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Abstract

The adaptive immune system serves as a potent and highly specific defense mechanism against
pathogen infection. One component of this system, the effector T cell, facilitates pathogen clearance upon
detection of specific antigens by the T cell receptor (TCR). A critical process in effector T cell activation is
transmission of signals from the TCR to a key transcriptional regulator, NF-kB. The transmission of this
signal involves a highly dynamic process in which helical filaments of Bcl10, a key protein constituent of
the TCR signaling cascade, undergo competing processes of polymeric assembly and macroautophagy-
dependent degradation. Through computational analysis of three-dimensional super-resolution
microscopy data, we quantitatively characterized TCR-stimulated Bcl10 filament assembly and length
dynamics, demonstrating that filaments become shorter over time. Additionally, we developed an image-
based bootstrap-like resampling method to quantitatively demonstrate preferred association between
autophagosomes and Bcl10-filament ends and punctate-Bcl10 structures, implying that autophagosome-
driven macroautophagy is directly responsible for Bcl10 filament shortening. We probe Bcl10
polymerization-depolymerization dynamics with a stochastic Monte-Carlo simulation of nucleation-limited
filament assembly and degradation, and we show that high probabilities of filament nucleation in
response to TCR engagement could provide the observed robust, homogeneous, and tunable response
dynamic. Furthermore, the speed of autophagic degradation of filaments preferentially at filament ends
provides effective regulatory control. Taken together, these data suggest that Bcl10 filament growth and
degradation act as an excitable system that provides a digital response mechanism and the reliable

timing critical for T cell activation and regulatory processes.
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Author Summary

The immune system serves to protect organisms against pathogen-mediated disease. While a
strong immune response is needed to eliminate pathogens in host organisms, immune responses that are
too robust or too persistent can trigger autoimmune disorders, cancer, and a variety of additional serious
human pathologies. Thus, a careful balance of activating and inhibitory mechanisms are necessary to
prevent detrimental health outcomes of immune responses. For example, activated effector T cells
marshal the immune response and direct killing of pathogen-infected cells; however, effector T cells that
are chronically activated can damage and destroy healthy tissue. Here, we study an important internal
activation pathway in effector T cells that involves the growth and counterbalancing degradation (via a
process called macroautophagy) of filamentous cytoplasmic signaling structures. We utilize image
analysis of 3-D super-resolution images and Monte Carlo simulations to study a key signal-transduction
protein, Bcl10. We found that the speed of filament degradation has the greatest effect on the magnitude
and duration of the response, implying that pharmaceutical interventions aimed at macroautophagy may
have substantial impact on effector T cell function. Given that filamentous structures are utilized in
numerous immune signaling pathways, our analysis methods could have broad applicability in the signal
transduction field.
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Introduction

The vertebrate adaptive immune system consists of billions of T and B lymphocytes, which serve
as a potent and highly specific host defense mechanism against pathogen infection. Once an antigen, an
immune-activating component of a pathogen, has been recognized by the T cell receptor (TCR), an
intracellular signaling cascade is initiated that leads to the clonal expansion of T cells responsive to this
antigen. This anti-pathogen immune response, including the T cell component, will cause damage to
healthy tissue if not temporally limited (1). Indeed, unregulated adaptive immune responses have been
implicated in the development of certain cancers (1) and autoimmune diseases (2). Thus, adaptive
immune responses include programmed shutdown mechanisms to maintain homeostasis and prevent
damage to host tissues (2,3). In this study, we introduce novel image-analysis tools to robustly analyze a
component signaling pathway of the adaptive immune response from a biophysical perspective,
specifically focusing on the spatial organization of a key signaling structure that contributes to adaptive
immunity.

The main cell types controlling adaptive immunity are the many classes of effector T cells,
terminally differentiated T lymphocytes with previous antigen exposure, which can generate rapid anti-
pathogen responses. Antigen engagement of the TCR in effector T cells initiates an internal signal
transduction pathway that leads to the translocation of NF-kB from the cytoplasm to the nucleus. NF-kB is
a heterodimeric protein complex that controls gene transcription in response to a diverse array of
receptors (4) in both vertebrates and invertebrates (5). In effector T cells, the nuclear translocation of NF-
KB results in the de novo or increased expression of a large number of genes involved in T cell
proliferation and immune response mechanisms (5,6). Improper regulation of NF-kB signaling in T cells is
mechanistically associated with primary immunodeficiency (7-9) and autoimmune disease (10,11). Thus,
the regulation of the TCR-to-NF-kB pathway is critically important for proper immune function.

A key signaling protein in the TCR-to-NF-kB pathway is Bcl10 (12). Upon TCR stimulation, Bcl10
assembles with its signaling partners Carma1 and Malt1 to form the micron-scale ‘CBM’ complex (13-17).
In effector T cells, the CBM complex forms the core of a flamentous assembly called the POLKADOTS
signalosome, which serves as the cytoplasmic site of the terminal steps of the NF-«kB-activation cascade
(13,14,18-21). Contemporaneously with assembly into microns-long filaments, Bcl10 is also degraded
(13,22-26), and we have previously shown that proteolysis of Bcl10 occurs within the POLKADOTS
signalosome via TCR-dependent selective autophagy (18). In this degradative process, autophagosomes
associate with POLKADOTS filaments resulting in selective destruction of Bcl10, thus terminating signals
to NF-kB. Data suggest that the balance between assembly of filamentous Bcl10 in POLKADOTS and
proteolytic degradation of Bcl10 via selective autophagy determines the extent of NF-kB activation
(13,18).

