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Abstract

Background—We have previously demonstrated that Tubastatin A, a selective inhibitor of
histone deacetylase (HDAC) 6, improves survival, and increases circulating monocyte count and
bacterial clearance in a lethal model of cecal ligation and puncture (CLP) in mice. The aim of the
present study was to characterize the effects of inhibition of HDAC6 on the bone marrow cell
population.

Methods—C57BL/6J mice were subjected to CLP, and 1 h later given an intraperitoneal
injection of either Tubastatin A (70 mg/kg) dissolved in dimethyl sulfoxide (DMSQ), or DMSO
alone (n=9/group). Sham-operated animals were treated in an identical fashion, without CLP.
Forty-eight hours later, bone marrow cells were flushed out from the femurs and tibias.
Erythrocytes were lysed, and a single-cell suspension was made for analysis. Cells were washed,
blocked with anti-mouse CD16/32, stained with anti-mouse B220 PE-Cy7, CD3 APC-eFluor®
780, CD11b FITC, Gr-1 PerCP-Cy5.5 and F4/80 Antigen APC, and subjected to flow cytometry.
Data was acquired on an LSRII Flow Cytometer (BD Biosciences) and analyzed with FlowJo
(Flowjo, LLC).

Results—In comparison to the sham group, CLP animals showed decreased percentage of innate
immune cells (CD11b+; 62.1+3.1 vs. 32.9+4.9%, p=0.0025) and macrophages (CD11b+ F4/80+;
44.6+3.4 vs. 19.8+2.6%, p=0.0002), and increased percentage of T lymphocytes (CD3+; 1.1+0.2
vs. 3.3+0.4%, p=0.0082) in the bone marrow 48 h after CLP. Treatment with Tubastatin A
restored the innate immune cells (32.9+4.9 vs. 54.0+4.1%, p=0.0112) and macrophages (19.8+2.6
vs. 47.1+4.6%, p=0.0001), and increased the percentage of neutrophils (CD11b+ Gr-1+; 28.4+3.9
vs. 48.0+£4.0%, p=0.0075). The percentages of B (B220+) and T lymphocytes were not
significantly altered by Tubastatin A, compared to the vehicle-treated CLP animals.
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Conclusions—Selective inhibition of HDACS in this lethal septic model restored the innate
immune cell and macrophage populations, and increased the neutrophil composition in the bone
marrow. These results may explain the previously reported beneficial effects of Tubastatin A
treatment in a septic model.

Levels of Evidence—not applicable (animal study).
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INTRODUCTION

Severe sepsis and septic shock are the leading cause of death in critically ill patients in the
United States. Multiple clinical trials have failed to identify an effective treatment for severe
sepsis and septic shock. 1' 2 The innate immune system is the first line of defense against
pathogenic invasion. Bone marrow is an important immune organ that plays an essential role
in maintaining a robust and healthy immune system. Treatments that can enhance bone
marrow function are therefore of interest.

Histone acetylation is an essential epigenetic mechanism that determines the amplitude of
immune signaling, by controlling the chromatin structure, accessibility of transcription
factors to the DNA, and the subsequent gene transcription. The acetylation status of
chromatin is balanced by the activities of histone acetyltransferases (HATS) and histone
deacetylases (HDACs), and hypoacetylation can suppress gene transcription. HDACS is a
unique HDAC localized in the cytoplasm, where it associates with non-histone substrates. 3
Inhibition of HDACS has been shown to ameliorate central nervous system injury, and
HDACS has become an emerging target for development of anti-cancer drugs. % °
Tubastatin A is a selective HDACSG inhibitor with simple synthesis and superior target
selectivity. 6

We have previously demonstrated that Tubastatin A treatment improves survival, increases
circulating monocyte count and bacterial clearance, and attenuates bone marrow atrophy in a
mouse model of lethal cecal ligation and puncture (CLP). 72 The aim of the present study
was to characterize the effects of inhibition of HDAC6 on the bone marrow cell population.
Our hypothesis was that treatment with Tubastatin A in a CLP model would enhance the
bone marrow cellular profile to make the animals better equipped to fight an infection.

