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A B S T R A C T   

CD4+ T cell trafficking is a fundamental property of adaptive immunity. In this study, we uncover a novel role for 
histone deacetylase 1 (HDAC1) in controlling effector CD4+ T cell migration, thereby providing mechanistic 
insight into why a T cell-specific deletion of HDAC1 protects against experimental autoimmune encephalomy-
elitis (EAE). HDAC1-deficient CD4+ T cells downregulated genes associated with leukocyte extravasation. In 
vitro, HDAC1-deficient CD4+ T cells displayed aberrant morphology and migration on surfaces coated with 
integrin LFA-1 ligand ICAM-1 and showed an impaired ability to arrest on and to migrate across a monolayer of 
primary mouse brain microvascular endothelial cells under physiological flow. Moreover, HDAC1 deficiency 
reduced homing of CD4+ T cells into the intestinal epithelium and lamina propria preventing weight-loss, crypt 
damage and intestinal inflammation in adoptive CD4+ T cell transfer colitis. This correlated with reduced 
expression levels of LFA-1 integrin chains CD11a and CD18 as well as of selectin ligands CD43, CD44 and CD162 
on transferred circulating HDAC1-deficient CD4+ T cells. Our data reveal that HDAC1 controls T cell-mediated 
autoimmunity via the regulation of CD4+ T cell trafficking into the CNS and intestinal tissues.   
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1. Introduction 

T cell trafficking is a fundamental property of adaptive immunity. 
The migration of effector CD4+ T cells towards inflamed sites and tissues 
is key for the coordination of a proper host defense against pathogens. 
However, the extravasation of dysregulated or autoreactive T cells into 
tissues can lead to immune-mediated diseases including autoimmunity. 
A well-explored murine model for studying CD4+ T cell migration in the 
context of autoimmunity is experimental autoimmune encephalomy-
elitis (EAE), a Th1/Th17 cell-driven autoinflammatory process that 
leads to inflammation and demyelination in the CNS [1,2]. EAE is often 
used as a disease model for human multiple sclerosis (MS), even though 
it deviates to some extent with regard to the complex disease pathology 
of MS [3]. In EAE, activated CD4+ T cells migrate from lymph nodes via 
the blood and subsequently infiltrate the CNS via several routes that 
include crossing the endothelial blood-brain barrier (BBB), the epithelial 
blood-cerebrospinal fluid barrier of the choroid plexus and the sub-
arachnoid space [2,4]. T cell migration at the BBB (or at other endo-
thelial barriers) is a multistep process that relies on sequential steps of 
lymphocyte rolling, arrest, crawling and diapedesis across the endo-
thelial layer [5]. These steps are regulated via the interaction of cell 
adhesion molecules and their ligands expressed on activated CD4+ T 
cells and the inflamed endothelium. Binding of glycosylated selectin 
ligands, such as PSGL-1, CD43 and CD44, expressed on activated CD4+ T 
cells, to endothelial P- and E-selectin is essential for capture/rolling [6, 
7]. Further, following the activation of integrins, the interaction of the 
αLβ2-integrin lymphocyte function-associated antigen-1 (LFA-1, formed 
by the CD11a and CD18 chains) with intercellular adhesion molecule-1 
(ICAM-1) as well as ICAM-2 expressed on endothelial cells and of the 
α4β1-integrin very late antigen-4 (VLA-4) with endothelial vascular cell 
adhesion molecule-1 (VCAM-1), respectively, mediates T cell arrest. 
Moreover, LFA-1 binding to ICAM-1 and ICAM-2 mediates T cell 
crawling on the BBB [8–16]. The importance of integrins in this process 
has been exploited for therapeutic purposes, with the integrin α4 chain 
blocking monoclonal antibody natalizumab approved for MS therapy 
[17,18]. 

The differentiation of naïve CD4+ T cells into effector Th subsets is 
accompanied by the induction and maintenance of lineage-specific gene 
expression programs. During these differentiation processes, there also 
is an induction of genes essential for migration and homing of effector 
CD4+ T cells into inflamed tissues. These Th subset-specific transcrip-
tional programs are in part controlled by epigenetic processes that 
include the reversible acetylation of histones mediated by the opposing 
activities of histone acetyltransferases (HATs) and histone deacetylases 
(HDACs). In addition to chromatin-mediated effects via modifying his-
tones and thus regulating DNA accessibility, reversible acetylation also 
targets a large number of non-histone proteins which in turn is affecting 
their functionality [19,20]. The HDAC family consists of 18 members 
that are grouped into 4 classes and several HDACs have important 
functions in CD4+ T cells [19]. We have recently shown that the class I 
member HDAC1 in T cells is key for the induction of autoinflammatory 
diseases. Conditional deletion of HDAC1 in T cells (using the Cd4-Cre 
deleter strain; Hdac1fl/fl x Cd4-Cre, designated as HDAC1cKO) conveys 
resistance to the induction of EAE, even in the absence of CD25+ regu-
latory T (Treg) cells. Mixed WT and HDAC1cKO bone marrow chimeric 
mice are susceptible for EAE induction, however predominantly WT and 
only a small fraction of HDAC1cKO CD4+ T cells infiltrated the CNS [21]. 
These data indicate effector CD4+ T cell-intrinsic defects. Moreover, 
naïve HDAC1-deficient CD4+ T cells differentiate into Th17 cells in vitro 
and display normal IL-17A and RORγt expression [21] and HDAC1cKO 

Th1 cells even produce elevated levels of IFNγ compared to WT Th1 cells 
[22,23]. Although in vivo Th differentiation was not directly investi-
gated, these results suggest that HDAC1 deficiency did not block 
Th1/Th17 differentiation in EAE-inducing conditions. Similar to the 
protective effect observed for EAE, HDAC1cKO mice are also protected 
from the induction of collagen-induced arthritis (CIA) [24]. Together, 

these previous studies demonstrate that HDAC1 is a key regulator of T 
cell-mediated autoimmunity and inflammation. However, the underly-
ing mechanisms have not been revealed. 

In this study, we employed EAE as well as adoptive transfer colitis as 
model systems to investigate how HDAC1 controls CD4+ T cell function 
and why loss of HDAC1 protects against autoinflammatory diseases. 
Using the myelin oligodendrocyte glycoprotein 2D2 TCR transgenic 
system we showed that the in vivo activation and expansion of HDAC1- 
deficient CD4+ T cells was normal at the induction phase of EAE. 
However, in vivo-activated 2D2-HDAC1cKO T cells downregulated genes 
that mediate leukocyte extravasation including genes that encode for 
integrin LFA-1, key selectin ligands as well as cytoskeletal proteins. 
HDAC1cKO CD4+ T cells displayed aberrant migratory features due to 
deficient arrest on endothelial barriers and a subsequent reduction in 
transendothelial migration, findings that were in line with down-
regulated leukocyte extravasation pathways. Hence, LFA-1-dependent 
cellular responses are impaired in the absence of HDAC1, which re-
stricts CD4+ T cells from extravasation at endothelial barriers into the 
CNS. Moreover, adoptively transferred HDAC1-deficient CD4+ T cells 
failed to migrate into the intestinal epithelium and lamina propria in an 
adoptive CD4+ T cell transfer colitis model resulting in abolished 
weight-loss, intestinal inflammation and crypt damage in recipient mice. 
The lack of disease correlated with reduced expression levels of LFA-1 
integrin chains CD11a and CD18 as well as of selectin ligands CD43, 
CD44 and CD162 on transferred circulating HDAC1-deficient CD4+ T 
cells. This indicates that HDAC1 is a key regulatory factor that also 
controls integrin as well as selectin ligand expression in the context of 
intestinal inflammation. Taken together, our findings identify a critical 
function for HDAC1 in regulating CD4+ T cell trafficking. 

2. Materials and methods 

2.1. Mice 

Hdac1fl/flCd4-Cre (HDAC1cKO) mice were previously described [22] 
(Mouse Genome Informatics MGI: 4440556) and floxed Hdac1 mice 
were kindly provided by Patrick Matthias. Cd4-Cre mice (MGI:2386448) 
were kindly provided by Chris Wilson. 2D2 TCR MOG transgenic mice 
(2D2) recognizing MOG35− 55 [25] (MGI:3700794) were kindly provided 
by Gernot Schabbauer. 2D2 mice were crossed to Hdac1fl/flCd4-Cre mice 
to generate 2D2 x Hdac1fl/flCd4-Cre (2D2- HDAC1cKO) mice. CD45.1 and 
Rag2− /− mice were kindly provided by Jochen Hühn. Mice were 
analyzed between 8 and 12 weeks of age. Experiments were performed 
with mice of mixed sex unless otherwise stated. Animal experiments 
were evaluated by the ethics committee of the Medical University of 
Vienna and approved by the Austrian authorities (GZ: 
BMWF-66.009/0103-WF/II/3b/2014, GZ:BMWF-66.009/0105-WF/II/ 
3b/2014, GZ:BMBFW-66.009/0039-WF/II/3b/2019, GZ:BMBFW-66.00 
9/0041-WF/II/3b/2019). Mice were bred and maintained in the pre-
clinical research facility of the Medical University of Vienna. Animal 
husbandry and experimentation were performed in compliance with 
national laws and according to FELASA and ARRIVE guidelines. 