Notably, many outputs of TCR signaling exhibit nonlinear response profiles, including an all-or-
nothing (i.e., digital) responses. While not every T cell response has digital characteristics (27), studies
have demonstrated that specific TCR-triggered events are digital, including activation of the extracellular
regulated kinase-mitogen activated protein kinase (ERK-MAPK) signaling cascade (28-30), signaling via
the Protein kinase D2-protein kinase C (PKD2-PKC) cascade (31), the release of cytokines (32), and the

activation of cytolytic capacity (33). Additionally, we have previously shown that TCR activation of NF-kB


https://doi.org/10.1101/2020.05.28.120907

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.28.120907; this version posted May 28, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the auglnodr/ifgri;?seor.rlg(ijse a.ar\tlig:ﬁ’j1 itjeaftlrsu(sz-et)n%rélg?gné vcvgrllizelztnisser.lot subject to copyright under 17 USC 105

is digital in nature, with formation of and signal transmission by the POLKADOTS signalosome occurring
in an all-or-nothing manner (34). Mechanistically, how nucleation, growth and eventual autophagic
degradation of POLKADOTS filaments are connected to the digital nature of the NF-kB cascade is
unclear. In this manuscript, we link the nonlinear character of the signaling cascade to the spatial
organization, assembly, and degradation of filamentous Bcl10. We propose that highly nonlinear self-
assembly and degradation processes serve as an excitable system enabling a rapid, and at the same
time, self-limiting response.

Several key details of this polymerization process are known: recent cell-free cryo-electron-
microscopy studies revealed that Bcl10 polymerizes into filaments with a geometrically confined, helical
arrangement with other POLKADOTS components (14,20,21). Although the core of the POLKADOTS
filament is composed primarily of Bcl10, polymerization of Bcl10 is nucleated by short oligomers of
Carmatand the Carma1-driven nucleation of Bcl10 can act as an amplifier of activation signals from the
T cell receptor to NF-kB (14). In contrast to the above parameters driving filament growth and signal
propagation, autophagic degradation of Bcl10 opposes this amplification process; however, the geometric
and kinetic features that limit and ultimately reverse filament growth in living T cells are unclear. These
opposing effects on filament growth and degradation are not well understood and cannot be assessed via
traditional biochemical approaches and signaling pathway models, which excludes spatial organization.

In this study, we quantify the spatial arrangement of Bcl10, its colocalization with
autophagosomes, and the randomness of their relative spatial distributions. Our analysis introduces a
novel computational workflow that combines bootstrap-like resampling methods adapted for image
features and medial-axis-thinning skeletonization to analyze the structure and organization of Bcl10
filaments in relation to autophagosomes in a robust manner. The methods we present are broadly
applicable to studies of biologically encoded spatial colocalizations and self-assembly, such as toll-like
receptor (TLR)-stimulated assembly of the myddosome, RIG-I-like receptor (RLR) triggering of
mitochondrial antiviral-signaling protein (MAVS) oligomerization, and activation of the various sensor
proteins that promote assembly of micron-scale inflammasomes (35). To gain further mechanistic insights
into the assembly and degradation dynamics of POLKADOTS filaments, we complemented analysis of
super-resolution images with stochastic Monte Carlo simulations of POLKADOTS dynamics that include
the nucleation, growth, and degradation of Bcl10. In sum, we show that spatial assembly and degradation
of protein complexes in the TCR-to-NF-kB-activation cascade are key design elements to ensure a rapid
response yet prevent ongoing immune activation. These elements may also contribute to the digital

nature of this crucial signaling pathway.
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Data Availability Statement

The raw data, processed data, analyzed data are available via Google Drive.
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Results

Measuring Bcl10 Filament Lengths

Utilizing a long-term murine effector T cell clone, D10.G4.1 (henceforth referred to as D10), we
engineered a cell line stably expressing GFP-tagged Bcl10, which we used to image Bcl10 filaments in
cells fixed at 20- and 40-min post-TCR activation using a super-resolution instant structured illumination
microscope (iSIM) (36) (Fig 1A). The earliest evidence of formation of POLKADOTS structures is at 10
min post-TCR activation, and these polymers are maximally evident by 20 min post-activation, at which
point initial activation with autophagosomes is also apparent. Association with autophagosomes and
degradation of Bcl10 persists through 2 hr post-stimulation, by which time Bcl10-containing polymers can
no longer be found in any cells (and these structures are rare even by 60 min post-activation) (13,15).
Thus, 40 min post-activation is a reasonable time point to assess intermediate consequences of

autophagosome association with Bcl10 filaments.

Fig 1. Bcl10 filaments shorten between 20 minutes and 40 minutes post-T cell receptor activation.

(A) Representative image (maximum intensity projection) of an activated T cell 20 minutes after TCR stimulation. The outlined
region of interest contains two complete Bcl10 filaments. (B) Representative Bcl10 filaments within the activated T cell. Filament
outlines and skeletons were calculated using a semiautomatic segmentation method and medial axis thinning. The upper image
exemplifies the filamentous form of Bcl10 and the lower image is representative of punctate Bcl10. (C) Representative distribution of
Bcl10 lengths from all Bcl10 filaments from A. Punctate Bcl10 structures were separately counted and binned as “P”. (D) Cumulative
length distributions of all Bcl10 filaments in all T cells at 20 minutes (N = 47 cells from 2 independent experiments) after TCR
stimulation and 40 minutes (N = 53 from 2 independent experiments). Rows of the heat map are the length distributions for cells,
sorted by the percentage of Bcl10 structures in each cell that are punctate. The correlation between the number of punctate
structures and average filament length is -0.657 at 20 minutes post-activation, and -0.695 at 40 minutes post-activation. (E) Scatter
plot of the proportion of Bcl10 structures which are punctate at 20 minutes and 40 minutes after TCR stimulation. (F) Scatter plot of
the proportion of Bcl10 filaments longer than 1 ym at 20 minutes and 40 minutes after TCR stimulation. Correlations are the
Pearson product-moment correlation. Error bars represent the 95% confidence interval of the mean. p-values were calculated using
a two-sample t-test. p-values less than 0.05 were considered significant.

