative intensity (i.e., 6.5% versus 23.4%) 

and in unique matched sequences in naïve versus activated T cells [Fig 2b and Table S2]. The 

relative abundance of peptides with phosphorylated serine 1 was also higher in activated T cells 

than in naïve (i.e., 21.3% versus 7.0%). Overall, H2B showed very few differences in counts or 

relative abundance within naïve or activated T cells. However, both the fragment numbers and 

peak intensity of acetylation of proline 1 were higher for H2B from activated T cells [Fig 2b and 

Table S1]. Interestingly, we identified four times more phosphorylated serine 14 H2B fragments 

from activated T cells than from naïve (i.e., 24 to 6). The relative abundance of H3 was the same 

irrespective of activation [Table S2]. H4 was the dominant species in the naïve T cells. Acetylation 

of serine 1 accounted for 38.1% of the isoforms detected in naïve and only 13.6% in activated T 

cells. Indeed, when we compared acetylation of the first twenty amino acids on H4, it 

encompassed 50.7% of all naïve species and 20.5% of all activated species identified. Apart from 

these exceptions, the majority of modified species we identified were present in histones from 

naïve and activated T cells to a similar extent [Table S1]. 

To determine if individual modifications changed following activation, we separated each 

individual PTM and compared the total number of each modifications per core histone [Fig 2b]. 

The distribution and median of PTMs per core histones from naïve and activated T cells were 

significantly different [Fig 2b]. H3K4 trimethylation is associated with increased transcriptional 

activity but was not detected in either subset. Six modifications were found in naïve but not in 

activated T cells: K108ac on H2B; T3p, K4ac, R8me2, and K9ac on H3; and K8ac on H4 [Fig 2b and 

Table S2]. Of these modifications, H3-K9ac and H4-K8ac are activators, and H3-R8me2 is 

associated with repression of gene expression [52-55]. Lysine 27 was also acetylated; this activation 

signal was detected twice as many times for naïve T cells than for activated (i.e., 108 versus 51 
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fragments corresponding to 6 versus 3 unique species). Consistent with our previous finding [3], 

we found a reduction in the repressive mark lysine 27 di- and trimethylation associated with H3 

from activated T cells [Fig 2b and Table S1]. There were 102 trimethylations detected on H3 from 

naïve T cells versus 68 from activated T cells [Table S1 & File S1A,B]. The same was true for 

dimethylations, with a total of 80 found in naïve and none on H3 from activated T cells. Single 

methylation of lysine 27 on H3 was detected 192 times in naïve versus 55 in activated T cells [Table 

S1 & File S1A,B]. Given trimethylation at lysine 27 is associated with repression of transcription 

of genes in these loci, these data are consistent with activation releasing repression at specific loci 

as opposed to increasing activation marks. Indeed, the only instances of more PTMs in activated 

T cells than in naïve were serine 1 and 5 acetylation of H2A [Fig 2b and Table S1].  

3.2. Differences in activated T cell histone modification from the spleen, lung, and bronchial lavage     

In the primary infection, influenza-specific CD8+ T cells expand and differentiate into effector cells 

that migrate to the respiratory tract and contribute to viral clearance [4]. We sought to determine if the 

relative abundance of histone modifications changed as T cells migrated to the site of infection. To 

accomplish this goal, we compared activated CD8+ T cells from the spleen, lung, and BAL removed 

from the same mice. The isoforms were grouped and intensities normalized across species for 

quantification [Supplemental File 2]. We found site one of histone H1F was acetylated in T cells from 

the lung and spleen to a similar extent [Fig 3A]. In constrast, we found ten modified forms of H2A [Fig 

3B]. We detected the most modified fragments of acetylated serine one , which also had the highest 

intensity. Interestingly, serine 1 appeared to trend lower in both number and intensity as T cells 

migrated to infected tissue [Fig 3B]. The same held true for phosphorylation at serine 1. This PTM has 

been observed before and was associated with repression [56, 57]. Phosphorylation at serine 1 was 

accompanied by nearby dimethylation of arginine 3 and acetylation at lysine 5 that were  
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[Figure 3 about here] 

