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Abstract

Timing and Nucleation of Membrane Protein Condensation by Single Peptide-MHC:T
Cell Receptor Complex Control Antigen Discrimination

by
Mark K O’Dair
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Jay T. Groves, Chair

An adaptive immune response begins with a T cell accurately identifying a
pathogen-derived peptide loaded into MHC protein on the surface of an antigen
presenting cell (APC). T cells engage pMHC with their T cell receptor (TCR) and must
discriminate between agonist pMHC molecules, present on APC surfaces at extremely
low copy numbers (e.g., tens of molecules), and hundreds to thousands of self pMHC. To
be both highly sensitive and precise, T cells have evolved elaborate signaling systems to
minimize error. Antigen discrimination is largely based on the binding duration kinetics
(dwell time) of pMHC:TCR complexes with agonist pMHC exhibiting long dwell times. LAT
is an integral membrane scaffold protein that is intrinsically disordered, and upon its
phosphorylation by the kinase Zap70 at multiple tyrosine sites, LAT undergoes a
condensation phase transition, being crosslinked by various adaptor and signaling
proteins. LAT condensation is a critical feature of productive TCR signaling.

Using single molecule imaging techniques, we observe that an individual LAT
condensate is induced by a single pMHC:TCR complex and constitutes a unit of
productive TCR signaling. Accumulation of a sufficient number of these condensates is
correlated with whole cell activation. LAT condensates form abruptly after an extended
delay from the onset of pMHC:TCR binding. Condensate lifetime and size carry no
antigen information as they are completely uncorrelated with the dwell time of the
originating pMHC:TCR complex. Instead, dwell time correlates with the probability of LAT
condensate formation. Condensate delay time is shortened by accelerating the
phosphorylation of a unique tyrosine site on LAT, Y136, that exclusively binds the PIP2
lipase PLCy1. Perturbing delay time kinetics subsequently alters antigen specificity.

We discover that PLCy1 plays a novel structural role in nucleating LAT
condensates while locked in its autoinhibited conformation by facilitating early
crosslinking of LAT. PLCy1 recruits to LAT coincident with condensate formation, and
altering the cytosolic concentration of PLCy1 modulates condensation delay time and
probability, indicating that condensate nucleation is a major kinetic bottleneck step.



Nucleation occurs when PLCy1 binds LAT at Y136 and an unknown binding partner,
through likely SLP-76, with its SH3 domain, suggesting that LAT must be tetravalent for
in vivo condensates to form. Thus, PLCy1 works cooperatively with LAT Y136
phosphorylation to control LAT condensation and antigen discrimination in T cells for
accurate immune response.
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1| Introduction

To offer its full protection, the immune system must first recognize the presence of
disease-causing pathogens in the body, including viral, bacterial, or fungal infections, and
initiate proper and specific signaling pathways to induce a productive immune response.
The adaptive immune system is one of two major subsystems of the complete immune
system found in vertebrates. While the innate immune subsystem responds to a broad
category of pathogens in a pre-programmed fashion, the adaptive immune system
mounts highly specific responses to each pathogen and retains an immunological
memory of the disease to defend against repeated infection. This specific recognition and
long-term memory are critical for vaccine function against various diseases.
Understanding how the signaling machinery of immune cells discriminates pathogens
from non-pathogens on a fundamental, microscopic level is vital to improving the design
of therapeutics against disease.

The adaptive immune system operates primarily through T and B lymphocytes,
each carrying out specifically evolved roles. CD4* helper T cells play a critical function in
identifying signatures of pathogens, called antigen, and alerting the immune system to
mount a specialized response. CD4* T cells probe the surface of antigen presenting cells
(APC), another specialized immune cell, in search of pathogen-derived peptide fragments
(i.e., antigen) loaded into the protein major histocompatibility complex (MHC) class Il
(Figure 1-1). A healthy adaptive immune response depends on the ability of T cells to
discriminate between non-self, agonist peptide-MHC (pMHC) ligands and the vastly more
abundant host-derived self pMHC, both presented on the surface of APCs. It has long
been recognized that antigen discrimination is based on the binding kinetics of pMHC to
the T cell receptor (TCR), especially the kinetic off-rate (or, equivalently, the mean binding
dwell time) (7-3). This task is complicated by the fact that agonist and self-ligands may
differ only slightly in their binding kinetics, requiring a highly precise discrimination
mechanism (4-9). Furthermore, T cells can accurately discriminate pMHC ligands based
on only a small number (tens) of individual molecular binding events (710-15). Precise
tuning of the T cell signaling system is crucial for a proper immune response. Mutations



in early signaling proteins that increase TCR sensitivity are associated with autoimmune
diseases, while mutations that decrease TCR sensitivity are associated with
immunodeficiency (16).

Figure 1-1: T cells probe APCs for agonist pMHC.

T cells use their TCR to probe the surface of APCs in search of MHC loaded with foreign peptide. T cells
are capable of detecting single agonist pMHC molecules on the surface of an APC, leading to a global
immune response.