To analyze these data, we developed a semiautomatic segmentation and skeletonization
algorithm based on medial-axis thinning, then utilized the resultant skeletons to obtain various structural
measurements (Methods and Sl Movie S1). Bcl10-rich regions with skeleton-lengths <150 nm (the
approximate spatial resolution of the iSIM) were designated as punctate structures, labeled by “P” in
these data, and analyzed separately from micron-scale filaments (Fig 1B), which ranged in length from O-
5 ym (Fig 1C). Between 20 minutes and 40 minutes post-activation, we observed an increase in the
relative number of Bcl10 puncta, along with a corresponding decrease in the number of long Bcl10
filaments (Fig 1D). Furthermore, at both timepoints, a moderate negative correlation (p < -0.6) existed
between the overall number of Bcl10 puncta and the distribution of Bcl10 filament length; thus, cells with
fewer puncta were more likely to have long filaments, and cells with more puncta were more likely to have
shorter filaments (Fig 1D). This correlation existed and was statistically significant at the single cell level;
cells at 40 min post-stimulation were more likely to have both a larger relative proportion of punctate
structures (Fig 1E, Sl Table S2, p = 1.0 x 103), and a decrease in the relative number of Bcl10 filaments
longer than 1 um (Fig 1F, Sl Table S2, p = 3.9 x 10#). Taken together, these results are consistent with
the interpretation that Bcl10 filaments decrease in length between 20 min and 40 min post-activation, and
that the proportion of punctate structures increases. This increase in the number of punctate structures
and decrease in the number of long filaments could indicate (i) ongoing nucleation of new filaments, (ii)
disassembly or end-directed degradation of existing filaments, (iii) scission of existing filaments, which
would create two “daughter” filaments with each scission event, or some combination of the above

processes.
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Examining Autophagosome-Bcl10-Filament Interactions

Our previous work has demonstrated that Bcl10 within the filamentous POLKADOTS
signalosome is targeted for degradation by macroautophagy (henceforth referred to as autophagy) (18),
an intracellular degradative process involving the envelopment of cargo by double-membraned vesicles
called autophagosomes. Autophagic degradation of Bcl10 leads to a dampening of NF-kB activation and
NF-kB-dependent T cell responses (18). To examine whether autophagy is responsible for the observed
decrease in Bcl10 filament length, we expressed an RFP-tagged form of the autophagosome membrane
protein LC3 in our Bcl10-GFP-expressing D10 cell line, then imaged static interactions between Bcl10
filaments and LC3-labeled autophagosomes at 20- and 40-min post-TCR activation (Fig 2A). Consistent
with our previous data (18), our experiments indicated that filamentous Bcl10 and LC3-positive
autophagosomes existed simultaneously in activated T cells. Autophagosome contacts with Bcl10
filaments were frequently observed; thus, independent semiautomatic segmentation of Bcl10 filaments
and autophagosomes was used to determine the number and location of contacts (Fig 2B). Interestingly,
we observed that activated T cells have significantly fewer Bcl10-autophagosome contacts at 20 min
post-TCR stimulation than at 40 min post-stimulation (Fig 2C, Sl Table S3, p = 1.45 x 10-4); however, this
fact alone is not sufficient to conclude that contact formation is preferred. To assess whether
autophagosome contacts with Bcl10 filaments form preferentially or randomly, we developed an image-
based-resampling method analogous to statistical bootstrapping (Methods). We randomly rearranged the
segmented autophagosomes throughout the cell cytosol and recalculated the resulting filament-
autophagosome contacts (Fig 2D). The cell-averaged number of colocalizations in these rearrangements
was significantly fewer than the number in the experimental observations (Fig 2E). As an additional test,
we conducted 100 rearrangements of each individual cell and constructed a confidence interval for the
number of randomized contacts. The actual number of autophagosome contacts in 45 of 47 cells at 20
minutes post-activation, and 52 of 53 cells at 40 minutes post-activation, was greater than the 95%
confidence interval for random LC3 contacts (Fig 2F). Thus, we concluded that contact between Bcl10
and autophagosomes was non-random, and there were indeed more Bcl10-autophagosome interactions

at 40 minutes post-activation.

Fig 2. Bcl10 filaments are preferentially in contact with autophagosomes.

(A) Representative image of an activated T cell 20 minutes after TCR stimulation. Green Bcl10 filaments and red LC3 vesicles
(autophagosomes) are within the yellow cell boundary. The outlined region of interest contains a Bcl10 structure with two
colocalized autophagosomes. (B) Representative Bcl10 filament-autophagosome contacts. The semiautomatic segmentation and
skeletonization analyses identify the number and location of colocalizations which are highlighted by blue arrows. (C) Cumulative
number of Bcl10 filament-autophagosome contacts in all T cells (20 min: N = 47 cells from 2 independent experiments; 40 min: N =
53 cells from 2 independent experiments). There is a statistically significant difference in the number of Bcl10-autophagosome
contacts at 20-min- and 40-min-post-stimulation (p = 1.4 X 1074). (D) Three representative trials of the random-spatial
rearrangement of autophagosomes in the representative cell from A. Contacts that formed after rearrangements are highlighted with
arrows. (E) The cumulative distribution of the number of Bcl10 filament-autophagosome contacts in the random rearrangement
trials. (F) Difference between the true number of Bcl10 filament-autophagosome contacts and the number of contacts found in each
of the 100 trials for each cell. Positive values indicate that there are more true contacts than what is found in the trials. There is
statistically significant difference in the number of contacts between the true and rearranged data in 45 of 47 T cells imaged 20 min
post-activation, and 52 of 53 T cells imaged 40 min post-activation. Error bars are the 95% confidence interval of the mean and
were calculated independently for each cell. p-values were calculated using two-tailed t-tests. p-values less than 0.05 were
considered significant.

Our results thus far indicate that at 40 minutes post-activation, Bcl10 filaments are both shorter
and have increased contact with autophagosomes, consistent with the interpretation that
autophagosomes are degrading the filaments over time. However, a mechanistic problem arises from this

data: autophagy occurs when double-membraned vesicles completely surround and envelop intracellular
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cargo, yet Bcl10 structures are larger than autophagosomes—the majority of autophagosome structures
are smaller than (0.2 um)2 in volume at both 20 min and 40 min post-activation (Sl Fig S4). Thus, the
traditional biophysical understanding of mechanisms of autophagy may not be viable as an explanation
for Bcl10-filament degradation. To examine the mechanism whereby autophagosomes degrade Bcl10
filaments, we examined the location of autophagosome colocalizations along each filament. Biochemical
and structural studies have demonstrated that Bcl10 filaments have two distinct end points and no
junctions along the main body (14); however, due to the resolution limits of this imaging method, some
filaments appear joined.