Figure 3. Distribution of modified species identified in histones purified from activated CD8+ T cells isolated from BAL, 

lung, and spleen after influenza infection. Activated T cells were isolated from BAL, lung, and spleen 9 days after influenza 

infection using FACS (CD8hi CD44hi CD43hi CD25hi). Histones were purified from each sample, subjected to activated T cells 

purified by FACS of splenocytes from mice 9 days after intranasal infection with influenza, and subjected to RPLC-MS/MS-

CID/ETD. Fragments identified per modified species (●) are indicated in score charts for H1F (A), H2A (B), H2B (C), H3 (D), and 

H4 (E).  

highest in the spleen and absent in BAL [Fig 3B]. Demethylation of arginine appears to occur in 

combination with serine 1 phosphorylation, not acetylation. Surprisingly, arginine 3 demethylation of 

H2A was highly abundant in BAL, given when it was accompanied by serine 1 phosphorylation it was 

present in the spleen only. Lysine 5 acetylation was very high in the lung, both as a single modification 
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and accompanying serine 1 acetylation [Fig 3B]. This combination is intriguing because this acetylation 

could block the repressive phosphorylation and acetylation of lysine 5 in mammals or 4 or 7 in 

Saccharomyces cerevisiae, which is associated with transcriptional activation [58-61]. These acetylation 

events were accompanied by phosphorylation at threonine 120, which is associated with promoting 

replication and gene expression changes associated with cancer [62], while others have shown it 

increases the genomic stability of replicating cells [63]. By contrast, H2B had fewer PTMs and the 

majority of species detected were unmodified, irrespective of T cell location [Fig 3C]. H2B 

phosphorylation at serine 14 (S14p) is considered an epigenetic marker of apoptotic cells that works in 

opposition to acetylation at the adjacent lysine 15 present in non-dying cells [64]. We detected some 

S14p in the spleen and lung [Fig 3E]. Lysine 23 acetylation was the only modification we detected on 

H2B in T cells from BAL, and lysine 108 acetylation was detected only on T cells from the lungs. Lysine 

108 acetylation has been widely reported in other tissues and systems, but its function remains 

unknown [65-68].  

H3 was heavily modified and studded with multiple modifications that were most abundant in 

the spleen and BAL [Fig 3D]. Of all the core histones, H3 exhibited a stark pattern of PTMs changing 

based on T cell location in BAL, lung, and spleen [Fig 3D]. Again, due to the lower relative abundance 

of H3, the normalized intensity of these isoforms was relatively low (i.e., ≤ 1%). However, these 

isoforms were detected many times. We did not detect trimethylation of lysine 4 (H3K4), the most well-

known permissive mark. Nevertheless, this site was methylated and was present only in H3 from T 

cells in BAL [Fig 3D]. Notably, active genes are characterized by a combination of all three methylated 

forms of H3K4; mono- and dimethylation of H3K4 are found at both transcriptionally active promoters 

and distal regulatory elements and are considered activating signals [69-72]. We found repressive 

lysine 27 trimethylation on nine different isforms with many other PTMs [Fig 3D]. However, 

trimethylation at lysine 9 was present in 12 out of the 23 isoforms we confidently identified. Both 

H3K4me3 and H3K27me3 play an essential role in polarization and activation of immune cells, 

including CD8+ T cells [16, 17, 73-76]. Interestingly, we identified several species with lysine 9 (H3K9) 

methylations and H3K27 di- and trimethylations that were exclusively identified in BAL, expecially 

when PTMs were absent in the intervening region [Fig 3D]. This combination is also known for 

controlling the lineage commitment of T cells, including CD8+ T cells [77, 78]. Lysine 18 acetylation 

(K18ac) is also associated with transcription in T cell activation [17, 79]. H3K18 was almost exclusively 

found in T cells from the spleen. We also detected H3K37me in BAL. This species is noted in neuronal 

differentiation and cell adhesion but not in T cells. Thus, while H3 is of lower abundance, several 

modifications alone or in combination are associated with T cell activation and lineage commitment. 