Binding of pMHC to TCR initiates a signaling process, the first several steps of
which rely on sustained engagement of the pMHC:TCR complex (Figure 1-2) (1, 17, 18).
This establishes a kinetic proofreading mechanism, in which only sufficiently long dwelling
pMHC:TCR binding events successfully trigger the full downstream signaling response
(8, 19). Following the initial formation of the pMHC:TCR complex, immune receptor
tyrosine-based activation motifs (ITAMs) on the TCR CD3 chains are phosphorylated by
the Src-family tyrosine kinase Lck, creating docking sites for the Syk-family tyrosine
kinase Zap70 (17, 20). Zap70 arrives to the TCR in an initially autoinhibited state, but is
activated after phosphorylation by Lck, and subsequently phosphorylates substrates,
including the scaffolding protein linker for activation of T cells (LAT) (27-24). A distinctive
feature of the TCR signaling mechanism is that LAT is a poor substrate for most tyrosine
kinases (25) and, thus, relies primarily on Zap70. This requisite series of kinase activation
steps, leading up to Zap70 activation at the TCR, constitutes the first stage of kinetic
antigen discrimination.
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Figure 1-2: TCR signaling pathway.

After pMHC binds to a TCR, the tyrosine kinase Lck phosphorylates ITAMs on the TCR-associated
cytoplasmic CD3 chains. Zap70 recruits to phospho-ITAMs, and after its activation by phosphorylation by
Lck, Zap70 phosphorylates LAT at four critical tyrosine residues (Y136, Y175, Y195, Y235). Grb2 binds the
phospho-LAT and, in association with SOS, clusters LAT on the plasma membrane resulting in a 2D protein
condensation phase ftransition. Grb2 also possesses the ability to homodimerize, providing a SOS-
independent mechanism of crosslinking. Gads also binds to phospho-LAT and the adaptor protein SLP-76.
PLCy1 exclusively binds LAT Y136 with its nSH2 domain and simultaneously binds SLP-76 with its SH3
domain. PLCy1 becomes activated by phosphorylation of Y783 by kinase Itk, which recruits to SLP-76.
SOS activates the small GTPase Ras, which signals into the MAPK pathway. Activated PLCy1 initiates the
calcium/NFAT pathway. LFA-1:ICAM:-1 interactions, among other integrin molecules, provide adhesion
between T cells and APCs. CD45 is an example of a PTP that exerts constant dephosphorylation pressure
on the TCR signaling process.

Under the control of phosphorylation by Zap70, LAT scaffolds a signaling hub from
which both the calcium (Ca?*) and MAPK signaling pathways branch (26-29). LAT is an
intrinsically disordered protein anchored to the membrane via a single transmembrane
domain and up to two palmitoylations (30). LAT contains 9 tyrosine phosphorylation sites,
at least 4 of which (Y136, Y175, Y195, Y235 in murine LAT) are utilized in T cell signaling
(Figure 1-3). The Src-homology 2 (SH2) domain-containing adaptor Grb2 binds to the
three C-terminal phosphotyrosine (pTyr) LAT residues (i.e., Y175, Y195, Y235) and
subsequently recruits the Ras guanine nucleotide exchange factor (GEF), Son of
Sevenless (SOS), which activates Ras and the MAPK pathway. The Grb2-related adapter
protein Gads binds to Y175 and Y195, sharing these phosphotyrosine sites with Grb2
(37-33). Phosphorylation at Y136 on murine LAT (Y132 on human LAT) is unique from
the other tyrosine residues in that it generates an exclusive binding site for phospholipase
C gamma 1 (PLCy1) recruitment (37, 34, 35). PLCy1 ultimately activates Ca?* signaling.
In T cells, MAPK and Ca?* signaling respectively lead to ERK and NFAT nuclear
translocation and, along with other transcription factors, ultimately control IL-2 production,
T cell differentiation, and other effector functions (36). To maintain its high precision, TCR
signaling is highly regulated. For instance, various protein tyrosine phosphatases (PTPs),
such as CD45, exert constant negative phosphatase pressure (37).

It has long been known that the high phosphotyrosine multivalency of LAT enables
extended LAT clustering into an elaborate signaling complex when crosslinked by various
adaptor proteins (38—41). More recent studies of LAT, Grb2, and SOS reconstituted on



supported membranes have revealed a two-dimensional protein condensation phase
transition governed by tyrosine phosphorylation (42, 43). It was further discovered that
formation of this condensate facilitates release of autoinhibition in SOS, thus enabling
Ras activation and possibly providing a signal gating function in T cells (44).

Y235 - (3

Grb2 ®-Y195

®-Y175 [ Gads

PLCy1—+ Y136 -

Figure 1-3: LAT tyrosine architecture and interactions.