Thus, employing the same super-resolution dataset used for Fig 2, we extracted Bcl10 filament
skeletons and fragmented them to eliminate high-degree junctions such that the resulting skeleton
configurations minimized the total bending energy (Fig 3A, Methods). After processing the skeletons,
each Bcl10 filament was segmented based on the distance from the nearest skeleton endpoint (Fig 3B).
Finally, we examined each colocalization event between an autophagosome and a Bcl10 structure; if the
Bcl10 structure was punctate, the event was designated “P”, and if the Bcl10 structure was filamentous,
the event was characterized by the shortest distance between the autophagosome and the skeleton
endpoint (Fig 3C). Excluding puncta, the distance-from-end distributions at 20 min and 40 min were not
statistically distinguishable (Fig 3C, Sl Table S5, p = 0.085), and we found a marked preference for
autophagosomes to localize near filament ends at both time points. Interestingly, a greater proportion of
autophagosomes were in contact with B¢l10 puncta (as opposed to filaments) at 40 min post-activation
than at 20 min post-activation (Fig 3C, Sl Table S5,

p = 2.03 x 10). Though the proportion of punctate Bcl10 approximately doubled between 20 and 40 min
post-activation (Fig 1E), the proportion of autophagosomes that localized to puncta approximately
quadrupled (Fig 3C), indicating a distinct preference for autophagosomes to localize with punctate Bcl10

at the later time point.

Fig 3. Autophagosomes preferentially localize to Bcl10-filament ends and, at later timepoints, to Bcl10 puncta.

(A) Representative segmented Bcl10 filaments (green) and autophagosomes (red) after post-processing overlaid with the pruned
medial-axis skeleton of Bcl10 (black). Filament skeletons were fragmented to minimize the bending energy at junctions. (B) Using
the skeleton of the representative Bcl10 filament, the filament volume was segmented into sections based on the nearest distance
from skeleton ends. (C) Distribution of autophagosome-Bcl10 contacts by distance from endpoint (filamentous Bcl10) or punctate
Bcl10 (“P”). (D) Scatter-bar plot of the proportion of Bcl10 puncta per cell in contact with an autophagosome in experimental and
randomized data. (E) Distribution of autophagosome-filamentous Bcl10 colocalizations by distance from endpoint in experimental
and randomized data. p-values in C and E were calculated using two-sample KS tests and p-values in D were calculated using
paired two-sample t-tests. p-values less than 0.05 were considered significant.

Our observations thus far indicated that autophagosomes were more likely to localize to the ends
of filaments and, by 40 minutes post-activation, to Bcl10 puncta. To assess whether these localizations
were truly preferred, or whether they were in fact random, we again utilized the randomized images from
the image-based resampling shown in Fig 2D. First, we compared the number of colocalizations of Bcl10
puncta with autophagosomes in the true versus the randomized images (Fig 3D). At 20 minutes post-
activation, the true and random distributions of contacts were indistinguishable (Fig 3D, Sl Table S5, p =
0.079), indicating that autophagosome-puncta contacts were likely the result of random co-localization.
However, at 40 minutes post-activation, the number of true puncta contacts was greater than the number
of such contacts in the randomized images, and this enrichment was statistically significant (Fig 3D, Sl
Table S5, p = 2.15 x 10-"), indicating that punctate Bcl10 structures were preferentially in contact with
autophagosomes at this time point. Next, we compared the distance-from-end distributions of

autophagosome-filament contacts for the experimental versus randomized data at both time points (Fig
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3E). The randomized distributions at both time points demonstrated fewer end-localizations and
increased numbers of contacts along the body of the filament in comparison to quantification of
localization data from true images (Fig 3E, Sl Table S5, p = 1.10 x 10" and 2.01 x 10-'6 at 20 min and
40 min, respectively). These results indicate that the preference for autophagosomes to localize at or
near filament ends was non-random.

Taken together, the results from Fig 2 and Fig 3 indicate that following TCR engagement and
activation, autophagosomes formed attachments with Bcl10 filaments, the number of attachments
increased over time, and these attachments occurred near the ends of Bcl10 filaments. Furthermore, by
40 minutes post-activation, autophagosomes also formed attachments with Bcl10 punctate structures in a
biologically targeted (i.e., non-random) manner. Together, these results are consistent with the
hypothesis that autophagosomes are responsible for the progressive shortening of Bcl10 filaments over
time, and that this process is directed by a biologically encoded targeting process. Further, the
accumulation of punctate Bcl10 structures at 40 minutes post-activation may be the result of the
degradation of longer Bcl10 filaments. Complete degradation of Bcl10 may follow a non-linear kinetic,
with the final remnant, visualized as puncta, undergoing slower degradation than filamentous regions of

these structures.

Modeling Bcl10 Filament Dynamics

Our previously published observations demonstrate that macroautophagy contributes to Bcl10
filament degradation (18), and the above analysis of imaging data support and extend these conclusions.
This degradation occurs simultaneously with Bcl10 polymerization, and the interplay between these
processes serves to control T cell activation states. However, our understanding of the dynamics of
filament polymerization and degradation, and the interaction between these processes, remains limited.

To further explore the interplay between simultaneous Bcl10 polymerization and degradation, and
its implications for control of T cell activation states, we designed a stochastic Monte Carlo simulation to
model Bcl10 polymerization (Fig 4 and Methods). Previous studies have indicated that growth of Bcl10
filaments is nucleated by short cytosolic oligomers of Carma1 (14,20), and that this nucleation is the rate-
limiting step for filament growth (14); thus, we used nucleation-limited filament assembly as the basis for
our simulation. Nucleation-limited assembly is similar to a Bernoulli process whose probability parameter
increases when the length of the growing filament reaches a critical length: the size of the nucleation
barrier. Under these conditions, theoretical predictions of filament growth rate indicate a dramatic
transition between slow, initial growth, to fast, steady-state growth (Sl Text $6). Further, filament growth
is mediated by a kinetic process whereby monomers collide with or are recruited to the site of the growing
filament. Our simulation began with the generation of “cells,” which were each given a random size that
was used to generate the initial conditions, including numbers of monomeric nucleation-site components
(mimicking monomeric Carma1), Bcl10, autophagosomes, and the size of the immunological synapse
(i.e., the portion of the cell membrane with the potential to activate the Bcl10-nucleation sites). As this cell
evolved in time over each iteration of the simulation, the growth of Bcl10 filaments was governed by three
separate independent and tunable parameters (visually represented in Fig 4A): the activation probability

of the nucleation sites (pagivate), the growth probability of the initial layer of Bcl10 monomers before the
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nucleation barrier has been overcome (patach), and the steady-state growth probability after the filament

overcomes the nucleation barrier (pgrow)-

Fig 4. Simulations of Bcl10 filament growth reveal properties of real Bcl10 nucleation rates and concentrations, but fail to
match observed values for p.

