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Abstract
Objective: Histone acetylation is an important mechanism in the regulation of gene expression and plays a crucial
role in both cellular development and cellular response to external or internal stimuli. One key aspect of this form
of regulation is that acetylation marks can be added and removed from sites of regulation very quickly through the
activity of histone acetyltransferases (HATs) and histone deacetylases (HDACs). The activity of both HATs and HDACs
has been shown to be important for both physiological hematopoiesis as well as during development of hematological neoplasia, such as lymphomas. In the present study we analyzed the effect of knockout of the two HDACs, Hdac1
and Hdac2 in cells expressing the fractalkine receptor (Cx3cr1) on lymphocyte development.
Results: We report data showing a maturation defect in mice harboring a Cx3cr1 dependent knockout of Hdac1 and
2. Furthermore, we report that these mice develop a T-cell neoplasia at about 4–5 months of age, suggesting that
a Cx3cr1 expressing subpopulation of immature T-cells gives rise to T-cell lymphomas in the combined absence of
Hdac1 and Hdac2.
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Introduction
Histone deacetylases (HDACs) are part of the epigenetic
regulation machinery and function as erasers of specific
histone marks in tandem with histone acetyl transferases
(HATs) to regulate gene expression [1]. HDACs are
divided into 4 classes, with different substrate and target specificity [2]. The two ubiquitously expressed class I
HDACs, Hdac1 and Hdac2 are highly homologous proteins, both of which are part of the repressive CoREST
complex and play important roles in cell cycle regulation
and cellular maturation [3, 4].
While Hdac1 and Hdac2 show high sequence homology and many redundant effects [3, 5], they do exhibit
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specific functions in various tissue types. Hdac1 activity is essential for embryonic development [6, 7], while
Hdac2 activity is essential in pre- and postnatal tissue
maturation, e.g., in brain development [7–9]. Inhibition
as well as genetic ablation of both Hdac1 and Hdac2
lead to cell death by apoptosis in many, though not all,
cell types [3, 10, 11]. In T-cells the activity of Hdac1 and
Hdac2 is required for T-cell maturation, with ablation of
either Hdac1 or Hdac2 in late stages of T-cell development leading to defects in the cluster of differentiation
(CD) 4-positive to CD8-positive ( CD4+/CD8+) ratio and
to reduced anti-viral activity of CD8+ T-cells [12, 13].
Combined ablation in early stages of T-cell development
leads to defects in the maturation of and genomic instability in double-positive T-cells [14].
The fractalkine receptor (Cx3cr1) is expressed on most
myeloid cells and regarded as a myeloid cell marker. We
could recently show that combined knockout of Hdac1
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and Hdac2 genes in a Cx3cr1-dependent manner leads to
maturation defects in microglia, the major brain resident
myeloid cell type [15]. At the same time individual knockout of either Hdac1 or Hdac2 showed little effect on
microglia. However, while Cx3cr1 expression is common
in myeloid cells, a subset of both mature T- and B-cells
express Cx3cr1 [16, 17]. In hematopoietic stem cells
(HSCs), Cx3cr1-expression has not been reported and
its expression is believed to be restricted to monocyte/
macrophage and DC precursors (MDPs) [18, 19]. Here
we report that Cx3cr1-dependent combined ablation of
Hdac1 and Hdac2 leads to delayed maturation of T-cell
precursors and to development of T-cell lymphomas.

