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Abstract

T cell responses to antigen are initiated by engagement of the T cell receptor (TCR)?, leading to
activation of diverse signaling cascades, including an incompletely defined pathway that triggers
rapid remodeling of the actin cytoskeleton. Defects in control of actin dynamics and organization
are associated with several human immunodeficiency diseases, emphasizing the importance of
cytoskeletal remodeling in the functioning of the adaptive immune system. Here, we investigate
the role of the adaptor protein Bcl102 in the control of actin dynamics. Although Bcl10 is
primarily known as a component of the pathway connecting the TCR to activation of the NF-xB 3
transcription factor, a few studies have implicated Bcl10 in antigen receptor-dependent control of
actin polymerization and F-actin-dependent functional responses. However, the role of Bcl10 in
regulation of cytoskeletal dynamics remains largely undefined. To investigate the contribution of
Bcl10 in regulation of TCR-dependent cytoskeletal dynamics, we monitored actin dynamics at the
immune synapse of primary murine CD8 effector T cells. Quantification of these dynamics reveals
two distinct temporal phases distinguished by differences in speed and directionality. Our results
indicate that effector CD8 T cells lacking Bcl10 display faster actin flows and more dynamic
lamellipodia, compared to wild-type cells. These studies define a role for Bcl10 in TCR-dependent
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actin dynamics, emphasizing that Bcl10 has important cytoskeleton-directed functions that are
likely independent of its role in transmission of NF-xB -activating signals.
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1. Introduction

T cells are an essential component of the adaptive immune system. The T cell receptor
(TCR) is stimulated by cognate peptide bound to the appropriate major histocompatibility
complex (MHC) allele on the surface of an antigen-presenting cell. One consequence of
TCR engagement by specific antigen is activation of a downstream signaling cascade that
results in rapid remodeling of the actin cytoskeleton [1]. TCR interaction with stimulatory
peptide-MHC results in the formation of signaling microclusters that consist of various
downstream signaling molecules clustered around the cytoplasmic face of the TCR. Targets
of TCR activation include the Rho family GTPases, which activate actin nucleation
promoting factors (NPFs) such as WAVE2, HS1, and WASP [1-4]. These NPFs in turn
activate the Arp2/3 complex, nucleating actin polymerization, leading to large scale
rearrangements of the actin cytoskeleton and force generation upon T cell activation [5-8].
The actin cytoskeleton and myosin motors subsequently assemble into a characteristic
annular structure [9-11], which is a defining feature of the activated T cell immune synapse
[12,13]. This remodeling of the actin cytoskeleton is a hallmark of the T cell response,
leading to the formation of the immunological synapse. Dynamic remodeling of the actin
cytoskeleton is a tightly regulated and biologically important process. Indeed, defects in
actin remodeling are mechanistically involved in several immunodeficiencies, such as
Wiskott-Aldrich syndrome (WAS) [6]. Defining the molecular mechanisms that regulate
actin organization and dynamics at the immune synapse following TCR activation is,
therefore, of fundamental importance. Notably, the mechanisms linking the activation of
TCR-initiated signaling pathways to changes in cytoskeletal dynamics remain poorly
understood.

B cell lymphoma/leukemia 10 (Bcl10) is a small, ubiquitously expressed adaptor protein
consisting of an N-terminal caspase recruitment domain (CARD) and a C-terminal region
with no identified consensus functional domains or motifs. A large number of T cell studies
collectively implicate Bcl10 as a key constituent of a TCR-dependent cytoplasmic NF-xB
signaling intermediate, referred to as the caspase recruitment domain family member 11
(Card11)-Bcl10-mucosa-associated lymphoid tissue lymphoma translocation gene-1 (Malt1)
(CBM) complex [14-16]. In the absence of Bcl10 expression, the CBM complex cannot
form, and TCR-induced NF-xB activation is highly impaired. Consequences include defects
in production of the critical T cell autocrine growth factor, interleukin-2 (IL-2), and several
additional activation-associated proteins. Bcl10~/~ T cells exhibit poor proliferative
responses and defective effector differentiation [17,18]. Defects in CBM complex signaling
are also mechanistically associated with a growing list of primary immunodeficiencies [19],
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further emphasizing the importance of Bcl10 and its partners in normal immune system
function.

Interestingly, a few studies have implicated Bcl10 in regulation of the actin cytoskeleton. In
one such study, Rueda et al. [20] showed that, independent of its role in NF-xB activation,
Bcl10 regulates actin organization in Jurkat cells and CD4* primary murine T cells.
Specifically, they identified Ser138 as a critical phosphorylation site that affects F-actin
organization but does not impact NF-xB activation. However, these studies primarily
employed biochemical methods, static imaging and functional assays, leaving the role of
Bcl10 in regulation of cytoskeletal dynamics largely unaddressed. Moreover, these studies
did not address the potential role of Bcl10 in regulation of the actin cytoskeleton in CD8
effector T cells (also called cytotoxic T lymphocytes (CTLSs)), a subset required for the
killing of host cells infected with intracellular pathogens. In this work, we define the role of
Bcl10 in regulating cell morphology and actin dynamics in primary murine CD8 effector T
cells. We used interference reflection microscopy (IRM) to image cell morphology and total
internal reflection fluorescence (TIRF) microscopy to examine actin dynamics with high
temporal and spatial resolution in CD8 T cells. Quantification of these dynamics using
spatiotemporal image correlation spectroscopy (STICS) reveals two distinct temporal
phases. Actin flows are fast and directed inward but rapidly slowing down during the early
phase followed by a slower phase with steady speeds and more randomly oriented flows.
Our data and analyses indicate that cells lacking Bcl10 display more prominent edge
dynamics compared to wildtype cells. Our results also demonstrate that lack of Bcl10 leads
to faster actin flow speeds at the T cell immune synapse during both temporal phases.