Given the large number of PTMs surrounding known regulatory marks and the apparent enrichment 

of these species in different locations, exploring how these combinatorial patterns impact well-studied 

H3K4me3 and H3K27me3 may be worthwhile. 

H4 was also heavily modified, and these modifications were clustered in the first twenty amino 

acids [Fig 3E]. The majority of these isoforms were detected at a similar frequency and relative intensity 

in BAL, lung, and spleen. The only exception was phosphorylation of serine 1 accompanied by 

trimethylation of lysine 20 [Fig 3E]. This S1pK20me3 isoform was found exclusively in BAL with 

several confidently matched fragments and was of high intensity (9%) [Fig 3E]. By contrast, 

phosphorylation of serine 1 on H2A was high in the spleen and diminished in BAL [Fig 3B]. Histone 

N-terminal tails contain high concentrations of acetylation and phosphorylation that alter the charge 

of the tails, thereby changing electrostatic interactions with chromatin. We detected phosphorylation 

of serine 1 on H4 (H4S1p), which has been implicated in the regulation of gene expression and control 

of cell phenotypes [80, 81] as well as decreasing histone acetyltransferase activity. We also detected 

dimethylation of arginine 3 (H4R3me2) that is capable of reversing the H4S1p effect, but we did not 

detect these PTMs in combination. We detected H4R3me2 in association with several other 

modifications, including K12 and K16 acetylation and K20 di- and trimethylation. These modifications 

tune complex binding and may play a role in enhancing or inhibiting regulatory complexes [82]. We 

also identified two other modifications, lysine 5 and 12 acetylation, associated with transcriptional 
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activation [58-60]. Taken together, these analyses indicate a previously unappreciated role for histone 

modification dynamics in T cells during migration to local sites of infection. 

3.3. Primary, memory, and secondary effector T cell histone modification 

There are fundamental differences in the response of naïve versus educated T cells to infection. T 

cell expansion in response to primary infection lasts for 7-10 days and is followed by contraction, 

leaving 5-10% of antigen-specific CD8+ T cells to form the pool of memory cells. In a subsequent 

“secondary” infection, these cells expand more robustly and mediate viral clearance faster. We 

compared the histones from activated CD8+ T cells from the peak of the primary response (day 9) to 

early effector–memory cells (day 30) and to activated T cells collected 7 days following a heterologous 

challenge. All mice were intranasally infected with influenza strain X31. However, for the secondary 

condition, mice were infected with a different strain of influenza (PR8) at least 30 days prior to infection 

with strain X31. Supplementary files 2B, C and D contains the complete list of observed species, their 

masses, and p-values for primary, memory, and secondary, respectively. We compared the invidual 

PTMs per condition [Fig 4]. Primary and memory were not significantly different, while secondary had 

signficantly more modifications than primary or memory [Fig4a]. Interestingly, acetylation of lysine 5, 

a transcriptional activation mark on H2A [59, 60], was similar for all groups [Fig 4a and Table 3]. 

Dimethylation of arginine 4 and acetylation of lysine 13 are known to target this area for biotinylation, 

which is involved in cell proliferation [83, 84]. H2AR4me2 and H2AK13ac were detected only in the 

secondary response [Fig 4a and Table 2]. Apart from H2AR4me2 and H2AK13sc, H2A appears to have 

similar modifications irrespective of the T cell state [Fig 2b and 4a].                                   

[Table 2 about here] 

Table 2. H2A modifications in T cells from primary, memory, and secondary responses. 

