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Abstract
Viral infections involve specific stress exposure that can influence the quality and average lifespan
of an organism. The immune system acts through virus clearance from the organism. Many aspects
of immune cells accounting for this response are still under study. Here, we review recent aspects
of the molecular mechanisms involved in the delivery of the lethal hit by Cytotoxic T
lymphocytes.
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Introduction
The protection of the organism against viral infections is performed through the action of a
specialized population of CD8 T cells, named the cytotoxic T cells (CTLs). CTLs clear
virus-infected cells through different mechanisms, such as FAS/FAS-L pathway activation,
the secretion of pro-inflammatory cytokines (e.g. IFN-γ and TNF-α), and the polarized
exocytosis of lytic granules at the synaptic cleft formed with the target cell upon antigen
recognition (Figures 1 and 2). The lethal hit mediated by the effector proteins contained in
the lytic granules requires the establishment of specific cell contacts with targets [1,2]. The
centrosome relocation to these cell contacts is an important step to help the polarized
secretion of lytic granules through the action of microtubules-related motor proteins, which
transport the granules across cytoplasm [3,4]. Our study demonstrates that HDAC6, a class
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IIb histone deacetylase that uses acetylated tubulin at Lys40 as substrate [5], exerts an
important role in the transport and exocytosis of these granules in CTLs [6].
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The study of different HDACs has been performed with pan-inhibitors, such as Trichostatin
A (TSA) or Vorinostat (suberanilohydroxamic acid; SAHA), that favor the suppressor
activity of regulatory T cells (Tregs) and can therefore be useful for autoimmune diseases
treatment or GVHD (graft versus host disease) [7,8]. Indeed, the use of HDAC6-deficient
mice has demonstrated its role on GVHD based on the modulation of Tregs, which is
performed through its interaction with the Hsp90 chaperone [9]. Knock-out mouse for
HDAC9 (a class IIa HDAC) also presents an increased activity of Tregs, therefore preventing
autoimmune colitis [10]. The interaction of HDAC6 and HDAC9 has been recently
demonstrated. It is dependent on the second catalytic domain of HDAC6 [11], which is
thought to use α-tubulin as substrate since its mutation lowers the catalytic rate of the
enzyme 5000-fold [12]. In our study, HDAC6-deficient CTLs show impaired cytotoxic
activity in vitro and in vivo concomitant with the decreased secretion of their lytic content
upon T Cell Receptor (TCR) activation. By contrast, neither the strength of TCR activation
nor IFN-γ secretions were affected [6]. To analyze TCR activation, we activated isolated
CTLs from WT and Hdac6-/- mice with monoclonal anti-CD3 plus anti-CD28 antibodies
and studied the phosphorylation of downstream signaling molecules PLCγ1 and Erk1/2 at
specific residues (Y783 and T202/Y204, respectively) at different times by western blot. We
indeed measured the increase of global intracellular calcium flux in real time [6] through
flow cytometry [13], which is needed for complete TCR activation and the secretion process
[14]. We found no defects for these parameters in HDAC6-deficient CTLs, in agreement
with the correct IFNγ production and secretion. In contrast, the acetylation of tubulin at
Lys40 was clearly increased in Hdac6-/- resting and activated CTLs [6], as described before
[15].
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The activity of HDAC6 in CD4+ T cells was previously analyzed in our laboratory after
TCR activation; we found a more prominent effect on the correct T cell activation upon its
over-expression than with its inactivation by genetic or chemical means. At short times upon
TCR triggering, between 1-2 minutes, there is an effective deacetylation of α-tubulin at
Lys40, which is in contrast largely acetylated at longer times [16]. Since acetylation of
microtubules is considered a mark of stabilization in mammalian cells [17], we considered
this initial HDAC6-dependent α-tubulin deacetylation [16] a hallmark of the well-known
reorganization of the microtubule network in CTLs upon target cell recognition with active
centrosomal polarization at the cell-cell contact [18]. The increase in acetylation at longer
times of activation [6,16] is most likely a requirement for the stabilization of the
microtubular network that is newly polymerized at the immune synapse in formation. The
growing of microtubules at the IS is needed for transport and full T cell activation [19,20]. In
our present study in CD8+ CTLs, the increase in α–tubulin acetylation is effectively
observed upon 5-20 minutes after TCR activation in WT cells. Loss of HDAC6 and hyperacetylation of α-tubulin does not seem to prevent TCR activation in CTLs and the
centrosome polarization towards the target cell is even improved in these cells, correlating to
the increased α-tubulin acetylation detected [6]. This is in agreement with an inhibition of
centrosome polarization to the IS upon HDAC6 over-expression in CD4+ T cells, that is
recovered by TSA treatment [16]. In contrast, a recent study with a new deacetylase
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inhibitor, ACY-1215, which shows a 10-fold more selectivity against HDAC6 than
HDAC1/2/3 and slight activity against HDAC8, does find that CD8+ T cells do not activate
correctly their TCR-dependent pathways and attributes this effect to HDAC6 interaction
with Hsp90 [21]. Hsp90 is important for regulation of Lck conformation and activity [22], a
major kinase for the initiation of TCR-downstream signaling, and helps the maintenance of a
pre-activated pool of Lck in T cells [23]. It is therefore conceivable that the observed effects
on TCR activation by this inhibitor may rely on other HDACs, such as in HDAC1 inhibition,
which has been shown to prevent CD8+ T cell homeostasis and antiviral response against
LCMV [24]. Indeed, TSA treatment in CD4+ T cells prevents the interaction of ZAP70 and
phosphorylated-CD3ζ with α-tubulin, probably affecting final T cell activation. In addition,
over-expression of HDAC6 completely prevented IL-2 production by SEE-activated CD4+ T
cells (Staphylococcus aureus Enterotoxin E). This inhibition could not be relieved by PMA
and ionophore treatment, pointing to a defect in intracellular traffic rather than a signaling
one [16]. Remarkably, adoptive transfer of CD8+ T cells into Rag-/- recipients demonstrated
that the presence of HDAC6 is relevant for protection against Vaccinia infection. Hence,
HDAC6-deficient cells were less efficient in the clearance of infected cells, but not in
recognizing them or in their ability to proliferate. Rather, HDAC6-deficient cells showed an
increased ability to proliferate at longer times [6].