(A) Simulated Bcl10-filament growth is controlled by three parameters: the nucleation-site activation probability (pactvate), the initial
layer attachment probability (patacn), @nd the steady state attachment probability (pgow). (B) Snapshots of representative simulations
of Bcl10 filament growth in undamped (green, top) and damped (red, bottom) environments at 10%, 20% and 100% of N Each
horizontal line in the kymographs represent a simulated cell with its own unique set of initial conditions, including number of
nucleation-site components and initial Bcl10 concentration, and each simulation was terminated after n,,, iterations, which is the
number of iterations for the number of free Bcl10 monomers to reach zero. (C) Changing simulation parameters exposes different
behaviors in a heterogeneous population of T cells. Here, the nucleation-site-activation and initial-layer-attachment probabilities are
simultaneously modulated in the same heterogenous population of 100 T cells with varying numbers of nucleation sites and initial
Bcl10 concentrations. From left to right, the activation rate of nucleation sites is increased. From top to bottom, the Bcl10 collision
rate is increased. All simulations are terminated when the concentration of Bcl10 monomers reaches zero.

First, we sought to determine whether the value of each parameter should remain constant
throughout each iteration of the simulation, or whether the results of each iteration would affect parameter
values. For instance, if the concentration of free Bcl10 monomers decreases over time (i.e., if resynthesis
of Bcl10 monomers is outpaced by their degradation), the probability of monomer collisions with the
growing filament end decreases over time, thus decreasing pgrow, @ process known as damping. To
determine whether Bcl10 filament growth is damped, we tested 100 simulated T cells, each with a
different “size” and thus initialized with a unique number of nucleation sites and Bcl10 monomers,
representing the evolution of a heterogeneous population of T cells with varying initial conditions (Fig 4B).
When our simulation ran in an undamped environment, growth continued perpetually and, by the end of
the simulation, punctate structures all grew into filaments and all Carma1-mimickingnucleation sites were
filled. Running the same simulation in a damped environment, with a finite supply of Bcl10 monomers, led
to a heterogeneous distribution of Bcl10 puncta and filaments of varying lengths. The results of the
damped growth simulation were more representative of observed Bcl10 filament lengths (Fig 1D), leading
us to conclude that Bcl10 filament growth is limited by B¢cl10 monomer supply, a conclusion supported by
biochemical analyses of Bcl10 levels over time in activated T cells (18). Thus, in all subsequent
simulations, we allowed the decreasing availability of monomeric Bcl10 to cause an effective stochastic
reduction in the Bcl10-nucleation probabilities, patiach @nd pgrow, Since fewer monomeric Bel10 will lead to a
reduced number of attempted attachments.

Next, we examined whether changes in the value of pg.. would provide useful information on the
response dynamics. Previous work by David et al. (14) indicated that nucleation (pactivate) @and/or the initial
attachment of Bcl10 filaments (patacn) is the rate-limiting step in filament growth. Thus, varying the value of
Pgrow Would likely provide little in the way of relevant biological information. Further, increasing the growth
rate would more quickly deplete the monomer concentration, thus ending the simulation after fewer
iterations and limiting the sampling of the activation and attachment probabilities. Thus, we chose to
assign pgrow a fixed value that allowed the simulations to run for a reasonable number of iterations (here,
we chose p = 0.4 as described in the Methods), and we only modulated pactivate aNd Pattach-

Finally, we examined the effect of various values for pactvate aNd Pattach ON filament lengths
resulting from the simulation (Fig 4C). The observed filament lengths in our cell images (Fig 1D)
demonstrate moderately negative correlations between the relative numbers of puncta and length of
Bcl10 filaments, p < -0.6; thus, we examined which combination of parameters applied to the same
heterogenous population of 100 simulated T cells could generate an equivalent correlation. Each

simulation was repeated 10 times, and each trial was terminated when the number of free monomers of
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Bcl10 reached zero; the filament-length distributions we report represent the cumulative distribution from
each of the 10 trials. There was complex interplay between pactivate @aNd Pattach: WheN Paciivate Was low, there
were few simulated filaments and simulated filament length distributions appear to be unchanged with
increasing Pattach (Fig 4C — left). On the other hand, when pgcivate Was high, there were many activated
nucleation sites in each simulated cell, which resulted in heterogeneity in the preferred filament length:
increased paach resulted in decreased average-filament length (Fig 4C — right). Interestingly,
intermediate values of pactivate in the simulations result in non-linear behavior (Fig 4C — center): the
preferred filament length appeared to be independent of paach for small paach, similar to Fig 4C — left, but
decreased for large paach, Similar to Fig 4C — right. Careful tuning of simulations parameters resulted in
correlations between p =[-0.5, -0.4] in subsections of the simulations-parameter space where pactivate Was
0.5, and patach Was 0.075, but the simulation was unable to reach observed levels of p < -0.6. This failure
to match the model to experimental observations points to a need to include Bcl10 degradation in the
simulations as an important contributor to the process.

To understand the effect of degradation on Bcl10 filament size, we added pgegrade, Which
represents the probability in the simulations that an autophagosome will attach to a filament and cause
degradation (Fig 5A). As in Fig 4, we simulated 100 cells with random initial conditions and repeated
each simulation 10 times. A comparison of twelve representative parameter sets is instructive to
determine the effects of each individual parameter, as well as their interplay, on the concentration of
filamentous Bcl10 (Fig 5B). For this set, we chose a low vs a high value for both paach (Fig 5B, top vs
bottom) and p..vate (Fig 5B, left vs right); for each of these four parameter subspaces, we then
compared a low, medium, and high value for pyegrage, Which was varied over the same range as pagach. AS
expected, increasing values of pgegrace in €ach parameter space led to a smaller concentration of
filamentous Bcl10. Interestingly, an increase in the rate of nucleation-site generation (represented by a
greater pacivate) l€d to a faster decline in filamentous Bcl10 (Fig 5B, left vs right). This result makes
intuitive sense, as a greater number of activation sites would lead to a greater number of filaments, and
thus a greater number of sites where degradation can occur. In contrast, a lower activation barrier
(represented by a greater paiacn) had a much smaller effect on the rate of decline in filamentous Bcl10,
promoting only a slight increase in filament stability. When combined, a lower activation barrier and a
greater activation of nucleation sites created a dynamic in which slight variations in degradation had a

large effect on the concentration of filamentous Bcl10.