H2A Primary Memory Secondary 

 Peptides Detected Peptides Detected Peptides Detected 
S1ac 15 377 21 304 26 749 
S1p 2 31 2 26 4 75 
R3me2 1 10 1 1 3 13 
R4me2     1 20 
K5ac 6 6 6 6 5 5 
S1acK5ac 4 53 2 59 5 95 
S1acR3me2K5ac     2 21 
S1acK5acT120p 1 11     
S1acT120p 4 54 1 1 5 98 
S1pK5ac 2 18     
S1pR3me2 1 10 1 9 3 74 
K13ac     1 12 
None 2 65 5 155 8 158 
Peptides: the number of unique peptides identified containing modification. Detected: the sum of the 
fragments detected.   

[Figure 4 about here] 
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When we compared modifications to H2B, we found T cells in the secondary response showed a 

high distribution of almost all proteoforms identified [Table 2 and Fig 4]. We identified P1ac on the 

H2B1C isoform in the primary infection. When accompanied by a string of acetylations in this region, 

P1ac was found in the secondary response. In constrast, acetylations at residues 16, 17, 18, 22, and 24 

were present in all three groups. Acetylations at lysine 7, 12, 13, and 14 were largely associated with 

the secondary response [Fig 4 and Table 3]. The addition of phosphorylation at tyrosine 43 on H2B 

occurred only in the secondary response [Table 3]. Phosphorylation of serine 14 (S14p) in the absence 
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Figure 4. HiPTMapping of primary, memory, and secondary 

CD8+ T cells. Activated T cells (CD8hi CD44hi CD43hii) were 

isolated by FACS after primary and secondary infections along 

with effector memory cells (CD8hi CD44+ CD43+). Spleens were 

harvested 9, ≥30, or 7 days after intranasal infection with 

influenza for primary, memory, and secondary responses, 

respectively. In the secondary response, mice were infected with 

influenza strain PR8 at least 30 days prior to infection with strain 

X31. Prior to sorting, contaminated immune cells were reduced 

by negative depletion. Histones were purified from T cells and 

subjected to RPLC-MS/MS using Orbitrap Velos with alternative 

CID/ETD. Raw datasets were searched against the Mouse–Top 

down database. PTMs including acetylation; mono-, di-, and 

trimethylation; and phosphorylation were detected. The 

occurence of each modification per proteoform was combined to 

yield the sum of each specific PTM per core histone (a,b). 

ANOVA (p < 0.0001) was performed followed by Tukey's 

multiple comparisons test: Primary -vs- Memory (p=0.3291), 

Memory -vs- Secondary (<0.0001), and Primary -vs- Secondary 

(p < 0.0001) (a). PTMs were separated into known activation 

marks (H2A-S1p, H2A-K5ac, H3-K36me2, H3-K9ac, H3-K27ac, 

H2B-K12ac, H3-K18ac, H3-K23ac, H3-K36ac , H3-K36me3, H4-

K5ac, H4-K8ac, H4-K12ac, H4-K8ac, H4-R3me2, and H4-K16ac) 

and repressive marks (H3-R8me2, H3-K9me2, H3-K9me3, H3-

K27me3, H4-K20me2, H4-K20me3, H4-K20me). The naïve T 

cells (CD8hi CD44low CD43low CD25low) that were isolated in 

primary infections were also compared. ANOVA (p = 0.007) 

followed by Tukey's multiple comparisons test [p < 0.05 (*) and 

p < 0.005 (**)] (b).  
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of H2AXphosphorylation is highly correlated with somatic hypermutation in vivo and class switch 

recombination [85]. We found no evidence of H2AX phosphorylation with consistent S14p across all 

three groups [Fig 4 and Table 2]. Lysine 20 was acetylated in memory and secondary responses [Table 

3]. This modification was previously detected on H2B [86] and was recently implicated as the site- 

specific homing and docking point for macroH2A1, which is required for the transcriptional activation 

of a myriad of cytokines, chemokines, metalloproteases [87]. Acetylation at the tail region was not 

present in the primary response (e.g., lysine 108 or 109).   

Table 3. H2B modifications in T cells from primary, memory, and secondary responses.    