Results

2.1. CDB8 effector T cells lacking Bcl10 have more dynamic lamellipodia, but normal
spreading kinetics

In order to probe the role of Bcl10 in the dynamics and organization of the actin
cytoskeleton in primary murine CD8 effector T cells, we purified CD8 T cells from lymph
nodes (LN) and spleens of wild type (WT) and Bcl10~/~ mice [17], followed by in vitro
differentiation by approximately seven days of expansion in media supplemented with
interleukin-2 (I1L-2). We confirmed by Western Blot that Bcl10™/~ CD8 T cells do not
express Bcl10 but do express its signaling partner Maltl at the same level as wildtype cells
(Supplementary Figure 1). We have previously shown that Bcl10™~ CD8 T cells expand and
differentiate efficiently when provided with ample anti-TCR/anti-CD28 stimulation and
interleukin-2 [18]. To investigate the dynamics of cell morphology and the actin
cytoskeleton upon stimulation of these CD8 effectors, we activated WT and Bcl10~~ cells
on an anti-TCRp coated substrate. We then imaged the cells as they responded to TCR
activation using interference reflection microscopy (IRM) [21]. Figure 1a shows a montage
of time-lapse images from a representative WT (top panel) and Bcl10~/~ (bottom panel) cell.
From the IRM time-lapse movies, we quantified the spreading kinetics of WT and Bcl10~/~
cells. The IRM images were segmented to obtain binary masks in order to quantify the
change in the contact area over time (see Methods). We then fit the spreading area versus
time curve to a hyperbolic tangent (fan/) function to extract a spreading rate, as shown for
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four representative WT (black) and Bcl10~/~ (red) cells (Figure 1b). The spreading curves of
all WT cells (N = 34) and Bcl107~ cells (N = 35 cells) followed this characteristic pattern
and were fit with the fanA function to obtain a spreading rate for each cell, similar to our
previous results on Jurkat T cells [21]. Comparison of the population spreading rates showed
that Bcl10~/~ cells exhibited higher variability compared to WT cells even though the mean
spreading rates were not significantly different (Figure 1c).

After the initial spreading phase and upon reaching their maximal spread state, cells
continue to display significant protrusions and retractions of the cell edge. These
morphological dynamics may be indicative of the stability of the immune synapse. From the
IRM images of these cells, we extracted the contours and quantified the dynamics of the
edges using a level set algorithm to calculate the edge velocities [9,22]. A representative
snapshot of each cell type is shown in Figure 1d. The contours are color coded such that blue
contours represent early times and red contours represent late times, while the heatmaps of
the edge velocities represent protrusions (red) and retractions (blue) (Figure 1e). The WT
cells show largely disorganized protrusion-retraction patterns while the Bcl10~/~ cells show
sustained cycles of protrusions and retractions along the cell periphery that are evident from
the diagonal stripes in the heatmaps of edge velocities (2 representative cells are shown for
each condition in Figure 1e). In order to quantify the dynamics of the cell boundary motion,
we used a spatiotemporal spectral decomposition method [23]. This method decomposes the
protrusion-retraction cycles along the cell edge into a small set of component waveforms
called “modes”, using an empirical mode decomposition and the Hilbert-Huang transform
(HHT). We restricted our decomposition to a total of five modes to ensure numerical
convergence in the calculation of the modes. We also focused our analysis on the later phase
of spreading (past the 4 min time point), when the cells were fully extended and clear
protraction/retraction dynamics could be observed. We found that the low order modes were
broadly distributed in frequency, representing the stochastic dynamics of the cell edge,
whereas the higher order modes represented very low frequency cell-wide movements
(Supplementary Fig. 2). However, Modes 2 and 3 effectively captured the protrusion-
retraction dynamics of the cell edge observed in Figure 1e. The amplitude distributions of
these modes across WT and Bcl10~/~ cells as determined by the HHT differed slightly but
significantly, with Bcl107/~ cells exhibiting overall higher amplitudes, indicative of
increased oscillatory dynamics of the cell edge, relative to WT (Figure 1f, g). Thus, we find
that Bcl10~/~ cells display greater variability in their spreading kinetics as well as more
dynamic edges during spreading. Since the TCR induced spreading is actin mediated, we
conjectured that these differences may be related to actin organization and dynamics at the T
cell immune synapse.