Zap70 phosphorylates at least four critical tyrosine residues on LAT at Y136, Y175, Y195, and Y235. Grb2
binds the three C-terminal residues (Y175, Y195, Y235) while Gads binds the middle two (Y175 and Y195).
The most membrane-proximal of these residues, LAT Y136, is exclusively reserved for PLCy1 recruitment.

PLCy1 is a complex and highly regulated multi-domain enzyme whose primary
known function is to catalyze the cleavage of PIP2 lipids into diacylglycerol (DAG) and
inositol triphosphate (IP3). DAG remains embedded in the plasma membrane, acting as
a second messenger to recruit and activate downstream signaling proteins such as PKC6
and RasGRP, while soluble IPs induces calcium flux into the cytosol (45, 46). To prevent
spontaneous calcium flux, PLCy1 is heavily autoinhibited. Its catalytic TIM barrel,
composed of the X- and Y-box, is split by a series of domains that is specific to PLCy
isozymes (47). This domain array consists of a split PH domain, two consecutive SH2
domains, followed by an SH3 domain, and constitutes the regulatory unit (Figure 1-4A).
This regulatory unit folds onto the catalytic and flanking lipid-binding domains, locking
PLCy1 in an autoinhibited conformation by preventing the active site from making
productive contact with PIP2 substrate in the plasma membrane (48). In T cells, PLCy1
binds phosphorylated LAT Y136 with the N-terminal SH2 (nSH2) domain of the regulatory
unit. Interestingly, Y136 exhibits the slowest phosphorylation rate of the four LAT
tyrosines (49—-51). To maintain the autoinhibited conformation, the C-terminal SH2 (cSH2)
domain makes critical interactions with the catalytic unit. With its SH3 domain, PLCy1
binds SLP-76, which recruits to LAT via Gads (52—-54). Thus, PLCy1, SLP-76, and Gads
form a tertiary complex with LAT (Figure 1-4B). After phosphorylation by Zap70, SLP-76
recruits the Tec-family tyrosine kinase Itk, which phosphorylates PLCy1 at Y783.
Autoinhibition is released when the cSH2 domain releases from the catalytic unit and
intramolecularly binds phospho-Y783 (48, 55, 56). This induces a massive structural
rearrangement allowing PLCy1 to adopt an active conformation. PLCy1 is indispensable
for successful TCR signal propagation as depleting PLCy1 in Jurkat T cells results in
significant loss of IL-2 gene transcription (67). While PLCy1 has primarily been



investigated for its enzymatic function, one recent study suggests PLCy1 is capable of
participating in LAT crosslinking, using the SH domain array of the regulatory unit (58).
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Figure 1-4: PLCy1 structure and the tertiary complex.

(A) The domain map of PLCy1. The catalytic TIM barrel of PLCy1 consists of the X-Box and Y-Box, which
are split by a series of domains that are important for requlating PLCy1 autoinhibition, referred to as the
requlator unit. The regulatory unit is made up of a PH domain split by an array of Src homology (SH)
domains. This “SHarray” (shown in orange) is composed of two successive SH2 domains (nSH2 and cSH2)
followed by an SH3 domain. The X and Y boxes are flanks by lipid binding domains (PH at the N-terminus
and C2 at the C-terminus) and a series of EF motifs. (B) PLCy1 recruits to LAT Y136 via its nSH2 domain
and forms a tertiary complex between PLCy1:SLP-76:Gads:LAT.

It is critical to note that the true physiological context of TCR signaling is a T cell
juxtaposed with the surface of an APC that is presenting only tens of agonist pMHC
molecules. Fluid supported lipid bilayers (SLBs) provide an excellent platform for studying
signaling pathways that occur at the plasma membrane. SLBs can be functionalized with
a variety of signaling proteins with control over protein density. Thus, SLBs functionalized
with a range of agonist pMHC densities (including low, physiological densities) and native
integrin ligands, such as intercellular adhesion molecule-1 (ICAM-1), form a surrogate
APC surface for interactions with primary mouse T cells. This experimental platform has
long been used in studies of T cell signaling in the context of the immunological synapse
(59-68) and provides an optimal configuration for single molecule imaging by the surface
selective imaging technique total internal reflection fluorescence (TIRF) microscopy (72—
14, 57).
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Figure 1-5: Protein-functionalized fluid supported lipid bilayers mimic APC surface.

(A) Fluorescence recovery after photobleaching (FRAP) of a supported lipid membrane. Prior to forming
SLBs, lipid vesicles were incubated with the membrane-intercalating dye Dil. A small region of the
supported membrane was photobleached with high laser power, after which fluorescent recovery was
observed, verifying supported membrane mobility. Bar is 10um. (B) Schematic of a supported membrane
functionalized with APC surface proteins. ICAM-1 is displayed at high density to facilitate natural adhesion
with primary T cells. Agonist pMHC is presented at low single molecule densities (e.g., 0.2-0.4
molecules/um?). Such SLBs act as a surrogate APC surface.