H2B Primary Memory Secondary 

Species Peptides Detected Peptides Detected Peptides Detected 
P1ac 1 17     
P1acK6acK12acK13acK16acK17acK21acK24acK109ac     1 15 
M1acK6acK12acK13acS15pK16acK17acK21acK24acY43p     2 59 
M1acK7acK13acK14acK17acK18acK22ac     1 23 
M1acK7acK13acK14acK17acK18acK22acK25ac 1 18 1 24 2 56 
M1acK12acK13acS15pK16acK17acK21acK24ac     1 28 
M1acK12acK13acS15pK16acK17acK21acK24acK109ac   1 15 1 16 
S14p 1 24 2 35 5 135 
K20acK23ac   3 31 8 310 
K23ac 1 21   7 259 
K108ac     2 83 
None 8 267 10 286 22 804 
Peptides: the number of unique peptides identified containing modification. Detected: the sum of the fragments detected.   

Despite loading the same amount of histones, we found very few H3 isoforms in the memory 

sample [Table 4 and File S1C]. We did not find any methylation at lysine 4, a permissive mark. 

However, we found repressive methylation of lysine 9 and 27. These modifications were in the same 

peptides three times in the primary sample and twelve times in the secondary. We also found a similar 

level of acetylation of lysine 27, an enhancer signal [88]. We detected lysine 36 acetylation and 

methylation, which are promoter marks on activated and repressed genes, respectively [89]. The 

acetylation to methylation ratios were 3 to 6 for the primary sample and 18 to 22 for the secondary. The 

relative ratios were not significantly different for these events. The most striking differences in 

individual modifications on H3 were observed in regions 9 to 37 [Fig 4a]. This area contains seven 

known activators (K4ac, K9me, K18ac, K23ac, K36me, and K37me) [58, 60, 90-95] and and three 

repressor signals (R8me, K9me, and K27me) [96-100]. This region is heavily modified with many 

combinations of methylations and acetylations [Table 4]. In some cases, these modifications represent 

opposing signals on a single amino acid, such as acetylation or methylation of lysine 9 inducing 

activation or repression at nearby loci [101, 102]. There were also bivalent marks at neighboring sites 

such as methylation of lysine 36 and 37, which are activation and repression marks, respectively [101, 

102]. The abundance of H3 species with activation and repression marks indicates these histones may 

be poised to respond to external condition changes in these states.         

Table 4. H3 modifications in T cells from primary, memory, and secondary responses. 

H3 Primary Memory Secondary 

Species Identified Detected Identified Detected Identified Detected 
T3pK9me3K27me3K36me      1 11 
R8me2K9meK18acK23acK27acK36ac    1 10   
K9me2K18me      1 29 
K9meK18meK23meK27me     1 32 
K9meK18meK23meK27meK36me    1 10 2 58 
K9me2K18meK27me      1 27 
K9meK18meK27me2K36me      4 124 
K9me2K18meK36me3      1 22 
K9me2K18meK23acK27acK36ac  2 29   1 28 
K9meK18meK27meK36ac      2 61 
K9meK18acK23acK27acK36ac 1 8 2 26   
K9me2K18acK23acK27me3K36me3 1 13 1 9 1 25 
K9me2K18acK36ac      1 24 
K9me2K23meK27me      2 58 
K9meK23meK27meK36me  1 13   4 98 
K9me2K23meK36me3      1 26 
K9me2K23meK27meK36ac      1 31 
K9me2K23acK27acK36ac      1 24 
K9me2K23acK27me3K36me3     2 47 
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K9me3K23acK27acK36me3     1 24 
K9me2K27me     6 168 
K9meK27meK36me 1 18 1 7 17 501 
K9me2K27ac     2 53 
K9me2K27acK36me     2 47 
K9me2K27acK36ac      1 29 
K9me2K27me2K36ac      3 76 
K9me2K36ac      3 77 
K9me2K36me      4 110 
K18meK23meK27me3K36me3 1 13   1 26 
K18acK23meK27me3K36me     2 49 
K18acK23acK27acK36ac 1 14   1 23 
K18acK23meK27acK36ac     2 56 
K18acK23acK27meK36ac     1 26 
K18acK23acK27meK36me     4 109 
K18acK23meK27me2K36ac     1 22 
K18acK23meK27me3     1 32 
K18meK27me3K36me3     1 16 
K18acK27acK36ac     2 52 
K18acK27acK36me     4 100 
K18acK27meK36me 1 20   2 61 
K18acK27meK36ac     2 48 
K23meK27me3     3 72 
K23meK27me3K36me     7 185 
K23meK27meK36ac     2 60 
K23acK27me     1 31 
K23acK27me3K36ac     1 22 
K23acK27meK36me     4 107 
K27acK36ac     5 137 
K27acK36me     4 119 
K27me2     1 30 
K27meK36me 1 11   10 268 
K27meK36ac     3 89 
Peptides: the number of unique peptides identified containing modification. Detected: the sum of the fragments 
detected. Underline indicates mono, di, and trimethylation were combined.   

