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KMT2D regulates activation,
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expression by T-cells
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Individuals with Kabuki syndrome present with immunodeficiency; however,

how pathogenic variants in the gene encoding the histone-modifying enzyme

lysine methyltransferase 2D (KMT2D) lead to immune alterations remain poorly

understood. Following up on our prior report of KMT2D-altered integrin

expression in B-cells, we performed targeted analyses of KMT2D’s influence

on integrin expression in T-cells throughout development (thymocytes through

peripheral T-cells) in murine cells with constitutive- and conditional-targeted

Kmt2d deletion. Using high-throughput RNA-sequencing and flow cytometry,

we reveal decreased expression (both at the transcriptional and translational

levels) of a cluster of leukocyte-specific integrins, which perturb aspects of T-cell

activation, maturation, adhesion/localization, and effector function. H3K4me3

ChIP-PCR suggests that these evolutionary similar integrins are under direct

control of KMT2D. KMT2D loss also alters multiple downstream programming/

signaling pathways, including integrin-based localization, which can influence T-

cell populations. We further demonstrated that KMT2D deficiency is associated

with the accumulation of murine CD8+ single-positive (SP) thymocytes and shifts

in both human and murine peripheral T-cell populations, including the reduction

of the CD4+ recent thymic emigrant (RTE) population. Together, these data show

that the targeted loss of Kmt2d in the T-cell lineage recapitulates several distinct

features of Kabuki syndrome-associated immune deficiency and implicates

epigenetic mechanisms in the regulation of integrin signaling.
KEYWORDS

Kabuki syndrome (KS), KS1-associated immune deficiency (KSAID), thymocyte, recent
thymic emigrant (RTE), Itgal, Itgb7, integrin switching
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Introduction

Epigenetic dysregulation has emerged as a pathologic driver of

many diseases, including primary immune deficiencies (1–3). Kabuki

syndrome type 1 (KS1) is an autosomal dominant, congenital,

epigenetic disorder commonly associated with heterozygous loss-of-

function variants in the lysine methyltransferase 2D gene, KMT2D

(also known as MLL2/MLL4/ALR). KS1 has a complex phenotype,

including disruption of craniofacial, skeletal, cardiac, cognitive, and

immune development. KS1 is frequently associated with specific

fo rms o f immune dys func t i on , in c lud ing humora l

immunodeficiency, autoimmunity, and lymphoproliferation, which

contribute to the morbidity and mortality seen in individuals with

KS1 (1, 3, 4). KS1-associated immune deficiency (KSAID) can be

partially explained through the known role of KMT2D in B-cell

survival/cell cycle regulation, differentiation, and peripheral tissue

homing (5, 6). Specifically, KMT2D influences the expression of its

target gene integrin beta 7 (ITGB7) and the ITGA4-ITGB7 integrin

heterodimer (also known as lymphocyte Peyer’s Patch adhesion

molecule-1 [LPAM1]) in mesenteric lymph node–derived

lymphocytes and thus disrupts Peyer’s Patch size, quantity, and

function (2). However, the contribution of T-cells to KSAID

pathogenesis is currently not well understood. Recent studies

suggest that KMT2D insufficiency in T-cells may be disruptive as

researchers have identified KMT2D mutations in 20% of peripheral

T-cell lymphomas-not otherwise specified (PTCL NOS), a disease

with notable T-cell dysfunction tied to dysregulated expression of the

cell cycle and adhesion genes (7, 8). Furthermore, dysregulated cell

cycle/proliferation has been described across many KMT2D-deficient

models systems, including neurons and cancer cells (9, 10). However,

the contribution of T-cells to the KS1 immune deficiency phenotype

has remained unclear. Recent studies in Kmt2d knockout (KO) (of

exons 16–19) mice showed multiple T-cell abnormalities including

significant drops in all peripheral T-cell subsets, a reduction in thymic

CD4+ T regulatory cells, loss of the interferon gamma (IFNg) silencer
CNS-28, and disrupted post-stimulation-induced survival of

peripheral CD8+ T-cells (11–13). Additionally, an immune

phenotyping study of individuals with KS1 suggested decreased

CD4+ memory cells (14); however, the use of appropriate reference

ranges negated this finding (15). Recently, KMT2D’s role in long-

range chromatin interactions and in modulation of the chromatin

structure has become a focus (11, 13). However, the contribution of

KMT2D across T-cell development and how KMT2D T-cell-specific

haploinsufficiency (KS1) impacts peripheral T lymphocyte

populations driving KSAID pathogenesis remain unaddressed.

Further understanding of T-cell development and function in

individuals with KS1 may improve care for all patients with

immune deficiency and broaden our basic understanding of

epigenetic regulation of T-cell development.

Here, we show that KMT2D directly regulates integrin

expression, specifically Itgae, Itgal, Itgb2, and Itgb7, throughout

the T-cell lineage, thus modulating T-cell maturation, activation,

and localization. Additionally, KMT2D regulates the key thymic

egress licensing transcription factor Klf2. In the periphery, we

demonstrate that Kmt2d deficiency leads to changes in immune
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populations, such as memory skewing. Together, these data

demonstrate that Kmt2d regulates integrins through T-cell-

intrinsic epigenetic mechanisms and thus is a regulator of

adaptive immunity.
Methods

Patient consent and sample collection

The parents of the human subjects provided written consent for

enrollment in this study (Cincinnati Children’s Hospital Medical

Center [CCHMC] Institutional Review Board [IRB], protocol #2012-

4636 and/or protocol #2020-0570). All KS1 cohort peripheral blood

lymphocyte subpopulation analyses were performed in the CCHMC

Diagnostic Immune Laboratory, and the collected data were

compiled from a review of medical records. All clinical evaluations

were performed at Clinical Laboratory Improvement Amendments

(CLIA)–certified clinical laboratories and reported with the age-

matched normal ranges. All 16 KS1 cohort patients underwent

KMT2D sequencing (reference transcript: NM_003482). KMT2D

domains were mapped according to UniProt Database (O14686).

KMT2D mutations and type (frameshift, nonsense, missense, splice

variants) associated with the individual’s recorded DNA mutation

were generated via VarSome (https://varsome.com/) (16) for the

Lolliplot (https://www.cbioportal.org/mutation_mapper) (17, 18).

Lolliplots were manually altered in order to include additional

variant information through color and shape. Values found within

(closed) and outside (open) the reference range (2.5 – 97.5 percentile)

are both displayed on the plots. The significance was determined

using the binomial test, with the null hypothesis being that

individuals with KS1 have the same probability of falling outside

the reference range (2.5 - 97.5 percentile) equal to 5%, that is, the

same as healthy age-matched individuals, and the P-value generated

is listed on the graphs in Figure 6. The lower limit of normal (LLN)

for assessment of cardiac surgery is calculated using the KS1 value

divided by the lowest value (2.5 confidence value) of the

reference range.
Mice

Mice were housed in accordance with NIH guidelines, and

experimental protocols were approved by the Institutional Animal

Care and Use Committee of CCHMC and Johns Hopkins

University. Experimental observations of phenotypes were

replicable at both institutions. The thymus, spleen, and/or blood

were collected for flow cytometry and phenotyping analysis.

Magnetic bead sorting was performed to isolate single-positive

(SP) thymocytes or peripheral T-cell subsets for assessment of Cre

recombinase efficiency and for RNA isolation, RNA-seq library

preparation and sequencing. Kmt2d+/bgeo (also known as

Mll2Gt(RRt024)Byg) mice (gene trap) were obtained from Bay

Genomics (Berkeley, CA) and contain a powerful splice enhancer

integrated in between exons prior to the SET domain. These mice
frontiersin.org
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show many features in common with patients with KS (19).

Kmt2d+/bgeo animals were backcrossed onto a pure C57BL/6

background (verified by SNP array via Taconic Labs) and are

maintained through breeding heterozygous carriers with fresh

C57BL/6J (B6; Jackson Laboratories) as homozygous Kmt2dbgeo/

bgeo mice are embryonic lethal.

Kmt2d-SET-fl/fl (also known as Mll4-SET-fl/fl mice), a kind gift

from Dr. Kai Ge (NIH) that have been previously described (20, 21),

were crossed with Cre recombinase (Cre) under various promoters.

This mouse strain is not the same as the publicly available Kmt2d
tm1.1Kaig/J (also known asMll4fl/fl) mouse from Jackson Laboratories

(Strain #032152), which we refer to in this document (referencing

some prior Kmt2d literature (11–13) and scRNA analyses

[GSE217656] as Kmt2d-exon16-19-fl/fl to differentiate it from Kmt2d-

SET-fl/fl. Briefly, Kmt2d-SET-fl/flmice harbor LoxP sites around Kmt2d

exons 50 and 51 and disrupt the SET domain through a frameshift

causing a stop codon at exon 52 upon exposure to Cre, which leads

to a truncated protein (276 amino acid truncation at the carboxy-

terminal end).

Conditional mice will sustain Kmt2d loss throughout thymocyte

development and into the mature T lymphocytes in the periphery,

thus allowing us to determine the role of Kmt2d in T-cell
Frontiers in Immunology 03
development. Vav1-iCre (a kind gift from Senad Dianovic,

CCHMC, but can also be purchased from The Jackson

Laboratory, Bar Harbor, USA; Strain #008610) turns on at the

hematopoietic stem cell stage, whereas the two additional models

used to conditionally delete T-cells, Lck-CreMar (The Jackson

laboratory; Stain #003802) reportedly turns on around DN3 (22)

and CD4-Cre (a kind gift from David Hildeman, CCHMC but can

also be purchased from The Jackson laboratory; Strain #022071)

turns on around DN4 (22) (see Supplementary Figure 1).

All mice used in these studies were adults (ranging 1 – 6 months

old), with the majority of mice 2 – 3 months of age. All mutant mice

used were evaluated against their same-sex littermate controls for

age-/sex-related normalizing purposes. Mice were sacrificed via

intraperitoneal injection of sodium pentobarbital (65 mg mL−1;

200 mL – 300 mL) after which the thymus, spleen, mesenteric lymph

node, and/or blood were collected. Using a 3 mL syringe plunger

(#309656; Becton Dickinson [BD], Franklin Lakes, USA), the

organs were mashed through a T-cup strainer (#352350; Corning

Inc., Glendale, USA) using 5 – 10 mL of 0.5% DNase I (DN25-1G;

Sigma, St. Louis, USA) in complete RPMI 1640 (cRPMI; RPMI 1640

[#10-040-CV; Corning/Mediatech Inc., Manassas, USA] containing

10% heat inactivated fetal bovine serum [#16140-071; Invitrogen]).
A B

C

D

E

FIGURE 1

Shifts toward enhanced CD8+SP cell percentage, accumulation of Mature 1 SP cells, and alterations in the Foxo1 licensing egress pathway at the
population level in Kmt2d-deficient mice. (A) Organ weight of thymus (milligrams) normalized to body weight (grams). (B) Flow cytometric analysis
of thymocyte populations across development, as indicated: double-negative (DN), double-positive (DP), and single-positives (CD4+SP, CD8+SP) as
a percent of total live/single thymocytes. Lck-CreMar; Kmt2d-SET-fl/fl thymocyte populations (left) and CD4+SP and CD8+SP from CD4-Cre;
Kmt2d-SET-fl/fl (middle) and Kmt2d+/bgeo (right) separated by dotted lines. CD8+SP are significantly enhanced in all models. (C/D) Thymic Lck-CreMar;
Kmt2d-SET-fl/fl CD4+SP (open) and CD8+SP (closed) maturation by flow cytometry, progressing from Mature 1 MHCI+CD69+CCR7+TCRb+ (M1; left) to
MHCI+CD69-CCR7+TCRb+ Mature 2 (M2; right) as a percent of total thymocytes (C) or by M2-SP/M1-SP ratio using values from % of total
thymocytes values (D). Each marker displays average cells from individual mice (n = 2–15; from two or more independent experiments/condition).
(E) Disruption of the Foxo1 egress licensing pathway expression (RPKM) in Kmt2d-deficient CD4+SP and CD8+SP thymocytes. Pathway depicted
above graph: FOXO1 protein binds to promote gene expression of Klf2, fueling KLF2 protein expression (protein depicted within circle), which binds
to four downstream genes inducing increased RNA expression of the stated genes. Relevant genes are displayed on the top of each dataset. Each
marker displays average cells from individual mice (n = 2–15) and black lines represent mean ± SEM. The mouse lines are displayed on the graphs:
Kmt2d+/bgeo (+/+ black diamonds/+/bgeo gray diamonds), Lck-CreMar; Kmt2d-SET-fl/fl (Cre− blue circles/Cre+ yellow squares), and CD4-Cre; Kmt2d-SET-
fl/fl (Cre− black up-right triangles/Cre+ red inverted triangles). For all cellular/organ phenotype analysis, we employed parametric, unpaired, Welch’s
corrected t-test (mutant compared with corresponding littermate) for significance. For (E), DESeq2 generated adjusted P-values using the
Benjamini–Hochberg method. Significance is listed on graph based on P-value or DESeq2 adjusted P-values (e) > 0.05 (ns), P-value < 0.05 (*),
P-value < 0.01 (**), P-value < 0.001 (***), and P-value < 0.0001 (****). Multiple independent experiments were used for (A-D).
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1341745
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Potter et al. 10.3389/fimmu.2024.1341745
Peripheral blood was collected from live mice for analysis via

submandibular phlebotomy into K2EDTA tubes (Microtainer,

#365974; BD). Cells were collected and spun down at 500 g ×

5 min. The 1 million cells collected from tissues or blood were

strained and used for flow cytometric analyses or for recent thymic

emigrant T-cell receptor excision circles assessment.
Flow cytometry analysis

Cells were spun down at 500 g for 5 min to pellet and

resuspended in 5 mL of cRPMI. Cells were stained using a

dilution of 1:400 of anti-mouse CD16/CD32 (Fc Shield, #70-

0161-U100; Tonbo Biosciences, San Diego, USA) in cRPMI for

15 min, washed with cRPMI, spun down, and incubated with the

following antibodies in cRPMI at 1:200 for 30 min: CD4-BV650

(#100469; BioLegend, San Diego, USA), CD8-BV605 (#100744;

BioLegend), CD25-PE-Cy7 (#102016; BioLegend), CD44-AF488

(#103016; BioLegend), and additional panel antibodies (TCRb,
ITGAL, ITGAE, MHCI, CD69, CCR7, CD24) or the peripheral

(splenic) antibody panel; see Supplementary Table 1 and

Supplementary Figure 2 for antibody information and gating

strategies, respectively. For analysis only, cells were washed with

1× DPBS (10× DPBS diluted with Millipore water 1:10; #14200-075;

Thermo Fisher Scientific) twice then stained at 1:1,000 with Zombie

UV Fixable Live/Dead (blue-fluorescent reactive dye #L23105A;