T cells are highly sensitive to antigen and can robustly activate at agonist pMHC
densities around 0.2 molecules/um? (11, 12, 69). At these densities, pMHC ligands are
spaced microns apart and can be readily resolved by single molecule imaging. Using
TIRF microscopy, individual pMHC molecules on the supported membrane can be
tracked with high spatial (50 nm) and temporal (20 ms) resolution. In these experiments,
freely diffusing pMHC molecules exhibit simple two-dimensional Brownian motion on the
supported membrane with diffusion coefficients of 0.55 pm?2s. Nonspecifically
immobilized pMHC represent a negligibly small fraction (< 2%). We can directly visualize
the TCR-bound state of individual pMHC. When pMHC binds TCR on the T cell, its motion
changes dramatically, allowing clear distinction of bound pMHC:TCR complexes from free
pMHC ligand (72, 13). Here, we use this single molecule imaging strategy to track the
formation, duration, and movement of single pMHC:TCR complexes while simultaneously
monitoring LAT condensation or PLCy1 recruitment (as well as the localization or
signaling state of other signaling proteins) in response to a single pMHC:TCR binding
event. This unique experimental strategy allows us to map a specific pMHC:TCR binding
event to direct signaling outcomes, such as LAT condensation, inside the T cell.



Most experiment work studying T cell signaling has been performed by stimulating
T cells with high concentrations of anti-TCR antibody, either in solution or immobilized on
glass surfaces (38, 41, 58, 70). While such overstimulation studies are highly informative,
they should be interpreted judiciously, particularly when studying protein clustering at the
plasma membrane. Such methods have the potential to cause artificial protein clustering
and skew assembly kinetics. Therefore, it is imperative that T cells are studied under
physiological conditions to accurately understand the LAT condensation process. In the
work described here, we examine the molecular signaling process from the initial binding
of individual pMHC:TCR complexes to the formation of the associated LAT condensate
and how signaling proteins such as PLCy1 play a role in its nucleation and regulation.

Our data reveal that a single pMHC:TCR binding event is sufficient to induce the
formation of a LAT condensate on the plasma membrane. These condensates are self-
limiting, with condensate size and lifetime being completely uncorrelated with the dwell
timing of the originated pMHC:TCR. Thus, once formed, all condensates function
independently from the originating binding event. Only the probability of forming a LAT
condensate is related to pMHC:TCR binding dwell time. We report quantitative
measurements of this probability function that reveal an additional layer of kinetic
proofreading, beyond the TCR, that is provided by the LAT condensation phase transition.
We report that the delay time from pMHC:TCR binding to initiation of LAT condensation
is widely distributed and on the order of tens of seconds. We further observe that
condensate delay time is strongly controlled by the phosphorylation of Y136 on LAT,
which binds PLCy1. A LAT mutation that accelerates Y136 phosphorylation (G135D in
mouse, G131D in human) (50) significantly decreases the LAT delay time while
increasing T cell antigen sensitivity, thus suggesting a connection between delay time
and antigen discrimination. Whole cell activation, measured by NFAT nuclear
translocation, correlates with the number of LAT condensates formed, implying that LAT
condensates represent quanta of information in the T cell signaling pathway.

PLCy1 recruitment and LAT condensation occur simultaneously in response to
single pMHC:TCR binding with PLCy1 recruiting to LAT at the precise moment it begins
to condense. LAT condensation is highly dependent on PLCy1 cellular abundance.
Increasing cytosolic PLCy1 concentration by exogenous overexpression accelerates LAT
condensate delay time kinetics. Likewise, decreasing PLCy1 levels by knock-down
reduces the probability of condensation. Together, these data suggest that PLCy1
nucleates in vivo LAT condensation. Mutation and truncation experiments reveal that
nucleation is facilitated by the Src homology (SH) domain array (SHarray) of PLCy1 while
the enzyme is locking in the autoinhibited conformation. This indicates that nucleation
occurs by early crosslinking of LAT to form a small LAT nucleate which rapidly grows into
a mature condensate. We uncover that this crosslinking must specifically occur through
the nSH2 domain binding LAT Y136 and the SH3 domain engaging an unconfirmed
binding partner, though likely SLP-76. These results show that PLCy1 must nucleate LAT
since only PLCy1 binds Y136. Our data also suggest that LAT must be tetravalent, as
experiments allowing only trivalent crosslinking produce small, unstable condensates.



Additionally, we present several preliminary results with promising prospects. First,
we report that PLCy1-induced calcium flux appears to activate a negative feedback loop
in addition to propagating TCR signaling as a second messenger. Depleting extra- and
intra-cellular calcium reservoirs dramatically shortens LAT condensate delay time from
single pMHC:TCR binding. We suspect that increasing cytosolic calcium levels through
calcium flux produces the inverse effect, constituting a negative feedback loop on
subsequent upstream signaling.