H4 had fewer unique combinations of modifications than H3, but most H4 proteoforms were 

detected within the memory group [Table 5]. Serine 1 was acetylated in all groups and phosphorylated 

in the secondary response. This phosphorylation event is associated with proliferation [56]. Arginine 3 

methylation (R3me) is a permissive mark [93, 103, 104] that we found in combination with serine 1 

phosphorylation in the secondary response [Table 5]. R3me was present in both primary and secondary 

responses on multiple H4 peptides in combination with other activators and the repressive mark 

K20me [90, 105-107]. Acetylations at lysine 5 or 8 are also activation marks [58-60, 108-110] and were 

associated with both primary and secondary responses [Table 5]. Acetylations of nearby lysine 12 and 

16 are also activation marks [58-60, 108, 109, 111]; these marks were present in all states but had much 

higher distributions in memory and secondary T cells [Fig 4a]. Acetylation of lysine 9 is also an 

activation mark [52, 53], but it was detected only in the secondary response [Fig4a]. Similar to H2, 

acetylations were grouped closely together in this region. Interestingly, K16ac was often accompanied 

by K20me. This repressive mark was on approximately 50% of the secondary species we identified and 

75-88% of the species in the primary and memory groups. In contrast to H3 where we found an 

abundance of species with activation and repression marks, all H4 PTMs with known functions were 

associated with transcriptional activation except for monomethylation of lysine 20, which has been 

associated with both activation [90] and repression [105-107].        
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Table 5. H4 modifications in T cells from primary, memory, and secondary responses. 

H4 Primary Memory Secondary 

Species Identified Detected Identified Detected Identified Detected 
S1ac 1 17   1 15 
S1pR3me       1 6 
S1pR3meK20me3       2 23 
S1acR3meK20me2   1 14   
S1acK5acK8acK12acK16ac      2 22 
S1acK5acK8acK12acK16ac   1 19   
S1acK5acK8acK12acK16acK20me2   1 13   
S1acK5acK8acK16acK20me   1 23   
S1acK5acK12acK16acK20me   1 27   
S1acK8acK12acK16ac      2 43 
S1acK8acK12acK16acK20me    1 56 3 48 
S1acK8acK16acK20me      5 135 
S1acK12acK16ac      3 69 
S1acK12acK16acK20me  1 13 2 78 7 202 
S1acK16ac    1 12 4 79 
S1acK16acK20me 2 29 5 191 10 301 
S1acK16acK20me3S47p   1 9   
S1acK20me 4 115 6 241 9 266 
S1acK20me3Y88p   1 19   
R3me2K12acK20me3  1 25     
R3me2K16acK20me  1 21   1 10 
R3meK20me  2 47 1 23 2 25 
K5acK20me3  1 12     
K16ac   1 13   
K16acK20me      2 31 
K20me    2 97 2 34 
M1acS2acK6acK9acK13acK17acK21me3-
S48pY52pY89p     1 6 
M1acS2acR4me2K6acK9acK13acK17ac- 
K21me3S48pY52pY89p     1 6 
None     2 24 
Peptides: the number of unique peptides identified containing modification. Detected: the sum of the fragments detected. 
Underline indicates mono, di, and trimethylation were combined.   