2.2. Induction of experimental autoimmune encephalomyelitis 

Female 2D2-WT and 2D2-HDAC1cKO mice were subcutaneously (s.c.) 
injected with 100 μl of an emulsion of 500 μg/ml MOG35-55 peptide 
(M4939, Sigma Aldrich) in Aq. dest. and complete Freund’s adjuvant 
(incomplete Freund’s adjuvant (Sigma) supplemented with 5 mg/ml 
heat-killed Mycobacterium tuberculosis (strain H37Ra; Difco)) into the left 
and right flank. On the day of immunization as well as 2 days later mice 
were injected intraperitoneally (i.p.) with 400 ng pertussis toxin (Sigma 
Aldrich). Disease progression was monitored daily and assessed ac-
cording to the following disease scores: 0 = unaffected; 0.5 = incomplete 
limp tail; 1 = complete limp tail; 1.5 = limp tail and hind limb weakness 
(mild wobbly walk); 2 = limp tail and weakness of hind legs (wobbly 
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walk) 2.5 = limp tail and dragging of hind legs; 3 = no movement or 
complete dragging of one leg; 3.5 = complete bilateral paralysis of hind 
legs; 4 = limp tail and complete paralysis of hind legs, or mouse is unable 
to turn upright when placed on its side, or mouse is dragging the com-
plete hindquarter; 4.5 = limp tail, complete hind leg and partial front leg 
paralysis but mouse is alert and feeding; 5 = complete hind and partial 
front leg paralysis, no movement. 

2.3. Neuropathological evaluation 

Immunohistochemistry was performed with a biotin-avidin system 
using biotinylated anti-rabbit immunoglobulins (Amersham, Birming-
ham UK) as secondary antibodies followed by avidin-HRP (Cat. No. 
A3151, Sigma, St. Louis Mo). T cells were stained with anti-CD3 anti-
bodies (Cat. No. A452, Dakopatts, Denmark). Quantifications were 
performed by using a morphometric grid. To determine the extent of 
inflammation, the number of CD3+ T cells was quantified in three 
lumbar spinal cross sections and divided by the volume (mm2) of these 
three sections. The extent of demyelination was evaluated on tissue 
sections stained with Luxol Fast Blue (LFB) combined with Periodic Acid 
Schiff (PAS) for myelin and myelin degradation products. Areas of 
demyelination were determined on stained spinal cord cross sections (on 
average 10–15 sections) and were expressed as % of total spinal cord 
white matter area. 

2.4. Flow cytometry antibodies 

The following anti-mouse antibodies were used for flow cytometry: 
B220 (clone: RA3-6B2), CD11a (clone: M17/4), CD69 (clone: H1⋅2F3), 
GM-CSF (clone: MP1-22E9), TCRβ (clone: H57-597), all from Thermo 
Fisher Scientific; CD18 (clone: M18/2), CD4 (clone: RM4-5), CD44 
(clone: IM7), CD45.1 (clone: A20), CD45.2 (clone: 104), CD62L (clone: 
MEL-14), CD90.2 (clone: 53–2.), IFNγ (clone: XMG1.2), IL-17 (clone: 
TC11-18H10.1), IL-2 (clone: JES6-5H4), Vα3.2 (clone: RR3-16), Vβ11 
(clone: KT11), all from Biolegend; CD162 (clone: 2PH1), CD43 (clone: 
S7), CD25 (clone: PC61), all from BD Biosciences. 

2.5. Purification of naïve CD4+ T cells 

Single cell suspensions of spleens, axillary, brachial and inguinal 
lymph nodes were obtained by mashing the organs though a 70 μm cell 
strainer (Corning) in PBS supplemented with 2% fetal bovine serum 
(FBS) (Biowest) (PBS/FBS). Red blood cell lysis was performed using BD 
Pharm Lyse™ (BD Biosciences) according to the manufacturer’s in-
structions. CD4+ T cells were enriched by incubation of the cell sus-
pension with a cocktail containing biotinylated antibodies (Gr-1, B220, 
NK1.1, CD11b, CD11c, CD8a, and TER-119) following negative deple-
tion using streptavidin negative selection beads (MagniSort SAV Nega-
tive Selection beads; Invitrogen). Cells were sorted for naïve CD4+ T 
cells (CD25–CD44loCD62L+) using a BD FACSAriaII (BD Biosciences) or 
a SH800 (SONY). For some experiments naïve CD4+ T cells were isolated 
using the EasySep™ Mouse Naïve CD4+ T Cell Isolation Kit according to 
the manufacturer’s instructions. Biotinylated antibodies against Ly-6G/ 
Ly-6C (clone: RB6-8C5), CD45R/B220 (clone: RA3-6B2), NK1.1 (clone: 
PK136), CD11c (clone: N418), CD11b (clone: MEL1/70), CD8α (clone: 
53–6.7) and TER-119 (clone: TER-119) were purchased from Biolegend. 

2.6. Extracellular and intracellular staining 

For intracellular cytokine detection, ex vivo isolated or in vitro 
cultured cells (1 × 106 cells/ml) were stimulated for 4 h with PMA (25 
ng/ml) and ionomycin (750 ng/ml) (both from Sigma-Aldrich) in the 
presence of GolgiStop (BD Biosciences). Cells were incubated with Fc 
Block (1:250 in PBS, BD Biosciences) prior to extracellular staining. 
Dead cells were excluded by Fixable Viability Dye eFluor™ 506 (Thermo 
Fisher Scientific) or Zombie NIR™ Fixable Viability Dye (423105, 

Biolegend) staining. Cells were stained with extracellular antibodies on 
ice in the dark for 30 min. For subsequent intracellular cytokine staining 
cells were fixed with Cytofix™ Fixation Buffer (BD Biosciences), per-
meabilized with Perm/Wash Buffer (BD Biosciences) and analyzed with 
a BD LSRFortessa or BD LSRII cytometer and FlowJo 10.2 software. 

2.7. In vivo CD4+ T cell activation and expansion assays 

6 × 105 naïve 2D2-WT or 2D2-HDAC1cKO CD4+ T cells 
(CD45.1–CD45.2+) were injected intravenously (i.v.) into 
CD45.1+CD45.2+ recipient mice. 18 h after cell transfer mice were 
immunized via injecting 50 μl of a 1:1 emulsion of 1 mg/ml MOG35-55 
peptide (M4939, Sigma Aldrich) in Aq. dest.) and complete Freund’s 
adjuvant (incomplete Freund’s adjuvant (Sigma) supplemented with 10 
mg/ml heat-killed Mycobacterium tuberculosis (strain H37Ra; Difco)) into 
the right hind paw. Spleen, draining (popliteal) and pooled peripheral 
lymph nodes were harvested 2 or 4 days later and single cell suspensions 
prepared. Cells were stained for extracellular activation markers and 
analyzed with BD LSRFortessa (BD Biosciences) and FlowJo 10.2 
software. 

2.8. Transwell migration assays 

Naïve CD4+ T cells were differentiated into Th17 cells with plate- 
bound anti-CD3Ɛ (1 μg/ml; BD Biosciences) and anti-CD28 (3 μg/ml; 
BD Biosciences) on 48-well-plates (0.3 × 106 cells/well) in 1 ml T cell 
medium/well (RPMI-1640, 10% FBS (Biowest), antibiotics, 50 mM 
β-mercaptoethanol) supplemented with 2 ng/ml TGFβ (Biolegend) and 
10 μg/ml IL-6 (Peprotech). On day 2 of culture cells were differentially 
labelled with cell proliferation dye eFluor™ 670 and eFluor™ 450 (65- 
0840-85 and 65-0842-85, eBioscience) and cultured for one additional 
day. Within each experiment labels were swapped between WT and 
HDAC1cKO to control for dye effects. Cells were washed with PBS, 
quantified and mixed at a 1:1 ratio. The cells were resuspended (3 × 106 

cells/ml) in RPMI supplemented with 1% fatty acid-free BSA and 10 mM 
HEPES. 100 μl of this cell suspension was added to the top chambers of 
24-well transwell plates with 3 μm pores (Corning). The cells were 
allowed to migrate for 4 h at 37 ◦C in the presence of 1 μg/ml CCL21 or 1 
μg/ml CCL20 (both from Peprotech) in RPMI with 1% fatty acid-free 
BSA and 10 mM HEPES in the lower well. Subsequently, migrated 
cells were collected from the bottom well and the ratio of WT and 
HDAC1cKO cells was quantified for a fixed period of time (2 min) with a 
BD LSRFortessa (BD Biosciences) and the resulting ratios normalized for 
the input ratio. 