2.2. WT and Bcl107~ CD8 effector T cells display a highly dynamic actin cytoskeleton

We next examined whether the organization and dynamics of the actin ring was altered in
Bcl107/~ cells. In order to study the dynamics of actin flows at the immune synapse, WT and
Bcl107/~ cells were transduced using a retroviral construct expressing F-tractin-EGFP, a
reporter that binds specifically to F-actin [24]. We activated these cells as described above,
using substrate bound anti-TCRp, and we monitored the actin dynamics at the synapse using
Total Internal Reflection Fluorescence (TIRF) microscopy. Time-lapse TIRF imaging
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showed dramatic actin reorganization at the contact zone. For both WT and Bcl107/~ cells,
upon activation by contact with the activating surface, the actin cytoskeleton organized itself
into dynamic patterns spreading outwards in multiple ‘fronts’ or ‘waves’ (Movie 1), which
may be similar to the actin-membrane waves that correlate with the formation of signaling
clusters, as described in earlier work [9,25]. We also observed a characteristic clearance of
actin in the cell center (i.e. formation of an actin ring), which persisted for 1-2 minutes,
followed by a recovery of actin over the entire contact zone and a closure of this ring (as
shown for both WT and Bcl107/~ cells in Figure 2a). This actin clearance is concurrent with
the secretion of granules by CTLs, as described before [26]. The later stages of spreading
were characterized by dynamic actin foci and a network of filaments in the contact zone
(Movie 1), which have been described previously for activated CD4 and Jurkat T cells
[27-29]. We found that Bcl107/~ cells also displayed a qualitatively similar behavior of actin
clearance followed by recovery (Figure 2a). The times required for actin recovery in these
cells were largely similar, 152s + 111s seconds for WT (N= 9 cells) and 128s * 58s for
Bcl107/~ (N = 16 cells).

The formation and closure of the actin ring and the morphological changes in CTLs suggests
extensive lamellipodial actin dynamics during T cell activation which we hypothesized may
be modulated by Bcl10 signaling. In order to further characterize these dynamics, we
obtained TIRF images of F-tractin-EGFP labeled actin in these cells (Figure 2b) with high
temporal resolution (1s time interval between frames). To quantify actin flows, we used
Spatiotemporal Image Correlation Spectroscopy (STICS) [30], which is a technique that
incorporates fluorescence intensity correlations across spatial and temporal interrogation
windows in order to quantify changes in protein dynamics over time and space. An
illustrative example from STICS analysis is shown in Figure 2c. The resulting velocity
vectors can be analyzed in terms of their magnitudes (lengths of the arrows in Figure 2c) and
their directions (Figure 2c inset), both of which show temporal evolution. To better study
their time dependence, we decomposed the velocity vectors resulting from the STICS
analysis into heat maps of speeds or magnitudes (Figure 2d) and directional coherence of
velocity vectors as described in methods (Figure 2e). Higher speeds correspond to yellows
while lower speeds correspond to blues in the representative speed heat map (Figure 2d).
Qualitatively, we observe an initial (early) phase of higher speeds distributed peripherally
(yellows in the first panel of Figure 2d), while the later stages show a decrease in flow
speeds (more blues in the heat map). From the directional coherence heat maps, we see an
early stage of distinct inward directed peripheral flows (preponderance of yellows in Figure
2e, leftmost panel). Thus, both WT and Bcl10™/~ CD8 T cells display a highly dynamic actin
cytoskeleton, with both genotypes showing the characteristic clearance and recovery of actin
from the contact zone. STICS analysis on WT cells indicates the presence of two
qualitatively different temporal phases in actin dynamics.

2.3. Spatiotemporal image correlation spectroscopy (STICS) reveals the existence of
novel temporal behavior of actin dynamics in CD8 effector T cells

In order to compare the actin dynamics between WT and Bcl10~/~ cohorts, we sought to first
quantify the temporal behavior of actin flows in WT cells. Figure 3a shows the temporal
evolution of the probability density function (PDF) of actin flow speeds over time, with
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blues indicating early times, and yellows indicating later times. We observe that the
distribution narrows and shifts leftward over time, indicating that the speeds are slower and
more tightly distributed at later times. To quantify the temporal evolution of the PDF, we
tracked the system in the phase space of the mean and standard deviation of the PDF of flow
speeds. Figure 3b shows a scatterplot of mean speed (x-axis) and the standard deviation (y-
axis) of the PDF’s. The scatterplot is color coded so that blues indicate early times while
yellows indicate later times. As anticipated, the temporal evolution of the system follows an
almost monotonic decrease in both the mean and standard deviation of the PDF, until it gets
trapped in the lower left region of the phase space (Figure 3b). We then used a k-means
clustering approach [31] to classify the scatterplot into two distinct clusters (Figure 3c). A k-
means classification can classify any set of datapoints into an arbitrary number of clusters.
We choose to classify the data into two clusters because we qualitatively observed that the
actin dynamics show two distinct types of behavior (Figure 2d, 2e). Figure 3d shows a plot
of the mean actin flow speed over time for the same representative cell as in Figures 3a-c.
The shaded error bars indicate 2.576*SEM, which (for a normally distributed dataset, this
would correspond to the 99% confidence interval; in this case, it serves as a measure of the
spread in the data), and the colors correspond to the state assignment obtained from the k-
means clustering shown in Figure 3c. We find that these state assignments correspond to two
distinct phases: Phase 1 (blue) consists of higher but rapidly decreasing speeds, and Phase 2
(red) consists of slower but more stable speeds (Figure 3d).

For the rest of the analysis, we divided all the flows into these two phases, which were
determined separately for each cell by the same unbiased clustering approach. From the
spatial distribution of the directional flow vectors, we defined a metric called the second
spatial moment (SSM) to quantify the spatial distribution of inward flows. A higher SSM
indicates a more peripheral distribution of inward flows, while a lower SSM indicates either
a more centrally clustered or a more randomized distribution (see Methods). The two phases
we defined using the mean flow speed also shows a natural division for the SSM: a reduction
in the mean flow speed coincides with a reduction in the SSM. We found that the SSM
decreases in the early stages during Phase 1 and becomes roughly constant at later times in
Phase 2 (Figure 3e). This lower SSM at late stages is indicative of a more random
distribution of flow directions concurrent with an overall decrease in the flow speeds. These
observations indicate that actin forms a ring of fast, centripetal flows at early times, which
become disorganized, and disintegrate into more incoherent flows at later times.