METHODS

Sepsis Model: Cecal Ligation and Puncture (CLP)

Male C57BL/6J mice (18-26 gm) were purchased from The Jackson Laboratory (The
Jackson Laboratory, Bar Harbor, ME), and were housed for 3 days before manipulations. A
well-established CLP model 1011 was utilized to induce fecal peritonitis. Briefly, the
peritoneal cavity was opened under inhaled isoflurane anesthesia. Cecum was eviscerated,
ligated below the ileocecal valve using a 5-0 suture, and punctured through and through (2
holes) with a 20-gauge needle. The punctured cecum was squeezed to expel a small amount
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of fecal material and returned to the peritoneal cavity. The abdominal incision was closed in
two layers with 4-0 silk suture, and animals were resuscitated by subcutaneous injection of 1
mL of saline. Sham-operated animals were handled in the same manner, except that the
cecum was neither ligated nor punctured. This protocol was approved by the Institutional
Animal Care and Use Committee. All of the surgical procedures were performed under
anesthesia, and all possible efforts were made to minimize suffering and stress.

Administration of HDAC Inhibitor and Experimental Design

Animals were randomly assigned to the following three groups (n = 9/group): (a) Sham-
operated animals (SHAM); (b) vehicle treated animals after CLP (CLP+DMSO), and (c)
Tubastatin A treated animals after CLP (CLP+Tub.A). Animals were given intra-peritoneal
Tubastatin A dissolved in DMSO (70 mg/kg) or vehicle DMSO 1 h after the CLP. Sham-
operated animals were subjected to laparotomy and intestinal manipulation, but the cecum
was not ligated or punctured. Forty-eight hours later, animals were killed and long bones (2
femurs and 2 tibias) were harvested.

Flow Cytometry of Bone Marrow Cells

We have previously shown that a double puncture (20-gauge needle) CLP with ligation
results in 100% mortality, and is associated with significant bone marrow atrophy. 8
Therefore, we used the same model in the present study to investigate the effects of
Tubastatin A, and harvested the bone marrow 48 hours post-surgery based upon previous
experience to coincide with a time point when the animals were septic. Bone marrow cells
were flushed out from the bone cavity with cold phosphate-buffered saline (Corning,
Manassas, VA), and single-cell suspension was obtained by passing through 70 pum cell
strainers. Erythrocyte lysis was performed using RBC Lysis Buffer (Sigma Aldrich, St.
Louis, MO). Bone marrow cells were then washed, blocked with anti-mouse CD16/32
(eBiosicence, San Diego, CA) for 10 min on ice, and stained with anti-mouse B220 PE-Cy7,
CD3 APC-eFluor® 780, CD11b FITC, Gr-1 PerCP-Cy5.5, and F4/80 Antigen APC
(eBiosicence, San Diego, CA) for 30 min on ice. Cells were washed before flow cytometry
analysis. Data were acquired on an LSRII (BD Biosciences, San Jose, California) and
analyzed with FlowJo (Flowjo, LLC, Ashland, OR). 12

Statistical Analysis

Data are presented as group mean + SEM. Differences between 3 or more groups were
assessed using one way analysis of variance (ANOVA) followed by Bonferroni post hoc
testing for multiple comparisons. Student’s t-test was used to compare the differences
between two groups. Analyses were performed with GraphPad Prism. P values of 0.05 or
less were considered significant.

RESULTS

Tubastatin A restored the percentage of innate immune cells and macrophages in the
bone marrow

In comparison to the sham group, vehicle-treated CLP animals showed decreased percentage
of innate immune cells (CD11b+; 62.1+3.1 vs. 32.9+4.9%, p=0.0025; Figure 1) and

J Trauma Acute Care Surg. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao et al.

Page 4

macrophages (CD11b+ F4/80+; 44.6+3.4 vs. 19.8+2.6%, p=0.0002; Figure 2) in the bone
marrow 48 h after CLP. Treatment with Tubastatin A restored the innate immune cells
(32.9+4.9 vs. 54.0+4.1%, p=0.0112; Figure 1) and macrophages (19.8+2.6 vs. 47.1+4.6%,
p=0.0001; Figure 2).

Tubastatin A increased the percentage of neutrophils in the bone marrow

The percentage of neutrophils was not significantly different between the sham-operated and
vehicle-treated CLP animals. Treatment with Tubastatin A increased the percentage of
neutrophils (CD11b+ Gr-1+; 28.4+3.9 vs. 48.0+£4.0%, p=0.0075; Figure 3).