Fig 5. Simulations of Bcl10-filament growth and decay demonstrate that changes in the response dynamic due to
increased degradation by autophagy were stabilized by increased p.u.cn but emphasized by increased paciivate-

(A) Simulated Bcl10-filament degradation was simulated in conjunction with filament growth. Degradation was modulated by pgegrade.
the probability of degradation by an autophagosome. (B) The average normalized concentration of filamentous Bcl10 as simulations
evolved. Concentration is relative to the maximum-average concentration of all simulations with the same parameters. Each line
represents the average of 100 cells, repeated 10 times each, and shaded bars are the 95% CI of the mean. Simulations were
repeated with low and high values for pacvate aNd Patach- (C) The number of iterations needed to reach the maximum relative
concentration vs. the number of iterations to reach half of the maximum concentration due to degradation. Each entry represents the
average Npmax and Ny for the 10 trials of each of the 100 cells. LOW Pgegrace is 0.05, moderate pgegrace is 0.10, and high peegrade is 0.20.
Ellipses represent one standard error of the mean.

We further explored how each of the three parameters in our simulation affected the variability of
the response across the heterogeneous initial population of cells (Fig 5C). For each of the 100 cells, we
calculated the average number of iterations for the filament-length distribution to reach its maximum
average size, nnax, and compared this to the average number of iterations required for the average size to

be half of the max, nny (Fig 5C), for each of the twelve parameter configurations. Increasing the value of
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Pattachs Pactivates OF Paegrade iNdependently of the others led to decreased variability in outcomes, with a lower
nucleation barrier (an increase in payach) having the greatest effect on variability in the response to an
activation signal (i.e., heterogeneity in the time to peak response), and an increase in pacivate €mphasizing
changes in pgegrade- The introduction of degradation into the simulations increased the negative
correlations between the number of puncta and average filament length, p. Each of the simulations
reached values of p = -0.5 during system evolution, close to the experimental value of p < -0.6.

In summary, we have developed a refined model of a critical T cell receptor signaling process that
quantitatively captured the growth and decay dynamics of Bcl10 filaments and their heterogeneous length
distribution. We determined that a high activation potential of nucleation sites can, when combined with a
low Bcl10-nucleation barrier, provide the most predictable and homogenous response to T cell activation.
Furthermore, we found that the rate of degradation of Bcl10 filaments had the largest effect on the
percentage of Bcl10 in filamentous form when nucleation sites have a high activation potential and Bcl10
has a low nucleation barrier. These conditions ultimately allow the response dynamic to be maximally
tunable via changes in the degradation rate. With regards to the biological governance of this signal
transmission system, these data offer a mechanistic explanation for why Bcl10 polymerization is opposed

by contemporaneous autophagic degradation of Bcl10 polymers.
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Supporting Information Legends

S|l Movie S1: Semiautomatic segmentation, skeletonization, and pruning of Bcl10 filaments.

Representative segmented Bcl10 filament superimposed medial-axis skeletons. (Left) Raw medial-axis skeleton. The skeleton
contains several small spurs which occur because of voxel noise on the surface of the filament. (Middle) Medial-axis skeleton after
moderate pruning. Some spurs are removed. (Right) Medial-axis skeleton after full pruning. All spurs are removed and only the
main-body skeleton remains.

S| Table S2. Statistics for Fig 1.
Sl Table S3. Statistics for Fig 2C.

S| Fig S4. Shape statistics of autophagosomes 20 min and 40 min post-activation.
(A) Distribution of autophagosome 3-D volumes. (B) Distribution of autophagosome 3-D surface areas. (C) Distribution of
autophagosome sphericities. Sphericity of one is a perfect sphere and sphericity of zero is a flat disk.

S| Table S5. Statistics for Fig 3.

S| Text S6. Theoretical predictions of damped and undamped nucleation-limited growth.
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Discussion

In this work, we explored the mechanism and dynamics of Bcl10 filament degradation, a process
that is a key regulatory element in the T cell receptor-to-NF-kB signal transduction pathway. Through
computational analysis of super-resolution images, we demonstrated that Bcl10 filaments are shorter in
length at 40 minutes post-TCR engagement than at 20 minutes, with an increase in punctate Bcl10 and a
decrease in filaments longer than 1 ym. We demonstrated that autophagosomes were preferentially in
contact with Bcl10 filaments, that these contacts increased over time, that at both 20 minutes and 40
minutes post-TCR engagement there was a preference for the contacts to occur near filament ends, and
that by 40 minutes post-TCR engagement, autophagosomes colocalize with Bcl10 puncta in non-random,
significant manner. Together, these findings, along with our previous biochemical studies (18), imply that
autophagosomes drive a degradative process that progressively shortens Bcl10 filaments, leaving behind
remnants visualized as puncta which undergo slower degradation. Furthermore, we developed a
stochastic Monte Carlo simulation of nucleation-limited filament growth and degradation, which we utilized
to probe aspects of regulatory control of filamentous signal transduction bodies. Using this model, we
ascertained that the rate of degradation was the most important element controlling the magnitude and
dynamics of the response function, particularly when the homogeneity of the response has been
maximized via a high activation potential and a low nucleation barrier.

