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Cytotoxic T lymphocytes (CTLs) kill tumorigenic and virally infected cells by targeted
secretion of lytic granule contents. The precise point at which secretion occurs is di-
rected by the centrosome docking at the immunological synapse (IS). The centrosome is
highly dynamic in CTLs, lagging behind the nucleus in the uropod of migrating CTLs, but
translocating across the entire length of the cell to dock at the IS when a target cell is
recognized. While in most cell types, the centrosome is always closely associated with the
nuclear membrane, in CTLs, it often appears to be dissociated from the nucleus, both in
migrating cells and when forming an IS. We asked whether this dissociation is required
for CTL killing, by expressing GFP-BICD2-NT-nesprin-3, which tethers the centrosome to
the nucleus irreversibly. Immunofluorescence microscopy revealed that the centrosome
polarized successfully to the central supramolecular activation complex (cSMAC) of the
synapse in GFP-BICD2-NT-nesprin-3-expressing CTLs, with the centrosome and nucleus
migrating together to the IS. CTLs in which the centrosome was “glued” to the nucleus
were able to dock and release granules at the IS as effectively as mock-treated cells. These
data demonstrate that CTL cytotoxicity is independent of centrosomal dissociation from

the nuclear envelope.
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Introduction

Cytotoxic T lymphocytes (CTLs) are part of the adaptive immune
system. They express CD8 on their cell surface, and kill virally in-
fected and tumorigenic cells by releasing perforin and granzymes
from specialized secretory lysosomes, also known as lytic granules.

When a CTL recognizes a target, an immunological synapse
(IS) is formed at the interface between the two cells. The speci-
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ficity of this recognition is brought about by the interaction
between the T-cell receptor (TCR) on the CTL cell surface and
the specific peptide presented on the MHC class I molecule that
it recognizes on the target cell. The IS was described to have
a “bull’s eye” structure and is organized into discrete domains
[1]. The central Supramolecular Activation Complex (cSMAC),
which is located in the centre of the synapse, is rich in sig-
naling molecules such as Lck, PKC6, and TCR. Surrounding the
c¢SMAC is the peripheral SMAC (pSMAC), an adhesion domain
with integrin molecules. During the formation of the IS, there is a
reorganization of actin molecules at the plasma membrane. Actin
is cleared away from the centre of the synapse, and is distributed
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to the distal SMAC (dSMAC), the outermost ring of the synapse
[2-4].

Secretion occurs at a very precise point in the immune synapse,
next to the ¢cSMAC and within the pSMAC. The centrosome
plays a key role in directing secretion to this point. Upon TCR-
mediated recognition of a target, the centrosome polarizes toward
and contacts the plasma membrane adjacent to the cSMAC. The
lytic granules move along microtubules and are delivered to the
plasma membrane at the point determined by the centrosome
[4].

In CTLs, the centrosome is highly dynamic [5]. In resting
cells, it is closely associated with the nucleus; while in migrat-
ing cells, it is often seen dissociated from the nucleus (Fig. 1A)
and lags behind in the uropod at a varied distance. When a

CTL finds a target, there is a dramatic change in the position
of the centrosome, which moves from the uropod across the
length of the cell to dock at the plasma membrane at the IS
[4,6-8]. CTLs lacking the T-cell tyrosine kinase, Lck, are unable
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to move the centrosome to contact the plasma membrane at the
synapse, and these cells are unable to kill their targets, demon-
strating that centrosome docking is essential for CTL cytotoxicity
[8].

The dynamic nature of the centrosome in CTLs contrasts with
the close association seen between centrosome and nuclear en-
velope in the majority of cell types. Dissociation of the centro-
some from the nuclear envelope does occur in other cell types;
for example, during ciliogenesis, when it relocates to contact the
plasma membrane [9]. This dissociation is required for ciliogene-
sis [10,11].

Centrosomal association with the nuclear membrane is me-
diated by nesprins, a family of type II transmembrane proteins
that reside on the outer nuclear membrane. The C-terminal
KASH domain of nesprins interacts with the SUN domain of
SUN proteins [12], localized on the inner nuclear membrane,
while the N-terminal part of nesprins can interact with dif-
ferent cytoskeletal proteins including microtubule-based motors

Figure 1. The centrosome in CTLs is often
found detached from the nucleus when con-
jugated with target cells. (A) Electron micro-
graph of a migrating OT-I CTL. Bar: 2 pm.
(B) Electron micrograph of an OT-I CTL conju-
gated to an OVA-pulsed target EL4 cell. The cen-
triole (arrowhead), docked at the IS, is distant
from the nucleus. Bar: 1 pm. (C) MeOH-fixed
OT-I CTL/ target EL4 conjugates were immuno-
labeled with rat anti-CD8 (green) and rabbit
anti-y-tubulin (white), followed by Alexa 488-
donkey anti-rat and Cy5-donkey anti-rabbit.
The nuclei were stained with Hoechst (blue). A
confocal slice shows a CTL centrosome docked
atsynapse and separated from the nucleus. Bar:
5 um. (D) Quantitation of nuclear-centrosome
separation. A total of 242 CTLs and 180 CTLs
conjugated to targets were analyzed by 3D re-
construction. Number of experiments > 3. Error
bars = SD; p = 0.002, Student’s t-test. (E) The
distance between the center of y-tubulin stain-
ing and the closest lamin B1 staining in 109 un-
conjugated and the same number of conjugated
OT-1 CTLs was measured using Bitplane Imaris
software. The histogram shows the distribution
of distances. Number of experiments = 3. Error
bars = SD.
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kinesin-1 and dynein [13,14]. The chimeric construct GFP-
BICD2-NT-nesprin-3 encodes the KASH domain of nesprin-3,
which localizes to the nuclear envelope, and the N-terminal
domain of Bicaudal 2, which is capable of inducing minus
end-directed movement along microtubules regardless of the
molecular context [15]. The expression of this construct pre-
vents centrosome-nucleus dissociation in RanBP2-depleted U20S
cells [16].