Thermo Fisher Scientific) for 15 min at room temperature. Cells

were washed, spun down, and fixed with either 4% diluted

paraformaldehyde (#15710-S; Electron Microscopy Sciences,

Hatfield, USA) or with Cytofix/Cytoperm (#554722; BD) for 20 –

30 min, washed with 1× DPBS, spun down, and stored in 1× DPBS

or cRPMI until run on the LSRFortessa I flow cytometer (BD,

maintained/run at CCHMC) or FACSVerse (BD, run at JHU). Flow

cytometry files were analyzed using FlowJo (TreeStar LLC, now BD,

Ashland USA).
Magnetic bead sorting

Cells were spun down at 500 g for 5 min to pellet and

resuspended in 5 mL of cRPMI. Single cells were depleted of both

CD4+ double-positive (DP) and CD4+ SP cells using a CD4+ (L3T4)

positive selection kit (Microbeads; #130-117-043; Miltenyi Biotec,

Gaithersburg, USA). The resulting flow-through contains both

double-negative [DN] and CD8+SP cells. Next, the CD8a+ (Ly-2)

positive selection kit was applied to the DN/CD8+SP containing

flow-through to isolate CD8+SP thymocytes per manufacturer’s

instructions (Microbeads, #130-117-044; Miltenyi Biotec). The

second flow-through resulted in the DN population, whereas the

magnetic elute resulted in the CD8+SP population. Conversely,

CD4+SP isolation was used in the opposite microbead sequence

(CD8 kit then CD4 kit). Briefly, both these kits used a 10 min

incubation with either CD4+- or CD8+-specific microbeads

followed by applying cells to the magnet-associated column,

thereby capturing the CD4+ or CD8+ cells, relative to the
Frontiers in Immunology 04
antibody-microbead used. CD4+ and CD8+ peripheral T-cells

require only one positive microbead kit for isolation.
Assessment of Cre recombination efficiency

Recombination of magnetic sorted thymocyte and peripheral

cells (pool from the spleen and lymph nodes) and CD4+ and CD8+

cells (see Supplementary Figure 1 for Cre recombination activity

documented in prior literature [Supplementary Figure 1A] and

location of our designed primers and predicted outcomes

[Supplementary Figure 1B; Supplementary Table 2]) was assessed

by determining the expression or loss of the exon 50/SET domain

through genomic DNA quantitative polymerase chain reaction

(PCR). CD4+ and CD8+ cells were sorted through magnetic bead

separation (see Magnetic bead sorting procedure above) and

genomic DNA was isolated via a QIAamp DNA Micro Kit

(#56304; Qiagen LLC, Germantown, USA) per manufacturers’

directions and quantified optically by Qubit 2.0 Fluorometer

(#Q32866; Thermo Fisher Scientific) using Qubit dsDNA HS

Reagent/Buffer (#Q32854A/Q32854; Thermo Fisher Scientific). A

quantitative PCR reaction was performed using 10 ng (in 3 µL

volume) of extracted DNA per reaction, 2 µL of combined 1 µM

forward and reverse primers (see Supplementary Table 2), and 5 µL

SYBR Green Master Mix (#A25742; Applied Biosystems, Waltham,

USA) and run on the QuantStudio 7 Flex (Applied Biosystems) or

ABI ViiA7 (Applied Biosystems) in a MicroAmp Optical 384-well

reaction plate (#A4309849; Applied Biosystems). The CT values

were then placed in the following equation: 2-(Mutant [CT of Kmt2d-

Exon50/CT of Kmt2d-Total R20] – Control [CT of Kmt2d-Exon50/CT of Kmt2d-Total

R20]) for recombination assessment.
Assessment of migration

Choice of the Transwell pore size (3 µM compared with 5 µM) is

informative about types of thymocyte migration (for example: 3 µM

requires cellular contractility [using Myosin IIa] and polarization/

shape changing [Mst1 pathway] (23, 24) compared with 5 mM pores

are general un-impeded migration). As previously described,

control and Kmt2d+/bgeo bulk thymocytes were either pretreated

with LFA1 blocking antibody (Clone M17/4, #BE0006; Bio X Cell)

at 100 mg mL−1 or left untreated for 30 min, then washed and loaded

at 5 × 106 bulk thymocytes per 100 mL of PBS containing BSA on the

top of a 24-well (6.5 mm) 3 mMpore (#3415; Corning) or 5 mMpore

(#3421; Corning) Transwells. Chemokines (CCL19 [0.45 mg mL−1,

#250-27B-5UG; PeproTech], CCL21 [1 mg mL−1, #250-13-5UG;

PeproTech], or CXCL12 [270 ng mL−1, #250-20B-2UG;

PeproTech]) stabilized with BSA or no chemokine (BSA alone;

control) in 600 mL of PBS was added to the bottom of the Transwell.

Equal amounts of BSA concentration were provided in the PBS of

both top and bottom to prevent migration due to BSA. Transwells

were incubated for 2 h at 37°C with 5% CO2 before migrated cells

were harvested, stained, and analyzed by flow cytometry. SP or M2-

SP phenotype and cell counts were quantified using flow cytometry
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gating and a semi-mature staining panel. The resultant migrated cell

number was divided by the corresponding loaded cell number and

normalized to Kmt2d+/+ controls under BSA conditions.
TREC analysis of RTE

Within developing T-cells, rearrangement of the gene segments

encoding the T-cell receptor (TCR) occurs, resulting in chromosomal

sequences that are excised to produce episomal DNA by-products

called TRECs. TRECs are stable, not duplicated during mitosis, and

diluted out with each cellular division; therefore, TRECs serve as

markers for RTEs in the peripheral blood. To detect RTE, TREC

numbers are analyzed from peripheral blood and normalized to the

T-cell numbers from the blood via flow cytometric gating. Briefly,

peripheral whole blood was collected in K2EDTA Microtainer tubes

(BD; #365974) or with 50 mL – 100 µL of sodium heparin–coated

tubes (#540-15; Fresenius Kabi, Lake Zurich, USA), subsequently

stained with CD45-PE-Cy7 (#368531; BioLegend) or CD45-Alexa700

(#103113; BioLegend) and CD3-FITC (#130-080401; Miltenyi

Biotec), fixed/lysed with Cytofix/Cytoperm (554722; BD), and

stored in 1× PBS until run on the flow cytometer (BD LSR

Fortessa/BD FACSverse). The gating percentage was used to

normalize the data to CD45+ CD3+ total T-cells. DNA from 100

µL of whole blood was extracted using a QIAamp DNAmicro kit per

manufacturers’ directions and quantified optically by Qubit 2.0

Fluorometer, as done in the “Recombination Assessment of Cre”

section. A PCR reaction was performed using 12.5 – 40 ng of

extracted DNA per reaction and PowerUp SYBR Green Master

Mix (#A25742; Applied Biosystems). Mouse primers for Ca were

used as an internal control (Mouse Ca Forward: 5′-TGACTCCCAA
ATCAATGTG-3′; Mouse Ca Reverse: 5′-GCAGGTGAAGCTT
GTCTG-3′), whereas mouse primers for TREC were used to

quantify TREC (Mouse sjTREC Forward: 5′-CCAAGCT

GACGGCAGGTTT-3′; Mouse sjTREC Reverse: 5′-AGCATGG
CAAGCAGCACC-3′). Cycling was as follows: 2 min at 50°C,

2 min at 95°C, 40 cycles of: 15 s at 95°C and 1 min at 60°C. After

the CTs were extracted, the differences in CT (delta CT) from Ca and

sjTREC were calculated and run through the equation sjTREC/

percent CD45+CD3+ cells to normalize to the number of T-cells.
RNA isolation, library preparation,
and sequencing

Isolated Kmt2d-KO and littermate control thymic cells were

centrifuged to pellet, resuspended in 300 µL of Protection Buffer

(Monarch RNA Isolation Kit, #T2010S; New England Biolabs Inc.

(NEB), Ipswich, USA) and stored at −80°C until isolation. RNA was

subsequently isolated following the manufacturer’s instructions of

the Monarch RNA Isolation Kit (#T2010S; NEB). RIN scores and

concentration were identified using High Sensitivity RNA

ScreenTape (#5067-5579/#5190-6507; Agilent Technologies, Santa

Clara, USA) and run using the Agilent Technology software with an

electronic ladder. Quality RIN scores above 7 were used for RNA-

Seq library preparation. Samples were stored at −80°C until library
Frontiers in Immunology 05
construction. Library construction (input: 40 ng per CD8+SP

sample) was performed using a NEBNext Poly(A) Magnetic

Isolation Module (#E7490; NEB) followed by a NEBNext Ultra II

Directional RNA library prep kit for Illumina (#E7760 and/or

#E7770 with #E7765; NEB) with size selection by AMPure XP

(#Ab3881; Beckman Coulter, Brea, USA) beads, according to

manufacturers’ protocols. Library quantification and quality

checks were done using KAPA Library Quantification Kit for

Illumina (#KK4824; Kapa Biosystems, Cape Town, South Africa),

High Sensitivity D1000 DNA Kit on BioAnalyzer (#5067-4626/

#5190-6502; Agilent Technologies). Paired-end 50-bp read

sequencing was obtained for pooled libraries using a NovaSeq

6000 instrument (Illumina, San Diego, USA).

RNA-seq analysis: Transcriptomic data collected by RNA-Seq

were analyzed to determine the genes present in each sample, their

expression levels, and the differences in expression levels between

Kmt2d-SET-fl/fl Cre+ conditional mutant and Kmt2d-SET-fl/fl control

(CD4+SP Lck-CreMar, CD8+SP Lck-CreMar, CD8+SP Vav1-iCre).

We also utilized publicly accessible data for CD8+SP from Lck-Cre

Dot1lfl/fl GEO accession: GSE138910 and for CD4-Cre Kmt2d-

exon16-19-fl/fl KO naïve CD4+ (GEO: GSE69162) and naïve CD8+

peripheral T-cells (NCBI SRA: PRJNA541991). RNA-Seq analysis

(from our thymocytes) was performed using three methods. The

results of the analysis from the first analysis program, SciDAP

(https://scidap.com/), are used for the figures; the two alternative

methods (Salmon [2] and HISAT2 [3] alignment tools) were used

for verification (data not shown).

Before uploading into SciDAP, two files from each lane were

merged into the same file (R1 and R2 merged; L1 and L2 merged).

Within the bioinformatics website SciDAP, we imported the

merged FASTQ files, trimmed adapters from the files (https://

github.com/datirium/workflows/blob/master/workflows/trim-

rnaseq-pe.cwl), aligned reads to the mouse genome mm10 (25) and

calculated read numbers and RPKMs for transcripts, as previously

described (26, 27). Differential expression analysis was performed

by DESeq2 (https://github.com/datirium/workflows/blob/master/

workflows/deseq.cwl). Each set of data (Kmt2d-SET-fl/fl Cre+) with

their corresponding littermate controls (Kmt2d-SET-fl/fl Cre−) were

run separately using pairwise DESeq2 (i.e., 1. CD4+SP Lck-CreMar,

2. CD8+SP Lck-CreMar, 3. CD8+SP Vav1-iCre). Additionally,

publicly available datasets were analyzed using pairwise DESeq1

or DESeq2 pipelines (control versus experimental) and

subsequently compared with our gene lists. Data files were

exported from SciDAP and filtered within Microsoft Excel using

the following criteria: 1. For thymocyte KMT2D-regulated genes:

RPKM ≥5 in at least one condition, adjusted P-value ≤ 0.01, and

Log2 fold change ≥0.59 or ≤−0.59 to be considered “upregulated” or

“downregulated,” respectively, in wild-type compared with Kmt2d-

deficient/mutant thymocytes; 2. For peripheral KMT2D-regulated

activation genes: a. RPKM ≥5, P-value ≤0.99, Log2 fold change

≥0.59 in either activated sample of peripheral control and Kmt2d-

KO cells when compared with unstimulated and b. RPKM ≥5 in

either sample, P-value ≤0.99, and Log2 fold change ≤−0.59 in

Kmt2d-KO when comparing between wild type and KO). Gene

visualization (upregulated/downregulated vs. control littermates) is

d i sp l a y ed v i a Vo l c ano p lo t (Vo l c aNos eR ; h t t p s : / /
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goedhart.shinyapps.io/VolcaNoseR/ (28); Supplementary Figure 3).

The resulting KMT2D-regulated and KMT2D-regulated activation

lists were placed into a Venn diagram (Venny v2.1; https://

bioinfogp.cnb.csic.es/tools/venny/index.html (29)) to determine

the overlapping KMT2D-regulated genes between the datasets.

The resulting overlapping genes were copied into ToppGene Suite

(https://toppgene.cchmc.org/ (30–33)). Using the program

ToppFun with the manufacturer’s recommended settings and

analyzed for biological gene ontology “GO” terms (with cutoffs

being false-discovery rate Benjamini and Yekutieli [FDR B&Y]

= 0.05).

For integrin heatmaps from the datasets: All individual sample

RPKM values were run using the Feature expression merge pipeline,

a program that combines RPKM expression from several

experiments, from SciDAP. The heat maps were generated via

importing a table of the integrin RPKMs generated from Feature

expression merge pipeline selected in Microsoft Excel into

Morpheus (https://software.broadinstitute.org/morpheus).

Heatmap scales were based on overall RPKM for the heatmap

with cutoffs 0 (black) 5/10 (blue), 25 (cyan), 50 (green), 100

(yellow), 250 (red), and 500 (white) for a gradient coloring to

reflect the changes.

RNA-Seq analysis alternative (for confirmation): For Salmon

(2) and HISAT2 (3) alignment tools, following quality checking

with the software FastQC, reads were trimmed with trim-galore/

0.5.0 to remove reads with adaptors.

(2) Salmon alignment tool. We built a mouse index using FASTA

file of all mouse cDNA sequences downloaded from Ensembl (ftp://

ftp.ensembl.org/pub/release-91/fasta/mus_musculus/cdna/

Mus_musculus.GRCm38.cdna.all.fa.gz) and pseudo-mapped the

RNA-Seq reads with Salmon (v1.1). Subsequently, resulting

transcript quantifications were imported into R to get gene-level

counts, using the tximport R package. The differential analysis was

performed with DESeq2, retaining counts greater than 10.

(3) HISAT2 alignment tool. We built a mouse index using

FASTA file downloaded from Ensembl (ftp://ftp.ensembl.org/pub/

release-101/gtf/mus_musculus/Mus_musculus.GRCm38.101.gtf.gz)

and mapped the reads with the alignment tool HiSat2/2.1.0. The

generated Sam files were processed using Samtools/1.9. The reads

mapped to feature (exon) and meta-feature (gene) were counted with

the feature Counts function from Subread/1.6.3 using an annotation

file downloaded from Ensembl (ftp://ftp.ensembl.org/pub/release-

101/gtf/mus_musculus/Mus_musculus.GRCm38.101.gtf.gz). This

count matrix served as the input for the differential analysis, which

we performed using DESeq2. For (2) and (3): Differentially expressed

genes were further analyzed for the enriched pathways with an online

tool, WEB-based Gene SeT AnaLysis Toolkit (webgestalt.org).
Visualization of Kmt2d-exon16-19-fl/fl KO
peripheral naïve CD8+ T-cells genes at a
single-cell level

Using SciDAP, we ran a multistep single cell (sc) RNA-Seq

pipeline on the GEO accession: GSE217656 (the stimulated and

unstimulated samples were run separately, only stimulated dataset
Frontiers in Immunology 06
results are shown) (12). First, the feature-barcode matrices were

generated by Cell Ranger Count using the mouse (mm10) genome as

a reference (https://github.com/datirium/workflows/blob/master/

workflows/single-cell-preprocess-cellranger.cwl). Next, the multiple

datasets were merged with Cell Ranger Aggregate (https://

github.com/datirium/workflows/blob/master/workflows/cellranger-

aggr.cwl) without normalization. Then, the merged datasets were

filtered to remove low-quality cells (excluding those with low [<2k]

UMI or high [>3k] gene number; https://github.com/datirium/

workflows/blob/master/workflows/sc-rna-filter.cwl). During the

dimensionality reduction step, the datasets were normalized

(sctglm) and scaled with Seurat and integrated with Harmony

using default parameters (https://github.com/datirium/workflows/

blob/master/workflows/sc-rna-reduce.cwl). The dataset was

clustered (https://github.com/datirium/workflows/blob/master/

workflows/sc-wnn-cluster.cwl) to yield the scRNA plot viewable via

UCSC cell browser (34). Top genes from each cluster were both

automatically and manually used to classify each peripheral naïve

CD8+ T-cell subpopulation. The relative gene expression heatmap for

the selected genes was generated with the dittoSeq R package (35).