In order to compare the speeds and directions for the entire population of cells studied, we
constructed the cumulative distribution function (CDF) of the flow speeds from all the
velocity vectors of all cells, after binning the data into the two temporal phases as defined
above. As expected, the CDF for the actin flow speeds is shifted to the right for Phase 1 as
compared to that for Phase 2 (Figure 3f). This rightward shift indicates that, at the
population level, the distribution of flows is faster in Phase 1 than in Phase 2. We also
constructed the probability density function (PDF) for the directional coherence (Figure 3g).
The directional coherence in Phase 1 (blue curve) shows a larger proportion of inward flows
(defined as directional coherence larger than 0.8) than that for Phase 2 (orange curve), as
shown in Figure 3g (inset). This observation indicates that actin retrograde flows are
enhanced more in the early spreading phase than in the later phase. We similarly compared
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the SSM of inward flow of each phase and found that the flow in Phase 1 is higher than in
Phase 2 indicating more peripheral flows in Phase 1, and more randomly oriented flows in
Phase 2 (Figure 3h). These data, together with the PDF of directional coherence implies that
not only is there a higher proportion of inward flow in Phase 1, but also that the distribution
of these flows is more peripheral in Phase 1 than in Phase 2. This finding is consistent with
our observation of a band of retrograde flow in the lamellipodial and lamellar regions. This
phenomenon has also been described in the context of Jurkat T cells spreading on
stimulatory planar lipid bilayers [32], suggesting that this dynamic behavior may be a
general feature of actin flows in TCR-stimulated T cells.

2.4. Bcl10 modulates actin dynamics in CD8 effector T cells

We next examined actin flows in Bcl10™/~ CD8 effector T cells and compared these to our
results using WT cells. Figure 4a shows a representative montage of time-lapse images of
spreading F-tractin-EGFP-expressing Bcl10~/~ T cells. As with WT cells, we used STICS
analysis to obtain flow speeds and directional coherence values as shown in the spatial heat
maps (Figure 4b, c). The actin flow speeds in Bcl10™~ T cells also exhibit two phases with a
faster initial phase and slower late phase, as observed with WT cells. We then applied our
classification scheme to compare the actin dynamics in WT and Bcl107/~ cells. We found
that the actin flows were significantly faster for the Bcl10~/~ cells as compared to those in
WT cells in both phases of activation (Figure 4d). Similar to WT cells, the directional
coherence in Phase 1 for Bcl10~/~ (blue dashed curve) shows a larger proportion of inward
flows (directional coherence larger than 0.8) than that for Phase 2 (orange curve), as shown
in Figure 4e. The directional coherence values were not significantly different between
Bcl107/~ and WT cells in either temporal phase. We then compared the SSM of inward flow
in each phase for WT and Bcl10~/~ cells and found that it was lower in Phase 2 than in
Phase 1for each cell type (Figure 4f). Interestingly, the SSM showed a significant difference
between Bcl10 and WT cells for each phase, however the spread in the data is quite large, so
these differences are not as robust as the differences in speed. The cumulative distribution
functions for the SSM for each cell type in Phase 1 (Figure 4g) and Phase 2 (Figure 4h)
illustrate these differences in the SSM. We speculate that these differences in the spatial
structure of retrograde flow are important for T cell activation, and for maintaining the
stability of the immune synapse. Our results show that similar to WT cells, Bcl10~/~ cells
show faster inward directed actin flows in the early phase, and slower randomly directed
flows in the later phase of activation. Importantly, lack of Bcl10 expression leads to faster
actin flows during both early and late phases of cell activation, as compared to WT cells.
This result indicates that Bcl10 may be important in regulating actin assembly and dynamics
to maintain optimum actin flows at the immune synapse.

3. Discussion

In this study, we have used a variety of live cell imaging approaches to define novel
connections between the adaptor molecule Bcl10, and TCR-dependent regulation of actin
cytoskeletal dynamics in CD8 effector T cells. Interestingly, although both WT and Bcl107/~
T cells formed actin rings in a similar manner, the distribution of spreading rates in Bcl10™/~
CD8 T cells was significantly different from that for WT cells. Also, the two cell types
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exhibited distinct protrusion-retraction dynamics at the periphery of the zone of contact with
the TCR-stimulating substrate. To determine whether these morphological differences were
correlated with differences in cytoskeletal dynamics between WT and Bcl10~/~ CD8 effector
T cells, we used spatiotemporal image correlation spectroscopy (STICS) analysis to measure
actin flows at the cell-substrate boundary during TCR activation. Through this methodology,
we initially defined two distinct phases of actin flows in WT CD8 effector T cells. The first
phase occurs during approximately the first two to three minutes of spreading, during which
actin flow speeds are rapidly decreasing with actin flows being preferentially oriented
toward the center. Immediately following this early phase, there is a distinct second phase,
characterized by a reduced and relatively constant actin flow speeds, with more randomly
oriented actin flows. We then compared the behavior of WT and Bcl10~/~ T cells, which
revealed that actin flow speeds are substantially accelerated in Bcl10~/~ T cells during both
phases, whereas the directional coherence is indistinguishable from WT cells.