Given the unusually dynamic nature of the centrosome in CTLs,
we asked whether the centrosome needs to be dissociated from the
nuclear membrane during target cell killing. We therefore made
use of the GFP-BICD2-NT-nesprin-3 construct to effectively “glue”
the centrosome to the nuclear membrane and asked whether CTL
killing was able to proceed.

Results

The centrosome in CTLs is often found detached from
the nucleus when conjugated with target cells

In migrating CTLs, the centrosome is found in the uropod [17,18]
and often very distant from the nucleus (Fig. 1A). Similarly,
when CTLs are engaged with targets, the centrosome also ap-
pears at some distance from the nucleus, as revealed by EM
and immunofluorescence images of CTLs derived from OT-I TCR-
transgenic mice [19] (Fig. 1B and C).

Quantification of the distance between the nuclear envelope,
identified by lamin BI1, the centrosome, labeled with anti-y-
tubulin, and the plasma membrane (CD8), analyzed by 3D recon-
structions of confocal z-stacks, revealed an increase in the number
of CTLs with centrosomes separated from the nucleus from 23
to 65% upon conjugation to targets (Fig. 1D). This represents a
statistically significant difference of nearly threefold (p = 0.002,
Student’s t-test). Figure 1E shows a histogram of the distribution
of distances between the CTL centrosome and the nucleus in 109
OT-I/target EL4 conjugates, as compared to the same number of
unconjugated OT-I CTLs. It should be noted that the detached
centrosome in unconjugated CTLs is always in the uropod, pre-
sumably of migrating cells. In contrast, when CTLs are engaged
with targets, the detached centrosome is on the anterior side of
the nucleus oriented toward the target at the IS.

GFP-BICD2-NT-nesprin-3 efficiently prevents the
dissociation of nucleus and centrosome in CTLs

Given the frequency with which the CTL centrosome appeared dis-
tant from the nucleus upon target engagement, we asked whether
the dissociation of the centrosome from the nucleus was required
for CTL cytotoxicity. We therefore expressed the GFP-BICD2-NT-
nesprin-3 construct (Fig. 2A) [16] in CTLs and asked whether it
was possible to tether the centrosome irreversibly to the nuclear
envelope in CTLs as previously described for other cell types.
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Figure 2. GFP-BICD2-NT-nesprin-3 efficiently prevents the dissocia-
tion of nucleus and centrosome. (A) Schematic of the GFP-BICD2-NT-
nesprin-3 construct. (B) Localization of the GFP-BICD2-NT-nesprin-3
construct. OT-I CTLs transfected with GFP-BICD2-NT-nesprin-3 were
fixed with PFA, immunolabeled with sheep anti-GFP, and Alexa 488-
donkey anti-sheep (green). The nucleus was stained with Hoechst
(blue). Bar: 5 pm. (C) The centrosome is kept in close contact with
the nucleus by the expression of GFP-BICD2-NT-nesprin-3. OT-I CTLs
expressing GFP-BICD2-NT-nesprin-3 were fixed with PFA, immunola-
beled with mouse anti-y-tubulin (red), sheep anti-GFP (green), rab-
bit anti-lamin B1 (white), followed by Cy3-donkey anti-mouse, Alexa
488-donkey anti-sheep, and Cy5-donkey anti-rabbit. The nucleus was
stained with Hoescht (blue). The same cell is shown in four individual
channels in the right panels, while the merge image is on the left. One
hundred and ninety-eight transfected cells were analyzed by 3D recon-
struction and rotation, and the centrosome of 100% of the cells was in
contact with the nuclear envelope. Bar: 5 um.

When transfected into OT-I CTLs, GFP-BICD2-NT-nesprin-3
localized to the nuclear envelope, concentrated on one side of
the nucleus (Fig. 2B). 3D reconstruction and analysis of z-stacks
of 198 transfected CTLs confirmed that y-tubulin appeared ad-
jacent to the nuclear envelope (Fig. 2C) in 100% of trans-
fected CTLs. It is interesting to note that lamin B1 appeared
more concentrated toward the GFP-BICD2-NT-nesprin-3 construct
(Fig. 2C).

Nuclear membrane-centrosomal detachment is not
required for efficient conjugate formation
In order to investigate whether nuclear membrane-centrosome

dissociation was essential for efficient conjugate formation
between CTLs and their targets, we used a FACS-based assay.
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Figure 3. GFP-BICD2-NT-nesprin-3-transfected CTLs can form conju-
gates efficiently with target cells. OT-I CTLs expressing GFP or GFP-
BICD2-NT-nesprin-3 were mixed with OVA-pulsed or unpulsed EL4 tar-
gets stained with the red PKH26 dye, and conjugated for 20 min and
analyzed by flow cytometry. Live CTLs were gated using forward/side
scatter. Flow cytometry signals positive for both the GFP channel and
the red channel for PKH26 were counted as conjugates. An average
of >5000 live transfected cells per condition was counted in each of
six experiments. Error bars = SEM. Student’s t-test: p = 0.79 for data
with unpulsed EL4, p = 0.74 for data with pulsed EL4 between GFP and
GFP-BICD2-NT-nesprin-3.