The scRNA heatmap displays gene expression across each noted

integrin gene (row), with each line representing a cell’s relative

expression. Cells are grouped by their classified cluster (shown

above heatmap). Relative scale: low (black) to high (yellow).
Proposed transcription factor binding at
promoter region of KMT2D
downregulated genes

To understand potential transcription factors binding within

the promoter region of downregulated genes in the following

variants: 1. CD4+SP Lck-CreMar, 2. CD8+SP Lck-CreMar, and 3.

CD8+SP Vav1-iCre compared with their littermate controls (via

DESeq2 criteria), we used the defined upstream 1 kb from the

transcriptional start site (promoter region) locations from our

filtered downregulation in variant gene lists and within SciDAP

using the Motif Finding with HOMER with random background

regions (36). The two resulting transcription factor binding motif

lists (known and de novo) from each dataset were generated. The

proposed transcription factors were filtered against our DESeq2

RPKM values for expression. These transcription factors were

compared between known and de novo for each dataset for

validation and compared across datasets. To determine if a

transcription factor binding motif is true (not an artifact), the

motif is required to be consistently enriched across the models

and contain the length/complexity needed to accurately assign.
Chromatin immunoprecipitation

The IVG genome browser (37, 38) (accessed via SciDAP Trim

Galore ChIP Seq Pipeline Single-Read; mm10) was used to locate

KMT2D binding in cis-regulatory regions (and display MACS

called peaks) of the integrin and egress licensing genes (Itgae,

Itgal, Itgb2, Itgb7, Itgb1, and Klf2) around the transcriptional start
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site (TSS) and into the gene body in naïve CD4+ T-cells from a

publicly accessed GEO accession: GSE69162. ChIP-Seq file

SRR2037221 was analyzed using corresponding input file

SRR2037222. An additional H3K4me1 ChIP-seq analysis (on

GEO accession: GSE69162) was performed in unstimulated

control or Kmt2d-KO peripheral naïve CD4+ T-cells. The total

mapped reads for all ChIP-Seq samples were normalized to 1

million reads.
Chromatin immunoprecipitation–
polymerase chain reaction

Thymi were harvested and single-cell suspensions were created as

described above. As previously described by Sailaja et al. (39), 8 × 107

total thymocytes were cross-linked with 1% formaldehyde in PBS with

0.5% bovine serum albumin at room temperature for 10 min, followed

by the addition of glycine in water solution to a final concentration of

125 mM glycine for 5 min. After two washes with ice-cold PBS and

their subsequent centrifugations at 300 × g for 7 min each, the cells

were lysed with ChIP-Lysis buffer (10 mM EDTA, 1% [w/v] SDS, 50

mM Tris–HCl, pH 7.5, one tablet of Protease Inhibitor Cocktail

[#11836170001; Roche, Mannheim, Germany], and 0.1 mM

phenylmethylsulfonyl fluoride [PMSF], followed by sonication in a

Bioruptor water bath of five cycles of 5 min, set on HIGH, 30 s ON,

and 30 s OFF). 25 µg of DNA diluted in ChIP dilution buffer (0.01%

[w/v] SDS, 1.1% [v/v] Triton, 1.2 mM EDTA, 16.7 mM Tris–HCl, pH

8.1, 167 mM NaCl) was precipitated overnight at 4°C with H3K4me3

antibody (#9727; Cell Signaling Technology, Danvers, USA) or

normal rabbit IgG (considered “input,” # 2729; Cell signaling

technology). PCR of the precipitated product (5 ng) was performed

using a reaction with 5 µL SYBR Green (#A25742; Thermo Fisher

Scientific) and 0.5 µL of 10 µM primer listed in Supplementary

Table 3. Primer sequences were designed based off the 8-week

Thymus H3K4me3 Histone Modification by ChIP-seq Signal from

ENCODE/LICR located under the track name Thymus H3K4me3 in

the Mouse July2007 (NCBI37/mm9) assembly on the UCSC genome

browser (40, 41). Primers were designed with the intention that the

amplicons would span the H3K4me3 binding peak (Supplementary

Figure 4). The IVG genome browser (accessed via SciDAP Trim

Galore ChIP Seq Pipeline Single-Read; mm10) was used to locate

KMT2D binding in cis-regulatory regions of the egress licensing genes

within −1 kb of transcriptional start site (TSS) into the gene body up to

5 kb (first few exons) in naïve CD4+ T-cells from a publicly accessed

ChIP-Seq file SRR2037221 analyzed using corresponding input file

SRR2037222 (37, 38). In silico PCR (UCSC genome browser; mm10

genome) was used to generate the primer location (Supplementary

Figure 4 indicated in blue) from the ChIP-PCR primer sequence

designed with the H3K4me3 binding peak (40).
Assessment of gene and protein
sequence similarities

Murine ITGAE (Gene ID: 16407; Protein GenBank ID:

ABD49099.1), ITGAL (16408; AAI45803.1), ITGB2 (16414;
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AAI45645.1), and ITGB7 (16421; EDL03997.1) protein and gene

sequences were obtained from the NCBI database for genetic and

protein similarities. For comparison of the cis-regulatory region

(1,001 base pairs upstream from the transcriptional start site

sequence) was determined using the UCSC genome browser with

mm39 alignment, the DNA sequence generated and run through

LALIGN Pairwise Sequence Alignment (https://www.ebi.ac.uk/

Tools/psa/lalign/; a program that finds internal duplications by

calculating non-intersecting local alignments of protein or

nucleotide sequences) (42).
Statistical analysis

For murine flow phenotypic, weight-based, and ChIP-PCR

data, significance was determined using a parametric, unpaired,

Welch’s corrected t-test against the littermate. The P-values are

noted by asterisks: P-value > 0.05 (ns), P-value < 0.05 (*), P-value <

0.01 (**), P-value < 0.001 (***), and P-value < 0.0001 (****). RNA-

Sequencing was analyzed using DESeq2, which utilizes the

Benjamini–Hochberg method to generate P-adjusted values.

For human data, significance was determined using the

binomial test, with the null hypothesis being that individuals with

KS1 have the same probability of falling outside the reference range

(2.5 to 97.5 percentile) equal to 5%, that is, the same as healthy age-

matched individuals. The resulting P-values were subsequently

adjusted for multiple testing with the Bonferroni method and

noted by asterisks: P-value > 0.05 (ns), P-value < 0.001 (***), P-

value < 1e-9 (^), and P-value < 1e-14 (&).
Results

Kmt2d loss alters SP thymocyte
progression in a dosage-
dependent manner

To understand the role of KMT2D across T-cell development,

we first evaluated the gene’s thymic function using multiple murine

models that span from systemic to T-cell-specific and from

constitutive to conditional to help define valid consistent changes

caused by Kmt2d deficiency and rule out model-contributed

artifacts. To do this, we employed a constitutive Kmt2d

haploinsufficiency (herein called Kmt2d+/bgeo mice) (19), which

reportedly profiles similar to human KS1. We validate the

findings utilizing two conditional T-cell-specific Kmt2d KOs

(CD4-Cre, Lck-CreMar) systems known to initially recombine at

distinct late DN thymocyte stages (Supplementary Figure 1) to help

narrow down the Kmt2d influences intrinsic to T-cells.

First, we analyzed murine thymus weight and found no

significant change in Kmt2d+/bgeo mice, nor in CD4-Cre-driven

Kmt2d KOs; however, the T-cell-specific Lck-driven Kmt2d-KO led

to a significant increase in thymus weight (Figure 1A;

Supplementary Figure 5A). Next, to elucidate the stages in which

Kmt2d plays a role during thymocyte development, we analyzed

thymocyte populations (CD4-CD8-DN, CD4+CD8+DP, CD8+SP,
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and CD4+SP) across developmental time. Strikingly, Kmt2d loss

significantly increased the percentage of CD8+SP, but not CD4+SP

thymocytes (of live/single cells) in both Kmt2d-KO models and in

the Kmt2d-haploinsufficent model (Figure 1B).

Thymocyte SP maturation occurs concurrently with negative

selection, proceeding from semi-mature SP cells into the “non-

licensed” Mature 1 (M1)-SP stage and then onto the Mature 2

(M2)-SP thymocyte stage, where cells are licensed, selected, and

become ready for egress. We selected Kmt2d-KO thymi to further

characterize Kmt2d’s influence on SP maturation as deletion of both

alleles may allow us to more clearly view the mechanism without

potential compensation. By flow cytometry, Kmt2d-KO (Lck-

CreMar) thymocytes have a significantly increased percentage of

M1-SP (Figure 1C). In addition, CD44 cleavage (which is required

for SP maturation and egress) (43) did not occur as frequently

within either Kmt2d-KO or -haploinsufficient SP cells as their

control littermates (Supplementary Figure 5B). When evaluating

the SP population, we found that the T-cell-specific Kmt2d KOmice

most likely had a partial block in the transition between M1 to M2

differentiation as we observed a relative M1 accumulation and a M2

reduction, but the overall CD4+SP population does not change as a

percentage of total thymocytes (Figures 1B–D). In contrast,

CD8+SP demonstrated an increase in both M1-SP and M2-SP

thymocyte populations leading to an increase in the overall

percentage of the CD8+SP population in the overall thymocyte

pool (Figures 1B–D). In contrast, Kmt2d haploinsufficient mice do

not have the M1-SP accumulation but rather a trend toward

increased M2-SP (Supplementary Figures 5C, D). These

heterogenous SP changes demonstrate Kmt2d’s differential effect

on CD4+SP and CD8+SP thymocytes as they transition from M1 to

M2 or in the ability of M2 cells to egress.

SP differentiation has previously been partially characterized,

but the role of Kmt2d in this process is unknown. Reportedly, the

transcription factor, FOXO1, is only expressed in the most mature

SP cells (CD69− and no longer receiving negative selection TCR

signaling) and normally binds at the Klf2 locus (44–46).

Subsequently KLF2 regulates the transcription (through binding)

of a plethora of homing genes including S1pr1 (encodes

sphingosine-1-phosphate receptor 1, the receptor for S1P1), Itgb7,

Ccr7, and Sell (encodes CD62L), all of which are normally

upregulated during the egress process (44–47). As M1-SP

thymocyte accumulation was observed in Kmt2d-KO SP

thymocytes, we investigated whether dysregulation of the

FOXO1-driven egress licensing pathway could be a potential

culprit. In Kmt2d-KO SP thymocytes, we observe either a

significant or trending reduction in expression of nearly all

FOXO1 target genes analyzed (Figure 1E). Both phenotypic and

RNA analyses revealed a population level maturation deviation in

Kmt2d-KO SP. In contrast, Kmt2d-haploinsufficient CD8+SP

thymocytes did not have the reduced expression but rather a

trend of enhancement of Foxo1 , Klf2 , S1pr1 , and Ccr7

(Figure 1E). Interestingly, Kmt2d-haploinsufficient CD8+SP

thymocytes displayed an independent reduction of Itgb7

expression, albeit not significant (Figure 1E). The FOXO1

pathway may require at least one allele of Kmt2d for function, as
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complete Kmt2d loss resulted in reduced late maturation (M2),

whereas one allele is sufficient to support normal expression of this

pathway. As the CD8+SP population was relatively expanded and

Itgb7 reduction within SP thymocytes is conserved across all

Kmt2d-deficient models, two alleles of Kmt2d may be required for

Itgb7 expression (potentially by direct regulation) and Itgb7 loss

may contribute to CD8+SP accumulation (Figure 1E).

To further understand KMT2D’s broader regulatory function in

thymocyte development, we evaluated gene expression changes in

our models and characterized overall biological impacts.

Specifically, we evaluated significantly downregulated genes in the

bulk Kmt2d KO SP thymocytes that were shared between the

CD4+SP and CD8+SP in different conditional KO models (Lck-

vs. Vav1-driven Cres; Supplementary Figure 3). KMT2D is a

transcriptional co-activator that regulates gene activation through

histone H3K4 methylation on promoters and enhancers; therefore,

a priori one would expect direct KMT2D-targets to show reduced

RNA expression in Kmt2d-KO compared with control cells.

Downregulated genes (Supplementary Table 4) that overlapped in

the different SP KOmodels clustered in the biological gene ontology

terms “cell adhesion,” “GTPases,” and “activation,” which are all

downstream functions of integrins. Similarly, the biological

function of genes downregulated in Kmt2d haploinsufficient

thymocytes (DN1 and CD8+SP) and CD8+SP KO thymocytes

overlapped with “cytotoxic (effector),” “response/activation,” and

“migration” gene ontology terms, but CD8+SP KO cells additionally

had downregulated genes associated with “proliferation” and

“differentiation.” Together, these findings suggest that Kmt2d loss

in distinct models affects similar pathways of activation and

adhesion/migration.
KMT2D regulates integrin expression
during thymocyte development

Since the biological categories associated with KMT2D aligned

with activation and adhesion, we next investigated integrin

expression in thymocytes. Altered integrin expression, changes in

motility and integrin-directed localization, and disrupted cellular

signaling have been previously described in various KMT2D

deficient model systems (2, 12, 48, 49).

Starting in SP thymocytes, we evaluated integrin gene

expression in Kmt2d sufficient and conditionally deficient cells

(Figure 2A). In this case, we have also employed a conditional

hematopoietic-activated Kmt2d KO driven by Vav1-iCre (22), to

assist in confirming consistency of changes. We found that both

control and Kmt2d KO (Lck-CreMar and Vav1-iCre) SP cells

expressed integrin genes previously reported in control SP

thymocytes (50), including Itga4, Itga5, Itga6, Itgae (only

CD8+SP), Itgal, Itgav, Itgb1, Itgb2, Itgb3, and Itgb7; however,

expression levels did vary by genotype. In Kmt2d KO SP

thymocytes, genes that produce integrin subunits whose proteins

heterodimerize together, such as the Itgae/Itgb7 and Itgal/Itgb2

pairs, had significantly reduced expression of both alpha and beta

genes (Figure 2A). Furthermore, Kmt2d KO SP thymocytes had
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reduced expression of two other integrins, Itga4 and Itga6, while

showing increased Itgb1 and Itgb3 expression (Figure 2A) compared

with controls.

We next analyzed integrin levels in Kmt2d haploinsufficient

thymocytes across key developmental states (DN1, DN4, and

CD8+SP populations). Although the DN1 and CD8+SP
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populations of Kmt2d+/bgeo showed a trend toward reduced

leukocyte-specific integrin expression levels, the observed

differences were not statistically significant (Figure 2B).

Furthermore, DN4 thymocytes had modest integrin expression

with no significant differences between genotypes (Figure 2B).