Tubastatin A did not significantly alter the percentages of B and T lymphocytes

In comparison to the sham group, vehicle-treated CLP animals showed increased percentage
of T lymphocytes (CD3+; 1.1+0.2 vs. 3.3+0.4%, p=0.0082) in the bone marrow 48 h after
CLP. The percentages of B (B220+) and T lymphocytes were not significantly altered by
Tubastatin A, compared to vehicle-treated CLP animals (Figures 4 and 5).

DISCUSSION

We investigated the effects of an HDACS inhibitor, Tubastatin A, on the composition of
different bone marrow cell types in a severe CLP model. We discovered that treatment with
Tubastatin A restored the innate immune cell and macrophage populations, and increased
the neutrophil composition in the bone marrow.

In humans, at least eighteen HDACs have been reported that are sub-divided into three
classical (Zn™* dependent) classes (I, I1, and 1V), as well as class 111 that contains NAD*
dependent sirtuins.13 14 HDACS6 (group 11b) are mostly cytoplasmic in location with tissue-
specific expression, and are known to be associated with non-histone substrates, such as heat
shock protein 90 (HSP90), a-tubulin and cortactin. HDACS6 has an ubiquitin binding domain
and two catalytic domains.® Overexpression of HDAC6 deacetylates tubulin and increases
cell motility 15, whereas specific inhibition of HDACS activity or its down regulation by
SiRNA increases the acetylation of a-tubulin and HSP90. This reduces cellular motility and
induces the degradation of HSP90 client proteins, including Ber-Abl, Raf-1, Akt, HER2/
Neu, interleukin-1 receptor associated kinase 1, and hypoxia-inducible factor-1c.16-18
HDACS6 has become a target for drug development to treat cancer, including leukemia,
multiple myeloma, and breast cancer, ® 19-22 and cardiac HDACS catalytic activity has been
shown to increase in response to chronic hypertension. 23 Meanwhile, inhibition of HDAC6
promotes survival and regeneration of neurons. 4 Our laboratory has demonstrated that
treatment with Tubastatin A (an HDACS specific inhibitor) improves survival, increases
circulating monocyte count and bacterial clearance, and attenuates bone marrow atrophy in a
lethal model of CLP in mice. -2 However, whether this was a direct effect or exerted
indirectly through alterations in the bone marrow composition was unknown.

Macrophages and neutrophils are critical effector cells contributing to the altered innate
immune response against infection. They are efficient pathogen scavengers and the
predominant source of inflammatory cytokines, making them critical elements of a robust
immune response. 24 The dysfunction of macrophages and neutrophils during late stages of
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sepsis results in a relatively immunosuppressed state. 25 26 |n this study, we have discovered
that treatment with Tubastatin A restores the innate immune cell and macrophage
populations, and increases the neutrophil composition in the bone marrow, following CLP-
induced sepsis. Tubastatin A appears to replenish the circulating monocyte and neutrophil
pool from bone marrow, which may potentially enhance the host’s ability to phagocytize
foreign pathogens and eliminate bacteria from the circulation. These findings may explain
the significantly better outcomes that we have previously noted with Tubastatin A treatment
in the lethal CLP-sepsis model. ” The present study is a logical extension of our previous
research. Based upon the previous survival data, we selected the time point of 48 hours after
the CLP for tissue harvest, as by this time almost all of the untreated animals were
moribund, and the bone marrow demonstrated significant atrophy.

Bone marrow is the critical organ in the production and maturation of lymphocytes and
phagocytes. We have recently reported that treatment with HDACG inhibitor improves
survival, alters the composition of circulating blood cells, increases circulating monocyte
count, and enhances bacterial clearance and splenocyte phagocytosis in a lethal septic
model. 7 We also discovered that HDACS inhibition attenuated the stress response, and
prevented bone marrow atrophy and splenic apoptosis 48 hours post-CLP °. It also altered
the composition of the circulating blood cells with a decrease in granulocytes, increase in
lymphocytes and monocytes, and an increase in the red cell mass. 8 The current experiment
provides yet another piece in this complex jigsaw puzzle by characterizing the effects of the
HDACS inhibitor administration on the bone marrow cell population. We still do not know
whether the beneficial effects of Tub A are due to a direct impact on the bone marrow cells,
or an indirect effect due to the overall attenuation of inflammation and better survival.
However, by taking the findings of these studies together, a plausible explanation can be put
together, where inhibition of HDACS in sepsis can’-: (1) prevent bone marrow atrophy; (2)
restore bone marrow innate immune cell and macrophage cell populations (the current
finding), and augment the neutrophil composition in the bone marrow; and (3) enhance
circulating monocyte count and bacterial clearance (Figure 6).