2.9. Endothelioma cell line bEnd.5 

The bEnd.5 mouse brain endothelioma cell line was described pre-
viously [16]. Prior to culturing T25 flasks were coated with 0.1% 
Gelatine for 30 min at 37 ◦C and then washed with PBS. 2 × 106 cells 
were then grown in Dulbecco’s modified Eagle’s medium (DMEM 4500 
mg/L Glucose w/o Na-Pyruvate) supplemented with 10% FCS, 50 μM 
β-mercaptoethanol, 4 mM L-glutamine, 1 mM sodium pyruvate, antibi-
otics and 1 x nonessential amino acids at 37 ◦C and 10% CO2. bEnd.5 
cells were passaged only following confluency at a maximal splitting 
ratio of 1:4. For static transendothelial migration assays 24-well trans-
well inserts with 5 μm pores were coated with 50 μl laminin (50 μg/ml in 
PBS) at 20 ◦C for 30 min and then air-dried for 60 min under sterile 
conditions. bEnd.5 cells were harvested by washing the cells with 1x 
HBSS supplemented with 25 mM HEPES and 5 mM EDTA, trypsinized 
and washed in wash buffer (DMEM supplemented with 25 mM HEPES 
and 5% FCS). 5 × 104 cells were plated on the transwell inserts and 
cultured for one more day until stimulation. 
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2.10. Primary mouse brain microvascular endothelial cells 

Primary Mouse Brain Microvascular Endothelial Cells (pMBMECs) 
were isolated from 4 to 8 weeks old C57BL/6J mice and cultured as 
described [16,26]. Capillaries from one brain were used for seeding 3 
matrigel-coated Ibidi μ-dishes with cloning rings for in vitro live cell 
imaging under flow conditions or two 24-well filter inserts for static 
transendothelial migration assays. pMBMECs were cultured for 6 days at 
37 ◦C and 10% CO2 until stimulation. 

2.11. CD4+ T cell transendothelial migration assays 

bEnd.5 cells were stimulated with 10 μg/ml LPS (Escherichia coli 
O55:B5; Sigma) and pMBMECs with 10 ng/ml TNF-α (Peprotech) 18 h 
before starting the assays followed by a washing step with migration 
assay medium (DMEM supplemented with 2% L-glutamine, 25 mM 
HEPES and 5% FCS). Dye-labelled WT and HDAC1cKO Th17 cells were 
prepared as described above and mixed at a 1:1 ratio. Labels were 
swapped between WT and HDAC1cKO within each experiment to control 
for dye effects. The cells were resuspended (3 × 106 cells/ml) in 
migration assay medium and 100 μl of the Th17 cell suspension were 
added to the top chambers of 24-well transwell plates. The cells were 
allowed to migrate across endothelial monolayers for 4 h at 37 ◦C to-
wards the lower well. Transmigrated cells were collected from the lower 
well and quantified and normalized as described above. 

2.12. CD4+ T cell in vitro microscopy assay 

For analysis of cell morphology, WT and HDAC1cKO Th17 cells were 
plated on 384 well-plates (PerkinElmer) pre-coated with 6 μg/ml re-
combinant ICAM-1. Immediately after plating the cells were gently 
pushed towards the coated surface by short centrifugation (70 g, 20 s) 
and let to adhere and migrate for 30 min at 37 ◦C. Following incubation, 
cells were fixed with 4% Formalin (Pierce) in growth media for 15 min at 
37 ◦C and incubated 15 min at 37 ◦C in permeabilization buffer (eBio-
science) supplemented with 2% heat inactivated FBS (HyClone). Next, 
cells were stained at 4 ◦C with Phalloidin-AF488 (1:500; Cell Signaling 
Technology) and DAPI (5 μg/ml, Thermo Fisher Scientific). Finally, cells 
were washed with PBS and stored in PBS at 4 ◦C. Stained cells were 
imaged using a PerkinElmer Opera Phenix high-content screening sys-
tem equipped with a 40x lense (1.1NA, water immersion), confocal unit 
(Yokogawa CSU-X) and solid-state laser illumination (405 nm, 488 nm). 
In order to assess the cell morphology 9 images per well were recorded 
(1080 × 1080 pxl; 320 nm/pxl resolution; 3x Z stacks with dZ = 0.5 μm 
near the coverslip surface). Cell area and total amount of F-actin per cell 
were quantified using custom written pipelines in Fiji and CellProfiler. 
Resulting measurements were then further processed using custom 
written Python scripts. 

2.13. In vitro live cell imaging under flow conditions 

In vitro live cell imaging was performed as described before [27]. 
pMBMEC monolayers were stimulated with 10 ng/ml TNF-α or 20 ng/ml 
IL1-β 18 h before starting the assays. WT and HDAC1cKO Th17 cells were 
generated as described above and resuspended in RPMI-1640 supple-
mented with 10% FBS (Thermo Fisher Scientific), 10 U/ml 
penicillin-streptomycin, 2 mM L-glutamine, 1% (v/v) non-essential 
amino acids, 1 mM sodium pyruvate and 50 μM β-mercaptoethanol at 
a concentration of 1 × 106 cells/ml. The concentration was confirmed 
once more before and after each experiment by quantifying live cells in a 
counting chamber using trypan blue. Th17 cells were flushed on top of 
the monolayer and accumulation on pMBMECs within the flow chamber 
was enabled by adjusting the flow to low shear (0.1 dyn/cm2) for the 
first 5 min followed by physiological shear flow (1.5 dyn/cm2) for 25 
more minutes. An inverted microscope (AxioObserver, Zeiss, Feldbach, 
Switzerland) with a 10x magnification objective was used for phase 

contrast image acquisition every 10 s using a monochrome 
charge-coupled device camera (AxioCam MRm Rev, Carl Zeiss). The 
temperature was maintained at 37 ◦C throughout the experiment. Image 
analysis was blinded and performed using ImageJ software (National 
Institute of Health, Bethesda, MD, USA). Arrested cells per field of view 
(FOV) were quantified 20 s after applying physiological flow and were 
further categorized into T cells detaching, probing (cells remaining sit-
uated at the same position and probing their surrounding via pro-
trusions), crawling or undergoing diapedesis (cells migrating across the 
pMBMEC monolayer) within the recording period. T cells that crawled 
out of the FOV were not categorized. 

2.14. Migration assay on ICAM-1 

Glass slides (24 mm × 50 mm #1.5 borosilicate, VWR) were attached 
to the bottom of 8-well LabTek chambers (Nunc). The chambers were 
coated with 6 μg/ml recombinant murine ICAM-1 and 2 μg/ml CXCL-12 
(Peprotech) in coating buffer (20 mM Tris pH 9.0, 159 mM NaCl, 2 mM 
MgCl2) for 16 h at 4 ◦C or 4 h at room temperature and then gently 
rinsed with coating buffer. Subsequently the chambers were filled with 
prewarmed (37 ◦C) imaging buffer (HBSS, Thermo Fisher Scientific, 
supplemented with 2 mM CaCl2, 2 mM MgCl2 and 2% FCS). Migration 
assays of Th17 cells on ICAM-1- and CXCL-12-coated surfaces were 
performed with some adaptions as described [28]. WT or HDAC1cKO 

Th17 cells were labelled with either 100 nM Carboxyfluorescein succi-
nimidyl ester (CFSE, Thermo Fisher Scientific) or 500 nM proliferation 
dye eFluor™ 670 (eF670, eBioscience) for 10 min at 37 ◦C and subse-
quently washed with imaging buffer. To compensate for dye-related 
effects, fluorescence dyes were swapped and the tracking data pooled 
within one experiment. 0.5 × 106 fluorescently-labelled WT and 
HDAC1cKO Th17 cells were premixed in a 1:1 ratio and allowed to 
adhere to the glass slides for 10 min. Migration of WT and HDAC1cKO 

Th17 cells was recorded simultaneously for 30 min with an image every 
10 s. CFSE and eF670 were excited with a monochromatic light source 
(Leica EL6000) coupled to an inverted microscope (Leica DMI 5000) 
operated with a 20x objective (Leica) and excitation filters 474/27 
(Chroma) and 635/18 (Chroma). A temperature control system (Leica) 
was used to adjust the temperature to 37 ◦C. Microscopy images were 
processed and analyzed with the open-source image processing package 
Fiji [29] and Matlab (MathWorks). Cells were localized and tracked 
using a custom written code in Matlab [30]. Cell trajectories which were 
visible for more than 10 frames (out of 181 frames) were included in the 
analysis. 