Overall, KMT2D appears to be important for leukocyte-specific
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FIGURE 2

Dysregulated thymic integrin expression in Kmt2d-deficient models. (A, B) Heatmap panel of relatively expressed integrins from: (A) Lck-CreMar or
Vav1-iCre driven Kmt2d KO and corresponding control SP thymocytes (n = 3 mice [biological replicates]/group) from 1 (Lck-Cre) or 2 (Vav1-iCre)
independent experiments. (B) Kmt2d haploinsufficient and sufficient thymocytes across stages of thymocyte development (DN1, DN4, and CD8+SP)
from 1 (CD8+SP; n = 2 mice [biological replicates]/condition) or 2 (DN1, DN4; n = 3 mice [biological replicates]/condition) independent experiments.
DN1 and DN4 contain results from multiple pooled mice in 1 sample (n = 1) within an independent experiment. Relative expression level scale based
on RPKM values of the whole plot (black, 0; blue, 10; cyan, 25; green, 50; yellow, 100; red, 250; white, 500). (C-L) Flow cytometric population shifts
across the thymocyte development: shown as percent positive of indicated thymic population: double-negative (DN), double-positive (DP), and
single-positive (CD4+SP, CD8+SP) of ITGAL (C), ITGAE (F), and ITGB7 (J) or relative mean fluorescence intensity (MFI; in arbitrary units of intensity
(a.u.i.); i.e., protein expression level) of ITGAL (D, E), ITGAE (G, H), and ITGB7 (K, L). The following mouse lines (Kmt2d+/bgeo [+/+ black diamonds/+/
bgeo gray diamonds, two independent experiments], Lck-CreMar; Kmt2d-SET-fl/fl [Cre− blue circles/Cre+ yellow squares, 1 independent experiment] and
CD4-Cre; Kmt2d-SET-fl/fl [Cre− black up-right triangles/Cre+ red inverted triangles, three independent experiments]) are displayed as one marker per
individual mouse (n = 2–9 mice [biological replicates]/condition) on the graphs. The percentage graphs (C, F, J) display all independent experiments
together; however, MFI graphs (D, E, G, H, K, L) only display one independent experiment as cytometer settings and instruments were altered. The
MFI for the additional independent experiments (with similar MFI directionality) are displayed in Supplementary Figures 2D–G. (I) Representative flow
histogram overlay of Kmt2d deficient with corresponding control littermate each from a single mouse (y axis: Counts, as normalized to mode).
Depiction of both the shift toward the negative population and decreased expression level of ITGAE in CD8+SP (right; +/+ black/+/bgeo gray, left;
CD4-Cre; Kmt2d-SET-fl/fl with Cre− black/Cre+ red). Each dataset displays black lines, which represent mean ± SEM. Significance labeled on graphs
were determined using a parametric, unpaired, Welch’s corrected t-test between a mutant and corresponding littermate controls. Significance based
on P-value > 0.05 (ns), P-value < 0.05 (*), P-value < 0.01 (**), P-value < 0.001 (***), and P-value < 0.0001 (****).
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integrin expression in SP cells in a gene dose-dependent fashion.

To determine if integrin gene expression changes altered their

protein expression levels, we evaluated a panel of differentially

expressed integrins (ITGAL, ITGAE, and ITGB7) by flow

cytometry across thymocyte developmental time. Our results

indicate that the majority of all thymocytes express ITGAL with

its expression increasing across developmental time (lowest

expression in DN, enhanced in DP, with highest expression in SP;

Figures 2C–E). When comparing Kmt2d KO mice with control

mice, a significant decrease in ITGAL expression levels (decreased

geometric mean fluorescence intensity; MFI) begins in the DP

stages and continues in both SP thymocyte populations

(Figures 2D, E; Supplementary Figure 2D). Additionally, changes

in ITGAL positivity (shifts in population positive to negative

ITGAL expression) in Kmt2d-targeted mice trend toward

decreased ITGAL populations in both DP and CD8+SP

thymocytes compared with control mice (Figure 2C). In contrast,

both the ITGAE+ population and ITGAE MFI are specifically

decreased in the CD8+SP thymocytes, but not in DP cells in

Kmt2d-deficient models (Figures 2F–I; Supplementary Figures 2E,

G). Similarly, ITGB7 displayed similar patterns of reduced MFI and

populations shifts in CD8+SP, without altered changes in the DP

population (Figures 2J–L). In CD8+SP, the expression intensity of

ITGAE and ITGB7 in control cells is at least twofold higher than

other thymocyte populations (DN, DP, CD4+SP), whereas in the

Kmt2d KO CD8+SP thymocytes, the ITGAE and ITGB7 MFIs

decrease to levels similar to those of DP and CD4+SP thymocytes

(Figures 2H, L; Supplementary Figures 2E, F). Lastly, the ITGB7

MFI levels in CD4+SP and CD8+SP thymocytes within

haploinsufficient models were decreased (Figure 2K). A closer

analysis of CD8+SP ITGB7-positive thymocytes reveal that the

intensity decrease in the Kmt2d-haploinsufficient model

specifically corresponds to changes at both the expression level

within the positive population and in overall ITGB7 positivity,

similar to alterations observed in ITGAE (Figures 2I–K). Thus,

KMT2D appears to influence this specific group of integrin

signaling molecules, and these observed expression abnormalities

translate into a measurable effect at the protein level. From the

expression and protein integrin subunit shifts, our data support a

model where within control SP thymocytes, KMT2D is associated

with the expression of integrin dimers ITGAE-ITGB7 and LFA1

(ITGAL-ITGB2), whereas in models deficient in Kmt2d, these

heterodimers are no longer expressed or are greatly reduced.
Conserved integrin expression consistent
with direct KMT2D control

To examine whether KMT2D directly regulates SP thymocyte

integrin and egress genes, we utilized published KMT2D chromatin

immunoprecipitation-sequencing (ChIP-Seq) data (GEO accession:

GSE69162) to identify KMT2D peaks present in putative cis-

regulatory regions of an SP licensing transcription factor (Klf2)

and integrins (Itgal, Itgb2, Itgb7, and Itgb1) within peripheral CD4+

T-cells (12, 13). In the ChIP-Seq datasets, we observed KMT2D

binding in unstimulated peripheral CD4+ T-cells at Itgal, Itgb2,
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Itgb7, and Klf2 cis-regulatory regions, but lower reads in Itgb1

(Figure 3A). Next, we selected Klf2, Itgal, Itgb7, and a control

housekeeping gene, Gapdh, cis-regulatory regions (Supplementary

Figure 4) for H3K4me3 ChIP-PCR to assess KMT2D catalytic

activity, and thus reveal potential direct regulation of KMT2D.

We found significantly decreased H3K4me3 levels at Klf2, Itgal, and

Itgb7 cis-regulatory regions, whereas the Gapdh promoter showed

no change (Figure 3B). This finding suggests direct KMT2D-

catalyzed chromatin modification at these loci. Next, we

compared H3K4me1 levels between unstimulated control and

Kmt2d KO CD4+ T-cells in the ChIP-Seq dataset (GEO accession:

GSE69162) (12, 13). Normally, H3K4me3 is present at active

promoters; however, without KMT2D catalytic function, histone

H3K4me2 and H3K4me3 methylation may be less efficient, thus

retaining H3K4me1 at promoters of genes that KMT2D can directly

regulates. In fact, we observe a significantly enhanced fold change of

H3K4me1 reads at the Itgb7 promoter using MAnorm analysis

(Figure 3C). Together, these data suggest that KMT2D directly

regulates Itgb7.

As multiple integrins demonstrated similar alterations in

expression upon loss of Kmt2d, we hypothesized that they might

be co-regulated. KMT2D thymocyte integrin co-regulation did not

appear to involve genomic domain regulation as chromosomal

location/loci (both murine and human) were not shared by

affected integrin genes (Figure 3D). Phylogenetically, human a-
and b-leukocyte-specific integrins were most similar within their

respective chains displaying more than 60% protein homology

(Figure 3E). To assess whether murine leukocyte-specific integrins

genes are mechanistically regulated the same, we compared the

murine 1 kb promoter sequences and found 29.5% – 49.3%

similarity for non-identical alignments for Itgb2/7 or Itgae/l

(Supplementary Table 5). Additionally, cross-chain analysis

revealed similarity in the promoter regions: 46% – 56.9% for

Itgb7/Itgae, Itgb2/Itgae, or Itgb2/Itgal, but interestingly no overlap

between Itgb7/Itgal (Supplementary Table 5). However, expanding

our analysis to the 1 kb promoter regions upstream of the consensus

transcriptional start site of all putative murine thymocyte Kmt2d-

regulated genes, we were unable to identify any motifs of a putative

KMT2D transcriptional regulator partner from our datasets. These

collective findings suggest that KMT2D may alter integrin

expression through regulation at shared promoter regions,

although the exact transcriptional co-regulator(s) remain elusive.
KMT2D regulates SP thymocyte migration
through LFA1 expression

Chemotactic migration, such as thymocyte migration toward

soluble CXCL12 (via binding to thymocyte CXCR4) and/or CCL19/

21 (both bind to thymocyte CCR7), has been shown to influence

migration/egress of SP (23, 24, 51, 52). To functionally test Kmt2d’s

influence on SP thymocyte migratory capacity, the chemokines

CCL19, CCL21, and CXCL12 were added to the bottom of a 5 mM
pore Transwell and Kmt2d haploinsufficient and control

thymocytes were evaluated in regard to un-impeded chemotactic

migration (Figure 4A). Surprisingly, there was no deficit in un-
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impeded migration toward CCL19 and CXCL12 chemokines;

moreover, there was an enhancement of CD8+SP CCL21-driven

migration upon Kmt2d haploinsufficiency (Figure 4B).

SP thymocytes may employ cellular contractility for intrathymic

localization, requiring integrin-mediated migration and sensing,

interaction with extracellular matrices, and focal adhesion

formation. As KMT2D directly regulates integrins and modulates

SP differentiation, we evaluated KMT2D’s role in cellular

contractility. To do so, we functionally tested cellular contractility

migration (3 mM-pore Transwell) (23, 24) in the Kmt2d

haploinsufficient model. Decreased motility of CD4+SP M2-SP

Kmt2d haploinsufficient thymocytes was observed (Figure 4C).
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Next, we tested if Kmt2d-mediated contractile migration requires

LFA function. We found CD4+SP M2-SP Kmt2d haploinsufficient

thymocytes had comparable migration deficits to that of LFA1

blocked Kmt2d suffic ient ce l l s . Furthermore , Kmt2d

haploinsufficient thymocytes were not significantly altered by the

addition of LFA1 blocking antibody. Together, these data suggest

the contractile migratory capacity of CD4+SP M2-SP thymocytes is

dependent on its KMT2D-induced LFA expression.

To further explore possible mechanisms driving the observed

cellular contraction defect, we performed gene expression analysis

with a focus on the focal adhesionMst1 pathway in Kmt2d KO cells.

Mst1 drives localization of proteins (such as LFA1) to the leading
A B

C

D E

FIGURE 3

Differentially expressed genes have KMT2D binding sites in cis-regulatory regions and demonstrate an abnormal chromatin signature. (A, C)
Integrative Genomics Viewer browser images of chromatin immunoprecipitation (ChIP) binding of KMT2D (A) or H3K4me1 (C) in control naïve
peripheral CD4+ T-cells at cis-regulatory regions around the transcription start site (TSS) region of the Kmt2d KO downregulated genes from GEO
accession number: GSE69162. (C) ChIP of H3K4me1 at cis-regulatory regions (red and black boxes highlighting regions with shifts between control
[Cre−, blue] and Lck-CreMar; Kmt2d-SET-fl/fl [Cre+, yellow] landscapes) of Itgb7 and Itgal in naïve peripheral CD4+ T-cells. Black arrow notes TSS start
site and direction for the gene. (B) ChIP-PCR of H3K4me3 Lck-CreMar; Kmt2d-SET-fl/fl (Cre- blue circles/Cre+ yellow squares; n = 4–8; from three to
four independent experiments) bulk thymocyte binding to indicated cis-regulatory regions (primer locations displayed in Supplementary Figure 4) of
Klf2, Itgb7, and Itgal genes, as compared with that of housekeeping genes (Gapdh). Each dataset displays black lines, which represent mean ± SEM.
Significance determined using a parametric, unpaired, Welch’s corrected t-test between a mutant and corresponding littermate controls is listed on
graph based on P-value > 0.05 (ns), P-value < 0.05 (*), 0.01 (**), and 0.001 (***). (D) Downregulated integrins and their murine and human
chromosomal locations. No observed clustered co-localization of downregulated leukocyte-specific receptor integrin genes on both mouse and
human chromosomes, but similar location of Itga4 and Itga6. (E) Red box highlighting the proximity of the leukocyte-specific receptor integrins on
their localized regions of their respective separate phylogenetic tree regions.
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edge during cellular migration (53), functionally impacting

thymocyte migration and potentially influencing overall thymic

egress. We evaluated Mst1’s downstream pathway (Rap1a,

Dennd1c, Vasp, Itgal, Itgb2) genes that are required for functional

contractility and found manyMst1-mediated genes are significantly

downregulated in Kmt2d KO cells (Supplementary Figure 5).

Together, these data indicate the potential role of the integrin

deficiency, specifically LFA1, in the decreased migration capacity

of Kmt2d defective cells.
Peripheral Kmt2d-deficient T-cells
demonstrate thymic deficiencies and
dosage-related peripheral T-cell shifts

We eva lua ted the impact o f const i tu t ive Kmt2d

haploinsufficient and conditional Kmt2d KO mouse models on

the peripheral T-cell compartment. Kmt2d+/bgeo mice had no

significant changes in splenic CD3+ T-cell percentages from

littermate controls, whereas all three conditional Kmt2d-KO

models (CD4-Cre, Lck-CreMar, and Vav1-iCre) showed significant

decreases in CD3+ T-cells (Figures 5A, C; Supplementary

Figure 6A). Across all Kmt2d-deficient models, a significant

reduction in the CD4+ subpopulation percentage was noted,

whereas the CD8+ subpopulation percentage remained similar to

control levels resulting in skewed CD4+/CD8+ ratios toward CD8+

(Figure 5B, Supplementary Figure 6B). Within Kmt2d-KO animals,

overall CD3+CD4+ and CD3+CD8+ populations were decreased
Frontiers in Immunology 12
(Supplementary Figure 6A, Figure 5C). Furthermore, we observed

reduced naïve and enhanced memory CD8+ populations in Kmt2d-

targeted mouse models (Figure 5C).

As our data indicate potential issues with thymic egress, we

evaluated RTE abundance at a population level by quantifying

sjTREC (54) levels in our mouse models. Within the thymus, the

T-cell receptor (TCR) recombination generates excised V(D)J loops

(sjTREC), whose concentration is diluted upon each subsequent

round of cell division and thus can be quantified at an overall level

through peripheral blood analysis. A decreased sjTREC signal could

indicate that the peripheral cells either (1) have undergone more

cellular divisions than matched control cells; (2) contain a smaller

fraction of RTE than control cells; and/or (3) both. We observed a

significant decrease in normalized sjTREC signal in Kmt2d-KO cells

compared with controls, but not in the Kmt2d-SET-fl/+ (Kmt2d-

heterozygous) cells (Figure 5D); thus, the models may have differing

mechanisms behind their peripheral phenotype.