The precise relationship between the HDAC6 and bone marrow differentiation currently
remains elusive. The inhibition of HDAC6 may increase the percentages of macrophages
and neutrophils through epigenetic modulation. Theoretically, HDACS inhibitors may
activate the gene promoters of bone marrow mesenchymal stem cells, and facilitate their
differentiation into macrophages and neutrophils. HDACG expression is elevated in patients
with primary myelofibrosis. 27 This finding is consistent with our results, as inhibition of
HDACS6 may stimulate the proliferation of certain bone marrow progenitors. Meanwhile,
histone acetylation has been reported to be beneficial for the monocytes. Acetylated histone
H4 levels in the circulating monocytes were significantly elevated in complication-free
diabetic patients, but not in patients with complications, suggesting that protein acetylation
in the monocytes may be a protective mechanism. 28

This study has certain limitations that must be acknowledged. We have described broad

changes in the bone marrow cellular composition after Tubastatin A treatment in the CLP-
sepsis model. However, further molecular mechanisms need to be investigated to discover
how exactly histone modifications control bone marrow stem cell differentiation in sepsis.
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We did not investigate the long-term consequences of the treatment, and functional assays
were not performed in this study. Although our understanding is improving, clearly
additional research is still required to better understand the mechanism by which Tubastatin
A affects bone marrow during septic shock, and how to best exploit its therapeutic potential.

In summary, we have demonstrated that inhibition of HDACS, in a CLP-induced septic
model, restores the innate immune cell and macrophage populations, and increases the
neutrophil composition in the bone marrow. These results may explain the previously
reported beneficial effects of Tubastatin A treatment in this model.
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ABBREVIATIONS AND ACRONYMS

ANOVA one-way analysis of variance
CLP cecal ligation and puncture
DM SO dimethyl sulfoxide
HATs histone acetyltransferases
HDAC histone deacetylase
HSP90 heat shock protein 90
SSC side scatter
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Figurel. Tubastatin A treatment restored the per centage of innate immune cellsin the bone

marrow

Representative plots of innate immune cells are shown on the right side of panel (CD11b+).

The percentages of innate immune cells were quantified and compared among groups

(means = SEM, n = 9/group). CLP: cecal ligation and puncture; Tub.A: Tubastatin A; SSC:

side scatter.
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Figure 2. Tubastatin A treatment restored the per centage of macrophagesin the bone marrow
Representative plots of macrophages are shown in the right upper quadrant of panel (CD11b

+ F4/80+). The percentages of macrophages was quantified and compared among groups.
CLP: cecal ligation and puncture; Tub.A: Tubastatin A.
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Figure 3. Tubastatin A increased the per centage of neutrophilsin the bone marrow
Representative plots of innate immune cells are shown in the right upper quadrant of panel

(CD11b+ Gr-1+). The percentages of neutrophils were quantified and compared among
groups. CLP: cecal ligation and puncture; Tub.A: Tubastatin A.
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Figure 4. Tubastatin A treatment did not alter the per centages of B lymphocytes
Representative plots B lymphocytes are shown on the right side of panel (B220+). The

percentages of B lymphocytes were quantified and compared among groups. CLP: cecal
ligation and puncture; Tub.A: Tubastatin A; SSC: side scatter.
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Figure 5. Tubastatin A treatment did not alter the percentages of T lymphocytes
Representative plots T lymphocytes are shown on the right side of panel (CD3+). The

percentages of T lymphocytes were quantified and compared among groups. CLP: cecal
ligation and puncture; Tub.A: Tubastatin A; SSC: side scatter.
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HDACG6 Inhibition in Septic Shock
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Figure 6. Histone deacetylase 6 inhibition in septic shock and potential mechanisms
Findings from several studies are summarized to highlight the possible mechanisms that

may be involved in improving the survival. The double arrow is to acknowledge that it is
unclear whether these pathways are specifically responsible for the improved survival (direct
effect), or if the enhanced survival results in the observed findings (indirect effect).
Attenuation of sepsis-induced bone marrow atrophy by Tubastatin A can (1) prevent bone
marrow from damage; 2 (2) restore innate immune cell and macrophage populations, and
increase neutrophil composition in the bone marrow (the current finding); (3) enhance
circulating monocyte count and bacterial clearance 7, and alter composition of circulating
blood cells. 8
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