OT-I CTLs were transfected with either GFP-BICD2-NT-nesprin-3
or a control EGFP-C1 vector, and allowed to recover for 8 h. Target
EL4 cells, labeled with red PKH26 dye and pulsed with OVA pep-
tide, were mixed with transfected CTLs for 20 min. Conjugates
formed between equal numbers of green CTLs and red targets
were quantitated by FACS.

Expression of GFP-BICD2-NT-nesprin-3, compared to GFP
alone, did not affect the efficiency of CTL/target conjugate
formation, with 44% of CTLs forming conjugates with targets
(Fig. 3). This shows that CTLs can recognize their targets and
form conjugates even when the centrosome is “glued” to the nu-
clear membrane.

Formation of the IS in GFP-BICD2-NT-nesprin-3-
transfected CTLs

Next, we examined whether formation of the IS was disrupted in
CTLs in which the centrosome was “glued” to the nuclear en-
velope. When an IS is formed, actin is reorganized to form a
ring-like structure at the dSMAC of the IS [4]. Using antibod-
ies against phospho(p)-PKC6 and actin to label the ¢cSMAC and
dSMAC, respectively, we examined the synapse in conjugates
from CTLs transfected with GFP-BICD2-NT-nesprin-3. By rotat-
ing 3D reconstructions of confocal z-stacks, we were able to
image the actin ring at the dSMAC peripheral to the cSMAC
(Fig. 4). In both control CTLs and CTLs transfected with GFP-
BICD2-NT-nesprin-3, actin formed a ring around the synapse, in-
dicating the formation of dSMAC, as clearly seen in the en face
views (white, Fig. 4C and F). The ¢SMAC, as shown by p-PKC6
localization, was in the center of the synapse. Quantitation of
126 conjugates confirmed that 88% of GFP-BICD2-NT-nesprin-3-
transfected CTL/target conjugates showed definable cSMAC and
dSMAC structures, as did 86% of control EGFP-C1-transfected
CTLs (Fig. 4G).

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Centrosome and nuclear positioning in
GFP-BICD2-NT-nesprin-3-transfected cells

Centrosome docking at the plasma membrane is critical for granule
delivery and release [20]. We therefore examined the positioning
of the centrosome relative to the plasma membrane in CTLs in
which the centrosome was stably attached to the nuclear mem-
brane by overexpression of GFP-BICD2-NT-nesprin-3.

Using y-tubulin (white) and Lck (red, Fig. 5A and B) as mark-
ers for the centrosome and the synapse, respectively, we assayed
the position of the centrosome relative to the synapse using Bit-
plane Imaris software. The centrosome was classified as “docked”,
when adjacent to the cSMAC. When the centrosome was on the
synapse side of the nucleus but separated from the cSMAC, it was
classified as “proximal.” Centrosomes on the distal side of the nu-
cleus were scored as “distal.” In 76% of 131 conjugates, in which
the CTLs expressed GFP-BICD2-NT-nesprin-3, the centrosome of
the CTLs docked at the IS (Fig. 5C). Likewise, 77% of control
CTLs showed a docked centrosome. This indicates that, when
centrosome—-nuclear dissociation is prevented, the centrosome
can still reorientate toward the target and move to the plasma
membrane.

What happens to the nucleus in GFP-BICD2-NT-nesprin-3-
expressing CTLs when the centrosome docks? Our results showed
that, when the centrosome docked at the plasma membrane
in GFP-BICD2-NT-nesprin-3-transfected CTLs, the nucleus and
centrosome moved together. Figure 6A shows a CTL stained
with CD8, conjugated to a target, with both nuclei stained
with Hoechst (blue, Fig. 6A). In this image, the centrosome,
shown by expression of RFP-tagged PACT domain from peri-
centrin [21], was docked at the IS in a CTL expressing GFP-
BICD2-NT-nesprin-3 (green). We used an antibody against lamin
B1 to mark the nuclear envelope (white, Fig. 6C), and deter-
mined the nucleus-IS distance (Fig. 6C). Quantification of con-
jugates with ¢cSMACs defined by pPKCH (Fig. 6B) revealed a de-
crease in nucleus-IS distance from an average of 0.5 pm (SD =
0.1 wm) in control EGFP-C1-transfected CTLs (n = 52) to 0.1 pm
(SD =0.03 pm) in CTLs expressing GFP-BICD2-NT-nesprin-3 (n =
48). The difference was statistically significant (p = 0.02, Student’s
t-test).

These results indicate that when the centrosome is tethered
to the nuclear membrane, it is still able to move to the plasma
membrane and dock at the IS.

Granule polarization is not impaired in
GFP-BICD2-NT-nesprin-3-transfected cells

Lytic granule polarization toward the target and degranulation
are critical steps of CTL cytotoxicity. While nucleus membrane—
centrosome tethering did not impair the ability of CTLs to form an
IS, we asked whether granule polarization was affected.
GFP-BICD2-NT-nesprin-3 or a control EYFP-mem construct
that localized to the plasma membrane was transfected into
OT-I CTLs. After 8-14 h, CTLs were conjugated to targets and
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examined by immunofluorescence using antibodies against Lck
to mark the ¢cSMAC (red, Fig. 7A and C), LAMP1 to label gran-
ules, and CD8 to show the plasma membrane of CTLs (Fig. 7).
Confocal z-stacks of conjugates were taken, and the positions of
granules relative to the IS were analyzed by 3D reconstruction.
We scored a CTL as “granules polarized” when >80% of gran-
ules were clustered at the synapse (Fig. 7B and D). Figure 7E
shows the results of quantitation of 110 EYFP-mem-transfected
and 97 GFP-BICD2-NT-nesprin-3-transfected CTL/target con-
jugates, and there was no significant difference in granule
polarization.