Taken together, our data show that while the absence of Bcl10 has a significant impact on a
subset of parameters of TCR-dependent actin dynamics, other parameters are not impacted,
relative to the behavior of WT cells. These selective defects thus suggest that Bcl10 is
mechanistically involved in the control of a process or pathway that regulates specific
aspects of actin dynamics, rather than being a signal transducer that lies upstream of all
TCR-dependent signaling to the actin cytoskeleton. More specifically, our data are consistent
with Bcl10 controlling an actin remodeling process that determines flow rates, without
having a clear impact on F-actin distribution and directional coherence.

We note that our observation of two temporal phases of actin dynamics in primary T cells is
unique compared to prior work which described two spatial components of actin flows
corresponding to distance from the cell periphery in Jurkat T cells [10]. Our qualitative
observation of a distinct band of inward directed faster flows in the early phase of spreading
suggests an underlying spatial organization worth exploring. The difference in actin
dynamics in these different phases may have a significant effect on signaling and cytolytic
function through the development of forces across engaged TCR/ligand clusters as well as
integrins. In related recent work, we have shown that actin dynamics directly modulate B
cell receptor mobility and signaling [33], raising the possibility that T cell receptor signaling
may also be regulated by dynamic actin networks. Our finding of differential actin flows
over time indicates the need for future studies of time evolution of actin dynamics and their
effect on signaling (e.g. microcluster formation) and effector function (e.g. regulation of
granule secretion in CD8 cells). Our current studies with TIRF do not have sufficient spatial
resolution to visualize the formin-nucleated actomyosin arcs that have been described
previously with super-resolution imaging in both Jurkat and primary T cells [11]. While it is
likely that Bcl10 also modulates the dynamics of arcs, future work with super-resolution
imaging of myosin and actin will enable us to compare dynamics across spatial regions and
examine the role of Bcl10 on myosin, formin, and these distinct actin architectures. Previous
studies have published data showing that upon TCR engagement, Bcl10 is recruited to the
immune synapse along with its signaling partner Card11 [34,35]. Simultaneous imaging of
Bcl10 and actin and actin-regulatory proteins would be informative to further probe direct
interactions between the two proteins.
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To our knowledge, only two previous studies have investigated connections between Bcl10
and antigen receptor-dependent actin remodeling. In the earliest publication to address this
topic, Rueda et al. [20] showed that Bcl10 deficiency in Jurkat T cells (by shRNA silencing)
and primary murine naive T cells (by germline gene inactivation) have a reduced F-actin
content in response to stimulation with soluble anti-CD3. Additional experiments with
Bcl10-silenced Jurkat T cells showed that spreading on a glass substrate in response to
immobilized anti-CD3 and conjugate formation in response to SEE-presenting Raji cells
were deficient. However, their studies were done with fixed cells and population assays, with
significant effects observed at a single time point in each type of experiment. Notably, we
found that Bcl10~/~ CD8 effector T cells do not display a strong defect in cell spreading, in
contrast to the spreading defect reported by Rueda et al. However, primary effector T cells
were not examined in that publication and neither naive T cells nor Jurkat T cells were
examined in our work. Due to the above differences in study design, it is therefore difficult
to directly compare the results of Rueda et al. with our findings regarding TCR-stimulated
F-actin dynamics.

In a later study, Marion et al. [36] investigated the role of Bcl10 in actin polymerization and
membrane remodeling downstream of stimulation of a distinct antigen receptor, the Fcy
receptor (FcyR). Their data showed that Bcl10 deficient macrophages have a defect in
FcyR-dependent phagocytosis, due to the formation of actin-rich phagocytic cups that fail to
fully extend and close. Furthermore, these defective phagocytic cups had increased N-
WASP, Arp3 and Cdc42 accumulation. Based on these observations and additional data, the
authors concluded that Bcl10 may be important in down-regulating actin assembly via a
Rac-mediated pathway, which ultimately allows phagocytic cup closure to proceed to
completion. Our data demonstrating TCR-dependent increases in actin dynamics in the
absence of Bcl10 are roughly consistent with the results reported by Marion et al. However,
whether Bcl10 regulates a similar or identical Rac-dependent pathway downstream of TCR
stimulation remains an open question that will need to be specifically addressed by future
investigations.

Due to the paucity of data, many questions remain regarding the mechanisms by which
Bcl10 is connected to regulation of actin dynamics. Firstly, it remains unclear whether
signaling through the CBM complex is involved, as the RNA silencing studies of Rueda et
al. [20] suggest that neither Card11 nor Maltl are required for TCR-dependent F-actin
remodeling in Jurkat T cells. These authors identified TCR-dependent phosphorylation of
Bcl10 on Ser138 as critical for this activity, and with phosphorylation of Ser138 also being
insensitive to Card11 silencing. Thus, the implications of these findings are that Ser138
phosphorylation of Bcl10 is TCR-dependent but Card11 independent. Interestingly, Marion
et al [36] demonstrated that blocking phosphorylation of Bcl10 at this site via Ser138Ala
mutation results in greatly enhanced binding to Card9 (which performs a role functionally
similar to Card11 downstream of FcyR in myeloid cells). Collectively, these data suggest
that phosphorylation of Ser138 may redirect Bcl10 from CBM complex signaling to
regulation of actin cytoskeletal dynamics. As such, the strength of TCR activation may
determine the amount of Bcl10 available for signaling to NF-xB as a constituent of the CBM
complex vs. control of actin cytoskeleton dynamics via a mechanism that requires “free”
Bcl10. However, such a model would require substantial additional work to validate.
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Although we did not investigate CTL function in this study, it is reasonable to postulate that
Bcl10-dependent regulation of actin dynamics may influence the efficiency of CTL lysis of
target cells. Specifically, Tamzalit et al. [37] recently reported that WASP and Arp2/3
regulate the dynamic formation of actin-rich protrusions in the immunological synapse,
which are required for efficient target cell killing. These findings are reminiscent of the
above described phagocytic cup data of Marion et al. in the macrophage system, in which a
clear Bcl10-dependency was identified. Additionally, given the observations of Rueda et al,
showing an impact of Bcl10 on TCR-dependent conjugate formation combined with our data
showing Bcl10-dependency in regulation of the rate of TCR-stimulated actin flows, CTL
interactions with target cells may be altered in the absence of Bcl10. Thus, investigation of
the relationship between Bcl10 expression, actin dynamics, and CTL engagement with and
killing of targets is an important area for investigation.