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The movement of the lytic granules towards the target cell depends on microtubules. CTLs
are not killed by their own lytic mediators, which is attributed to the low pH present in the
lytic granules thanks to the V-ATPase pump action and their aggregation with a serglycine
lattice [25]. Upon the interaction of the TCR with a specific peptide-MHCI complex,
different organelles reorganize at the cytosol; in a first step, lytic granules congregate at the
centrosome through dynein-based transport along microtubules [4]. Afterwards, the
centrosome polarizes towards the target cell bringing the Golgi apparatus and lytic granules
together, which facilitates polarized secretion [26]. Finally, the lytic granules move from the
centrosome towards the cell-cell contact area through the action of a complex formed by
Kinesin-1-rab27a-slp3 [27]. Defects in Rab27a underlies the Griscelli syndrome type, which
causes a partial albinism due to defects in melanosomes transport and an immunodeficiency
partly due to inadequate cytotoxic killing activity, related to its interaction with myosin Va
(Griscelli Syndrome type 1; lack of transfer of vesicles from microtubules to actin filaments)
[3]. Rab27a is needed for LG secretion [28]. Dynactin complex can also cooperate with
kinesin in the movement of lytic granules. Our finding that the interaction of HDAC6 with
kinesin-1 is detected upon TCR activation points to a role for this plus-end directed motor
complex to favor and stabilize the dynamics of lytic granules at their terminal transport to
effectively kill the target cell. HDAC6 co-immunoprecipitates with KLC1 (kinesin light
chain 1) in WT CTLs upon TCR activation and prevents correct conformation of the
dynactin complex in HDAC6-deficient CTLs [6]. KLC1 forms the kinesin-1 complex
together with KIF5B (kinesin heavy chain) in CTLs [27].
The secretion of lytic granules and cytokines seems to follow different routes at the killing
immune synapses respect to the cytokine-bearing vesicles. Lytic granule secretion involves
an additional step that requires the fusion of exocytic vesicles coming from recycling and
late endosomes and provides the lytic granules with the essential docking and priming
machinery to deliver their content at the synaptic cleft, such as Syntaxin 1, Munc 13-,
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Munc18-2 [3,29]. Defects in these proteins, as well as in perforin cause different FHL
syndromes (Familial Hemophagocytic Lymphohistiocytosis); autosomal and often lethal
recessive disorders with occurrence of HLH (Hemophagocytic lymphohistiocytic
syndrome). We detected higher proliferation of CD8+ T cells at late stages of infection and
normal secretion of IFNγ with low target cell killing, all of them hallmarks of the disease,
although we did not observe the development of an HLH-like phenotype in HDAC6deficient mouse upon infection with Vaccinia virus [6]. It is therefore conceivable that a
chronic infection, such as the one provoked by LCMV, rather than an acute one is required
to provoke the appearance of this syndrome. Novel insights into the function of different
HDACs, such as HDAC8, which blockade disrupts the centrosome and precludes correct
endolysosomal biogenesis [30], HDAC9 or HDAC1 may help to elucidate the role of
HDAC6 in the cytotoxic process and to use different chemical inhibitors as tools to target
CTL functions.
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Figure 1.

Localization of the centrosome and lytic granules in Hdac6-/- CTLs. Killing immune
synapse formed by WT (left) or Hdac6-/- (right) cytotoxic T lymphocyte bearing a OVAspecific transgenic TCR (OT-I) and a target cell (Cyan; EL4 cell) presenting the specific
OVA257-264 peptide (SIINFEKL), stained with antibodies against Cathepsin D (red) and
CD107a (blue; LAMP1) for lytic granules, and α-tubulin for centrosome and microtubules
(green). Bar, 5 µm.
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Proposed model for Cell Target killing. The formation of a lytic immune synapse is
mediated by the specific peptide-MHC-I complex (p-MHC-I) recognition by the T Cell
Receptor (TCR) and subsequent Lck activation. CTLs are not killed by their own lytic
mediators due to the low pH present in the Lytic Granules (LG) owing to action of V-ATPase
pump and aggregation (serglycine lattice). LG initially congregate at the centrosome (a) by
minus-end-directed dynein molecular motor action. The centrosome polarizes (b) towards
the target cell. Finally, LG move from the centrosome to the cell-cell contact area through
the Kinesin-1-Rab27a-Slp3 complex (c) to secrete their content. This can be performed by
LG that include all the mediators needed for docking at the plasma membrane, priming and
secretion at the synaptic cleft (c1), or by exocytic vesicles that bear fusion mediators that
collaborate with LG (c2). Dynactin complex can support Kinesin-1. HDAC6 regulates the
formation of these complexes and favors centrosome polarization. FAS/FASL interaction can
also mediate cell target killing.
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