Granule function is not impaired in
GFP-BICD2-NT-nesprin-3-transfected cells

Polarized granules are not necessarily functional. This is the
case for CTLs lacking Munc13-4, in which granules can dock at
the IS but fail to fuse with the plasma membrane [22]. There-
fore, it was important to determine whether the granules in
GFP-BICD2-NT-nesprin-3-transfected cells were fully functional
by testing their ability to release their contents and destroy target
cells.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. dSMAC formation in GFP-BICD2-NT-
nesprin-3-transfected CTLs. (A-F) OT-ICTLs ex-
pressing (A-C) EGFP-C1 or (D-F) GFP-BICD2-NT-
nesprin-3 were conjugated with OVA-pulsed
EL4 targets, fixed with PFA, and processed for
immunofluorescence. Mouse anti-phospho(p)-
PKC6 (red), sheep anti-GFP (green), and rabbit
anti-actin (white) were used, followed by Cy3-
donkey anti-mouse, Alexa 488-donkey anti-
sheep, and Cy5-donkey anti-rabbit. The nu-
clei were stained with Hoechst (blue). (A, B,
D, and E) are projections of confocal z-stacks.
Bar: 5 um. (C and F) show the en face view
of the IS. Bar: 2 pm. (G) Quantitation of actin
reorganization. Phospho-PKCé-positive conju-
gates were analyzed by 3D reconstruction for
actin ring formation at the dSMAC region of
the IS. n = 133 for GFP-transfected and n
= 126 for GFP-BICD2-NT-nesprin-3-transfected
CTL/target conjugates. Number of experiments
= 3. Error bars = SD; p = 0.63, Student’s t-test.
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When CTL lytic granules undergo degranulation, the lysoso-
mal membrane marker, LAMP1, appears on the plasma mem-
brane, allowing uptake of phycoerythrin (PE)-conjugated LAMP1
antibody, which can be used to assay degranulation. CD8 CTLs
are able to present peptides to each other via their own MHC
class 1 (self-presentation), when pulsed with OVA peptide. Ex-
pressing either GFP-BICD2-NT-nesprin-3 or GFP in OT-I CTLs,
we assayed degranulation after addition of OVA peptide for
2 h. We detected no significant difference in degranulation
between control and GFP-BICD2-NT-nesprin-3-transfected cells
(Fig. 8A). Similar results were obtained when degranulation as-
says were quantified at an earlier time point (30 min), and
when OVA peptide was presented by target EL4 cells (data not
shown).

We further investigated the killing ability of CTLs trans-
fected with GFP-BICD2-NT-nesprin-3 using a killing assay in
which target cell death was measured by release of lactate de-
hydrogenase (Fig. 8B). No significant difference in cytotoxicity
was seen between mock-transfected and GFP-BICD2-NT-nesprin-
3-transfected CTLs, consistent with the degranulation data
(Fig. 8A). We therefore conclude that lytic granule exocytosis is
unimpaired when nuclear membrane—centrosome dissociation is
blocked.
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Figure 5. Centrosome docking at the immune synapse in GFP-BICD2-
NT-nesprin-3-transfected CTLs. (A and B) GFP-BICD2-NT-nesprin-3 or
mock-transfected CTLs were conjugated to OVA-pulsed EL4 targets,
fixed in MeOH, and immunolabeled with mouse anti-Lck (red), rat anti-
CD8 (green), sheep anti-GFP (green), and rabbit anti-y-tubulin (white);
and donkey secondary antibodies: Cy3-anti-mouse, Alexa 488-anti-rat,
Alexa 488-anti-sheep, and Cy5-anti-rabbit. Nuclei were stained with
Hoechst (blue). Confocal projections are shown. Bar: 5 pm. (C) Quanti-
tation of centrosome polarization. Conjugates with a cSMAC detected
by Lck were analyzed by 3D reconstruction for granule polarization.
n = 141 for mock and n = 131 for GFP-BICD2-NT-nesprin-3-transfected
CTL/target conjugates. Number of experiments = 3. Error bars = SD.
Student’s t-test: p = 0.88 for docked, 0.70 for proximal, and 0.40 for
distal.

While preventing nucleus—centrosome dissociation did not in-
terfere with CTL cytotoxicity, we also attempted to ask whether in-
creasing the distance between the nucleus and centrosome had an
effect. Using a dominant negative SUN luminal domain construct,
which has been shown to increase nucleus—centrosome distance
[23], we found no difference in degranulation from CTLs trans-
fected with a control plasmid lacking the SUN luminal domain
(Supporting Information Fig. 1).

We conclude that, when the centrosome cannot detach from
the nucleus during conjugate formation, it can still dock at the
synapse, with the nucleus still attached. These results reveal
that, centrosome docking and granule polarization to the immune
synapse are independent of nucleus—centrosome dissociation.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Discussion

The release of lytic granule contents from CTLs provides a highly
effective mechanism of killing, and needs to be highly regulated.
Using different mouse models and naturally occurring mutations
in patients, it has been established that CTL delivery of lytic gran-
ules is a multi-step process with a number of checkpoints. When
CTLs recognize target cells, signaling via the TCR triggers forma-
tion of the IS, repositioning of the centrosome toward the target,
and movement of the centrosome to contact the plasma mem-
brane where it docks within the IS [4]. The centrosome docks
at the plasma membrane in response to even weak TCR signals,
with a higher threshold of signaling required for granule polar-
ization [24]. Other proteins including the AP-3 complex [25],
Rab7, and RILP [26] contribute to the directional movement of
granules toward the docked centrosome at the synapse. In addi-
tion, fusion of granules to the plasma membrane is controlled by
the GTPase Rab27a and its effector Munc 13-4 [22,27-29]. Syn-
taxin 11 and Munc 18-2 are also required for CTL granule release
[30-33].