4. Methods

4.1. Cells and reagents

4.2.

Lymph nodes (LN) and spleens (SPL) were harvested from age-matched 7 — 12 week old
C57BL/6J (WT) mice or Bcl10™~ mice [17] (extensively backcrossed onto a C57BL/6J
background). CD8 T cells were purified from suspensions of mixed LN and SPL cells using
a Dynabeads negative selection kit (Invitrogen), followed by differentiation to CD8 effector
T cells via 48 hr stimulation with plate-bound anti-TCR and anti-CD28 in EHAA media,
followed by culture in IL-2 supplemented media, as described [38,39]. All animal
procedures were performed in the USU specific pathogen free animal facility in accordance
with the National Research Council’s Guide for the Care and Use of Laboratory Animals
(The National Academies Press). All animal experiments were approved by the Uniformed
Services University (USU) Institutional Animal Care and Use Committee (IACUC) (permit
number A3448-01), under protocols MIC-15-575 and MIC-18-575.

pPEGFP-C1 F-tractin-EGFP was a gift from Dyche Mullins (Addgene plasmid #58473;
http://n2t.net/addgene:58473) [24]. The F-tractin-EGFP gene fusion was subcloned from this
plasmid into the retroviral vector, pSQZ, consisting of a self-inactivating MSCV backbone,
an internal promoter, Qp, which is an Epstein-Barr virus (EBV) constitutive promoter of
modest strength [40], and a selectable marker encoding resistance to Zeocin. pSQZ-F-
tractin-EGFP was cotransfected with the pCL-Eco packaging plasmid [41] into HEK293T
cells to produce ecotropic retrovirus. Viral supernatants were then used to infect
differentiating cultures of stimulated murine CD8 T cells, as described [38,39]. Cells
expressing F-tractin-EGFP were selected by at least 5 days of growth in EHAA media
supplemented with 1L-2 and 50 pg/mL Zeocin. The resulting selected populations of CD8
effector T cells were used for imaging experiments in the range of day 7 to day 12 following
initiation of anti-TCR/anti-CD28 stimulation.

Preparation of stimulatory coverslips

8-well chambers (Cellvis, Mountain View, CA) were incubated with a 0.01% solution of
poly-L-lysine in distilled water for 10 minutes at room temperature. The dishes were then
dried at 37°C for 1 hour. Poly-L-lysine coated dishes were then incubated with 100 pg/mL
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mouse anti-TCRp (clone H57-597, purified from hybridoma supernatant by protein G
column chromatography) in 1X-PBS for either 1 hour at 37°C or overnight at 4°C. The
coated chambers were then washed 5 times with Leibovitz’s L-15 medium (Fisher
Scientific).

Microscopy

T cells in L-15 medium without serum were seeded on anti-TCRp coated surfaces
equilibrated to 37°C in a stage-top Okolab Incubator (Okolab S. R. L., Pozzuoli, NA, Italy).
We chose to perform experiments without serum in order to obtain reproducible quantitative
measurements. The large batch-to-batch variability in FBS could lead to experimental
heterogeneity. In addition, serum can block antigen presentation to the T cells, affecting the
extent to which plate-bound assays could activate the cells.

Interference reflection microscopy (IRM) and total internal reflection fluorescence (TIRF)
images were acquired on an inverted Nikon Ti-E microscope (Nikon, Melville, NY), with
60X and 100X objectives (Nikon, Melville, NY) using a scientific CMOS camera (Andor,
Concord, MA). IRM timelapse images were acquired every 3 seconds, while the TIRF
images were acquired every 1 second.

Image Analysis

4.4.1. Area calculation from IRM images—In order to calculate the cell area from
the IRM images, we first use the edge function with the Sobel operator in MATLAB® to
detect a threshold based on the intensity gradients. We then tune the threshold value around
this initial estimated threshold to obtain a binary mask that is representative of the contours
of the cell. This binary image is then dilated and any remaining holes are filled using the
imdilate and imfill functions respectively in MATLAB®. Any connected objects at the
boundary are removed using the imclearborderfunction. For datasets with uneven
backgrounds, this approach produced inconsistent segmentation. In these cases, we used
Trainable Weka Segmentation [42], a machine-learning based segmentation plugin in Fiji
[43], in order to segment the IRM images. This approach was validated by comparing the
Weka segmentation with the MATLAB®-based segmentation on datasets with uniform
illumination.