We observe that some Jurkat T cell lines produce copious LAT clusters in the
absence of TCR stimulation. Inhibiting various biochemical pathways suggests that
integrin signaling through ICAM-1:LFA-1 is responsible, at least in part, for the high levels
of basal clustering. Interestingly, parental Jurkat lines from other sources exhibit minimal
basal LAT clustering, similar to resting primary T cells. This underscores the importance
of thoroughly characterizing Jurkat lines and prudently interpreting clustering studies
performed in Jurkats.

Utilizing the supported lipid bilayer platform, we characterized an antibody-based
cancer immunotherapeutic agent. Bispecific antibodies (biAb) crosslink TCR with target
tumor-associated antigen on the surface of a cancer cell. In these experiments, the SLB
mimics a tumor cell surface. Our data show that biAb molecules effectively bind and
activate T cells, determined by NFAT nuclear translocation, regardless of TCR clonotype.
Finally, biAb is capable of effectively activating T cells within a small range of SLB:T cell
intermembrane spacing, suggesting it is compatible against a small range of tumor
antigens heights.

Finally, we report that cortical actin cytoskeleton actively accumulates at sites of
non-TCR induced LAT condensation, presumably to block PLCy1 access to PIP2
substrate, as suggested by Csk inhibition studies. This accumulation is mitigated by
CD28-induced actin remodeling, producing a uniform actin distribution across the SLB:T
cell interface. This implicates that actin provides a safety mechanism, preventing spurious
signaling from LAT, which is released with additional signal input.

Collectively, these results reveal that LAT condensation plays a central role in
translating antigen information and that many well-known signaling proteins and second
messengers play critical auxiliary roles regulating condensate formation, timing, and
signaling. Particularly, PLCy1 functions in a structural capacity to nucleate condensation.
LAT condensates contain hundreds of LAT molecules and associated signaling proteins,
thus establishing a significant amplification from the single originating pMHC ligand. We
propose that the LAT condensation phase transition, and the processes regulating its
nucleation, have evolved in TCR signaling as means to achieve the signal amplification
and noise suppression necessary for the single molecule ligand sensitivity exhibited by T
cells. This is particularly evident considering the unique relationship between PLCy1 and
the unique binding specificity and phosphorylation kinetics of LAT Y136, which provide
control over timing and nucleation of LAT condensation and thus antigen discrimination.



2| Discrete LAT condensates encode
antigen information from single TCR
binding events

Abstract

LAT assembly into a two-dimensional protein condensate is a prominent feature
of antigen discrimination by T cells. Here, we use single molecule imaging techniques to
resolve the spatial position and temporal duration of each pMHC:TCR molecular binding
event while simultaneously monitoring LAT condensation. Individual binding events are
sufficient to trigger LAT condensates, which are self-limiting, and neither their size nor
lifetime is correlated with the duration of the originating pMHC:TCR binding event. Only
the probability of the LAT condensate forming is related to the pMHC:TCR binding dwell
time. LAT condenses abruptly but after an extended delay from the originating binding
event. A LAT mutation that accelerates phosphorylation at the PLCy1 recruitment site
shortens the delay time to LAT condensation and alters T cell antigen specificity. These
results identify a role for the LAT protein condensation phase transition in setting antigen
discrimination thresholds in T cells.



Introduction

LAT condensation phase transition is a critical signaling feature of TCR signaling.
LAT is thought to condense through crosslinking provided by Grb2 and SOS (38). The
SH2 domain of Grb2 binds any of the three C-terminal phosphotyrosine residues on LAT,
while its flanking SH3 domains interact with the proline rich regions (PR) of SOS. Thus,
a single crosslink takes the form of LAT:Grb2:SOS:Grb2:LAT, with many such
interactions resulting in a two-dimensional network. LAT condensates recruit many
signaling proteins that activate various signaling pathways. The phase transition
properties of condensates likely provide unique advantages in accurately discriminating
antigen. Ultilizing the supported membrane platform, we investigated the formation of
discrete LAT condensates produced from single molecule antigen stimulation.

Our observations reveal that a single pMHC:TCR binding event is sufficient to
trigger formation of a condensate containing hundreds of LAT molecules. LAT
condensation occurs abruptly, but after an extended delay from the originating binding
event, exhibiting signatures of a phase transition. The resulting LAT condensates are self-
limiting, and neither their size nor their lifetime is correlated with the duration of the
originating pMHC:TCR binding event. Only the probability of forming a LAT condensate
is related to pMHC:TCR binding dwell time. We report quantitative measurements of this
probability function that reveal extended kinetic discrimination of ligand into the tens of
seconds of pMHC:TCR binding dwell times. This represents an additional layer of kinetic
proofreading, beyond the TCR, provided by the LAT condensation phase transition. We
further observe that a LAT mutation (G135D in mouse, G131D in human), which
enhances the kinetics LAT Y136 phosphorylation (the PLCy1 recruitment site) by Zap70
(50), decreases the delay time to LAT condensation and alters T cell antigen specificity.
Whole cell activation, measured by NFAT translocation, correlates with the number of
LAT condensates formed after exposure to pMHC, suggesting that LAT condensates
represent quanta of information in the T cell signaling pathway.