2.15. Low-input RNA sequencing of in vivo activated CD4+2D2+ T cells 

6 × 105 naïve 2D2-WT or 2D2-HDAC1cKO CD4+ T cells (CD45.2+) 
were transferred (i.v.) into CD45.1+ recipient mice. 18 h after cell 
transfer mice were immunized into the right hind paw with 50 μl of a 1:1 
emulsion of 1 mg/ml MOG35-55 peptide (M4939, Sigma Aldrich) in Aq. 
dest.) and complete Freund’s adjuvant (incomplete Freund’s adjuvant 
(Sigma) supplemented with 10 mg/ml heat-killed Mycobacterium tuber-
culosis (strain H37Ra; Difco)). Draining (popliteal) lymph nodes were 
isolated 4 days later and single cell suspensions prepared. Two mice 
were pooled for one biological replicate and three biological replicates 
were generated for each genotype. 500 CD45.2+ 2D2+ CD4+ T cells were 
sorted into 96 wells filled with 3.8 μl 0.2% (vol/vol) Triton X-100 so-
lution and 0.2 μl RNase inhibitor (2313A, Clontech). RNA isolation, li-
brary preparation and sequencing was performed by the Biomedical 
Sequencing facility at CeMM with the Smart-seq2 assay [31]. The li-
braries were sequenced using the Illumina HiSeq 3000 platform and the 
50-bp single-read configuration. 

2.16. Bioinformatic analysis 

Raw sequencing data were processed with Illumina2 bam-tools 1.17 
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to generate sample-specific, unaligned BAM files. Sequence reads were 
mapped onto the mouse genome assembly build mm10 (GRCm38) using 
TopHat 2.0.13 [32]. Gene expression values (reads per kilobase exon per 
million mapped reads) were calculated with Cufflinks 2.2.1 [33]. Data 
analysis was performed using Ingenuity Pathway Analysis (Qiagen IPA) 
revealing significantly dysregulated pathways (− 2 ≥ Z score ≥ 2; P ≤
0.05). 

2.17. Adoptive CD4+ T cell transfer colitis 

0.5 × 106 naïve WT or HDAC1cKO CD4+ T cells were intravenously (i. 
v.) injected into Rag2− /− recipient mice. Weight loss was assessed 
weekly and recipients were analyzed 6 weeks after cell transfer. Spleen, 
mesenteric lymph nodes, small intestinal lamina propria (SI-LP) cells 
and small intestinal intraepithelial lymphocytes (SI-IEL) cells were iso-
lated and analyzed as described before [34]. Histological analysis was 

performed on isolated colon tissue using “swiss rolls” as described pre-
viously [71][]. 

2.18. Colon histology and multicolor immunofluorescence microscopy 

Following fixation in 7.5% formaldehyde tissue samples of 5 μm 
thickness were stained with hematoxylin and eosin. For immunofluo-
rescence staining, tissue sections were heated to 95 ◦C in antigen 
retrieval buffer (citrate buffer, pH 6) and blocked in 10% goat serum in 
PBS. Sections were then stained with primary rabbit anti-CD3 (Novus) 
and anti-E-cadherin (eBioscience) followed by secondary Alexa Fluor 
488 anti-rabbit and Alexa Fluor 647 anti-mouse antibodies (eBio-
science). Nuclei were stained with 4′,6-diamidino-2-phenylindole 
(DAPI). Images were acquired using an Olympus fluorescence micro-
scope. Four representative high-power field images were captured from 
each colon and processed using Olympus cellSens software. 

Fig. 1. 2D2-HDAC1cKO mice are resistant to EAE induction despite efficient in vivo CD4þ T cell priming. (a) Naïve 2D2-WT or 2D2-HDAC1cKO CD4+ T cells 
(CD45.1–CD45.2+) were transferred into recipient mice (CD45.1+CD45.2+) which were immunized with MOG35-55 peptide/CFA (MOG35-55 imm) on the next day. 
Two days later CD45.2+Vα3.2+ 2D2 T cells within draining lymph nodes were analyzed. Representative histograms show cell surface expression of CD62L, CD44, 
CD25 and CD69 on recovered CD45.2+Vα3.2+ 2D2 T cells. Controls are transferred naïve 2D2-WT or 2D2-HDAC1cKO CD4+ T cells isolated from recipient mice that 
were immunized with PBS/CFA. (b) Summary graphs depict percentages of cell surface markers on CD45.2+Vα3.2+ 2D2 T cells and percentage of CD45.2+Vα3.2+

2D2 T cells in draining lymph nodes of mice that have been treated as described in (a). (c) Clinical EAE disease score of 2D2-WT and 2D2-HDAC1cKO mice following 
immunization with MOG35-55 peptide/CFA and injection of pertussis toxin on day 0 and day 2. (d) Brain sections of 2D2-WT and 2D2-HDAC1cKO mice (day 15 post 
immunization) stained with LFB-PAS myelin for visualization of demyelinated areas (left two panels) and CD3 for detecting lymphocyte infiltration (right two 
panels). The lower panels show a magnification of the boxed areas. (e) Summary diagrams depict percentage of demyelination (left) and number of infiltrated CD3+

cells per mm2 (right). (f) Flow cytometry analysis of blood samples taken from 2D2-WT and 2D2-HDAC1cKO mice on day 8 following EAE induction shows per-
centages of 2D2+CD44+ cells in peripheral blood compared to non-immunized controls. (g) Dot plots show summary of 2D2+CD44+ cells in peripheral blood on day 
8 following EAE induction. Horizontal bars indicate the mean. *p < 0.05, **p < 0.01, ***p < 0.001 (unpaired two-tailed student’s t-test). Differences that did not 
reach a statistically significant level (i.e., p ≥ 0.05) are not indicated. Data are representative (a,d,f) or show summary of 12–13 (b), 14 (c), 5 (e) and 11 (g) mice per 
group (except controls with 2–3 mice) analyzed in 3 (b,c) and 2 (g) independent experiments. 
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2.19. Data availability statement 

RNA-seq data reported in this study have been deposited in the Na-
tional Center for Biotechnology Information’s Gene Expression Omnibus 
database under number GSE159705. 

3. Results 

3.1. In vivo activation and expansion of antigen-specific CD4+ T cells is 
not impaired in the absence of HDAC1 

We have previously shown that a conditional deletion of HDAC1 in T 
cells protects mice against the induction of EAE [21]. The cellular and 
molecular mechanism of how loss of HDAC1 protects against EAE 
remained elusive, although we ruled out several possibilities such as the 
presence of a hyper-suppressive CD25+ regulatory T cell subset in 
HDAC1cKO mice or that HDAC1cKO CD4+ T cells failed to differentiate in 
vitro into Th1 and Th17 cells [21–23]. However, loss of HDAC1 might 
affect the in vivo activation and expansion of CD4+ T cells. To study 
whether the antigen-specific activation or expansion of CD4+ T cells in 
vivo is altered in the absence of HDAC1, we crossed Hdac1fl/fl (desig-
nated as WT) and HDAC1cKO mice to 2D2 TCR transgenic mice that 
express a TCR (formed by Vα3.2 and Vβ11) specific for the myelin 
oligodendrocyte glycoprotein peptide 35–55 (MOG35-55) [25]. Naïve 
CD45.2+ 2D2-WT (CD45.1–CD45.2+) or 2D2-HDAC1cKO CD4+ T cells 
(CD45.1–CD45.2+) were isolated from these mice and transferred i.v. 
into CD45.1+CD45.2+ recipient mice followed by MOG35-55/CFA 
footpad immunization. Two days later, transferred (CD45.1–CD45.2+) 
CD4+ T cells in draining lymph nodes (dLN), spleens and peripheral 
lymph nodes (pLN) were analyzed for early activation marker expres-
sion (Supplementary Fig. 1a). We observed an upregulation of CD25 and 
CD69 accompanied by a downregulation of CD62L to a similar extent in 
2D2-HDAC1cKO and 2D2-WT CD4+ T cells within dLN (Fig. 1a and b). 
CD44 was also upregulated in 2D2-HDAC1cKO T cells following activa-
tion, however to a lesser degree as compared to 2D2-WT T cells (Fig. 1a 
and b). A similar difference in CD44 upregulation was observed in 
splenic 2D2-HDAC1cKO T cells (Supplementary Fig. 1b). However, the 
percentages and absolute numbers of 2D2-HDAC1cKO CD4+ T cells were 
comparable to 2D2-WT CD4+ T cells in all organs examined (Fig. 1b, 
Supplementary Fig. 1c). To study the expansion of transferred 2D2-WT 
and 2D2-HDAC1cKO CD4+ T cells, we analyzed dLNs, spleens and pLNs 
4 days after MOG35-55/CFA footpad immunization and assessed cell 
numbers and activation marker expression (Supplementary Fig. 2a). 
Both 2D2-HDAC1cKO and 2D2-WT T cells expanded to a similar extent as 
indicated by comparable percentages and cell numbers (Supplementary 
Fig. 2b). At this time point CD62L, CD25 and CD69 were already effi-
ciently downregulated in both 2D2-HDAC1cKO and 2D2-WT T cells 
(Supplementary Figs. 2c and d). Whereas almost all transferred dLN 
2D2-WT T cells upregulated CD44, only approx. 80% of 2D2-HDAC1cKO 