Next, we evaluated Kmt2d locus targeting (i.e., KO) efficiency

via quantification of Cre-recombinase cleavage of exons 50/51

(SET-domain) in the Kmt2d-SET-fl/fl mice, in both thymocytes and

peripheral T-cells (Supplementary Figure 1). Kmt2d-KO peripheral

T-cells showed decreased levels of SET deletion compared with

their SP thymocyte precursors (Figure 5E). The overrepresentation

of peripheral Kmt2d-sufficient cells, which appear to have “escaped”

thymic CRE recombination, suggests that the complete loss of

Kmt2d is highly detrimental for thymic egress, proliferation, and/

or viability. Of note, in Kmt2d-SET-fl/+(Kmt2d-heterozygous)

thymocytes and peripheral cells have a similar Kmt2d
A B

C

FIGURE 4

Disruption of contractile motility in Kmt2d haploinsufficient SP cells. (A) A visualization of the chemotaxis assay procedure: bulk thymocytes are
blocked with aLFA1 [or not] and loaded into the top of a 24-well Transwell dish. Created with BioRender.com. Migration is allowed for 2 h at 37°C.
Both bulk loaded thymocytes and migrated cells (bottom of Transwell) are harvested and stained for flow cytometric analysis (Supplementary Figure
2). Calculated migration of SP. (B) or M2-SP (C) populations. Resultant migrated cell number was normalized first by the corresponding loaded cell
number and then to Kmt2d+/+ controls of BSA condition. (B) General motility chemotaxis using a 5mMpore Transwell toward known SP chemokines
(CCL19, CXCL12, and CCL21) or (C) cellular contractility driven chemotaxis (3mMpore Transwell) of M2-SP toward CCL21 between Kmt2d sufficient
and haploinsufficient thymocytes (+/+ black/+/bgeo gray; technical well [B] and experimental [C] replicates, n = 2–4; representing one independent
experiment). The presence of aLFA1 pre-blocking is noted. Each dataset displays black lines, which represent mean ± SEM. Significance labeled on
graphs were determined using a parametric, unpaired, Welch’s corrected t-test between a mutant and corresponding littermate controls with
significance based on P-value: P-value > 0.05 (ns), P-value < 0.05 (*), P-value < 0.01 (**), P-value < 0.001 (***), and P-value < 0.0001 (****).
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recombination efficiency (Figure 5E), which demonstrates that one

allele of Kmt2d is sufficient to permit T-cell egress. The loss of

Kmt2d KO cells in periphery may be driven by the stark reduction

of integrin expression, thymic hypertrophy, and altered thymic SP

populations. This contrasts with the Kmt2d haploinsufficent model,

which had no licensure pathway transcription factor defects, but did

have reduced levels of integrins, thus likely limiting but not

completely blocking exit. Together, the egress, proliferation, or

viability differences between the KO and haploinsufficient models

contribute to the observed changes in overall peripheral T-cell

numbers and composition.
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Integrin expression in peripheral T-cells is required for

localization into or retention within tissues. To understand

peripheral T-cell integrin transcriptomic expression, naïve

peripheral T-cells from available data that employ an alternative

Kmt2d KOmodel, which removes exons 16–19 instead of exons 50–

51 were assessed at a bulk level (GEO accession: GSE204946 [CD4+]

and NCBI SRA: PRJNA541991 [CD8+]) and then more in depth at a

sc level (GEO accession: GSE217656) for relative expression

changes before and after stimulation (11, 12). When examined,

the presented T-cell figures within the source articles for the Kmt2d
-exon16-19fl/fl KO aligned with our own Kmt2d-SET-fl/fl KO peripheral
A B

D E F
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C

FIGURE 5

Kmt2d-deficient peripheral T-cells demonstrate decreased total T-cells (KOs), shifted naïve-to-memory phenotypes, and consistent deficiencies in
leukocyte-specific integrins. (A) Flow cytometry of peripheral CD3+ as percent of live/singlet cells. (B) Percentage of peripheral CD4+ (open, left) and
CD8+ (closed, middle) T-cell populations of overall T-cell (CD3+) populations. (C) Percentage of peripheral splenic naïve and memory T cells (based
on CD62L and CD44 populations) of CD4+ (open) and CD8+ (closed). (D) Total peripheral blood recent thymic emigrant changes shown through
sjTREC PCR values normalized to CD3+ percent in Lck-CreMar; Kmt2d-SET-fl/fl comparison between control and Kmt2d KOs (left) or control and T-
cell haploinsufficiency (right) (E) Genomic DNA recombination assessment of exon 50 (SET domain), which is cleaved during Cre-recombination at
Loxp3 sites, in thymocytes and peripheral spleen/lymph node CD4+ (open) and CD8+ (closed) T-cells of Lck-CreMar+; Kmt2d-SET-fl/fl and littermate
Cre- controls (left). Calculation plotted is 2-(Mutant [CT of Kmt2d-Exon50/CT of Kmt2d-Total R2] – Control [CT of Kmt2d-Exon50/CT of Kmt2d-Total R2]), where the KOs
are normalized to all Kmt2d and then normalized to the average of the cell specific Lck-CreMar-; Kmt2d-SET-fl/fl control; see schematic in
Supplementary Figure 1. Comparison of Kmt2d dosage on recombination in bulk thymocytes and peripheral sorted T-cells (right). (A-E) The
following mouse lines are displayed as splenic cells (or as listed: thymocytes or peripheral blood [E]) from individual mice (n = 3–30; from two or
more independent experiments) on the graphs: Kmt2d+/bgeo (+/+ black diamonds/+/bgeo gray diamonds), Lck-CreMar; Kmt2d-SET-fl/fl (Cre- blue circles/
Cre+ yellow squares), CD4-Cre; Kmt2d-SET-fl/fl (Cre- black up-right triangles/Cre+ red inverted triangles), and peripheral blood Vav1-iCre; Kmt2d-SET-
fl/fl (Cre- black stars/Cre+ green asterisks). Each dataset displays black lines, which represent mean ± SEM. Significance labeled on graphs were
determined using a parametric, unpaired, Welch’s corrected t-test between mutants and corresponding littermate controls with P-values noted by
asterisks: P-value > 0.05 (ns), P-value < 0.05 (*), P-value < 0.01 (**), P-value < 0.001 (***), and P-value < 0.0001 (****). Heatmaps of relative integrin
expression from bulk (F; relative expression by plot) and single-cell RNA (G; relative expression by row [gene]) analyses of stimulated or unstimulated
(0 h, 6 h, 48 h [CD4+] and 0 h, 24 h [CD8+]) Lck-Cre Kmt2d-exon16-19-fl/fl KO and control T-cells. (G) Relative expression level scale based on RPKM
values of the whole plot (black, 0; blue, 10; cyan, 25; green, 50; yellow, 100; red, 250; white, 500). (F) Integrated UMAP of naïve peripheral CD8+ T-
cells from control and Kmt2d KO displaying seven subpopulations clustered (differentiated by colors) and further defined as “activated” and “non-
activated”. These subpopulations and classified activation status are the numbers listed above the heatmap of integrin alpha and beta genes, which
denote relative expression (black, min; yellow max). Expression data represent publicly available data from one independent experiment/condition.
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phenotypic observations described above; therefore, the altered

gene expression should reflect Kmt2d integrin deficits. In

unstimulated peripheral CD4+ and CD8+ bulk control T-cells,

Itgb2, Itgb7, and Itgal were highly expressed, but upon

stimulation, the expression was downregulated (Figure 5F). At

baseline, unstimulated Kmt2d-KO peripheral cells initially had

lower levels of Itgb2 and Itgb7, as compared with control cells,

but integrins had similarly reduced expression in response to

stimulation (Figure 5F). Itgal was not expressed in either Kmt2d-

KO peripheral cell population; however, post-activation expression

was partially recovered. Kmt2d-KO CD4+ T-cells completely lacked

the expression of Itgae and Itga6, whereas their CD8+ T-cell

counterparts showed downregulation of these genes upon

activation (Figure 5F). Thus, KMT2D regulates integrin

expression in both CD4+ and CD8+ peripheral T-cell populations.

Furthermore, when evaluated across naïve stimulated subsets by sc

sequencing, CD8+ KO T-cells exhibited loss of Itga4, Itgae, and

Itgb7 expression in the naïve populations that overlap with non-

activated cell clusters (clusters 0–3). In contrast, the activated CD8+

sc populations (clusters 4 and 5; defined by expressing genes for

proliferation or effector function) appear to show lower expression

of integrins Itga4, Itgae, and Itgb7 in both control and Kmt2d-KO

cells (Figure 5G). Together, these data indicate that select leukocyte-
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specific integrins are expressed in non-activated peripheral T-cells

and are regulated by KMT2D (as seen in thymocytes).
Shifts in human recent thymic emigrants in
individuals with molecularly-confirmed KS1

To analyze T lymphocyte disruption in KS1, we recruited a

group of individuals (n = 16) with diverse KMT2D genetic variants

deemed likely pathogenic/pathogenic by the American College of

Medical Genetics and Genomics criteria and diagnosed with KS1 by

a clinical geneticist (Figure 6A, Table 1). Upon flow cytometric

analysis of peripheral blood cells, we found that CD3+ T-cells and

CD4+ and CD8+ T-cell subpopulations were within the age-

matched clinical reference ranges (Figures 6B–D). Upon further

analysis of the CD4+/CD8+ subpopulations, we observed that

individuals with KS1 have a significantly lower percentage of

naïve CD4+ T-cells and a corresponding expansion of memory

CD4+ T-cells; however, the corresponding CD8+ T-cell

compartments were within the clinical reference range

(Figures 6E, F, Supplementary Figures 7A, B). Furthermore,

individuals with KS1 had a significant reduction in the percentage

of CD4+CD31+ recent thymic emigrants (RTE; Figure 6G).
A
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FIGURE 6

Individuals with KS1 display decreased T-cell counts, naïve CD4+ T-cells, and RTE CD4+ T-cells, and increased memory CD4+ T-cells. (A) Individual
variants found in KS1 cohort (Table 1; n = 16; ages 0–31). Lolliplot indicates protein amino acid location (via stick location), types of variant (i.e.,
shape: squares: missense, circles: frameshifts, triangles: splice sites, diamonds: nonsense), and changes at the nucleotide level (i.e., color: deletions:
red, insertions: yellow, duplications: green, and single-nucleotide variant (SNV): blue). (B-G) Data from clinical flow cytometry (markers represent
separate individuals). (B) Percentage of peripheral T CD45+CD3+ T-cells of total blood cells. (c) Percentage of CD4+ T-cells (C) or CD8+ (D) of CD3+

T-cells. Naive (E; CD45RA+CD27+) or memory CD4+ T-cells (F; CD45RA−) as a percent of CD4+ T-cells. Recent thymic emigrants (G; RTE;
CD27+CD45RA+CD31+) as a percent of CD4+ naïve T-cells. (B-G) Cardiac surgery (red square; non-surgery: black circle), required for (or performed
on) many individuals with KS1, can remove and/or damage the thymus. Values found within gray region represent reference population range (2.5% -
97.5%) for the healthy age-matched individuals. Significance was determined using the binomial test, with the null hypothesis being that individuals
with KS1 have a same probability of falling outside the reference range equal to 5%, that is the same as healthy age-matched individuals. The
resulting P-values were subsequently adjusted for multiple testing with the Bonferroni method and noted by asterisks: P-value > 0.05 (ns), P-value <
0.001 (***), P-value < 1e−9 (^), and P-value < 1e−14 (&). Specifically, in (B), CD3+ significance was calculated for values below the standard range only
(one-tailed binomial test).
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Together, these data show that our Kmt2d haploinsufficient mouse

model partially recapitulates the T-cell phenotype observed in

individuals with KS1 (expanded CD4+ memory T-cells,

reduced RTEs).
Discussion

Adhesion is vital for immune responses, influencing

development, maturation, homing to tissues, and signaling for

function. Dysregulation of integrins are associated with

compromised immunity or cancer (reviewed in [50, 55–59]).

Herein, we have found that KMT2D, an epigenetic regulator,

plays a key role in T-cell development by regulating integrin

expression, affecting cell fate, location, and function. In Kmt2d-

deficient mice, crucial leukocyte integrins (Itga4, Itgae, Itgal, Itgb2,

Itgb7) are dysregulated and signaling is altered, impacting

maturation and activation.

The specific timing of dynamic integrin “switches” (shifts in

integrin heterodimers composition) have major impacts on both

thymocyte development and peripheral T-cell function by

controlling migration (adhesion, motility), activation, and/or

maturation capabilities. For example, ITGA4-ITGB1 [VLA4] and

ITGA5-ITGB1 [VLA5] heterodimers are reported to mediate
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motility in mature CD3hiCD69hi thymocytes, whereas T-cells

require expression of ITGAL–ITGB2 [LFA1] alone or in

combination with VLA4 for adhesion (60, 61). ITGB2 activation

influences ITGB1-specific adhesion capacity and fate decisions. The

relative proportion/co-expression of heterodimers can determine

cell adhesion or motility, thus influencing fate (60–62). We

observed specific integrin expression switches (downregulation of

ITGAL/Itgal and ITGB2/Itgb2 and upregulation of Itga5 and Itgb1),

which may significantly alter the capacity of the Kmt2d-deficient

thymocytes/T-cells to interact and/or correctly localize to receive

necessary signals for selection, maturation (licensing), or activation.

We further demonstrated the impaired contractile-based migration

of Kmt2d-deficient cells toward chemokines, thus suggesting that

the defect is linked to lack of LFA1. Another integrin pair, ITGAE-

ITGB7, binds SP to medullary zone epithelial cells for required

localization of SP thymocytes during maturation and selection (63).

Without Kmt2d, both ITGAE and ITGB7 are downregulated in SP

thymocytes, likely driving the excessive thymic accumulation of

CD8+SP cells in Kmt2d KO animals. M1-SP accumulation and

population level reduction in SP licensing genes in Kmt2d-KO cells

suggest that KMT2D has an important role in SP maturation. The

apparent KMT2D-driven switching from VLA5 toward leukocyte-

specific integrins (ITGAE-ITGB7 and LFA1) may be a critical step

for proper development of SP thymocytes.
TABLE 1 De-identified information collected from 16 individuals with KS1.

SUBJECT# Age at Evaluation Kmt2d Mutation (NM_003482.4) Additional VUS

1 0 Years, 1 Months c.9787_9791dupAAGCA

2 0 Years, 4 Months c.3754C > T

3 0 Years, 5 Months c.303delG

4 1 Years, 4 Months c.10394dupG

5 2 Years, 1 Months c.5104C > T

6 4 Years, 10 Months c.16295G > A

7 5 Years, 8 Months c.2533delC

8 7 Years, 2 Months c.6086delC

9 7 Years, 4 Months c.839 + 1delG
(Aka: IVS7 + 1delG)

VUS c.5867+14C > T, n/a
VUS c.6998C > T; p.P2333L

10 12 Years, 6 Months c.2578_2579delCT

11 15 Years, 5 Months c.15104G > C

12 17 Years, 0 Months c.7481dupT

13 17 Years, 10 Months c.10507 + 2 T > G
(Aka: IVS37 + 2 T > G)

14 23 Years, 9 Months c.6183 + 3 G > T
(Aka: IVS29 + 3 G > T)

15 24 Years, 10 Months c.2008_2009insT

16 30 Years, 7 Months c.6844delC
De-identified variant information on the KS1 individuals (and the extended version found in Supplementary Table 6) corresponding to the data in Figure 6/Supplementary Figure 7. Each row
represents an individual (Column 1). Figure 6/Supplementary Figure 7 graphs are assembled with x-axis in ascending order based off the individuals’ age at the time of lymphocyte evaluation
(Column 2). The location/type of the KMT2D variation (insertion [ins], deletion [del], duplication [dup], single-nucleotide variation [>]; Column 3) was further used in to generate data found in
Supplementary Table 6 using VarSome to determine the variation type (missense, nonsense, frameshift, and splice variant), region (within exon/intron), and predict protein amino acid alteration
required to generate the Figure 6 Lolliplot (location of the amino acid change and the type [noted by shape/color]). Known locations of variants of uncertain significance (VUS) for the individuals
are indicated (Column 4).
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Similarly, peripheral T-cell migration also requires various

integrin combinations, either exclusive or promiscuous use of

LFA1, VLA4, or LPAM1 (64–68). These integrin heterodimers

facilitate cell extravasation from blood, whereas other integrins,

such as ITGAE-ITGB7, mediate cell retention within tissues (69).