4.4.2. Edge dynamics—Cell boundaries were extracted using techniques detailed
earlier [21]. Briefly, for each frame in the IRM stack, we first low-pass filtered the image to
remove shot noise and then corrected for non-uniform illumination. Histograms of the
resulting pixel intensities typically exhibited a prominent peak, corresponding to the
background, a smaller peak corresponding to tightly adhered regions and a broad tail
corresponding to the rest of the cell. Two thresholds were identified by visual inspection to
mark the adhered and background pixels. An expectation-maximization algorithm using the
thresholds as starting points was used to fit log-concave probability distributions to the
background and dark pixels and mark the regions of the image as belonging to the
background or the cell (dark and bright pixels, respectively). Dilation operations were used
to close the image and obtain a final binary image. An active contour algorithm [44] was
applied to perform curvature-driven smoothing of the perimeter of the binary image and any
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self-intersections were removed. The thresholds were iteratively chosen by comparing
computed cell areas in successive images in the time-lapse to minimize large changes. We
then used a simplified version of the Machacek-Danuser algorithm [22] while maintaining
the basic level set framework to ensure that the computed contours and edge velocities were
topologically accurate. First, coarse distance maps, which assign the distance of every grid
point from successively sampled cell contours at time fand #dfwere computed using the
MATLAB® (Mathworks, Natick, MA) function bwdist. A signed distance map was
computed from the difference of these two distance functions using the fast marching
method [45]. A reinitialization procedure was performed to ensure that the signed distance
map remained a true distance function. The resulting distance map is the normal distance
from the contour at time #to that at # 4, i.e. the amount that marker points on the contour at
fneed to be advected by in order to lie on the next contour. We ensured that the Frobenius
norm rof the difference between the distance function computed from the advected marker
points (the computed contour at #4d%) and the original contour at #lay below a fixed
threshold. As a cross-check, we verified that the direct solution of the level set PDEs using a
41 order total variation diminishing Runge-Kutta scheme [45] using a speed function
computed above yielded similar results to our simplified procedure. The computed normal
velocities along the contour were smoothed with a moving window over 10 time points to
produce the final velocity maps. The calculated edge velocities were down sampled by
averaging along the arc length in blocks of 1 micron (sectors). This length-scale was chosen
as it corresponded to the correlation length of the edge dynamics. The velocity time series of
each sector was subjected to an empirical mode decomposition followed by a Hilbert-Huang
transform in MATLAB® to obtain the instantaneous amplitude and instantaneous frequency
distribution of each of the component modes. A maximum of 5 modes were calculated. The
instantaneous amplitude values of the second and third modes were pooled across all sectors
and all cells for each condition (WT or Bcl10~/7) and compared using the Kolmogorov-
Smirnov test.

4.4.3. Actin flow speeds—In order to quantify actin cytoskeletal dynamics, we used
STICS to obtain spatiotemporal velocity maps from the fluorescence images. STICS
produces a matrix of velocity components, which we use to define a speed and a directional
coherence (with respect to the centroid of the cell). The cumulative distribution function of
speeds is constructed from speeds of each interrogation window in each time point of the
phase. The data from all the cells is compiled into a cumulative distribution function. The
probability density function of directional coherence is similarly defined as a normalized
histogram of the individual directional coherences. We used a custom-made MATLAB®
script to calculate the cumulative distribution function of the flow speeds from the velocity
maps.

4.4.4. Directional coherence—The directional coherence for a region of interest (ROI)
with flow velocity E)ij is defined as
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where 7;; is the unit vector pointing from the ROI to the geometric centroid of the cell, and

vjjis the flow velocity for ROI (/). A directional coherence of +1 indicates a flow moving
radially inward and a directional coherence of -1 indicates a flow moving radially outward.

We also defined a metric to quantify the spatial distribution of inward actin flows: the
second spatial moment (SSM). We define a flow vector as being “inward” if the directional
coherence is larger than 0.8. Once we identify the ROI’s classified as having inward flow,
the second spatial moment of the inward flows is defined as:

1
SSM = —er,zj - cos 0 j - H(cos 0~ 0.8)
LJ

Where Nis the total number of ROI’s with a directional coherence larger than 0.8, Ris the
maximum radius of the cell, 7;;is the distance of the ROI (/) from the centroid, cos 6 ;is the
directional coherence, H is the Heaviside function that is defined as:

1, x>a

Hx—a)= 0, x<a

4.4.5. Identification of two temporal phases using k-means clustering—We
found that the results for the STICS analysis produced aberrant velocity maps for the first
and last time point. In order to prevent these outliers from biasing the clustering analysis, we
first exclude these two time points from all analyses. We then use the kmeans function in
MATLAB® to identify the optimal clusters. Mathematically, the data could be represented
by more than two clusters, but we restrict the number of states to two since we qualitatively
observe only two distinct states: one with retrograde flow, and one with more disorganized
flow. After the state assignment, we correct any time point whose state assignment differs
from that of its two nearest (temporal) neighbors. These corrected points tend to lie at the
interface of the two clusters, leading to an erroneous state assignment. This is the only user
intervention in the process to identify the temporal phases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Actin dynamics in TCR-activated primary CD8 effector T cells show two
phases
. Bcl10 regulates lamellipodial dynamics in activated effector T cells
. T cells lacking Bcl10 display faster actin flow speeds upon TCR stimulation

. Study indicates an NF-xB-independent role for Bcl10 in early TCR mediated
signaling
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Figure 1: Spreading and morphological dynamics of activated T cells.
(a) Time lapse of interference reflection microscopy (IRM) images of WT (top panels) and