T cells expressed CD44. Similar results were obtained in the spleen and 
pLNs (Supplementary Fig. 2d). Taken together, despite differences in the 
upregulation of CD44 expression, these data exclude the possibility that 
an impaired activation and/or expansion of antigen-specific CD4+ T 
cells would cause protection of HDAC1cKO mice from EAE. 

Since both 2D2-WT and 2D2-HDAC1cKO CD4+ T cells efficiently 
expanded in vivo upon MOG/CFA immunization, we next investigated 
whether MOG33-55 antigen-specificity in 2D2-HDAC1cKO mice restored 
disease susceptibility in the absence of HDAC1. Upon immunization 
with MOG35-55/CFA to induce disease 2D2-WT mice developed clinical 
signs of EAE around day 8 peaking at around day 12. In contrast, 2D2- 
HDAC1cKO mice were fully protected from developing EAE (Fig. 1c). 
CNS T cell infiltrates were readily detected in 2D2-WT mice and this was 
accompanied by severely demyelinated brain regions (Fig. 1d and e). In 
contrast, immunized 2D2-HDAC1cKO mice were lacking T cell infiltrates 
in both the brain and spinal cords, as previously observed in HDAC1cKO 

mice [21] (Fig. 1d and e) and there were no signs of demyelination in 

2D2-HDAC1cKO mice (Fig. 1d and e). A comprehensive flow cytometry 
analysis of peripheral blood from 2D2-WT and 2D2-HDAC1cKO mice 8 
days after disease induction indicated comparable frequencies of acti-
vated CD44+ transgenic 2D2 CD4+ T cells (Fig. 1f and g), in line with our 
data showing similar activation and expansion of transferred 2D2-WT 
and 2D2-HDAC1cKO CD4+ T cells (Fig. 1a and b, Supplementary Figs. 
1 and 2). Similarly, at the peak of disease in 2D2-WT mice (day 15) the 
frequencies of effector/memory CD62L–CD44+CD4+ T cell subsets 
within the total CD4+ T cell population in the spleen were also com-
parable in 2D2-WT and 2D2-HDAC1cKO mice (Supplementary Figs. 3a 
and b). Upon PMA/Ionomycin restimulation, frequencies of IL-17A+, 
IFNγ+IL-17A+ and GM-CSF+ 2D2-TCR+ CD4+ T cells were comparable 
in 2D2-HDAC1cKO and 2D2-WT splenocytes whereas percentages of 
IFNγ, IL-2 and TNFα single-producing 2D2 CD4+ T cells were increased 
in 2D2-HDAC1cKO compared to 2D2-WT splenocytes (Supplementary 
Figs. 3c and d). This indicates that lack of HDAC1 in 2D2 CD4+ T cells 
does not impair their differentiation into Th1/Th17 cells in vivo. 
Furthermore, these data indicate that the cause of EAE protection in 
HDAC1cKO mice cannot be explained by a lack of T cells reactive to 
MOG35-55 peptide which might have resulted from alterations in the T 
cell repertoire. 

3.2. Transcriptome changes in HDAC1cKO CD4+ T cells upon in vivo 
activation 

Although there were no differences in activation and expansion of 
2D2-WT and 2D2-HDAC1cKO CD4+ T cells on day 4 post-immunization 
(Supplementary Fig. 2), we reasoned that in vivo-activated HDAC1cKO 

CD4+ T cells in the dLN might already display transcriptional differences 
that reveal why these cells fail to induce EAE. Therefore, we next 
analyzed the transcriptome of in vivo activated antigen-specific 
HDAC1cKO CD4+ T cells using RNA-sequencing (RNA-seq). To this 
end, either 2D2-WT or 2D2-HDAC1cKO CD4+ T cells (CD45.1–CD45.2+) 
were transferred into CD45.1+CD45.2+ mice followed by MOG35-55/ 
CFA immunization of the recipient mice. Subsequently, MOG35-55-spe-
cific CD4+ T cells were isolated on day 4 post-immunization and sub-
jected to low-input Smart-seq2 RNA-sequencing. In 2D2-HDAC1cKO 

CD4+ T cells 887 genes were downregulated and 928 genes were 
upregulated in comparison to 2D2-WT CD4+ T cells (Fig. 2a). Ingenuity 
pathway analysis revealed “leukocyte extravasation signaling” as one of 
the top five dysregulated canonical pathways (Fig. 2b) and displayed a 
downregulation in 2D2-HDAC1cKO CD4+ T cells. Since our previous 
results in mixed WT and HDAC1cKO BM chimeric mice showed that 
predominantly WT and only a small fraction of HDAC1cKO CD4+ T cells 
infiltrated the CNS in an EAE disease setting and thus suggested that the 
migration of HDAC1-deficient CD4+ T cells might be impaired [21], we 
analyzed this pathway in more detail. Several genes involved in regu-
lating rolling and arrest of T cells to endothelial cells were expressed at a 
lower levels in the absence of HDAC1, among them members of the 
selectin ligand family, such as Selplg and Spn, the integrin family 
members Itgal and Itgb2 (encoding for CD11a and CD18, the two chains 
forming LFA-1) as well as Itgb7 (Fig. 2c and d). Moreover, Actb, Actn2, 
Msn, Vasp and Wipf1, which are known to sustain leukocyte shape 
remodeling and polarity upon selectin and integrin activation in the 
context of transendothelial migration [36], were significantly down-
regulated in 2D2-HDAC1cKO CD4+ T cells (Fig. 2c). Furthermore, 
expression of Fut7, Gcnt1 and Tpst2, genes encoding enzymes required in 
the core 2 O-Glycan synthesis pathways and hence in the generation of 
functional glycosylated selectin ligands such as PSGL-1 and CD43, was 
also down in HDAC1-deficient CD4+ T cells (Fig. 2d). Deletion of HDAC1 
in CD4+ T cells hence results in transcriptional changes which may affect 
CD4+ T cell trafficking. 
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3.3. HDAC1-deficient CD4+ T cells display impaired adhesion to brain 
endothelial cells 

Circulating encephalitogenic effector CD4+ T cells have to cross the 
brain barriers to reach the CNS and to trigger clinical EAE [2,4]. Since 
HDAC1cKO CD4+ T cells showed lower expression of the subunits of 
LFA-1 but not of VLA-4 (Fig. 2d), and since the entry of Th17 cells into 
the CNS is dependent on the expression of LFA-1 [37], we used a 
microscopy-based in vitro assay to test the impact of ICAM-1 binding on 
Th17 cells in the absence of HDAC1. WT and HDAC1cKO Th17 cells were 
seeded on ICAM-1-coated surfaces and allowed to adhere for 30 min at 
37 ◦C. Following incubation, the cells were fixed and stained with 
Phalloidin-AF488 conjugate to determine F-actin levels and distribution. 
Quantification of cell area and F-actin levels revealed a significant in-
crease in cell spreading (approx. 10%) and F-actin levels (approx. 25%) 
at the cell bottom in HDAC1cKO Th17 cells in comparison to WT Th17 

cells (Fig. 3a and b), indicating altered LFA-1-dependent cytoskeletal 
responses in the absence of HDAC1. To study whether the morphological 
changes in response to ICAM-1 binding are linked with an altered 
migratory behavior of HDAC1cKO T cells we analyzed random migration 
velocities of CXCL-12-primed WT and HDAC1cKO Th17 cells on ICAM-1 
coated surfaces [28]. Live cell imaging of differentially labelled WT and 
HDAC1cKO Th17 cells revealed a 10% increase in average cell speed of 
HDAC1cKO Th17 cells as compared to WT Th17 cells (Fig. 3c, Supple-
mentary Fig. 4a, Supplementary movie 1) suggesting that HDAC1cKO 