Therefore, the expression of integrins, as regulated by KMT2D

activity, may significantly impact peripheral T-cell localization and

function. Furthermore, Peyer’s patches (the immune localization of

lymphocytes in the intestine) are reduced in size and number in

KMT2D haploinsufficient mice and in an individual with KS1;

however, it is not clear if this is caused by peripheral lymphocyte

migration defects or more likely attributed to organogenesis

defects (2).

While we did not observe any motifs of a putative KMT2D

transcriptional regulator partner, other investigators have

demonstrated a protein C-ets-1 site, retinoic acid (RA) receptor

(RAR) site, and a high-mobility group (HMG) binding site within

both Itgb7 and Itga4 promoter regions. Furthermore, retinoic acid

can rescue some gene expression changes found in Kmt2d-deficient

cells (70–73). In peripheral T-cells, RA has been shown to be

required for Itga4 upregulation and enhanced Itgb7 expression,

but not for Itgb1 (74). Interestingly, the ITGB1 concentration

regulates ITGA4-ITGB7 in CD4+ T-cells, as ITGA4 preferentially

pairs with ITGB1 and only pairs with ITGB7 when in surplus, but

the ITGB7 level does not inversely influence ITGB1 concentration

(75). We observed a shift toward Itgb1 and away from Itgb7 in our

peripheral Kmt2d-deficient T-cells. Furthermore, we noted the loss

of Itgal and Itgb2 in our bulk Kmt2d-deficient cells. Their altered

expression has been described to impact peripheral CD4+ T-cell

expression of LPAM1 and CCR9 and downstream homing to

mucosal sites (76). In addition to potentially indirect ITGB1- or

LFA1-activated compensatory mechanisms, our H3K4 ChIP

analyses suggest that Itgb7 is directly regulated by KMT2D

through cis-regulatory regions; thus, there may be several

contributing factors which reduce ITGB7 expression in Kmt2d-

KO cells. With defective ITGB7/LPAM1 peripheral lymphocyte

mucosa-homing in Kmt2d-deficient models (2), localization may be

a shared KMT2D-driven adaptive immune deficit in individuals

with KS1 resulting in compromised mucosal immunity.

LFA1/ITGAE-ITGB7-VLA5 integrin switches caused by the

loss of KMT2D may have substantial implications in downstream

adhesion capacity and fate decision making (i.e., SP maturation).

How these shifts influence thymocyte/T-cell activation is likely

complex, altering multiple important lymphocyte cellular

processes. One major implication of KMT2D-driven integrin

switching may involve the immunologic synapse where LFA1:

ICAM interactions occur between the T-cells and antigen-

presenting cells (APC). LFA1 is recruited as part of the peripheral

supramolecular activation cluster (pSMAC) and provides important

proximal TCR stimulation/costimulatory function through

facilitating TCR accumulation, CD45 removal from the synapse,

formation of stable adhesion with the APC through ligand

interactions with ICAM, and co-engagement signaling needed for

activation (77, 78). Normally, the LFA1/ICAM interaction lowers

the optimal T-cell stimulation threshold to assist in downstream
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signaling of extracellular signal–regulated kinase (ERK) 1/2 during

T-cell activation (79). In CD8+ T-cells, TCR signaling activates

ERK1/2 downstream signaling, which recruits LFA1 to enhance

adhesion. In a feedback loop, LFA1 downstream signaling, then

further sustains ERK1/2 separately through cytohesin-1 for

“optimal” T-cell activation (78). Therefore, cells with reduced

LFA1 would require a higher TCR stimulation threshold, thus

impacting both thymic selection and peripheral immune

responses. Interestingly, KMT2D has been previously shown to

regulate both RAP1A and RAP1B, which are small, TCR-inducible

GTPases that regulate downstream RAS-mediated activation of

ERK-driven fate decisions (e.g., cell cycle, differentiation, growth)

(80, 81). In KS1 lymphoblasts, the super-enhancer (defined by both

H3K27ac/H3K4me1/2 histone modifications; also known as an

“active” enhancer) of RAP1A displayed a significantly reduced

H3K4me1/2 signal, thus demonstrating a direct impact on

another gene associated with T-cell activation (82). Overall, T-cell

activation signaling may be regulated by KMT2D at several

overlapping levels and via simultaneous independent pathways.

The impact of SP thymocyte TCR activation deficiencies (such

as downstream abnormally sustained high levels of CD69 or

deficiency in CD69-repressed egress-licensing genes [Foxo1 or

Klf2] (47, 83–85)) is that without proper licensure signaling, there

is a failure to egress, resulting in decreased naïve T-cell counts.

Based on our findings in Kmt2d KO models, we now hypothesize

that the M1-SP accumulation occurs due to suboptimal SP

thymocyte TCR signaling during selection (also partially

supported by the observations made by Placek et al. regarding a

reduction in thymic regulatory cells (13), which occurs as part of the

M1–M2 transition), thus impacting downstream CD69/FOXO1

“licensing” signaling, which subsequently blocks thymic egress.

Interestingly, the presence of thymic hypertrophy, which differed

between the two T-cell–specific Kmt2d KO models (whereas no

observable hypertrophy was observed in the haploinsufficient

model), might be associated with the level of blocked egress.

Although the precise mechanisms remain unclear at this time, a

possible explanation may relate to the timing of the Cre

recombinase expression, which differs slightly between models

(with Lck-CreMar turning on at DN3 compared with DN4 for

CD4-Cre) (22). Thymic egress is supported by our observation of

T-cell lymphopenia and by the near-complete absence of KMT2D

locus recombined cells in the peripheral T-cells of Kmt2d KO

(LckMar-Cre+ Kmt2d-SET-fl/fl) mice. Furthermore, the difference

observed in peripheral T-cell numbers between Kmt2d KO and

Kmt2d haploinsufficient models may be mediated by KMT2D

dosage, with one functional allele being sufficient to permit egress.

However, the Kmt2d haploinsufficient model does not seem to share

M1 enhancement observed in the Kmt2d KO, but still displays

altered CD8+SP accumulation. The specific CD8+SP accumulation

without a matching CD4+SP accumulation, coupled with its

permitted egress, suggests that SP subpopulations are potentially

independently influenced by the thymic microenvironment or by

altered earlier lineage-specific transcription factors, rather than later

FOXO1 licensing/S1PR1 egress signaling deficiencies that may bias

transition of DP toward CD8+SP accumulation. Furthermore,
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Kmt2d haploinsufficient mice additionally display naïve to central

memory shifts, thereby suggesting that although the SP is permitted

to egress many other mechanistic possibilities may lead to KSAIDs

(such as altered cell cycle/proliferation, survival/death, cell–cell

contact/signaling, or deviated responses to stimulation via

hypoactivation or generation of virtual memory). We also

observed the loss of naïve/RTE T-cells in the peripheral T-cell

compartment and enhancement of a memory, CD44-expressing, T-

cell phenotype in all models and in individuals with KS1. We do not

believe that the enhanced peripheral memory cell phenotype in KS1

is caused by lymphopenia-driven homeostatic proliferation, because

individuals with KS1 do not have significantly different percentages

of total T-cells. However, in Kmt2d KO models lymphopenia-

driven memory skewing could occur due to their severely reduced

overall T-cell counts. A preliminary study described Kmt2d KO in

CD8+ T-cells impacts survival (12), whereas another shows Kmt2d

KO suppresses IFNg (11); however, both of these studies were

performed in Kmt2d KO mice, which we now report Kmt2d KO

mice are lymphopenic. As lymphopenia can drive homeostatic

proliferation, future studies regarding peripheral T-cells in Kmt2d

haploinsufficient models would be necessary to understand these

shifts removing the confounding influence of lymphopenia.

Kmt2d KO models have more severe thymic and peripheral

phenotypes as compared with KS1 humans or Kmt2d

haploinsufficient mouse models, supporting the hypothesis that

KMT2D may work in T-cells in a both a dose-related non-

redundant manner and equivocally across all deficient models. KS1

is defined as loss of function by the observation of a KMT2D/KMT2D

human variant displaying the KS1 phenotype with equal severity to

that of a KMT2D/+ KS1 individuals (86). In contrast, Kmt2dbgeo/bgeo

mice are embryonically lethal. The addition of the artificial cassette

(bGeo) utilized to induce truncating protein may contribute to

unexpected impact and thus may explain lethality compared with

viability of the KMT2D/KMT2D variant. Overall chromatin

modifiers, including KMT2D, other histone methyltransferases, such

as DOT1L, and Kdm6a, the gene encoding a lysine demethylase and

haploinsufficient in individuals with KS2, can clearly impact

lymphocyte differentiation through modulating the development of

thymocytes and by controlling naïve versus memory composition of

peripheral T-cells (87, 88). We have assessed overlapping gene

changes between Kmt2d KO with Dot1l KO CD8+SP thymocytes

(GEO accession: GSE138910) and found that only three genes were

shared despite similar phenotypes. Therefore, further investigation of

how epigenetic regulation sculpts T-cell development may inspire new

approaches to modify immune function.

In summary, we show the use of Kmt2d multi-model systems

strengthen the knowledge of consistent valid Kmt2d-driven KSAID

phenotypes, such as Kmt2d loss in both humans and murine KS1

models led to specific thymic and T-cell abnormalities. KMT2D has

a direct intrinsic effect within thymocytes on integrin expression,

which controls activation and adhesion, and dosage-related loss

(KO only) of SP maturation and licensing gene expression, thus

influencing both developmental progression and egress. This

aberrant Kmt2d KO thymocyte progression leads to downstream
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peripheral loss of T-cells, whereas across all models, we observe a

reduction of CD4+ RTEs and a skewing toward a memory T-cell

phenotype. These peripheral changes are likely to mediate major

aspects of KSAID and should be the focus of further

clinical research.
Data availability statement

The RNA-seq data discussed in this publication have been

deposited in NCBI's Gene Expression Omnibus (GEO) (89) and

are accessible through GEO Series (GSE) accession GSE205285.

Additionally, the publicly available datasets from GSE accessions:

Kmt2d-KO and control datasets (GSE69162, GSE204946,

GSE217656 and NCBI SRA PRJNA541991) and Dot1l-KO and

control dataset (GSE138910) were included in our analyses and

are linked to GSE205285.
Ethics statement

The studies involving humans were approved by Cincinnati

Children’s Hospital Medical Center [CCHMC] Institutional Review

Board [IRB]. The studies were conducted in accordance with the

local legislation and institutional requirements. Written informed

consent for participation in this study was provided by the

participants’ legal guardians. The animal study was approved by

Institutional Animal Care and Use Committee of Cincinnati

Children’s Hospital Medical Center [CCHMC] and Johns

Hopkins University [JHU]. The study was conducted in

accordance with the local legislation and institutional requirements.
Author contributions

SP: Conceptualization, Data curation, Formal analysis,

Investigation, Methodology, Project administration, Supervision,

Validation, Writing – original draft, Writing – review & editing. LZ:

Conceptualization, Funding acquisition, Investigation, Methodology,

Project administration, Resources, Supervision, Writing – review &

editing. MK: Formal analysis, Software, Validation, Writing – review

& editing. YW: Investigation, Writing – review & editing. CS:

Investigation, Writing – review & editing. KS: Formal analysis,

Writing – review & editing. LB: Formal analysis, Writing – review

& editing. DQ: Data curation, Writing – review & editing. OB: Data

curation, Writing – review & editing. BS: Data curation, Writing –

review & editing. AB: Funding acquisition, Project administration,

Resources, Supervision, Writing – review & editing. AL:

Conceptualization, Funding acquisition, Investigation, Methodology,

Project administration, Resources, Supervision, Writing – original

draft, Writing – review & editing. HB: Conceptualization, Funding

acquisition, Investigation, Methodology, Project administration,

Resources, Supervision, Writing – original draft, Writing – review

& editing.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1341745
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Potter et al. 10.3389/fimmu.2024.1341745
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. HB and LZ

were funded by the Louma G. Foundation, which specifically

supported this work. HB is also funded by The Icelandic Research

Fund (#217988, #195835, and #206806) and the Icelandic

Technology Development Fund (#2010588-0611). The work of

SP, AL, and AB was funded by a Center for Pediatric Genomics

(CpG) grant from the Cincinnati Children’s Research Foundation

and supported by the Center for Stem Cell and Organoid Medicine

(CuSTOM) at Cincinnati Children’s Hospital Medical Center. Flow

cytometric data generated by SP were acquired using equipment

maintained by the Research Flow Cytometry Core in the Division of

Rheumatology at Cincinnati Children’s Hospital Medical Center

(CCHMC). Work was supported in part by the Center for

Rheumatic Disease Research (NIH AR070549) and Digestive

Health Center (NIDDK P30 DK078392). Content was placed on

BioRxiv: The preprint server for biology on October 07, 2022 as

doi: https://doi.org/10.1101/2022.10.04.510662 (90).
Acknowledgments

Special thanks go to Casey Wells (CCHMC) for assistance with

flow cytometry files and Shawna Hottinger (CCHMC) for editorial

assistance. We thank David Hildeman (CCHMC) for fruitful

discussions throughout this project.
Frontiers in Immunology 18
Conflict of interest

AB is a cofounder of Datirium, the developer of Scientific Data

Analysis Platform https://SciDAP.com used here for processing

RNA-Seq data. AB and MK developed CWL-Airflow licensed to

Datirium, LLC. AL is an employee of Amgen Inc. HB is a consultant

for Mahzi therapeutics.

The remaining authors declare that the research was

conducted in the absence of any commercial or financial

relationships that could be construed as a potential conflict

of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.