Main text
Materials and methods
Mice

All animal experiments were approved by the Ministry
for Nature, Environment and Consumers’ Protection of
Baden-Württemberg in accordance with EU directive
2010/63/EU and the German Animal Welfare Law under
license G-12/103 and performed in accordance with the
respective EU, federal and institutional regulations. Mice
were housed in a specific pathogen free animal facility.
They were group housed with up to five animals per cage
and kept on a 12 h light/dark cycle. Food and water were
accessible ad libitum. Cx3cr1-Cre Mice expressing the
Cre-Recombinase under the Cx3cr1 promoter (Cx3cr1Cre, official nomenclature B6J.B6N(Cg)-Cx3cr1tm1.1(cre)
Jung/J) [18], Hdac1loxP/loxP and H
 dac2loxP/loxP [3] mice were
kept on a C57BL/6 background and crossed to generate
mouse lines heterozygous for Cx3cr1-Cre and homozygous for both floxed Hdac1 and Hdac2. At 2 and 16 weeks
of age mice were anesthetized and peripheral blood was
obtained through a tail vein. Mice were then transcardially perfused with ice-cold phosphate-buffered saline
(PBS). Tissue samples were removed for further processing for histology or flow cytometry. A total of 71 animals
were analyzed, of these 10 (5 Cre+ animals and 5 Cre−
littermates) were analyzed at 2 weeks and another 10 (5
Cre+ animals and 5 Cre− littermates) at 16 weeks of age
with tissue samples taken for flow cytometry and histology as described below. All additional mice were observed
until time of death or until they met humane end point
definitions. Cre− animals not otherwise used in this
study were removed from observation between 12 and
18 months of age.
Fluorescence activated cell sorting (FACS)

Tissue was homogenized and homogenates as well as
blood samples were treated with red blood cell (RBC)
lysis buffer (BD). Cells were then washed with 0.5% fetal
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bovine serum (FBS) in PBS, counted and ~ 106 cells were
used per staining with the following antibodies: antiCD11b (clone M1/70), anti-CD45 (clone 30-F11), antiThy1.2 (clone HIS51), anti-CD4 (clone GK1.5), anti-CD8
(clone 53-6.7), anti-CD24 (clone M1/69) and anti-T-cellreceptor beta (Tcrβ) (clone H57-597). Antibodies were
purchased from eBiosciences. Cell counts were acquired
on a FACS CANTO II system (Becton Dickinson) and
data analyzed using FlowJo software.
Histology & Immunohistochemistry

Histology and immunohistochemistry were performed as
previously described [16]. After perfusion, organs were
fixed in 4% paraformaldehyde in PBS. Samples were subsequently embedded in paraffin and stained with hematoxylin/eosin (H&E), MAC-3 (2.5 μg/ml, clone M3/84,
BD Pharmingen), CD3 (3.5 μg/ml, clone CD3-12, Serotec), or B220 (2.5 μg/ml, clone RA3-6B2, BD Pharmingen) antibodies. For immunohistochemistry, 3 µm tissue
sections were incubated overnight with the primary antibody at 4 °C and then with biotin-labeled goat anti-rat
secondary antibody (2.5 μg/ml, Southern Biotech) for
45 min at room-temperature (RT). Streptavidin (Southern Biotech) incubation was performed for 45 min at RT
and finally incubation with 3′-diaminobenzidine (DAB)
brown chromogen (Dako) was performed.
Data analysis

A priori sample size calculation was performed using
GPower 3.1.9.2 [20]. For FACS and histological analysis a
priori assumptions of effect size = 2, α = 0.05 and β = 0.75
were used, resulting in a group size of 5 per group. For
survival analysis an effect size of 0.7 was assumed instead,
resulting in a group size of 30 per group. Two-tailed
t-tests were used to compare Cre+ and wildtype groups
using GraphPad Prism 5 software (GraphPad Software
Inc.). Experimenters were blinded as to the genotype
until after data compilation for each data set, except for
acquisition of survival data in which genotype was known
to experimenters after the endpoint for each animal.

Results
Mice with a combined Hdac1 and Hdac2 gene deletion in Cx3cr1 expressing cells were analyzed. These
mice showed normal pre- and early postnatal development, except for previously reported alterations in brain
microglia [15]. Lymphoid organs (thymus, lymph nodes
and spleen) developed normally in these mice. At two
weeks after birth no gross abnormalities in organ size
or weight could be found in hematopoietic organs. Histological analysis of spleen (Fig. 1a) and thymus (Fig. 1b)
also showed normal development. Other organs, such as
heart, liver, lung, intestine and kidney likewise exhibited
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Fig. 1 Histological analysis of the spleen (a) and thymus (b) of 2 week old mice with a combined Cx3cr1-dependent knockout of Hdac1 and 2
(Cre+) compared to Cre-negative littermates (Cre−). Histomorphology (HE) and cellular composition (macrophages (Mac3), T-lymphocytes (CD3)
and B-lymphocytes (B220)) are depicted. Representative images of 5 Cre+ and 5 Cre− animals are shown. Scale bar = 500 µm

no gross or histological abnormalities. Cellular composition was also not altered; specifically macrophage and
T- and B-cell numbers and distribution in the spleen
and thymus did not differ between genotypes at 2 weeks
of age (Fig. 1). Hdac expression in thymocytes was

measured by Western blot and is provided in a Additional file 1: Supplementary Figure.
At an age of 4–5 months all Hdac1/2 double knockout
animals (Cre+) died, while wildtype littermates (Cre−)
showed normal lifespan (Fig. 2a). Single knockout mice