Collectively, these results reveal a central role for LAT condensation in translating
antigen information from individual pMHC:TCR to downstream signaling pathways. LAT
condensates contain hundreds of LAT molecules and establish significant amplification
from the single originating pMHC ligand. Additionally, the self-limiting characteristics of
condensates discretize information into a binary output. A pMHC:TCR binding event
either produces a LAT condensate or it does not, but once formed, all condensates
function independently of the originating binding event. We propose that the LAT
condensation phase transition has evolved as means to achieve the amplification and
noise suppression necessary for the single molecule ligand sensitivity exhibited by T cells.
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Single pMHC:TCR binding events trigger discrete LAT
condensates

We characterized LAT condensation in response to single pMHC:TCR binding
events using a hybrid live cell-supported membrane experimental platform (61, 71-74)
(Figure 2-1). The supported lipid bilayer (SLB), consisting primarily of DOPC lipids, is
functionalized with pMHC (0-100 molecules/um?) and ICAM-1 (200-600 molecules/um?),
both of which are linked to the membrane via His-tag-protein:Ni-chelating-lipid
interactions (67, 75). In the experiments described here, we utilize multicolor TIRF
imaging to track LAT condensation at the plasma membrane in response to T cell
engagement with pMHC and ICAM-1 functionalized SLBs. Experiments are generally
performed using primary T cells harvested from mice with transgenic TCR(AND) (76).
Splenocytes from the TCR(AND) mice, hemizygous for H2%, were pulsed with 1 yM MCC
peptide and cultured with the T cells for two days. The T cell blasts were treated with IL-
2 from the day after harvest to the fifth day after harvest, at which point the cells were
used in experiments. Fluorescent fusion proteins of interest were expressed using the
PLAT-E retroviral platform (77). For experiments requiring expression of two different
fluorescent fusion proteins, we utilized a self-cleaving P2A peptide (78). RICM imaging
monitored the supported membrane:T cell contact independently from the fluorescence
channels (79). Epifluorescence was used for imagining the cell interior.

Free pMHC Bound Triggered TCR LAT condensate
Free TCR PMHC:TCR o phosphatase
Hybrid Live Cell "7 """~ ""7} phosphorylation Gads  Grb2
Supported Membrane, ' TCR le o
pp R > [0~ SLP-76 S
4 (@
T cell RO LAT
’ : Il —’
1
| O,
SLB = ! Qpuic

___________

Figure 2-1: Studying single TCR-induced LAT condensates with a supported lipid bilayer platform.
After the plasma membrane of the T cell interfaces with the supported lipid bilayer, T cell signaling occurs
downstream of pMHC:TCR binding. Primary observables include single pMHC:TCR binding/unbinding and
LAT condensation in the T cell plasma membrane after a series of kinetic steps.

TIRF microscopy of the SLB:live cell interface provides robust imaging capabilities
down to the single molecule level (80-82). At low agonist pMHC densities (0.1 — 0.4
molecules/um?), individual pMHC molecules are resolvable and can be tracked
undergoing free lateral Brownian motion in the membrane. When pMHC binds to a TCR
on a T cell, its diffusion changes dramatically to conform with the much slower movement
of the TCR. Under long exposure times (500 ms) and low excitation powers (0.4 mW/cm?),
individual pMHC:TCR complexes appear as well defined spots, whereas free pMHC
moves too quickly to be clearly resolved and appears as a diffuse fluorescent background
(Figure 2-2A-B). This imaging method offers selective tracking of pPMHC:TCR complexes
in living cells with a time resolution of =1 sec. and spatial resolution of =~ 0.5 ym (72, 13).
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Trajectories for each individual pMHC:TCR complex were tracked to measure the specific
pMHC:TCR binding dwell time, their spatial movement within the T cell membrane, and
their direct cellular response as measured by fluorescent fusion proteins of interest.

Figure 2-2: Detecting single pMHC:TCR complexes by differential diffusion.

(A) Detection of pMHC:TCR binding events. TIRF image of MCC(Atto647)-MHC on a supported membrane
imaged at 500 ms. A primary T cell (while dotted outline) interacts with a supported lipid bilayer containing
MCC-MHC and ICAM-1. Long imaging exposure time allows detection and distinction of slow diffusing
TCR-bound pMHC, which appear as localized bright spots (circled in green), and freely diffusing unbound
PMHC, seen as diffuse fluorescence. (B) Zoom-in of MCC(Atto647)-MHC on a supported membrane
imaged by TIRF with a 500 ms exposure. This exemplifies the distinction between the diffuse fluorescence
of unbound, “free” pMHC (top) and the localized fluorescence of bound pMHC (bottom).