In most cell types, the centrosome is localized close to the
nuclear membrane in non-dividing cells. The KASH domain-
containing nesprins provide the linker between the nuclear en-
velope and the cytoskeleton [23, 34], and we have confirmed the
expression of all four nesprins in CTLs by sequencing of RT-PCR
products. Nesprins are therefore likely to play a role in nuclear—
centrosomal attachment in CTLs.

Unlike the majority of cell types, the centrosome is highly
dynamic in CTLs and adopts different positions depending on
whether the cells are migrating or interacting with targets. Centro-
some docking at the synapse is necessary for lytic granule secre-
tion. In CTLs lacking Lck, the centrosome can reposition toward
the synapse, but cannot dock at the plasma membrane, and gran-
ule release is abolished [8]. These and other studies [4] showed
that, when the centrosome is docked at the synapse, it is often
separated from the nuclear envelope. In this study, we found
centrosome-nuclear envelope separation in 65% of CTLs conju-
gated to targets — a significantly higher number than in CTLs
without targets. We therefore asked whether centrosomal sepa-
ration from the nuclear envelope is required for docking at the
plasma membrane and release of lytic granules at the IS. Our data
show that, even when the centrosome is irreversibly glued to the
nuclear membrane, it is able to dock at the plasma membrane and
lytic granules are secreted at the IS.

Why then is the centrosome so dynamic in CTLs? One pos-
sibility is that centrosomal movement is required for movement
of the cells themselves. CTLs migrate in an amoeboid fashion,
with a leading edge, the cell body that contains the nucleus, and
a lagging tail known as the uropod (for review, see [35]). Dur-
ing migration, the centrosome lags behind the nucleus, often at a
distance. Preliminary results suggest that GFP-BICD2-NT-nesprin-
3-transfected CTLs migrate more slowly than control transfected
CTLs. However, our results suggest that migration is unlikely to be
inhibited significantly, as target cell killing is unimpaired. Further
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studies are required to address the role of centrosomal detachment
in migration of CTLs.

Materials and methods

Antibodies

Primary antibodies used for immunofluorescence were: rabbit
anti-y-tubulin (Sigma-Aldrich), anti-lamin B1 (Abcam), and anti-
actin (Sigma-Aldrich); mouse anti-y-tubulin (clone TU-30, Ab-
cam), anti-Lck (clone 3a5, Millipore), and anti-pT538-PKCH (clone
19/PKC, BD Biosciences); sheep anti-GFP (AbD Serotec); rat
anti-CD8 (clone YTS192, H. Waldmann, University of Oxford),
and anti-LAMP1 (clone 1D4B, Developmental Studies Hybridoma
Bank). Alexa Fluor-conjugated secondary antibodies were pur-

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. GFP-BICD2-NT-nesprin-3 brings the
nucleus close to the synapse. (A) OT-I CTLs
expressing GFP-BICD2-NT-nesprin-3 and RFP-
PACT to mark the centrosome, were conju-
gated with OVA-pulsed EL4 targets, fixed with
MeOH, and immunolabeled with rat anti-CD8
(white) and sheep anti-GFP (green), followed
by DyLight 649-donkey anti-rat and Alexa 488-
donkey anti-sheep. Nuclei were stained with
Hoechst (blue). A confocal z-slice of a CTL with
a docked centrosome at the IS is shown. Bar:
5 um. (B) The distance between IS and nu-
clear envelope. OT-I1 CTLs were immunolabeled
as is described in (C). The nearest nuclear-IS
distance was measured using Bitplane Imaris
software. n = 52 for mock-transfected and
n =48 for GFP-BICD2-NT-nesprin-3-transfected
CTL/target conjugates. Number of experiments
= 3. Error bars = SD; p = 0.02, Student’s
t-test. (C) CTLs transfected with GFP-BICD2-NT-
nesprin-3 (v-viii) and control CTLs (i-iv) were
conjugated with OVA-pulsed EL4 targets, fixed
with PFA, and immunolabeled with mouse
anti-phospho-PKC6 (red), rabbit anti-lamin B1
(white), and (i-iv) rat anti-CD8 (green) or (v-viii)
sheep anti-GFP (green). Donkey secondary an-
tibodies were Cy3-anti-mouse, Cy5-anti-rabbit,
and Alexa 488-anti-rat (i-iv) or Alexa 488-anti-
sheep (v-viii). The nuclei were stained with
Hoechst (blue). Phospho-PKC6-positive conju-
gates were analyzed by 3D reconstruction. Pro-
jections of z-stacks are shown. These images
are representative of >48 cells. Bar: 5 um.

chased from Invitrogen; DyLight-, Cy3-, and Cy5-conjugated sec-
ondary antibodies were obtained from Jackson ImmunoResearch.
For degranulation assays, PE-conjugated rat anti-LAMP1 (clone
1D4B, eBioscience) was used.