(See figure on next page.)
Fig. 2 a Mice with combined knockout of Hdac1 and 2 (Cre+) show markedly reduced life span compared to wildtype littermates (Cre−). b At
16 weeks of age thymus, spleen and lymph nodes are strongly enlarged in knockout (Cre+) animals when compared to wildtype littermates (Cre−).
c Histology and immunohistochemistry of 16 week old mice, comparing spleen samples of mice with combined Cx3cr1-dependent knockout
of Hdac1 and 2 (Cre+) to their wildtype littermate (Cre−). Macrophages (Mac3), T-lymphocytes (CD3) and B-lymphocytes (B220) are depicted.
Representative pictures of 5 Cre+ and 5 Cre−. Scale bar = 500 µm. d FACS analysis of cells isolated from thymus, spleen and lymph nodes from
16 week old Cre+ mice compared to their Cre− littermates. First column of each panel depicts gating for Thy1.2+ cells. The middle column shows
CD4 vs CD8 fluorescence signal in the Thy1.2+ cells, while the right most column depicts CD24 vs Tcrβ fluorescence. Representative FACS plots for 5
replicates of each genotype are shown
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lacking either Hdac1 or Hdac2 exhibited no survival
changes compared to wildtype animals. When Cre+ animals were euthanized at an age of 16 weeks, they harbored strongly enlarged thymus, spleen and lymph nodes
compared to their Cre− littermates (Fig. 2b), while other
organs appeared grossly normal (not shown).
Histological analysis of the enlarged organs revealed an
almost complete destruction of the physiological structure of thymus and spleen with sheet-like expansion of
lymphoid cells apparent throughout the organ (Fig. 2c).
Immunohistochemical analysis of these altered tissue
samples revealed an almost complete absence of B
 220+
B-lymphocytes in samples taken from 16 weeks old
Cre+ mice, while the sheet like expansions consisted predominantly of C
 D3+ cells. Scattered macrophages were
observed embedded within the tissue (Fig. 2c).
FACS of cells isolated from hematopoietic organs
(spleen, thymus, lymph nodes) was performed to further analyze the lymphoid cell types altered within the
enlarged tissue. As already apparent in histology, the percentage of Thy1 expressing T-cells was strongly increased
in spleen (Fig. 2c, 2d), while it remained unchanged
in thymus and lymph node samples. In all spleen and
lymph nodes CD4/CD8 double-positive cell percentage and numbers increased markedly in 16 weeks old
Cre+ mice compared to Cre− littermates. Additionally,
CD8+ cells were found in increased percentages in thymus and spleen in Cre+ mice (Fig. 2d). Further analysis
showed a marked increase in cells positive for both Tcrβ
and CD24, marking the majority of Thy1 expressing cells
in Cre+ mice as immature, proliferating T-cells (Fig. 2d).
FACS analysis of blood samples of 16 week old mice
was performed to elucidate changes in cell composition
and in order to evaluate potential circulation of immature or neoplastic cells. Cellular composition appeared
unaltered when comparing Cre+ mice to their wildtype
littermates. Specifically neither B- nor T-cell numbers
or percentages differed significantly between genotypes
(Fig. 3a). When analyzing T-cell subsets, C
 D4+ and
+
CD8 T-cells, percentages also appeared unchanged
(Fig. 3b). In wildtype mice no CD4/CD8 double-positive (DP) cells were found in peripheral blood. The same
was true for some of the knockout mice analyzed, however while overall no significant differences were detectable, some mice that harbored very prominent neoplastic
lesions upon histological analysis did show DP cells in
blood (Fig. 3b, c).
We further analyzed liver, kidney, intestine and lung
for possible spread of neoplastic cells. Neither of these
organs showed macroscopic alterations in morphology,
size or weight (not shown). Upon histological analysis
no differences in morphology were found (not shown).
Additionally, no immature or neoplastic lymphatic cell
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groups were evident in either of these non-lymphoid
organs.