Representative TIRF images of LAT-EGFP expressed in primary T cells interacting
with stimulatory bilayers presenting various densities of agonist pMHC are illustrated in
Figure 2-3A. LAT condensation is readily visible as localized increases in LAT density,
and corresponding time traces of the overall extent of LAT condensation are plotted in
Figure 2-3B. At high agonist pMHC densities (10-40 molecules/um?), LAT condensation
is observed throughout the SLB:T cell interface within seconds of touchdown. This is
consistent with numerous reports of LAT clustering and condensation in T cell interactions
with APCs displaying high agonist pMHC density (69, 83—-85) as well as T cells interacting
with activating anti-TCR antibody coated surfaces (471, 70). At these high antigen
densities, however, LAT phosphorylation and subsequent condensation are driven by
multiple TCR activation events, which are also intrinsically unsynchronized in time and
superimposed in the images. The observed LAT condensation cannot be directly mapped
to the individual pMHC:TCR binding events that triggered it, and much information is lost.
At lower agonist pMHC densities (Figure 2-3A, middle panel), the overall amount of LAT
condensation is significantly lower; however, similarly high local densities of LAT are still
observed to form stochastically and widely distributed throughout the interface. Although
the total amount of LAT condensation remains low, and appears to form on a much longer
timescale, T cells still activate robustly at these pMHC densities (70-72, 69). In control
experiments with zero pMHC in the membrane (Figure 2-3A, right panel), very few LAT
condensates are observed, and T cells do not activate.
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Figure 2-3: Single pMHC:TCR binding events trigger discrete LAT condensates.

(A) TIRF images of primary murine CD4* T cells expressing AND TCR and LAT-EGFP deposited onto SLBs
with varying densities of MCC(Atto647)-MHC. (B) The amount of condensed LAT through time for cells in
(A) was calculated by dividing the total condensed area intensity by the intensity of single LAT-EGFP
molecules, see Methods. (C) Representative image of a spatially isolated pMHC:TCR binding event that
maintains >1 um distance from any other binding event and produces a highly localized LAT condensate
within 50 nm at onset of condensation. Time stamps are relative to the moment of pMHC:TCR binding. (D)
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Overlay of MCC(Atto647)-MHC and LAT-EGFP channels showing the co-localized trajectories of both the
PMHC:TCR binding event and its associated LAT condensate, as well as the centripetal motion of both
towards the center of the cell. (E) A wider view of the T cell shows a constellation of binding events spread
out in space. Separate binding events are enumerated. (F) Temporal sequence of images for the binding
events in (E). Binding events visible in the first acquisition frame are not considered for subsequent
analyses. Some binding events are productive, while others fail to produce a localized LAT condensate.
(G) Intensity traces of productive binding events displaying several quantities - the number of condensed
LAT produced (Ny,r), the delay time until LAT condensation (t4.qy), as well as the lifetime of the LAT

condensate (Tcondensa[e ) .

At low pMHC densities (0.1-0.4 molecules/um?), individual pMHC:TCR binding
events are spaced microns apart and can remain distinctly separated for the entire lifetime
of the bound complex (Figure 2-3E, left panel). These individual binding events can
induce discrete LAT condensation. A time sequence of images illustrating the binding and
movement of a single pMHC:TCR complex, along with the corresponding LAT
condensate it formed, are illustrated in Figure 2-3C. LAT condensation begins within tens
of nanometers of the originating pMHC:TCR complex, and condensates generally remain
within a 100-300 nm neighborhood of the complex as both undergo colocalized transport
towards the center of the SLB:T cell interface (Figure 2-3D). This retrograde transport of
single pMHC:TCR complexes with their corresponding LAT condensate is very similar to
the retrograde transport of TCR clusters that occurs at high pMHC density (68, 86—-88).
This method is also sensitive enough to distinguish very rare putative pMHC dimer
binding from the predominant monomer pMHC binding, which we focus on in this study.
Over the entire cell interface, multiple such pMHC:TCR binding events and corresponding
LAT condensates can be observed (Figure 2-3E). The LAT condensates form quickly
and ultimately dissipate, generally independently of each other. Usually, only a few LAT
condensates exist at any one moment in time. A collection of time sequence images
tracking pMHC:TCR binding, along with the corresponding LAT condensate formation
and subsequent dissipation, for the seven binding events from the cell pictured in Figure
2-3E are shown in Figure 2-3F. Note that two binding events failed to produce LAT
condensates in this particular set.