Importantly, these results shed light on possible mechanisms of autophagic degradation in the
poorly understood scenario in which the structures to be degraded are larger than the autophagosomes
performing the degradation. We found that increased contact between autophagosomes and Bcl10
filaments corresponded to a progressive shortening of Bcl10 filament length, implying that
autophagosomes degrade these large structures through piecewise degradation rather than the currently
understood model of enclosure of the entire volume of a given cargo. Further, we determined that
filaments to which autophagosomes attached were more likely to experience attachment near filament
ends, and that degradation models that target the ends of filaments rather than the mid-region best fit the
experimental observations. However, we were unable to establish whether this degradation might occur
via end-based disassembly at the molecular scale, or via scission of larger regions near the end. The
novel observation that the number of punctate structures in contact with autophagosomes increases
significantly at 40 min vs 20 min could not be recapitulated in our model, indicating that the final
degradation of Bcl10 filaments once they reach lengths <150nm and thus appear as punctae is inhibited
or occurs by an independent mechanism.

The analysis methods which we developed for this study have broad applicability to
computational image analysis and the study of dynamic signaling processes. Typically, radial-distribution
functions are used to measure and statistically assess contacts and/or colocalizations between
structures. However, because contacts between Bcl10 filaments and autophagosomes involve close-
range contact and significant volumetric overlap, such an analysis was not suitable. Our image-based
bootstrap-like method of random rearrangement and reanalysis of segmented objects has, to our
knowledge, not been previously published, and could prove to be widely applicable in assessing
colocalizations between structures in an image. Furthermore, filamentous signaling structures, particularly
those whose core constituent protein contains a death domain superfamily element (as Bcl10 does), are a

common motif in immunological signal transduction pathways (37-39), and many are downregulated via
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macroautophagy (40—42). Thus, our model of nucleation-limited flament growth and degradation, with its
multiple tunable parameters that can be used to fit the model to observed imaging data, may be
applicable to a variety of autophagy-regulated signal transduction pathways and reveal common
mechanistic principles of immune regulation.

The simulations we developed offer intriguing insight into the regulatory control of T cell activation
states. Higher values of pcvate in the model led to increased heterogeneity in filament lengths; since our
experimental observations include heterogeneous filament lengths, it is implied that the probability of
activation of Carma1 in response to TCR engagement is likewise high in biological reality. Furthermore,
these higher values of pacivate in the model led to increased responsiveness to variations in degradation
speed, along with decreased variability of the response from a variety of initial states, both outcomes that
are beneficial to the overall control of T cell activation. Thus, it is probable that in activated T cells,
Carma1 in the vicinity of the immunological synapse has a high likelihood of promoting Bcl10 filament
nucleation, and further regulatory control of the activation potential of Carma1 would provide little overall
benefit. In contrast, variations in the size of the nucleation barrier (represented by patacn) had little effect
on the dynamics of the response, though a smaller nucleation barrier (higher patach) led to slightly
stabilized filaments over time and increased homogeneity of the response dynamic. Regulatory control of
the nucleation barrier does not appear to provide substantial benefit to the response dynamic and is thus
unlikely. Interestingly, based on the results of the simulations, governing the rate of filament degradation
via control of autophagy has the greatest effect on the response dynamic. Indeed, autophagy has many
regulatory control points and processes feedback from a wide variety of signaling pathways (43),
providing myriad opportunities for crosstalk among T cell signaling inputs.

The results of our simulations, taken together, indicate that POLKADOTS filament growth and
degradation exhibit the characteristics of an excitable system. Excitability is a phenomenon by which a
system can undergo dramatic changes in behavior in response to small perturbations; components of
such a system typically include non-linear thresholded/digital activation that initiates a fast, amplifying,
positive feedback loop along with a slower, delayed, response-limiting negative feedback loop (44).
Excitable systems characteristics are observed in a variety of biological processes, including in the
polymerization and depolymerization of cytoskeletal proteins during migration (45), and in ion channels
during neuronal firing cascades (46). Further, excitability is often observed when signaling networks reach
a critical, near-phase-transition state (47,48), which induces dramatic changes to system dynamics,
including the oligomerization of protein complexes via phase separation (49). We have previously
reported that the Bcl10-dependent TCR-to-NF-kB signaling pathway is characterized by digital activation,
with increased stimulus beyond a certain threshold having little effect on the signaling response of
individual T cells (34). Thus, the predictions of behavior of POLKADOTS filament growth and degradation
resulting from these simulations are consistent with our previous observations of the biological behavior
of these signaling elements in living T cells.

Our analysis of Bcl10 filament formation and degradation suggest that this self-limiting all-or-
nothing response is enabled by nucleation-limited filament assembly with a high probability of Carma1
activation in response to even minimal TCR engagement and a low nucleation barrier. The system is self-
limiting via autophagy operating on filament ends, which extends the lifetime of filaments and thus signal

activation (a result not inconsistent with autophagy limiting the intensity of the signal by limiting the
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amount of Bcl10 in POLKADOTS filaments (18)). Disassembly via autophagy results in a long refractory
period due to protein degradation. More broadly, our results, when considered in combination with
existing structural data (35), suggest that spatial organization of signaling components, specifically
filament assembly and degradation, may be widely used in biological signaling networks to enable robust

all-or-nothing (i.e., digital) responses and/or self-limiting dynamics.
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Methods

T cell stimulation and imaging

D10.G4.1 T cells were transduced with retroviruses expressing Bcl10-GFP and TagRFP-T-LC3
(referred to as RFP-LC3) as previously described (50). Following antibiotic selection, cells were
subcloned to ensure uniform imaging characteristics. The resultant D10 cell line was activated via plating
on coverslips coated with anti-CD3 antibody (clone 145-2C11, BioXCell). Cells were fixed with 3%
paraformaldehyde after the indicated incubation times and mounted for imaging on a custom-built instant
structured illumination microscope (iSIM) utilizing a 1.45 NA oil immersion objective (36). Images were
collected as z-stacks inclusive of the entire volume of the cells with a 200 nm distance between z
planes. Following collection, images were deconvolved using the Richardson-Lucy algorithm as
previously described (36) and converted to a new isotropically-distributed 3D coordinate grid via 3D spline

interpolation.

Segmentation of Bcl10 and LC3

Fluorescent iSIM images of Bcl10 and LC3 were binarized using an intensity threshold on a cell-
by-cell and channel-by-channel basis due to fluctuations in expression and intensity. Each binarized
image was convolved with a 3x3x3 kernel with values 1/3% and again binarized with a threshold of (2/3)3
so that pixels with at least 8 occupied nearest neighbor locations were considered. All small binary pixel-
noise was removed. Colocalizations between Bcl10 and LC3 were determined by identifying the voxels

which directly overlap in the two binary channels.