Cell culture

Spleens isolated from OT-I mice were disrupted through 70 pm
cell strainers (BD Biosciences), washed once and, for stimula-
tion, resuspended in CTL medium containing Iscove’s Modified
Dulbecco’s Media (Invitrogen), 10% FCS, 2 mM L-glutamine,
50 uM B-mercaptoethanol, 50 U/mL penicillin and streptomycin,
100 U/mL Proleukin IL-2 (Novartis), and 10 nM OVAjys7.064 pep-
tide [SIINFEKL] (GenScript). OT-I1 CTLs were used for experiments
between 6 and 9 days after stimulation. H-2KP EL4 target cells
were maintained in DMEM, 10% FCS, 2 mM L-glutamine.
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Constructs and transfection

EGFP-C1 and EYFP-mem were obtained from Clontech. GFP-
BICD2-NT-nesprin-3, which contains amino acids 1-594 of BICD2
and amino acids 582-975 of nesprin-3 [16], as well as SP-GFP
and SP-GFP-DN-SUNL [23] were described previously. RFP-PACT
was a kind gift of S. Munro [21]. For transfections, the Amaxa
mouse T-cell transfection kit (Lonza) was used. Typically, 5 x 10°
cells were transfected with 3 jug of DNA using the X-001 program
on the Amaxa Nucleofector II machine (Lonza).

Immunofluorescence and electron microscopy

Cells were rinsed with warmed serum-free medium, and plated
onto multiwell slides (C.A. Hendley, Essex, UK) 15 min before fix-
ation with MeOH for 5 min at —20°C; alternatively, to allow bet-
ter preservation of nuclear structure, fixed with 3% PFA, quenched
with 50 mM NH4Cl in PBS, followed by permeabilization with cold
MeOH. After blocking in PGA (PBS, 0.2% gelatin, 0.02% NaNj3),
the cells were incubated with primary antibodies for 45 min,
washed in PGA, followed by a 45-min incubation with fluorophore-
conjugated secondary antibodies. The slides were washed in PGA,
mounted with a glycerol-based mounting medium.

Slides were examined at ambient temperature through a 100x
oil immersion lens (NA 1.4) on the Andor Revolution spinning
disk confocal system. Andor iQ was the image acquisition program

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. Granule polarization proceeds in
GFP-BICD2-NT-nesprin-3-transfected CTLs.
(A-D) OT-I CTLs transfected with (A, B) EYFP-
mem or (C, D) GFP-BICD2-NT-nesprin-3 were
conjugated with OVA-pulsed EL4 targets, fixed
with MeOH, and immunolabeled with mouse
anti-Lck (red), sheep anti-GFP (green), rat anti-
CD8, followed by rat anti-LAMP1 (white), with
Cy3-donkey anti-mouse, Alexa 488-donkey
anti-sheep, and DyLight 649-donkey anti-rat
secondary antibodies. Nuclei were stained
with Hoechst (blue). Projections of confocal
z-stacks are shown. Bar: 5 pm. (E) Quantitation
of granule polarization. ¢SMAC formation
was detected by Lck clustering analyzed by
3D reconstruction for granule polarization.
n = 110 for EYFP-mem-transfected and n =
97 for GFP-BICD2-NT-nesprin-3-transfected
CTL/target conjugates. Number of experiments
= 3. Error bars = SD; p = 0.55, Student’s t-test.

LAMP1 + CD8

m polarised
m not polarised

used; 3D analysis of z-stacks was carried out using Bitplane Imaris
7.2 software; Adobe Photoshop CS3 and Illustrator 10 were used
to generate figures from digital images.

For immunofluorescence of CTL/target conjugates, EL4 target
cells were pulsed with 1 uM OVA peptide in normal EL4 culture
medium for 1 h at 37°C, with gentle shaking every 20 min. The
pulsed EL4 was washed twice with normal medium. OT-I CTLs and
EL4 cells were then independently rinsed once and resuspended
in serum-free medium at a density of 1-1.5 x 10° cells/mL. CTLs
and target cells were mixed at 1:1 ratio, and incubated for 20—
25 min at 37°C on multiwell slides before fixation.

Electron microscopy was carried out as described in [24].

Conjugation assay

OT-I CTLs were transfected with GFP or GFP-BICD2-NT-nesprin-3,
and allowed to recover at 37°C for 8 h. Target EL4 cells were in-
cubated in the absence or presence of the OVA peptide for 1 h
at 37°C, rinsed once in serum-free medium, and stained with the
PKH26 dye using PKH26 Red Fluorescent Cell Linker Kit (Sigma-
Aldrich). The cells were stained for 2 min at room temperature,
with gentle mixing using a pipette; then quenched with 1 mL of
FCS for 1 min, and washed four times in complete medium. Trans-
fected CTLs and EL4 cells were mixed at 1:1 ratio and allowed to
conjugate at 37°C for 20 min. The conjugates were transferred
to ice and cooled with 3 mL of cold FACS buffer (0.2% BSA in
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PBS) to stop movements, before pelleted at 4°C. The pellets were
resuspended very gently with wide-bore pipette tips just before
being analyzed on a FACSCalibur flow cytometer (Becton Dickin-
son). Live transfected CTLs were gated using forward/side scatter.
Data were analyzed using the FlowJo software. Double positives
for the FL1 GFP channel and the FL2 red channel were counted as
conjugates. The efficiency of conjugate formation was calculated
as the percentage of red and green doublets as a percentage of the
total number of transfected CTLs.

Degranulation assay

OT-I CTLs were transfected with EGFP-C1 or GFP-BICD2-NT-
nesprin-3, and incubated for 8 h at 37°C. CTLs and EL4 targets
were mixed at a ratio of 1:1, and incubated for 2 h at 37°C in the
presence of PE-conjugated anti-LAMP1. Cells were then cooled in
ice-cold PBS and pelleted at 4°C, before being resuspended in ice-
cold FACS buffer. The samples were analyzed using a FACSCalibur
flow cytometer (Becton Dickinson). Live transfected CTLs were
gated using forward/side scatter and FL1 channel for the GFP
fluorescence signal. Data were analyzed using the FlowJo soft-
ware.