1341745/full#supplementary-material
References
1. Margot H, Boursier G, Duflos C, Sanchez E, Amiel J, Andrau JC, et al.
Immunopathological manifestations in Kabuki syndrome: a registry study of 177
individuals. Genet Med. (2020) 22:181–8. doi: 10.1038/s41436-019-0623-x

2. Pilarowski GO, Cazares T, Zhang L, Benjamin JS, Liu K, Jagannathan S, et al.
Abnormal Peyer patch development and B-cell gut homing drive IgA deficiency in
Kabuki syndrome. J Allergy Clin Immunol. (2020) 145:982–92. doi: 10.1016/
j.jaci.2019.11.034

3. Stagi S, Gulino AV, Lapi E, Rigante D. Epigenetic control of the immune system: a
lesson from Kabuki syndrome. Immunol Res. (2016) 64:345–59. doi: 10.1007/s12026-
015-8707-4

4. Lindsley AW, Saal HM, Burrow TA, Hopkin RJ, Shchelochkov O, Khandelwal P,
et al. Defects of B-cell terminal differentiation in patients with type-1 Kabuki syndrome.
J Allergy Clin Immunol. (2016) 137:179–187 e110. doi: 10.1016/j.jaci.2015.06.002

5. Ortega-Molina A, Boss IW, Canela A, Pan H, Jiang Y, Zhao C, et al. The histone
lysine methyltransferase KMT2D sustains a gene expression program that represses B
cell lymphoma development. Nat Med. (2015) 21:1199–208. doi: 10.1038/nm.3943

6. Zhang J, Dominguez-Sola D, Hussein S, Lee JE, Holmes AB, Bansal M, et al.
Disruption of KMT2D perturbs germinal center B cell development and promotes
lymphomagenesis. Nat Med. (2015) 21:1190–8. doi: 10.1038/nm.3940

7. Ji MM, Huang YH, Huang JY, Wang ZF, Fu D, Liu H, et al. Histone modifier gene
mutations in peripheral T-cell lymphoma not otherwise specified. Haematologica.
(2018) 103:679–87. doi: 10.3324/haematol.2017.182444

8. Piccaluga PP, Agostinelli C, Califano A, Rossi M, Basso K, Zupo S, et al. Gene
expression analysis of peripheral T cell lymphoma, unspecified, reveals distinct profiles and
new potential therapeutic targets. J Clin Invest. (2007) 117:823–34. doi: 10.1172/JCI26833

9. Guo C, Chen LH, Huang Y, Chang CC, Wang P, Pirozzi CJ, et al. KMT2D
maintains neoplastic cell proliferation and global histone H3 lysine 4
monomethylation. Oncotarget. (2013) 4:2144–53. doi: 10.18632/oncotarget.v4i11

10. Carosso GA, Boukas L, Augustin JJ, Nguyen HN, Winer BL, Cannon GH, et al.
Precocious neuronal differentiation and disrupted oxygen responses in Kabuki
syndrome. JCI Insight. (2019) 4. doi: 10.1172/jci.insight.129375
11. Cui K, Chen Z, Cao Y, Liu S, Ren G, Hu G, et al. Restraint of IFN-gamma
expression through a distal silencer CNS-28 for tissue homeostasis. Immunity. (2023)
56:944–958 e946. doi: 10.1016/j.immuni.2023.03.006

12. Kim J, Nguyen T, Cifello J, Ahmad R, Zhang Y, Yang Q, et al. Lysine
methyltransferase Kmt2d regulates naive CD8(+) T cell activation-induced survival.
Front Immunol. (2022) 13:1095140. doi: 10.3389/fimmu.2022.1095140

13. Placek K, Hu G, Cui K, Zhang D, Ding Y, Lee JE, et al. MLL4 prepares the
enhancer landscape for Foxp3 induction via chromatin looping. Nat Immunol. (2017)
18:1035–45. doi: 10.1038/ni.3812

14. Lin JL, Lee WI, Huang JL, Chen PK, Chan KC, Lo LJ, et al. Immunologic
assessment and KMT2D mutation detection in Kabuki syndrome. Clin Genet. (2015)
88:255–60. doi: 10.1111/cge.12484

15. Lindsley AW, Lin JL, et al. Immunologic assessment and KMT2D mutation
detection in Kabuki syndrome. Clin Genet. (2015) 88:255–60. Clin Genet. 2020; 97: 538-
539. doi: 10.1111/cge.13671

16. Kopanos C, Tsiolkas V, Kouris A, Chapple CE, Albarca Aguilera M, Meyer R,
et al. VarSome: the human genomic variant search engine. Bioinformatics. (2019)
35:1978–80. doi: 10.1093/bioinformatics/bty897

17. Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, et al. The cBio
cancer genomics portal: an open platform for exploring multidimensional cancer
genomics data. Cancer Discovery. (2012) 2:401–4. doi: 10.1158/2159-8290.CD-12-0095

18. Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, et al. Integrative
analysis of complex cancer genomics and clinical profiles using the cBioPortal. Sci
Signal. (2013) 6:l1. doi: 10.1126/scisignal.2004088

19. Bjornsson HT, Benjamin JS, Zhang L, Weissman J, Gerber EE, Chen YC, et al.
Histone deacetylase inhibition rescues structural and functional brain deficits in a
mouse model of Kabuki syndrome. Sci Transl Med. (2014) 6:256ra135. doi: 10.1126/
scitranslmed.3009278

20. Chaudhuri AR, Callen E, Ding X, Gogola E, Duarte AA, Lee JE, et al. Erratum:
Replication fork stability confers chemoresistance in BRCA-deficient cells. Nature.
(2016) 539:456. doi: 10.1038/nature19826
frontiersin.org

https://doi.org/10.1101/2022.10.04.510662
https://SciDAP.com
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1341745/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1341745/full#supplementary-material
https://doi.org/10.1038/s41436-019-0623-x
https://doi.org/10.1016/j.jaci.2019.11.034
https://doi.org/10.1016/j.jaci.2019.11.034
https://doi.org/10.1007/s12026-015-8707-4
https://doi.org/10.1007/s12026-015-8707-4
https://doi.org/10.1016/j.jaci.2015.06.002
https://doi.org/10.1038/nm.3943
https://doi.org/10.1038/nm.3940
https://doi.org/10.3324/haematol.2017.182444
https://doi.org/10.1172/JCI26833
https://doi.org/10.18632/oncotarget.v4i11
https://doi.org/10.1172/jci.insight.129375
https://doi.org/10.1016/j.immuni.2023.03.006
https://doi.org/10.3389/fimmu.2022.1095140
https://doi.org/10.1038/ni.3812
https://doi.org/10.1111/cge.12484
https://doi.org/10.1111/cge.13671
https://doi.org/10.1093/bioinformatics/bty897
https://doi.org/10.1158/2159-8290.CD-12-0095
https://doi.org/10.1126/scisignal.2004088
https://doi.org/10.1126/scitranslmed.3009278
https://doi.org/10.1126/scitranslmed.3009278
https://doi.org/10.1038/nature19826
https://doi.org/10.3389/fimmu.2024.1341745
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Potter et al. 10.3389/fimmu.2024.1341745
21. Jang Y, Broun A, Wang C, Park YK, Zhuang L, Lee JE, et al. H3.3K4M
destabilizes enhancer H3K4 methyltransferases MLL3/MLL4 and impairs adipose
tissue development. Nucleic Acids Res. (2019) 47:607–20. doi: 10.1093/nar/gky982

22. Shi J, Petrie HT. Activation kinetics and off-target effects of thymus-initiated cre
transgenes. PloS One. (2012) 7:e46590. doi: 10.1371/journal.pone.0046590

23. Dong Y, Du X, Ye J, Han M, Xu T, Zhuang Y, et al. A cell-intrinsic role for Mst1 in
regulating thymocyte egress. J Immunol. (2009) 183:3865–72. doi: 10.4049/
jimmunol.0900678

24. Xu X, Jaeger ER, Wang X, Lagler-Ferrez E, Batalov S, Mathis NL, et al. Mst1
directs Myosin IIa partitioning of low and higher affinity integrins during T cell
migration. PloS One. (2014) 9:e105561. doi: 10.1371/journal.pone.0105561

25. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR:
ultrafast universal RNA-seq aligner. Bioinformatics. (2013) 29:15–21. doi: 10.1093/
bioinformatics/bts635

26. Kartashov AV, Barski A. BioWardrobe: an integrated platform for analysis of
epigenomics and transcriptomics data. Genome Biol. (2015) 16:158. doi: 10.1186/
s13059-015-0720-3

27. Kotliar M, Kartashov AV, Barski A. CWL-Airflow: a lightweight pipeline
manager supporting Common Workflow Language. Gigascience. (2019) 8.
doi: 10.1093/gigascience/giz084

28. Goedhart J, Luijsterburg MS. VolcaNoseR is a web app for creating, exploring,
labeling and sharing volcano plots. Sci Rep. (2020) 10:20560. doi: 10.1038/s41598-020-
76603-3

29. Oliveros JC. Venny. An interactive tool for comparing lists with Venn's diagrams. In:
B.f.G.a.P., Oliveros JC and Centro Nacional de Biotecnologia. Ed. (2007–2015), pp. Venn
Diagram. Available online at: https://bioinfogp.cnb.csic.es/tools/venny/index.html.

30. Chen J, Aronow BJ, Jegga AG. Disease candidate gene identification and
prioritization using protein interaction networks. BMC Bioinf. (2009) 10:73.
doi: 10.1186/1471-2105-10-73

31. Chen J, Bardes EE, Aronow BJ, Jegga AG. ToppGene Suite for gene list
enrichment analysis and candidate gene prioritization. Nucleic Acids Res. (2009) 37:
W305–311. doi: 10.1093/nar/gkp427

32. Chen J, Xu H, Aronow BJ, Jegga AG. Improved human disease candidate gene
prioritization using mouse phenotype. BMC Bioinf. (2007) 8:392. doi: 10.1186/1471-
2105-8-392

33. Kaimal V, Bardes EE, Jegga AG, Aronow BJ. ToppCluster: a multiple gene list
feature analyzer for comparative enrichment clustering and network-based dissection
of biological systems. Nucleic Acids Res. (2010) 38:W96–102. doi: 10.1093/nar/gkq418

34. Speir ML, Bhaduri A, Markov NS, Moreno P, Nowakowski TJ, Papatheodorou I,
et al. UCSC Cell Browser: visualize your single-cell data. Bioinformatics. (2021)
37:4578–80. doi: 10.1093/bioinformatics/btab503

35. Bunis DG, Andrews J, Fragiadakis GK, Burt TD, Sirota M. dittoSeq: universal
user-friendly single-cell and bulk RNA sequencing visualization toolkit. Bioinformatics.
(2021) 36:5535–6. doi: 10.1093/bioinformatics/btaa1011

36. Heinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P, et al. Simple
combinations of lineage-determining transcription factors prime cis-regulatory
elements required for macrophage and B cell identities. Mol Cell. (2010) 38:576–89.
doi: 10.1016/j.molcel.2010.05.004

37. Thorvaldsdottir H, Robinson JT, Mesirov JP. Integrative Genomics Viewer
(IGV): high-performance genomics data visualization and exploration. Brief
Bioinform. (2013) 14:178–92. doi: 10.1093/bib/bbs017

38. Robinson JT, Thorvaldsdottir H, Winckler W, Guttman M, Lander ES, Getz G,
et al. Integrative genomics viewer. Nat Biotechnol. (2011) 29:24–6. doi: 10.1038/nbt.1754

39. Sailaja BS, Takizawa T, Meshorer E. Chromatin immunoprecipitation in mouse
hippocampal cells and tissues.Methods Mol Biol. (2012) 809:353–64. doi: 10.1007/978-
1-61779-376-9_24

40. Kent WJ, Sugnet CW, Furey TS, Roskin KM, Pringle TH, Zahler AM, et al. The
human genome browser at UCSC. Genome Res. (2002) 12:996–1006. doi: 10.1101/
gr.229102

41. Rosenbloom KR, Sloan CA, Malladi VS, Dreszer TR, Learned K, Kirkup VM,
et al. ENCODE data in the UCSC Genome Browser: year 5 update. Nucleic Acids Res.
(2013) 41:D56–63. doi: 10.1093/nar/gks1172

42. Madeira F, Park YM, Lee J, Buso N, Gur T, Madhusoodanan N, et al. The EMBL-
EBI search and sequence analysis tools APIs in 2019. Nucleic Acids Res. (2019) 47:
W636–41. doi: 10.1093/nar/gkz268

43. Vivinus-Nebot M, Rousselle P, Breittmayer JP, Cenciarini C, Berrih-Aknin S,
Spong S, et al. Mature human thymocytes migrate on laminin-5 with activation of
metalloproteinase-14 and cleavage of CD44. J Immunol. (2004) 172:1397–406.
doi: 10.4049/jimmunol.172.3.1397

44. Kerdiles YM, Beisner DR, Tinoco R, Dejean AS, Castrillon DH, DePinho RA,
et al. Foxo1 links homing and survival of naive T cells by regulating L-selectin, CCR7
and interleukin 7 receptor. Nat Immunol. (2009) 10:176–84. doi: 10.1038/ni.1689

45. Fabre S, Carrette F, Chen J, Lang V, Semichon M, Denoyelle C, et al. FOXO1
regulates L-Selectin and a network of human T cell homing molecules downstream of
phosphatidylinositol 3-kinase. J Immunol. (2008) 181:2980–9. doi: 10.4049/
jimmunol.181.5.2980
Frontiers in Immunology 19
46. Love PE, Bhandoola A. Signal integration and crosstalk during thymocyte
migration and emigration. Nat Rev Immunol. (2011) 11:469–77. doi: 10.1038/nri2989

47. Carlson CM, Endrizzi BT, Wu J, Ding X, Weinreich MA, Walsh ER, et al.
Kruppel-like factor 2 regulates thymocyte and T-cell migration. Nature. (2006)
442:299–302. doi: 10.1038/nature04882

48. Lin-Shiao E, Lan Y, Coradin M, Anderson A, Donahue G, Simpson CL, et al.
KMT2D regulates p63 target enhancers to coordinate epithelial homeostasis. Genes
Dev. (2018) 32:181–93. doi: 10.1101/gad.306241.117

49. Schwenty-Lara J, Nehl D, Borchers A. The histone methyltransferase KMT2D,
mutated in Kabuki syndrome patients, is required for neural crest cell formation and
migration. Hum Mol Genet. (2020) 29:305–19. doi: 10.1093/hmg/ddz284

50. Bertoni A, Alabiso O, Galetto AS, Baldanzi G. Integrins in T cell physiology. Int J
Mol Sci. (2018) 19. doi: 10.3390/ijms19020485

51. Mou F, Praskova M, Xia F, Van Buren D, Hock H, Avruch J, et al. The Mst1 and
Mst2 kinases control activation of rho family GTPases and thymic egress of mature
thymocytes. J Exp Med. (2012) 209:741–59. doi: 10.1084/jem.20111692

52. Smith A, Bracke M, Leitinger B, Porter JC, Hogg N. LFA-1-induced T cell
migration on ICAM-1 involves regulation of MLCK-mediated attachment and ROCK-
dependent detachment. J Cell Sci. (2003) 116:3123–33. doi: 10.1242/jcs.00606

53. Nishikimi A, Ishihara S, Ozawa M, Etoh K, Fukuda M, Kinashi T, et al. Rab13
acts downstream of the kinase Mst1 to deliver the integrin LFA-1 to the cell surface for
lymphocyte trafficking. Sci Signal. (2014) 7:ra72. doi: 10.1126/scisignal.2005199

54. Broers AE, Meijerink JP, van Dongen JJ, Posthumus SJ, Lowenberg B, Braakman
E, et al. Quantification of newly developed T cells in mice by real-time quantitative PCR
of T-cell receptor rearrangement excision circles. Exp Hematol. (2002) 30:745–50.
doi: 10.1016/S0301-472X(02)00825-1

55. Blandin AF, Renner G, Lehmann M, Lelong-Rebel I, Martin S, Dontenwill M.
beta1 integrins as therapeutic targets to disrupt hallmarks of cancer. Front Pharmacol.
(2015) 6:279. doi: 10.3389/fphar.2015.00279