Th17 cells are biased towards an enhanced migratory behavior. 
LFA-1:ICAM-1 receptor-ligand interactions are important for adhe-

sion to primary mouse brain microvascular endothelial cells (pMBMECs) 
[38]. To elucidate whether the deviations in the transcriptome and the 
altered response to ICAM-1 correlated with changes in the ability of 
HDAC1-deficient effector CD4+ T cells to cross tight endothelial bar-
riers, we performed transwell migration assays. In vitro-generated WT 

Fig. 2. Reduced expression of genes associated with leukocyte extravasation signaling in in vivo activated 2D2-HDAC1cKO CD4þ T cells. 2D2-WT and 2D2- 
HDAC1cKO CD4+ T cells (CD45.2+) were isolated 4 days after transfer of naïve cells into recipient mice (CD45.1+) and activation via MOG35-55/CFA immunization. 
Sorted viable 2D2+CD45.2+ cells from three independent batches were subjected to low-input Smart-seq2 sequencing. (a) Volcano plot depicts the comparison of 
gene expression profiles between 2D2-WT and 2D2-HDAC1cKO CD4+ T cells. On the x-axis the log2 fold change is plotted, the y-axis indicates adjusted p-values (padj, 
-log10). 887 genes are downregulated and 928 upregulated in 2D2-HDAC1cKO CD4+ T cells compared to 2D2-WT CD4+ T cells (FDR ≤ 0.05). (b) Diagram showing the 
top five dysregulated canonical pathways (− 2 ≥ Z score ≥ 2; p ≤ 0.05) revealed by Ingenuity Pathway Analysis predicted to be up- (positive z-score, red) or 
downregulated (negative z-score, blue) in 2D2-HDAC1cKO CD4+ T cells. Pathways are described on the y-axis. The x-axis indicates the –log of the p-value (threshold 
= 0.05). Orange points on each pathway depict the ratio of genes within one pathway that are dysregulated. (c) Heatmap of gene expression values depicting changes 
in gene expression between 2D2-WT and 2D2-HDAC1cKO CD4+ T cells of significantly dysregulated genes (FPKM value ≥ 0.5, p-value ≤ 0.05) within the leukocyte 
extravasation pathway. Triplicate values are depicted in columns and gene names are represented in rows. The log2 fold change for each gene is represented by the 
bar diagram and Z-scores are indicated by colour code. (d) Diagrams depict expression values (shown as fragments per kilobase of transcript per million mapped 
reads; FPKM) of selected genes in in vivo activated 2D2-WT and 2D2-HDAC1cKO CD4+ T cells as determined by RNA-seq. Each symbol represents one biological 
replicate. Horizontal bars indicate the mean. *p < 0.05, **p < 0.01, ***p < 0.001 (unpaired two-tailed student’s t-test). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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and HDAC1cKO Th17 cells were mixed at a 1:1 ratio and assessed for 
their transendothelial migration ability across monolayers of the brain 
endothelioma cell line bEnd.5 or pMBMEC layers seeded on porous filter 
membranes (Fig. 3d). HDAC1cKO Th17 cells showed, compared to WT 
Th17 cells, a significantly reduced ability to cross these endothelial 
monolayers (Fig. 3d). Of note, chemotaxis of HDAC1cKO Th17 cells to-
wards the chemokines CCL20 and CCL21 across porous filer membranes 
without an endothelial barrier was 2-fold enhanced compared to WT 
Th17 cells (Supplementary Fig. 4b). These data indicate that 
HDAC1-deficient CD4+ T cells display altered motility properties in a 
context-dependent manner and that their reduced ability to migrate 
across endothelial cell layers is in line with the downregulation of genes 
associated with leukocyte extravasation. 

Next, we aimed to more physiologically recapitulate the multi-step 
migration process of T cells across the BBB. We therefore studied 
CD4+ T cell migration on and across pMBMEC monolayers under 
physiological flow conditions by live cell imaging [27]. pMBMEC 
monolayers were pre-activated with IL-1β to induce high-level expres-
sion of ICAM-1 and VCAM-1, which results in firm LFA-1- and 
VLA-4-mediated arrest of activated T cells on the pMBMEC monoayers 
under flow [38]. The number of HDAC1cKO Th17 cells arresting on 

IL-1β-treated pMBMECs was significantly lower compared to WT Th17 
cells (Fig. 3e and f, Supplementary movie 2). A similar effect was also 
observed on TNFα-treated pMBMEC monolayers (Supplementary Fig. 
4c, Supplementary movie 3). The post-arrest behavior of those CD4+ T 
cells that arrested to monolayers under flow conditions can be sub-
divided into at least 4 categories: probing for sites permissive for dia-
pedesis, crawling, diapedesis and detaching (Supplementary movie 4) 
[39,40]. While there were no differences between WT and HDAC1cKO 

Th17 cells in their rate of detachment or their abilities to crawl on and 
cross pMBMEC monolayers (Fig. 3g, Supplementary Fig. 4d), we 
observed a 50% reduction in the fraction of HDAC1cKO Th17 cells 
probing to breach the pMBMEC barrier when compared to control WT 
Th17 cells (Fig. 3g). Taken together, these data suggest that impaired 
transendothelial migration of HDAC1cKO Th17 cells is a consequence of 
their reduced ability to arrest to endothelial cells. 

3.4. Impaired homing of HDAC1-deficient CD4+ T cells to the intestinal 
epithelium and lamina propria 

Our results implicate LFA-1-dependent cellular processes or the lack 
thereof in HDAC1cKO Th17 cells as being instrumental in 

Fig. 3. HDAC1 deficiency in Th17 cells affects arrest to endothelial cells under flow and cell speed on ICAM-1-coated surfaces. (a) WT and HDAC1cKO Th17 
cells were deposited on ICAM-1-coated surfaces and analyzed for cell spreading (cell area) as well as F-actin content (normalized F-actin) by immunofluorescent 
staining. (b) Dot plots show summary of cell spreading (cell area) and F-actin content of WT and HDAC1cKO Th17 cells on ICAM-1-coated surfaces (n = 71 for WT and 
72 for HDAC1cKO). (c) WT and HDAC1cKO Th17 cell migration speed (log2 scale) on ICAM-1 and CXCL-12-coated surfaces. Each symbol represents the mean speed of 
a single cell (n = 416 for WT and 420 for HDAC1cKO). (d) Bar diagrams show diapedesis rate of HDAC1cKO Th17 cells relative to WT Th17 cells across bEnd5 (left 
side) and pMBMEC cells (right side) seeded on 5 μm transwell inserts. (e) Picture depicts field of view of WT (upper panels) and HDAC1cKO (lower panels) Th17 cells 
arrested on IL-1β stimulated pMBMECs under physiological flow conditions (1.5 dyn/cm2). The right panels show a magnification of the boxed areas and attached 
cells are circled. Color codes mark the respective post-arrest behavior (probing: blue, crawling: pink, diapedesis: yellow, detaching: green) determined by manual 
tracking as exemplified in supplementary movie 4. (f) Diagram summarizes the number of arrested WT and HDAC1cKO Th17 cells per field of view as shown in (e). (g) 
Post-arrest behavior of WT and HDAC1cKO Th17 cells on pMBMECs is categorized as probing, crawling, diapedesis and detaching and shown as percent of arrested 
cells per field of view. Horizontal lines indicate the mean. Statistical analysis was performed using an unpaired two-tailed student’s t-test (b,c,d) and a paired two- 
tailed student’s t-tests (f,g). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data are representative (a,e) or show the summary of 3–5 (d), 6 (f,g) and 2 (a,b) 
independent experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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transendothelial migration. We therefore explored whether migration 
across barriers also depends on HDAC1 in other models of auto-
inflammatory diseases, in which LFA-1 function appears critical. LFA-1 
expression on activated CD4+ T cells is essential for proper homing of 
effector Th cells into intestinal tissues in an adoptive T cell transfer 
colitis model [41–44]. Since LFA-1 surface levels are reduced in acti-
vated HDAC1cKO CD4+ T cells in vivo, we tested whether 
HDAC1-deficient CD4+ T cells are able to home to intestinal organs and 
to induce colitis. WT and HDAC1cKO CD4+ T cells were transferred into B 
and T cell-deficient Rag2− /− mice and recipient mice were monitored 
over a period of 6 weeks for weight loss followed by histological and 
flow cytometry analysis of intestinal tissues. Rag2− /− mice that had 
received WT CD4+ T cells displayed a loss of around 10% of their initial 
body weight at week 6 (Fig. 4a), which was not observed in Rag2− /−

mice without T cell transfer or after transfer of HDAC1cKO CD4+ T cells 
(Fig. 4a). Body weight reduction of Rag2− /− mice that had received WT 
CD4+ T cells also correlated with severe crypt damage and T cell infil-
tration into the colon (Fig. 4b), which was not detectable in mice 
receiving HDAC1cKO CD4+ T cells (Fig. 4b). Furthermore, HDAC1cKO 