Cytotoxicity assay

OT-I CTLs were transfected in the absence or presence of GFP-
BICD2-NT-nesprin-3, and incubated for 6-7 h at 37°C. Cytotox-
icity assays were carried out as described previously using the
Promega CytoTox 96 Non-radioactive Cytotoxicity Assay [24]. In

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

short, CTLs and OVA-peptide-pulsed EL4 target cells were mixed
in various titration ratios in round-bottom 96-well plates, and in-
cubated for 4 h at 37°C. The release of lactate dehydrogenase
from the lysed target cells causes a colorimetric change of the as-
say substrate, which can be detected by a spectrophotometer at
490 nm.

Acknowledgments: We thank members of the Griffiths laboratory
for helpful discussions. This research was funded by a Wellcome
Trust Strategic Award and a Wellcome Trust Principal Research
Fellowship (075880) to GMG.

Conflict of interest: The authors declare no financial or commer-
cial conflict of interest.

References

1 Monks, C. R., Freiberg, B. A., Kupfer, H., Sciaky, N. and Kupfer, A., Three-
dimensional segregation of supramolecular activation clusters in T cells.
Nature 1998. 395: 82-86.

2 Freiberg, B. A., Kupfer, H., Maslanik, W., Delli, J., Kappler, J., Zaller, D.
M. and Kupfer, A., Staging and resetting T-cell activation in SMACs. Nat.
Immunol. 2002. 3: 911-917.

3 Stinchcombe, J. C. and Griffiths, G. M., Normal and abnormal secretion
by haemopoietic cells. Immunology 2001. 103: 10-16.

www.eji-journal.eu



Eur. J. Immunol. 2012. 42: 2132-2141

V]

~

10

11

12

13

14

1

[

16

17

18

19

20

21

22

Stinchcombe, J. C., Majorovits, E., Bossi, G., Fuller, S. and Griffiths, G. M.,
Centrosome polarization delivers secretory granules to the immunolog-
ical synapse. Nature 2006. 443: 462-465.

Kuhn, J. R. and Poenie, M., Dynamic polarization of the microtubule
cytoskeleton during CTL-mediated killing. Immunity 2002. 16: 111-121.

Geiger, B., Rosen, D. and Berke, G., Spatial relationships of microtubule-
organizing centers and the contact area of cytotoxic T lymphocytes and
target cells. J. Cell Biol. 1982. 95: 137-143.

Kupfer, A., Singer, S. J. and Dennert, G., On the mechanism of unidirec-
tional killing in mixtures of two cytotoxic T lymphocytes. Unidirectional
polarization of cytoplasmic organelles and the membrane-associated cy-
toskeleton in the effector cell. J. Exp. Med. 1986. 163: 489-498.

Tsun, A., Qureshi, 1., Stinchcombe, J. C., Jenkins, M. R., de la Roche,
M., Kleczkowska, J., Zamoyska, R. et al., Centrosome docking at the im-
munological synapse is controlled by Lck signaling. J. Cell Biol. 2011. 192:
663-674.

Tamm, S. and Tamm, S. L., Development of macrociliary cells in Beroe.
I. Actin bundles and centriole migration. J. Cell Sci. 1988. 89(Pt 1): 67-80.

Boisvieux-Ulrich, E., Laine, M. C. and Sandoz, D., In vitro effects of ben-
zodiazepines on ciliogenesis in the quail oviduct. Cell Motil. Cytoskeleton
1987. 8: 333-344.

Boisvieux-Ulrich, E., Laine, M. C. and Sandoz, D., Cytochalasin D inhibits
basal body migration and ciliary elongation in quail oviduct epithelium.
Cell Tissue Res. 1990. 259: 443-454.

McGee, M. D., Rillo, R., Anderson, A. S. and Starr, D. A, UNC-83 is a
KASH protein required for nuclear migration and is recruited to the outer
nuclear membrane by a physical interaction with the SUN protein UNC-
84. Mol. Biol. Cell 2006. 17: 1790-1801.

Zhang, X., Lei, K., Yuan, X., Wu, X., Zhuang, Y., Xu, T., Xu, R. et al.,
SUN1/2 and Syne/Nesprin-1/2 complexes connect centrosome to the nu-
cleus during neurogenesis and neuronal migration in mice. Neuron 2009.
64: 173-187.

Razafsky, D. and Hodzic, D., Bringing KASH under the SUN: the many
faces of nucleocytoskeletal connections. J. Cell Biol. 2009. 186: 461-
472.

Hoogenraad, C. C., Wulf, P., Schiefermeier, N., Stepanova, T., Galjart,
N., Small, J. V., Grosveld, F. et al., Bicaudal D induces selective dynein-
mediated microtubule minus end-directed transport. Embo. J. 2003. 22:
6004-6015.

Splinter, D., Tanenbaum, M. E., Lindqvist, A., Jaarsma, D., Flotho, A.,
Yu, K. L., Grigoriev, I. et al., Bicaudal D2, dynein, and kinesin-1 asso-
ciate with nuclear pore complexes and regulate centrosome and nuclear
positioning during mitotic entry. PLoS Biol. 2010. 8: €1000350.

Dustin, M. L., Bromley, S. K., Kan, Z., Peterson, D. A. and Unanue, E.
R., Antigen receptor engagement delivers a stop signal to migrating T
lymphocytes. Proc. Natl. Acad. Sci. USA 1997. 94: 3909-3913.