Bcl10~/~ (bottom panels) primary mouse effector T cell spreading on a stimulatory coverslip
coated with anti-TCRp antibody. Scale bar: 5 um. (b) Representative spreading curves for
WT (black) and Bcl107/~ (red) cells. Datapoints are marked as dots, and the smooth curves
are the fanhfits. (c) Spreading rates of WT (N = 34) and Bcl10~/~ (N = 35) cells. K-S test
shows that the variances are significantly different (P < 0.05). (d) Cell contours as a function
of time for WT (left panels) and Bcl107/~ (right panels). Contour color scheme is in a scale
from blue to red with blue contours representing early times and red representing later times.
Contours are plotted between 7 — 11 min after spreading initiation, when the cell had
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maximally spread. Scale bar: 5 um. (e) Heat maps of edge velocities calculated from
contours in (d) using a level-set algorithm. The colors correspond to the velocity values as
depicted in the color bar. The two left panels are for WT cells and the two right panels are
for Bcl107/~ cells. Protrusions are in red and retractions are in blue. (f)-(g) Cumulative
distribution function of the amplitude of Modes 2 and 3 respectively from the empirical
mode decomposition of edge velocities (calculated between 4 and 11 minutes of spreading)
for a population of WT (black, N=7) and Bcl10~ (red, N=9) cells. K-S test shows that the
distributions are significantly different (P < 107°).
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Figure 2: Analysis of actin dynamics reveals qualitative temporal differences in actin flows
(a) Time lapse TIRF images of F-tractin-EGFP labeled spreading T cells (top panels: WT

cells, bottom panels: Bcl10~/~ cells) showing the clearance of actin in the central region
following subsequent recovery of actin in the entire contact zone. (b) Time lapse montage of
a WT CD8 primary mouse effector T cell expressing F-tractin-EGFP spreading on a
stimulatory glass coverslip coated with anti-TCRp antibody. Scale bar: 5 pm.
(c)Spatiotemporal image correlation spectroscopy (STICS) analysis illustrating the
spatiotemporal behavior of actin flows at the immune synapse. Yellow arrows corresponding
to velocity vectors over a region of interest are superimposed on a TIRF snapshot (left
panel). The lower panel shows a zoomed in view of the area enclosed by the red box. (d)
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Spatial heat map showing the magnitudes of actin flows speeds at three time points. Colors
correspond to the speed as indicated in the color bar. (e) Spatial heat map showing the
directional coherence of actin flows at three time points. Colormap is on a scale such that
blue indicates flows away from the center and yellow indicates flows towards the center.
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Figure 3: Temporal dynamics of actin flows during T cell activation. (a)-(e) Panels show results

for one representative cell

(a) Probability density functions of speeds obtained from STICS plotted for several sample
times. Blues indicate early times and yellows indicate later times. (b) Scatter plot of mean
and standard deviation of the distributions of speeds. Blues indicate early times and yellows
indicate later times. (c) Results of k-means clustering into two clusters. (d) Mean speed as a
function of time, color-coded according to the clusters identified in (c). Shaded error bars
indicate 2.576*standard error. (e) The second spatial moment (SSM) of inward flows of the
same cell as in (a)-(d) plotted as a function of time. The SSM is used to quantify the spatial
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distribution of inward flows (i.e. directional coherence > 0.8). (f) The cumulative
distribution function of actin flow speeds obtained from STICS analysis for WT cells (N =
12 cells). Flow speeds in Phase 1 (blue line) are higher than those in Phase 2 (orange lines),
as indicated by a leftward shift in the CDF for Phase 2. These distributions are significantly
different (p<10753, Kolmogorov-Smirnov test). (g) The probability density function of
directional coherence obtained from STICS analysis for WT cells (Phase 1 in blue, and
Phase 2 in orange). Inset shows that flows in Phase 1 (blue) display a higher probability of
inward (retrograde) flow than those in Phase 2 (blue). (p < 3E-6, proportions test). (h)
Boxplot of second spatial moment (SSM) of inward flow for Phase 1 (blue) and Phase 2
(orange) (***p<10~71, Mann-Whitney U test, N = 12 cells).
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Figure 4: Bcl107 cells display higher actin flow speeds compared to WT cells
(a) Time lapse images of a Bcl10~/~ primary mouse effector T cell expressing F-tractin-

EGFP spreading on a stimulatory glass coverslip coated with anti-TCRp antibody. Scale bar:
5 um. (b) Time lapse montage of heatmaps of flow speeds obtained from STICS analysis at
three time points for a representative Bcl10~/~ cell. The colors correspond to speeds as
indicated in the colorbar. (c) Time lapse montage of heatmaps of directional coherence from
STICS analysis at the same three time points for the same cells. The colors correspond to
inward (yellow) and outward (blue) flows. (d) Comparison of cumulative distribution
function of actin flow speeds in WT (solid lines) and Bcl10-/- (dashed lines) cells, with
Phase 1 flows in blue and Phase 2 flows in orange. (p<10~27, Kolmogorov-Smirnov test,
N=12 WT and N=21 Bcl107/"). (e) Probability density of directional coherence for WT
(solid lines) and Bcl10~/~ (dashed lines) cells shows no significant difference. Within each
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condition, the proportion of inward flow is higher in Phase 1 (blue) than in Phase 2 (orange)
(p<107°, proportions test). (f) Boxplots of second spatial moment of inward flow for WT
and Bcl10-KO in the two different phases (Phase 1 in blue, Phase 2 in orange) (*** p<10~72
Mann Whitney U Test). (g)-(h) Cumulative distribution functions for the second spatial
moment of inward flows plotted for Phase 1 (g) and Phase 2 (h). Black lines represent
quantification for WT cells, while red lines represent that for Bcl10™~ cells. Solid lines
indicate the empirical CDF, while the dotted lines indicate the 99% confidence intervals.
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