Discussion
Expression of the chemokine receptor Cx3cr1 is commonly found in mature myeloid cells, such as monocytes,
macrophages, dendritic cells and is utilized as a marker of
myeloid cell populations. Furthermore Cx3cr1 expression
in hematopoietic precursor cells is generally reported
as a marker of myeloid lineage differentiation [19, 21].
While Cx3xr1 expression in mature lymphocytes has
been reported in defined subsets of cells and increased
under conditions causing lymphocyte activation [16, 22],
no reports on its expression in lymphoid precursors have
been made to date.
In the present study we report an effect of Hdac1 and
Hdac2 ablation in Cx3cr1 expressing cells on T-cell maturation. Mice harboring a combined Hdac1 and Hdac2
deletion develop a T-cell neoplasia and exhibit a shortened life span compared to wildtype littermates. These
mice further show strongly increased numbers of CD4/
CD8 double-positive immature lymphocytes in secondary lymphoid organs (spleen, lymph nodes) combined
with strongly increased expression of CD24, a marker of
immature and proliferating lymphocytes, suggesting a
delayed or impaired maturation of these cells in the thymus [23, 24].
The maturation delay as well as the development of
a T-cell neoplasia, appear to be similar to the results
obtained when Hdac1 and Hdac2 were deleted using
Lck (lymphocyte protein tyrosine kinase)-Cre [14]. In
Lck-Cre mediated Hdac1 and Hdac2 deletion, a marked
increase in CD8+ cells in the thymus combined with a
strong increase in double-positive (DP) cells in spleen
and lymph nodes was found as well. Similarly a T-cell
neoplasia in thymus and spleen with high lethality at
about 4 months of age was also reported by the authors.
Cx3cr1-Cre is commonly used to analyze effects of
gene deletion in myeloid cells with off-target effects on
lymphocytes generally reported as affecting only a small
percentage of mature T-cells [25–27]. The data presented
here suggests that Cx3cr1-Cre mediated recombination may target a much larger subset of both immature
and mature T-lymphocytes than previously reported. As
such, studies utilizing this common Cre line for analysis
of the myeloid cell compartment should take into account
the potential of altering T-lymphocyte function alongside
the myeloid cell compartment and take steps to control
for such effects. Specifically any effects of experimental gene recombination on lymphocytic cell populations
should be evaluated alongside the myeloid cell populations that are typically the focus of studies utilizing the
Cx3cr1-Cre mouse model.
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Fig. 3 FACS quantification of blood samples taken from 16 week old mice with (Cre+) or without (Cre−) combined Hdac1 and 2 ablation. a
Myeloid cells in peripheral blood: Cells were initially gated for CD45 and CD11b signal, percentages of C
 D45+ and CD11b+ cells on all cells are
shown on the left. Of these CD45+ and C
 D11b+ cells, percentages of Ly6c-hi and Ly6c-low myeloid cells are shown. b Percentages of C
 D45+ and
−
+
−
+
+
CD11b cells are shown on the left. Of these CD45 and C
 D11b cells, percentages of CD19 (B-) and C
 D3 (T-)cells are shown next. To the right
of these, the percentages of CD4 single-positive (SP), CD8 SP and CD4/CD8 double-positive (DP) cells compared to all C
 D3+ cells are depicted. No
significant differences were found in either cell population, however some DP cells were seen in severely diseased mice. c FACS plot of a diseased
Cre+ mouse, showing a large percentage of DP cells in blood, compared to a representative Cre− control

Limitations

Taken together the results reported here for Cx3cr1-Cre
mediated Hdac1 and Hdac2 deletion are very reminiscent
of the Lck-Cre mediated deletion data and suggest a deleterious effect on T-cell maturation and potentially on
genomic integrity in immature T-cells, however further
analysis would be needed to determine the precise effect
on genomic integrity and the mechanisms involved in any
such effect. Additionally, we report a lack of B220-positive B-cells which warrants further investigation.
Abbreviations
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