CD4+ T cell infiltration into the colon was diminished and HDAC1cKO 

IEL were almost absent in comparison to Rag2− /− mice receiving WT 

CD4+ T cells (Fig. 4b). A comprehensive flow cytometry analysis of 
peripheral and intestinal organs showed that the percentage of 
HDAC1cKO CD4+ T cells was only mildly reduced in the spleen (1.8-fold) 
and mesenteric lymph nodes (mLNs) (1.2-fold) of recipient Rag2− /−

mice. Furthermore, reduced percentages in the spleen but not in mLNs 
correlated with reduced splenic HDAC1cKO CD4+ T cell numbers (Fig. 4c 
and d upper panels). In contrast to the mild reduction in T cell fre-
quencies observed in the spleen and mLNs, the percentage of small in-
testinal lamina propria (SI-LP) lymphocytes was severely (>3-fold) 
decreased in Rag2− /− mice receiving HDAC1cKO CD4+ T cells. The 
reduction in HDAC1-deficient CD4+ T cells was even more pronounced 
for small intestinal intraepithelial lymphocyte (SI-IEL) subsets with only 
5% HDAC1cKO IELs compared to 75% WT IELs (Fig. 4d, lower panels). 
This also corresponded with strongly diminished numbers of SI-LP and 
SI-IEL HDAC1cKO CD4+ T cells (Fig. 4d, lower panels). These results 
suggest that homing of HDAC1cKO CD4+ T cells to mLNs is per se not 
impaired, whereas trafficking of these cells to the lamina propria and 
intestinal epithelium are markedly affected. Furthermore, ex vivo stim-
ulation of isolated T cells revealed that the percentage of the 
IFNγ+IL-17A– population was slightly but significantly reduced by 
10–20% in HDAC1cKO CD4+ T cells in the spleen, mLNs as well as in the 

Fig. 4. HDAC1 deficiency in CD4þ T cells ameliorates T cell transfer colitis in Rag2¡/¡ recipient mice. (a) Weight scores in percent of initial body weight 
during the course of colitis induction via naïve WT or HDAC1cKO CD4+ T cell transfer into Rag2− /− recipient mice are shown. Control Rag2− /− mice did not receive 
any cells. (b) 6 weeks post transfer colon swiss rolls were processed for immunofluorescence staining of E-cadherin (red), CD3 (turquoise) and nuclei (DAPI, blue). (c) 
Representative contour plots show percentages of WT and HDAC1cKO TCRβ+CD4+ cells in spleen, mesenteric lymph nodes (mLN), small intestinal lamina propria (SI- 
LP) and small intestinal intraepithelial lymphocytes (SI-IEL) isolated from Rag2− /− recipient mice 6 weeks post transfer. Numbers indicate the percentage of cells in 
the defined region. (d) Diagrams show summary of percentages and absolute numbers of TCRβ+CD4+ cells in indicated organs. Each dot represents one recipient 
mouse. Horizontal bars indicate the mean. Data are representative (b,c) or show a summary of two independent experiments (a,d) with 4 mice per group within each 
experiment. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (unpaired two-tailed student’s t-test). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

P. Hamminger et al.                                                                                                                                                                                                                            



Journal of Autoimmunity 119 (2021) 102610

10

SI-LP, whereas the percentage of IFNγ–IL-17A+ HDAC1cKO CD4+ T cells 
was approximately 2-fold increased in splenic and SI-LP lymphocytes 
(Supplementary Figs. 5a and b). There was no difference in the fraction 
of IFNγ and IL-17A double-producers (Supplementary Figs. 5a and b). 
These data demonstrate that there are no major alterations in effector 
function of HDAC1-deficient CD4+ T cells and indicate that the reduced 
ability of HDAC1cKO CD4+ T cells to trigger colitis is likely due to 
impaired intestinal homing. 

To further investigate features associated with the tissue homing of 
adoptively transferred HDAC1-deficient CD4+ T cells, we assessed the 
surface expression levels of the two LFA-1 chains CD11a and CD18. Both 
were significantly reduced (by 40% and 30%, respectively) in splenic 
HDAC1cKO CD4+ T cells of Rag2− /− recipient mice and CD11a 

expression was also reduced (by 25%) on HDAC1cKO CD4+ T cells in 
mLNs in comparison to WT CD4+ T cells (Fig. 5a and b). Interestingly, 
there was no difference in CD18 and only a mild decrease in CD11a 
expression on HDAC1cKO SI-IELs compared to WT SI-IELs (Fig. 5a and b), 
suggesting that HDAC1cKO CD4+ T cells which had acquired high LFA-1 
expression were able to home to intestinal tissues. The recruitment of 
effector T cells to inflamed tissues is also regulated via the binding of 
selectin ligands CD162 (PSGL-1), CD44 and CD43 expressed on acti-
vated T cells to E- and P-selectin expressed on endothelial cells [45]. 
CD43 was downregulated in HDAC1cKO CD4+ T cells to about 55–70% of 
the levels seen in WT CD4+ T cells in all organs analyzed and CD162 and 
CD44 expression levels were markedly reduced in mLN HDAC1cKO CD4+

T cells and SI-IELs (Fig. 5c and d). These results indicate that HDAC1 is a 

Fig. 5. Reduced expression of LFA-1 and selectin ligands in the absence of HDAC1 is associated with impaired homing of CD4þ T cells into intestinal 
organs. (a) Representative histograms show cell surface expression of CD11a and CD18 on TCRβ+CD4+ cells isolated from spleen, mesenteric lymph nodes (mLN) 
and small intestinal intraepithelial lymphocytes (SI-IEL) recovered from Rag2− /− recipient mice 6 weeks post transfer. As control, CD11a and CD18 expression on 
naïve CD4+ T cells in WT and HDAC1cKO mice is shown. (b) Summary graph depicts normalized geometric mean fluorescence intensity (MFI) of cell surface markers 
CD11a and CD18. (c) Representative histograms show cell surface expression of CD162, CD44 and CD43 of TCRβ+CD4+ cells in spleen, mesenteric lymph nodes 
(mLN) and small intestinal intraepithelial lymphocytes (SI-IEL) recovered from Rag2− /− recipient mice 6 weeks post transfer. (d) Graphs summarize normalized 
geometric MFI of cell surface markers CD162, CD44 and CD43. (b,d) Horizontal bars indicate the mean. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 
(unpaired two-tailed student’s t-test). Data are representative (a,c) or show summary of 12–13 (b,d) mice per group analyzed in 3 (b,d) independent experiments. 

P. Hamminger et al.                                                                                                                                                                                                                            



Journal of Autoimmunity 119 (2021) 102610

11

key regulatory factor that controls integrin as well as selectin ligand 
expression and suggest that their reduced expression in the absence of 
HDAC1 results in altered trafficking of CD4+ T cells. 

4. Discussion 

We have previously demonstrated that a T cell-specific deletion of 
HDAC1 protects mice from developing EAE [21], however the cellular 
and molecular mechanism have remained elusive. In this study, we 
demonstrate that HDAC1 in CD4+ T cells is instrumental for the proper 
expression of genes associated with leukocyte extravasation, for the 
regulation of cell morphology and migration on surfaces coated with the 
integrin LFA-1 ligand ICAM-1, and for adhesion of CD4+ T cells to brain 
endothelial cells required for transendothelial migration. These pro-
cesses were impaired in the absence of HDAC1, thus providing a 
mechanistic explanation of why HDAC1cKO mice are resistant to EAE. 
Further, our study revealed that HDAC1cKO CD4+ T cells failed to induce 
disease in an adoptive CD4+ T cell transfer colitis model. This correlated 
with a severe reduction of intestinal and colonic HDAC1cKO CD4+ T cells 
but not of splenic and mLN HDAC1cKO CD4+ T cells upon transfer, 
indicating impaired homing to intestinal tissues. Our data suggest a key 
role for HDAC1 in regulating T cell trafficking into tissues and thus in the 
control of T cell-mediated inflammation. 