Ratner, S., Sherrod, W. S. and Lichlyter, D., Microtubule retraction into
the uropod and its role in T-cell polarization and motility. J. Immunol.
1997. 159: 1063-1067.

Hogquist, K. A., Jameson, S. C., Heath, W. R., Howard, J. L., Bevan, M. J.
and Carbone, F. R., T-cell receptor antagonist peptides induce positive
selection. Cell 1994. 76: 17-27.

Stinchcombe, J. C. and Griffiths, G. M., Secretory mechanisms in cell-
mediated cytotoxicity. Annu. Rev. Cell Dev. Biol. 2007. 23: 495-517.

Gillingham, A. K. and Munro, S., The PACT domain, a conserved centro-
somal targeting motif in the coiled-coil proteins AKAP450 and pericen-
trin. EMBO Rep. 2000. 1: 524-529.

Feldmann, J., Callebaut, I., Raposo, G., Certain, S., Bacq, D., Dumont, C.,
Lambert, N. et al., Munc13-4 is essential for cytolytic granules fusion and

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

23

24

25

26

27

28

2

o

30

31

32

33

34

35

Molecular immunology

is mutated in a form of familial hemophagocytic lymphohistiocytosis
(FHL3). Cell 2003. 115: 461-473.

Schneider, M., Lu, W., Neumann, S., Brachner, A., Gotzmann, J., Noegel,
A. A. and Karakesisoglou, 1., Molecular mechanisms of centrosome and
cytoskeleton anchorage at the nuclear envelope. Cell Mol. Life Sci. 2011.
68: 1593-1610.

Jenkins, M. R., Tsun, A., Stinchcombe, J. C. and Griffiths, G. M., The
strength of T-cell receptor signal controls the polarization of cytotoxic
machinery to the immunological synapse. Immunity 2009. 31: 621-631.

Clark, R. H., Stinchcombe, J. C., Day, A., Blott, E., Booth, S., Bossi, G.,
Hamblin, T. et al., Adaptor protein 3-dependent microtubule-mediated
movement of lytic granules to the immunological synapse. Nat. Immunol.
2003. 4: 1111-1120.

Daniele, T., Hackmann, Y., Ritter, A. T., Wenham, M., Booth, S., Bossi, G.,
Schintler, M. et al., A role for Rab7 in the movement of secretory granules
in cytotoxic T lymphocytes. Traffic 2011. 12: 902-911.

Haddad, E. K., Wu, X., Hammer, J. A., 3rd and Henkart, P. A., Defective
granule exocytosis in Rab27a-deficient lymphocytes from Ashen mice. J.
Cell Biol. 2001. 152: 835-842.

Menasche, G., Pastural, E., Feldmann, J., Certain, S., Ersoy, F., Dupuis,
S., Wulffraat, N. et al., Mutations in RAB27A cause Griscelli syndrome
associated with haemophagocytic syndrome. Nat. Genet. 2000. 25: 173-
176.

Stinchcombe, J. C., Barral, D. C., Mules, E. H., Booth, S., Hume, A. N.,
Machesky, L. M., Seabra, M. C. et al., Rab27a is required for regulated
secretion in cytotoxic T lymphocytes. J. Cell Biol. 2001. 152: 825-834.

Arneson, L. N., Brickshawana, A., Segovis, C. M., Schoon, R. A., Dick,
C.J. and Leibson, P. J., Cutting edge: syntaxin 11 regulates lymphocyte-
mediated secretion and cytotoxicity. J. Immunol. 2007. 179: 3397-3401.

Bryceson, Y. T., Rudd, E., Zheng, C., Edner, J., Ma, D., Wood, S. M.,
Bechensteen, A. G. et al., Defective cytotoxic lymphocyte degranulation
in syntaxin-11 deficient familial hemophagocytic lymphohistiocytosis 4
(FHL4) patients. Blood 2007. 110: 1906-1915.

Cote, M., Menager, M. M., Burgess, A., Mahlaoui, N., Picard, C.,
Schaffner, C., Al-Manjomi, F. et al., Munc18-2 deficiency causes familial
hemophagocytic lymphohistiocytosis type 5 and impairs cytotoxic gran-
ule exocytosis in patient NK cells. J. Clin. Invest. 2009. 119: 3765-3773.

zur Stadt, U., Rohr, ]., Seifert, W., Koch, F., Grieve, S., Pagel, ]., Strauss,
J. et al., Familial hemophagocytic lymphohistiocytosis type 5 (FHL-5) is
caused by mutations in Munc18-2 and impaired binding to syntaxin 11.
Am. J. Hum. Genet. 2009. 85: 482-492.

Malone, C. J., Misner, L., Le Bot, N., Tsai, M. C., Campbell, J. M., Ahringer,
J. and White, J. G., The C. elegans hook protein, ZYG-12, mediates the
essential attachment between the centrosome and nucleus. Cell 2003.
115: 825-836.

Friedl, P. and Weigelin, B., Interstitial leukocyte migration and immune
function. Nat. Immunol. 2008. 9: 960-969.

Abbreviations: ¢SMAC: central supramolecular activation complex -

dSMAC: distal SMAC - IS: immunological synapse - pPSMAC: peripheral
SMAC

Full correspondence: Prof. Gillian M. Griffiths, CIMR, Wellcome/MRC
Building, Hills Road, Cambridge CB2 0XY, UK

Fax: +44-1223-762323

e-mail: gg305@cam.ac.uk

Received: 9/3/2012

Revised: 17/4/2012

Accepted: 16/5/2012

Accepted article online: 27/6/2012

www.eji-journal.eu

2141 &