Skeletonization and Skeleton Measurements of Bcl10

Each of the structures in the binary Bcl10 images were individually skeletonized using a MATLAB
implementation of medial-axis thinning skeletonization (51-53). Bcl10 skeletons sometimes contained
erroneous spurs due to fluctuations in the volume from sensitivity to the intensity threshold and thus,
filament skeletons were processed by iteratively removing spurs less than 6 voxels (150 nm) in end-to-
end length, the approximate optical resolution of the iSIM. A representative example is demonstrated in
SI Fig S1. Structurally isolated skeletons less than 6 pixels (150 nm) in length were labeled as punctate
as indicated in Fig 1.

Where there was overlapping of multiple Bcl10 filaments, skeletons developed high-degree nodes
where multiple filaments branches converged or intersected at a single branch point. This understanding
of Bcl10 filament structure is inconsistent with current perspectives (14) and was treated as an imaging
artifact. To estimate the appropriate skeleton segmentation in these regions, we instituted a minimum-
bending-energy scheme under the assumption that filaments are less likely to develop large curvature,
and thus chose the configuration that resulted in the smallest net bending energy. Bending energy for a
simple elastic beam is proportional to 1/R? where R is the radius of curvature of the bent region. Thus, we
fit an 11-pixel segment centered at the high-degree junction between multiple skeletons to the surface of

a sphere to calculate R for the segment.
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Measurements from the ends of skeletons were calculated using the Floyd-Warshall algorithm
where the reference point was the nearest degree-one node. Colocalizations between Bcl10 and LC3

were assigned the end-distance value from the nearest skeleton points in all overlapping voxels.

Random Rearrangement and Resampling of Segmented Structures for Statistical Assessment

Bootstrapping is a statistical resampling procedure that allows for the estimate of a sampling
distribution. Since resampling of a single fixed T cell at 20 min or 40 min post-activation is impossible, we
developed an image-based resampling method to assess the sample distributions for the number and
location of Bcl10-autophagosome contacts if the underlying biological processes are driven by
randomness.

To carry out the procedure in this work, we identified three relevant cell structures from the 3-D
super-resolution iSIM image: the cell boundary, binary Bcl10, and binary autophagosomes. For the
resampling, we kept the location of the cell boundary and Bcl10 fixed. Then, we removed all
autophagosomes from the image and separately saved each individual 3-D structure separately. Each 3-
D autophagosome was then randomly rotated by three randomly generated angles between 0 degrees
and 360 degrees about the x-, y-, and z-axis. Finally, each randomly rotated autophagosome was placed
one at a time in a random location within the cell boundary. If any voxel in the currently selected
autophagosome fell outside of the boundary or overlapped with an existing autophagosome, then a new
location was chosen. The procedure was repeated until all autophagosomes were placed. Upon
completion, the contact calculations were repeated, including the number of Bcl10-autophagosome

contacts per cell, and the location of each of the contacts along connected Bcl10-filament skeletons.

Simulations of Bcl10 Filament Growth and Degradation

Simulated cells were initialized with a variable amount of monomeric Bcl10, monomeric Carma1,
and autophagosomes. To determine initial levels, each cell was assigned four random radii, R, Rz, R
and Ry, from a normal distribution with parameters y = 1 and o = 0.2. The initial amount of Carma1 was
apxR43, Bcl10 was byxR,3, autophagosomes were cyxR32, and the size of the immunological synapse was
doxR42, where ag= 10, bg= 500, ¢, = 5, and dy = 0.2, were each chosen empirically.

The simulated evolution of filament growth and degradation was controlled by the activation of
Carma1 by the engaged TCR, the nucleation of Bcl10 filaments by an active Carma1, the attachment of
monomeric Bcl10 to nucleated Bcl10 filaments, the attachment of autophagosomes to Bcl10 filaments,
and the degradation of Bcl10 filaments by autophagosomes. Each step in the evolution was mediated by
both fixed and variable probabilities.

1) Activation of Carma1 by the engaged TCR.
a. Probability that Carma1 will collide with the TCR, peoiige = 0.1.
b. Probability that the TCR was part of the immunological synapse, psynapse = do*R42.
c. Probability of Carma1 activation, pactivate (variable).
2) Growth of Bcl10 on activated Carma.
a. Probability that Bcl10 will collide with Carma, peoiige = 0.01.

b. Probability of attachment before the nucleation barrier has been reached, patach (variable).
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c. Size of the nucleation barrier (i.e., the number of attachments before the attachment
probability switches from Paitach tO Pgrow), Nbarrier = 20.

d. Probability of attachment after the nucleation barrier has been reached, pgrow = 0.4.

3) The degradation of Bcl10 by an attached autophagosome.

a. Probability of autophagosomes colliding with a Bcl10 filament, peojige = 0.1.

b. Probability of autophagosomes attaching to a Bcl10 filament, pagach = 0.1.
Probability of autophagosomes degrading attached-to filaments, pgegraqe (Variable).

d. If attached autophagosomes do not degrade, the probability that they fall off the
attached-to filament, pgetach = 0.1.

We used physical properties of Carma1 and Bcl10 to inform the interaction probabilities in the
simulations. Bcl10 is 33 kDa and its cytosolic diffusion constant is on the order of Dgg1g = 10 um?/s,
whereas Carma1 is 130 kDa and thus has a cytosolic diffusion constant on the order of Dcamat = 1 Hm2/s
(39). Via diffusion, the time it takes to traverse some distance d is t = d%/6D. T cell diameters are on the
order of dr ¢ = 10 pm, and thus the time it takes for Bcl10 and Carma1 molecules to traverse the cytosol
are approximately 0.2 sec and 2 sec, respectively. Thus, the collision probability for Bcl10 was chosen to
be 10x larger than that of Carma1. The other rate constants, such as pgrow @and patach, have not been
determined experimentally, to our knowledge.

Simulations from Fig 4 were performed without autophagosomes and terminated upon
monomeric Bcl10 being completely converted to filamentous Bcl10. Simulations from Fig 5 were
performed for either 10,000 iterations or when the number of monomeric and filamentous Bcl10 reached

zero, whichever came first.
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