Several mechanisms can be envisaged of why HDAC1cKO mice are 
protected from EAE, such as CD4+ T cell activation and expansion de-
fects, a failure in Th1/Th17 differentiation as well as the inability of 
effector Th cells to migrate into the CNS. An important finding of our 
study was that 2D2 TCR transgenic HDAC1cKO mice were resistant to 
EAE induction despite normal activation and in vivo expansion of 
MOG33-35-specific HDAC1-deficient CD4+ T cells. These data rule out 
the possibility that alterations in the CD4+ T cell repertoire and/or 
activation defects might result in deficient clonal expansion of MOG- 
specific T cells recognizing disease-inducing epitopes in HDAC1cKO 

mice. Together with our previous observation that Th1/Th17 differen-
tiation is not impaired in the absence of HDAC1 [21,23], these results 
strongly suggest that processes other than CD4+ T cell activation, 
expansion and Th subset differentiation are affected by the loss of 
HDAC1. 

Effector CD4+ T cell trafficking into the CNS is key for the induction 
of EAE and comprises several steps that include capture/rolling, integrin 
activation, arrest, crawling and diapedesis across the endothelial layer 
[46,47]. Our transcriptome analysis of in vivo activated 2D2-HDAC1cKO 

CD4+ T cells revealed a downregulation of genes controlling leukocyte 
extravasation, including Itgal and Itgb2 which encode for the LFA-1 
subunits CD11a and CD18. The interaction of LFA-1 expressed on acti-
vated T cells with ICAM-1 and ICAM-2 expressed on activated vascular 
endothelium is crucial for cell shape, arrest and crawling of T cells [48, 
49] and Th17 cells rely on LFA-1 for efficient CNS infiltration [37]. 
Moreover, blockade of LFA-1 affects the motility of Th1 and Th17 cells 
at disease peak, and intrathecal injection of an anti-LFA-1 blocking 
antibody at the onset of EAE disease inhibits disease progression [50]. 
Since we also observed reduced expression of cytoskeletal genes 
required for cell polarization such as Actb, Actn2 and Msn, we propose 
that reduced LFA-1 levels and potentially impaired LFA-1 downstream 
signaling results in a diminished adhesion to brain endothelial cell layers 
and hence impaired extravasation of HDAC1-deficient CD4+ T cells into 
the CNS. More direct evidence to support our hypothesis that 
LFA-1-dependent cellular responses are altered was obtained from the 
finding that HDAC1cKO CD4+ T cells displayed an altered cell shape upon 
binding to ICAM-1 as well as a faster random movement velocity on 
ICAM-1-coated glass slides. Furthermore, in vitro-generated HDAC1cKO 

Th17 cells were impaired in arresting on activated primary mouse brain 
microvascular endothelial cells under physiological flow as well as in 
crossing endothelial barriers. These processes were shown to be regu-
lated, amongst others, by binding of LFA-1 to its ligands ICAM-1 and 
ICAM-2 [16,39,51–53]. Of note, the reduced probing frequency of 

HDAC1cKO Th17 cells under flow might contribute to the overall 
reduction in diapedesis and extravasation. Protrusions formed by T cells 
during probing have been shown to serve as mechanosenors for endo-
thelial stiffness allowing for cell to breach endothelial barriers [54–56] 
and it has been proposed that shear forces exerted on high-affinity LFA-1 
trigger adhesive and invasive filopodia at apical endothelial surfaces 
[51]. Thus, several LFA-1-dependent processes are crucially affected by 
loss of HDAC1. 

Our data also suggest that HDAC1 regulates other steps of CD4+ T 
cell migration in addition to the adhesion phase. Selectins play a key role 
in mediating capture/rolling of T cells on endothelial cells in inflamed 
tissues via their interaction with glycosylated selectin ligands expressed 
on T cells [57]. Our transcriptome data revealed a lower expression of 
several selectin ligand genes in HDAC1cKO CD4+ T cells such as Spn 
(encoding for Leucosialin/CD43) and Selplg (encoding the P-selectin 
ligand CD162), which have been shown to mediate CNS homing in EAE 
[58–61]. Furthermore, several genes encoding for enzymes involved in 
the core 2 O-linked glycosylation of selectin ligands [57] were expressed 
at lower levels in HDAC1cKO CD4+ T cells, which potentially might affect 
the interaction of selectin-ligands with selectins. We also observed 
reduced CD44 expression levels on in vivo activated HDAC1cKO CD4+ T 
cells. CD44 binds to E-selectin and hyaluronan, thereby regulating cell 
adhesion to endothelial cells and migration within extracellular 
matrices [62–66]. Since blocking CD44 in vivo has been shown to 
ameliorate EAE and other autoinflammatory diseases [67–69], the 
inefficient upregulation of CD44 in the absence of HDAC1 might also 
contribute to disease protection. Together, these data suggest that in 
addition to CD4+ T cell adhesion defects also potential alterations in 
CD4+ T cell capture/rolling are likely to contribute to the dysregulated 
migration of HDAC1cKO CD4+ T cells and as a consequence to the pro-
tection of HDAC1cKO mice against EAE. Whether the observed down-
regulation of genes associated with leukocyte extravasation is due to a 
direct effect of HDAC1 on the chromatin state of particular gene loci (by 
deacetylating histones) or indirect effect (e.g. via regulating the activity 
of a transcriptional regulator) or perhaps both remains to be determined. 
Furthermore, since HDACs also target many non-histone proteins, we 
cannot rule out that non-chromatin effects of HDAC1 on targets 
important for CD4+ T cell migration contribute to the observed alter-
ations. Further studies are required to determine whether factors 
involved in T cell migration are posttranslationally modified by acety-
lation and whether the acetylation status is altered in the absence of 
HDAC1. Of note, our bioinformatic analysis also revealed an upregula-
tion of genes associated with oxidative phosphorylation and a down-
regulation of genes associated with Th1, Th2 and ICOS:ICOSL Th 
signaling. It is conceivable that some of these dysregulated pathways 
contribute, in addition to the CD4+ T cell migration defect, to the pro-
tection of HDAC1cKO mice against EAE. 

In our study we also observed that HDAC1-deficient naïve CD4+ T 
cells failed to induce disease in an adoptive CD4+ T cell transfer colitis 
model. This correlated with severely reduced numbers of transferred 
HDAC1-deficient CD4+ T cells in intestinal tissues in comparison to 
transferred WT CD4+ T cells, while there was only a mild reduction in 
the frequencies HDAC1cKO CD4+ T cells in the spleen and mLNs. Similar 
frequencies of CD4+ T cells in the spleen and mLNs argue against a 
survival defect of transferred HDAC1-deficient CD4+ T cells and rather 
suggest impaired intestinal recruitment of CD4+ T cells in the absence of 
HDAC1. Lymphocyte homing to intestinal tissues is regulated via a 
complex network of several factors including integrins LFA-1 and α4β7 
[44]. LFA-1 expression on T cells is essential for colitis induction, since 
transfer of naïve CD11a-deficient [41,43] or CD18-deficient [42] CD4+

T cells into Rag1− /− recipient mice does not induce colitis. Of note, the 
few HDAC1cKO CD4+ T cells that localized to the small intestine 
expressed WT levels of CD11a/CD18 as opposed to HDAC1cKO CD4+ T 
cells residing in spleens and mLNs, where CD11a and/or CD18 were 
expressed at lower levels compared to WT CD4+ T cells. This shows a 
correlation of LFA-1 expression levels and the ability of 
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HDAC1-deficient CD4+ T cells to migrate into intestinal tissues. There-
fore, in addition to EAE [21] and collagen-induced arthritis [24], a T 
cell-specific deletion of HDAC1 also prevents the induction of colitis. 
Furthermore, the observed reduction in the expression of selectin li-
gands PSGL-1 (CD162), CD43 and CD44 in transferred HDAC1cKO CD4+

T cells might also contribute to disease protection in this model, 
although PSGL-1-deficient CD4+ T cells are not impaired in inducing 
colitis [42]. The role of other selectin ligands in T cell transfer colitis 
however remains unclear and awaits further investigation [70]. 

Together, our data indicate that HDAC1 is essential for CD4+ T cells 
to cross endothelial barriers and to enter tissues such as the CNS, sy-
novial joints or the gut lamina propria and epithelium. Thus, our data 
reveal a novel function for HDAC1 in regulating CD4+ T cell migration in 
autoinflammatory diseases. 
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