56. Evans R, Patzak I, Svensson L, De Filippo K, Jones K, McDowall A, et al.
Integrins in immunity. J Cell Sci. (2009) 122:215–25. doi: 10.1242/jcs.019117

57. Hamidi H, Ivaska J. Every step of the way: integrins in cancer progression and
metastasis. Nat Rev Cancer. (2018) 18:533–48. doi: 10.1038/s41568-018-0038-z

58. Seguin L, Desgrosellier JS, Weis SM, Cheresh DA. Integrins and cancer:
regulators of cancer stemness, metastasis, and drug resistance. Trends Cell Biol.
(2015) 25:234–40. doi: 10.1016/j.tcb.2014.12.006

59. Zhang Y, Wang H. Integrin signalling and function in immune cells.
Immunology. (2012) 135:268–75. doi: 10.1111/j.1365-2567.2011.03549.x

60. Crisa L, Cirulli V, Ellisman MH, Ishii JK, Elices MJ, Salomon DR. Cell adhesion
and migration are regulated at distinct stages of thymic T cell development: the roles of
fibronectin, VLA4, and VLA5. J Exp Med. (1996) 184:215–28. doi: 10.1084/jem.184.1.215

61. Gares SL, Giannakopoulos N, MacNeil D, Faull RJ, Pilarski LM. During human
thymic development, beta 1 integrins regulate adhesion, motility, and the outcome of
RHAMM/hyaluronan engagement. J Leukoc Biol. (1998) 64:781–90. doi: 10.1002/
jlb.64.6.781

62. Sastry SK, Lakonishok M, Thomas DA, Muschler J, Horwitz AF. Integrin alpha
subunit ratios, cytoplasmic domains, and growth factor synergy regulate muscle
proliferation and differentiation. J Cell Biol. (1996) 133:169–84. doi: 10.1083/
jcb.133.1.169

63. Kutlesa S, Wessels JT, Speiser A, Steiert I, Muller CA, Klein G. E-cadherin-
mediated interactions of thymic epithelial cells with CD103+ thymocytes lead to
enhanced thymocyte cell proliferation. J Cell Sci. (2002) 115:4505–15. doi: 10.1242/
jcs.00142

64. Dewispelaere R, Lipski D, Foucart V, Bruyns C, Frere A, Caspers L, et al. ICAM-
1 and VCAM-1 are differentially expressed on blood-retinal barrier cells during
experimental autoimmune uveitis. Exp Eye Res. (2015) 137:94–102. doi: 10.1016/
j.exer.2015.06.017

65. Porter JC, Hall A. Epithelial ICAM-1 and ICAM-2 regulate the egression of
human T cells across the bronchial epithelium. FASEB J. (2009) 23:492–502.
doi: 10.1096/fj.08-115899

66. Siegelman MH, Stanescu D, Estess P. The CD44-initiated pathway of T-cell
extravasation uses VLA-4 but not LFA-1 for firm adhesion. J Clin Invest. (2000)
105:683–91. doi: 10.1172/JCI8692

67. Thatte J, Dabak V, Williams MB, Braciale TJ, Ley K. LFA-1 is required for
retention of effector CD8 T cells in mouse lungs. Blood. (2003) 101:4916–22.
doi: 10.1182/blood-2002-10-3159

68. Berlin C, Berg EL, Briskin MJ, Andrew DP, Kilshaw PJ, Holzmann B, et al. Alpha
4 beta 7 integrin mediates lymphocyte binding to the mucosal vascular addressin
MAdCAM-1. Cell. (1993) 74:185–95. doi: 10.1016/0092-8674(93)90305-A

69. Schon MP, Arya A, Murphy EA, Adams CM, Strauch UG, Agace WW, et al.
Mucosal T lymphocyte numbers are selectively reduced in integrin alpha E (CD103)-
deficient mice. J Immunol. (1999) 162:6641–9.

70. Leung E, Mead PE, Yuan Q, Jiang WM, Watson JD, Krissansen GW. The mouse
beta 7 integrin gene promoter: transcriptional regulation of the leukocyte integrins
LPAM-1 and M290. Int Immunol. (1993) 5:551–8. doi: 10.1093/intimm/5.5.551
frontiersin.org

https://doi.org/10.1093/nar/gky982
https://doi.org/10.1371/journal.pone.0046590
https://doi.org/10.4049/jimmunol.0900678
https://doi.org/10.4049/jimmunol.0900678
https://doi.org/10.1371/journal.pone.0105561
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1186/s13059-015-0720-3
https://doi.org/10.1186/s13059-015-0720-3
https://doi.org/10.1093/gigascience/giz084
https://doi.org/10.1038/s41598-020-76603-3
https://doi.org/10.1038/s41598-020-76603-3
https://bioinfogp.cnb.csic.es/tools/venny/index.html
https://doi.org/10.1186/1471-2105-10-73
https://doi.org/10.1093/nar/gkp427
https://doi.org/10.1186/1471-2105-8-392
https://doi.org/10.1186/1471-2105-8-392
https://doi.org/10.1093/nar/gkq418
https://doi.org/10.1093/bioinformatics/btab503
https://doi.org/10.1093/bioinformatics/btaa1011
https://doi.org/10.1016/j.molcel.2010.05.004
https://doi.org/10.1093/bib/bbs017
https://doi.org/10.1038/nbt.1754
https://doi.org/10.1007/978-1-61779-376-9_24
https://doi.org/10.1007/978-1-61779-376-9_24
https://doi.org/10.1101/gr.229102
https://doi.org/10.1101/gr.229102
https://doi.org/10.1093/nar/gks1172
https://doi.org/10.1093/nar/gkz268
https://doi.org/10.4049/jimmunol.172.3.1397
https://doi.org/10.1038/ni.1689
https://doi.org/10.4049/jimmunol.181.5.2980
https://doi.org/10.4049/jimmunol.181.5.2980
https://doi.org/10.1038/nri2989
https://doi.org/10.1038/nature04882
https://doi.org/10.1101/gad.306241.117
https://doi.org/10.1093/hmg/ddz284
https://doi.org/10.3390/ijms19020485
https://doi.org/10.1084/jem.20111692
https://doi.org/10.1242/jcs.00606
https://doi.org/10.1126/scisignal.2005199
https://doi.org/10.1016/S0301-472X(02)00825-1
https://doi.org/10.3389/fphar.2015.00279
https://doi.org/10.1242/jcs.019117
https://doi.org/10.1038/s41568-018-0038-z
https://doi.org/10.1016/j.tcb.2014.12.006
https://doi.org/10.1111/j.1365-2567.2011.03549.x
https://doi.org/10.1084/jem.184.1.215
https://doi.org/10.1002/jlb.64.6.781
https://doi.org/10.1002/jlb.64.6.781
https://doi.org/10.1083/jcb.133.1.169
https://doi.org/10.1083/jcb.133.1.169
https://doi.org/10.1242/jcs.00142
https://doi.org/10.1242/jcs.00142
https://doi.org/10.1016/j.exer.2015.06.017
https://doi.org/10.1016/j.exer.2015.06.017
https://doi.org/10.1096/fj.08-115899
https://doi.org/10.1172/JCI8692
https://doi.org/10.1182/blood-2002-10-3159
https://doi.org/10.1016/0092-8674(93)90305-A
https://doi.org/10.1093/intimm/5.5.551
https://doi.org/10.3389/fimmu.2024.1341745
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Potter et al. 10.3389/fimmu.2024.1341745
71. Lee S, Lee D-K, Dou Y, Lee J, Lee B, Kwak E, et al. Coactivator as a target gene
specificity determinant for histone H3 lysine 4 methyltransferases. Proc Natl Acad Sci.
(2006) 103:15392–7. doi: 10.1073/pnas.0607313103

72. Guo C, Chang CC, Wortham M, Chen LH, Kernagis DN, Qin X, et al. Global
identification of MLL2-targeted loci reveals MLL2's role in diverse signaling pathways.
Proc Natl Acad Sci U S A. (2012) 109:17603–8. doi: 10.1073/pnas.1208807109

73. Han YH, Kim HJ, Choi H, Lee S, Lee MO. RORalpha autoregulates its
transcription via MLL4-associated enhancer remodeling in the liver. Life Sci. (2020)
256:118007. doi: 10.1016/j.lfs.2020.118007

74. Kang SG, Park J, Cho JY, Ulrich B, Kim CH. Complementary roles of retinoic
acid and TGF-beta1 in coordinated expression of mucosal integrins by T cells.Mucosal
Immunol. (2011) 4:66–82. doi: 10.1038/mi.2010.42

75. DeNucci CC, Pagan AJ, Mitchell JS, Shimizu Y. Control of alpha4beta7 integrin
expression and CD4 T cell homing by the beta1 integrin subunit. J Immunol. (2010)
184:2458–67. doi: 10.4049/jimmunol.0902407

76. Marski M, Ye AL, Abraham C. CD18 is required for intestinal T cell responses at
multiple immune checkpoints. J Immunol. (2007) 178:2104–12. doi: 10.4049/
jimmunol.178.4.2104

77. Graf B, Bushnell T, Miller J. LFA-1-mediated T cell costimulation through
increased localization of TCR/class II complexes to the central supramolecular
activation cluster and exclusion of CD45 from the immunological synapse. J
Immunol. (2007) 179:1616–24. doi: 10.4049/jimmunol.179.3.1616

78. Perez OD, Mitchell D, Jager GC, South S, Murriel C, McBride J, et al. Leukocyte
functional antigen 1 lowers T cell activation thresholds and signaling through
cytohesin-1 and Jun-activating binding protein 1. Nat Immunol. (2003) 4:1083–92.
doi: 10.1038/ni984

79. Wang Y, Shibuya K, Yamashita Y, Shirakawa J, Shibata K, Kai H, et al. LFA-1
decreases the antigen dose for T cell activation in vivo. Int Immunol. (2008) 20:1119–27.
doi: 10.1093/intimm/dxn070

80. Tsai IC, McKnight K, McKinstry SU, Maynard AT, Tan PL, Golzio C, et al. Small
molecule inhibition of RAS/MAPK signaling ameliorates developmental pathologies of
Kabuki Syndrome. Sci Rep. (2018) 8:10779. doi: 10.1038/s41598-018-28709-y
Frontiers in Immunology 20
81. Bogershausen N, Tsai IC, Pohl E, Kiper PO, Beleggia F, Percin EF, et al. RAP1-
mediated MEK/ERK pathway defects in Kabuki syndrome. J Clin Invest. (2015)
125:3585–99. doi: 10.1172/JCI80102

82. Jung YL, Hung C, Choi J, Lee EA, Bodamer O. Characterizing the molecular
impact of KMT2D variants on the epigenetic and transcriptional landscapes in Kabuki
syndrome. Hum Mol Genet. (2023) 32:2251–61. doi: 10.1093/hmg/ddad059

83. Feng C, Woodside KJ, Vance BA, El-Khoury D, Canelles M, Lee J, et al. A
potential role for CD69 in thymocyte emigration. Int Immunol. (2002) 14:535–44.
doi: 10.1093/intimm/dxf020

84. Gubbels Bupp MR, Edwards B, Guo C, Wei D, Chen G, Wong B, et al. T cells
require Foxo1 to populate the peripheral lymphoid organs. Eur J Immunol. (2009)
39:2991–9. doi: 10.1002/eji.200939427

85. Ouyang W, Beckett O, Flavell RA, Li MO. An essential role of the Forkhead-box
transcription factor Foxo1 in control of T cell homeostasis and tolerance. Immunity.
(2009) 30:358–71. doi: 10.1016/j.immuni.2009.02.003

86. Luperchio TR, Applegate CD, Bodamer O, Bjornsson HT. Haploinsufficiency of
KMT2D is sufficient to cause Kabuki syndrome and is compatible with life. Mol Genet
Genomic Med. (2020) 8:e1072. doi: 10.1002/mgg3.1072

87. Kwesi-Maliepaard EM, Aslam MA, Alemdehy MF, van den Brand T, McLean C,
Vlaming H, et al. The histone methyltransferase DOT1L prevents antigen-independent
differentiation and safeguards epigenetic identity of CD8(+) T cells. Proc Natl Acad Sci
U S A. (2020) 117:20706–16. doi: 10.1073/pnas.1920372117

88. Itoh Y, Golden LC, Itoh N, Matsukawa MA, Ren E, Tse V, et al. The X-linked
histone demethylase Kdm6a in CD4+ T lymphocytes modulates autoimmunity. J Clin
Invest. (2019) 129:3852–63. doi: 10.1172/JCI126250

89. Edgar R, Domrachev M, Lash AE. Gene Expression Omnibus: NCBI gene
expression and hybridization array data repository. Nucleic Acids Res. (2002) 30:207–
10. doi: 10.1093/nar/30.1.207

90. Potter SJ, Zhang L, Kotliar M, Wu Y, Schafer C, Stefan K, et al. KMT2D
Regulates thymic Egress by Modulating Maturation and integrin Expression. bioRxiv.
(2022). doi: 10.1101/2022.10.04.510662
frontiersin.org

https://doi.org/10.1073/pnas.0607313103
https://doi.org/10.1073/pnas.1208807109
https://doi.org/10.1016/j.lfs.2020.118007
https://doi.org/10.1038/mi.2010.42
https://doi.org/10.4049/jimmunol.0902407
https://doi.org/10.4049/jimmunol.178.4.2104
https://doi.org/10.4049/jimmunol.178.4.2104
https://doi.org/10.4049/jimmunol.179.3.1616
https://doi.org/10.1038/ni984
https://doi.org/10.1093/intimm/dxn070
https://doi.org/10.1038/s41598-018-28709-y
https://doi.org/10.1172/JCI80102
https://doi.org/10.1093/hmg/ddad059
https://doi.org/10.1093/intimm/dxf020
https://doi.org/10.1002/eji.200939427
https://doi.org/10.1016/j.immuni.2009.02.003
https://doi.org/10.1002/mgg3.1072
https://doi.org/10.1073/pnas.1920372117
https://doi.org/10.1172/JCI126250
https://doi.org/10.1093/nar/30.1.207
https://doi.org/10.1101/2022.10.04.510662
https://doi.org/10.3389/fimmu.2024.1341745
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	KMT2D regulates activation, localization, and integrin expression by T-cells
	Introduction
	Methods
	Patient consent and sample collection
	Mice
	Flow cytometry analysis
	Magnetic bead sorting
	Assessment of Cre recombination efficiency
	Assessment of migration
	TREC analysis of RTE
	RNA isolation, library preparation, and sequencing
	Visualization of Kmt2d-exon16-19-fl/fl KO peripheral na&iuml;ve CD8+ T-cells genes at a single-cell level
	Proposed transcription factor binding at promoter region of KMT2D downregulated genes
	Chromatin immunoprecipitation
	Chromatin immunoprecipitation–polymerase chain reaction
	Assessment of gene and protein sequence similarities
	Statistical analysis

	Results
	Kmt2d loss alters SP thymocyte progression in a dosage-dependent manner
	KMT2D regulates integrin expression during thymocyte development
	Conserved integrin expression consistent with direct KMT2D control
	KMT2D regulates SP thymocyte migration through LFA1 expression
	Peripheral Kmt2d-deficient T-cells demonstrate thymic deficiencies and dosage-related peripheral T-cell shifts
	Shifts in human recent thymic emigrants in individuals with molecularly-confirmed KS1

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