4. Discussion 

Histone modifications in the respiratory tract have been associated with respiratory inflammation 

and infection. Some histone mark distributions were uniquely associated with the transcription rates 

of genes. For example, H3K9me3 and H3K27me3 levels at the COX2 promoter were substantially 

higher in primary human lung fibroblasts isolated from patients with idiopathic pulmonary fibrosis 

[112] and have been reported in lung tissue during SARS-CoV infection [113]. Likewise, epigenetic 

changes by influenza may alter the host response. Alterations in DNA methylation reportedly occur in 

promoter regions of some proinflammatory cytokines and interleukin genes in response to influenza 

infection [114-116]. Influenza infection can also modulate PTMs [117, 118]. While these studies focused 

on specific canonical regulation markers, they suggested highly pathogenic avian H5N1 influenza 

infection induces PTMs distinct from those induced by the H1N1 2009 pandemic strain [117, 118]. This 

difference is likely due to the influenza infection complex, which is composed of non-structural and 

polymerase viral proteins and host chromatin remodeler proteins and functions to induce 

modifications that specifically remodel chromatin [119-121]. Thus, although influenza virus does not 

integrate into the host genome, active transport of viral proteins into the nucleus that facilitate early 

stage transcription and replication occurs and may mediate previously observed epigenetic changes in 

lung tissue. However, T cells are not a major source of influenza replication. Thus, the distinct 

epigenetic maps of T cells we observed in the various T cell states following influenza infection were 

more likely due to T cell activation and lineage. 

Previous studies have profiled H3K4me3 and H3K27me3 at certain effector gene loci of T cell 

subsets and determined these marks are associated with specific genes that are critical to functions 

related to these phenotypes [122, 123]. Genome-wide ChIP-Seq was used to determine gene expression 

profiles in human naive and memory CD8(+) T cells associated with these modifications and found 

correlations between gene expression and the amounts of H3K4me3 (positive correlation) and 

H3K27me3 (negative correlation) across the gene body [17]. Araki and co-workers found memory T 

cells have more genes with high levels of H3K4me3 marks than naïve cells and defined 4 associations 

between these two modifications and gene expression with the T cell state. Resting memory T cells 

have repressed genes (i.e., high H3K27me3 and low H3K4me3 with low mRNA expression) as well as 
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active and poised genes (i.e., low H3K27me3 and high H3K4me3 with either high or low mRNA 

expression, respectively) [17]. The fourth group, termed bivalent, maintained low mRNA expression 

in naïve and resting memory cells with strikingly increased expression upon activation of memory T 

cells in association with high levels of both H3K27me3 and H3K4me3 [17]. A similar approach was 

used to demonstrate naïve T cells maintain bivalency at gene loci that regulate transcription, 

replication, and cellular differentiation; however, after in vivo differentiation into influenza-specific 

effector T cells, the transcriptional silencing marks were lost [3]. Russ et al also demonstrated this was 

distinct from immune-related effector gene promoters that acquired permissive H3K4me3 

modification after activation [3]. We used an unbiased approach and did not identify H3K4me3 or mine 

the data and attempt to resolve or quantify this species. However, we found a reduction in the 

repressive mark lysine 27 di- and trimethylation associated with H3 with T cell activation [Fig 2b and 

Table S1]. We identified more unique combinations of PTMs from naïve than activated T cells isolated 

from the same samples, as well as significantly more individual PTMs and known markers of 

transcriptional activation. Moreover, after a secondary recall response to heterologous influenza 

challenge, activation of effector memory T cells significantly increased the number of PTMs known to 

mediate transcriptional activation compared to naïve, primary, or memory effector T cells. This was 

largely due to several internal acetylations of lysine 9, 18, 23, 27 and 36 on H3. Internal lysine 

acetylations on histones are generally associated with transcriptional activation via charge 

neutralization relaxing the chromatin structure to open transcription in the region [124, 125]. This was 

complemented by di- and trimethylation at lysine 36, a strong enhancer of transcriptional activation in 

T cells. Indeed, increased chromatin accessibility via hyperacetylation of this region is a potentially 

important mechanism for rapid re-expression of effector genes that facilitates the unique capacity for 

rapid recall of effector CD8+ T cells [126].  

Araki and Russ et al. established that H3K4me3 and H3K27me3 are reliably associated with genes 

that regulate T cell differentiation and function. Deposition of H3K4me3 and H3K27me3 correlate with 

the expression patterns of many critical genes, and these positive and negative correlations, 

respectively, are consistent with T cell phenotypes and their functions. Moreover, the methylation 

levels of lysine 4 and 27 on H3 change dynamically during an immune response, and memory T cells 

are characterized by both PTMs, making these loci poised for rapid expression. Our findings add to 

this knowledge by defining new PTM combinations and mapping these epigenetic hot spots on 

histones in distinct CD8+ T cell subsets. Similar to the canonical H3K4me3 and H3K27me3 

modifications detailed above, we found many proteoforms that were bivalent in effector T cell subsets. 

Furthermore, there were significant distribution differences in histone PTMs from CD8+ T cells recalled 

to activation from secondary heterologous influenza infection. Recent research in this area suggests 

that even minor changes in highly conserved regions alter chromatin structure and gene regulation 

[127, 128]. Due to their high heterogeneity, histones are inherently challenging to study; additionally, 

interpreting combinations of histone marks is difficult because of the lack of knowledge regarding their 

biological function [129-131]. However, our identification of these differentially marked histones in 

unique combinations from distinct T cell subsets raises several important questions. First, are these 

histone PTMs integral to controlling gene expression in the T cell response or do they play other 

currently undefined roles? If the former is true, PTMs may act to fine tune canonical modifications or 

function independently. Second, are the acetylations on H4 from lysine 6 to 17 that are associated with 

memory and secondary T cell subsets mediating memory cell survival or homeostatic proliferation 

upon recall? HiPTMap of T cells acquired ex vivo from the same groups of mice (e.g., activated versus 

naïve T cells or effector T cells from different compartments) as well as identifying PTMs across effector 

T cells (primary, memory, and secondary) has provided the blueprint to answer some of these 

questions and will likely contribute to our understanding of epigenetic regulation of T cell biology. 

5. Conclusions  

The HiPTMap strategy used here enhances data quality and acquisition sensitivity, providing 

comprehensive analysis. Our results show the high potential of online nanoflow 2DLC separation 

using two orthogonal separation modalities for top-down analysis of histones. Both methods were 
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online coupled and eluted at a nanoflow rate to reduce sample dilution and enhance MS sensitivity. In 

addition, this platform extended the dynamic range of MS measurements, increasing the number of 

confidently identified histone proteoforms compared to 1DLC-MS. With this strategy, we identified 

hundreds of unique histone-modified species isolated directly ex vivo following influenza infection. As 

a result, we now know that several new bivalent combinations are present in effector T cells, the histone 

map changes as T cells relocate during influenza infection, and the secondary recall response of CD8+ 

T cells induces a significant increase in histone PTMs associated with transcriptional activation.    

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Table S1: 

Modified core histone species identified in naive and activated CD8+ T cells. Table S1: Relative 

abundance of histone modifications from naïve and activated CD8+ T-cells. File S1: Summary MS data 

of T cell subsets after primary and secondary influenza infection. File S2: Summary MS data of histones 

from activated CD8 T cells from the spleen, BAL, and lung after influenza infection.   
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