Detailed analysis of a productive binding event is presented in Figure 2-3G,
illustrating the wealth of information that is gathered from each such event. The total
pMHC:TCR binding dwell time (tp,unq) is Observed in the top (red) sequence of images.
The sequence of images below (green) tracks the corresponding LAT condensate, with
a calibrated trace plotting the number of LAT molecules in the condensate through time.
LAT condensation occurs abruptly, but after a relatively long delay time (= 40 sec. delay
in this trace; mean delay: (tq4e1ay) = 23.2 sec.). The LAT condensates are self-limiting and,
as seen here, can dissipate prior to the pMHC:TCR complex dissociating. Fluorescence
recovery after photobleaching measurements on the LAT condensates (Figure 2-4)
indicate they are highly dynamic, with individual LAT molecules turning over throughout
the lifetime of the condensate (see FRAP of LAT condensates in Methods). We
determined the total number of LAT molecules in pMHC:TCR-induced condensates using
quantitative immunoblots, FACS, and quantitative fluorescence imaging (see Methods).
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Repeated FRAP shows dynamic exchange
during both growth and decay phases
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Figure 2-4: Performing FRAP on LAT condensates reveals dynamic exchange.
Periodic bleaching of the LAT condensate shows rapid recovery throughout the lifetime of the LAT
condensate.

The background distribution of LAT in primary T cell membranes is extremely
uniform (as seen in Figures 2-3A and 2-3C-E). Individual pMHC:TCR binding events
produce distinctly resolved LAT condensates against this smooth background.
Experimental examination reveals that these pMHC:TCR-induced LAT condensates form
from plasma membrane-associated LAT and are distinct, in both composition and their
association with agonist pMHC, from LAT containing-vesicles arriving at the plasma
membrane from the cytosol, a small number of which can also be observed. Delivery of
cytosolic LAT to the plasma membrane has been reported via VAMP7-associated
vesicles (83, 89). To confirm that pMHC:TCR-induced condensates studied here are
distinct, we performed experiments on T cells simultaneously expressing LAT-mScarleti
(LAT-mSci) and mNeonGreen-VAMP7 (MmMNG-VAMP7) (i.e. LAT-mSci-P2A-mNG-
VAMPT). LAT condensates associated with pMHC:TCR binding events did not show any
appreciable inclusion of VAMP7 (Figure 2-5A). However, at later time points after cell
contact with pMHC-containing SLBs, some dense features of LAT did appear in TIRF
images that were not associated with pMHC:TCR but contained VAMP7 (Figure 2-5B).
Some LAT features were also observed that lacked VAMP7 and were also not associated
with detectable pMHC:TCR (Figure 2-5C). These possibly correspond to pMHC:TCR-
induced condensates in which the fluorescence label on pMHC has been bleached or
some other form of LAT clustering such as an ICAM-1:LFA-1 mediated mechanism. The
immune adaptor protein SKAP1 has been identified as a potential marker for ICAM-
1:LFA-1 induced LAT clusters (90). While we observe SKAP1 present in all condensates
(observed by expressing of the construct MSCV-LAT-mSci-P2A-SKAP1-mNG), in many
cases SKAP1 clusters at the membrane prior to LAT in non-TCR induced clusters (Figure
2-5D), suggesting that some “orphan” condensates are nucleated by an entirely different
mechanism (e.g., ICAM-1:LFA-1 signaling). In this study, we focus on LAT condensates
that are directly triggered by pMHC:TCR binding events. We also note that Jurkat T cells
can exhibit greater variability and can have significant levels of LAT condensation in the
absence of any TCR activation (Figure 2-4A). LAT condensation in Jurkat T cells is
discussed in greater detail in Chapter 4.
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Figure 2-5: pMHC:TCR-Induced LAT condensates are not formed from LAT-containing vesicles.

(A) Condensation of LAT was observed in response to pMHC:TCR binding events, but lacked any notable
VAMP dynamics. (B) Some VAMP-associated densities of LAT were visible at the membrane. Mostly, these
failed to correspond to any MCC-MHC signal. (C) There remain some LAT clustering features at the
membrane that are either associated with dark MCC-MHC binding or have an alternate origin, independent
of VAMP and pMHC. (D) In clusters with no apparent pMHC binding event, SKAP1 begins to cluster before
LAT.
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LAT condensate size and lifetime are agnostic to
PMHC:TCR dwell time

We assessed whether condensate size (i.e., number of incorporated LAT
molecules) or lifetime possess information of the originating pMHC antigen and is,
therefore, important for discrimination. We measured condensate properties from many
TCR-induced LAT condensation events (e.g., Figure 2-3G) from many cells to determine
if single pMHC:TCR dwell time kinetics is encoded in condensate size or lifetime. As seen
in Figure 2-6, LAT condensate lifetime and maximum size are completely uncorrelated
with pMHC:TCR dwell time. This result indicates that after condensates form, they carry
no antigen information and act independently of the inducing pMHC ligand. Therefore,
antigen information is contained in the steps preceding, and perhaps including,

condensate nucleation.
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Figure 2-6: LAT condensate lifetime and size are uncorrelated with pMHC dwell time.
Three bar plots showing the lack of correlation between pMHC:TCR dwell time (left) with either the LAT

condensate lifetime (middle) or the number of LAT within its associated condensate (right). N[ ,r, as
computed above, is rescaled using an estimate for physiological LAT density of 601 + 150 (SD)/um?.



Probability of LAT condensate formation increases
with pMHC:TCR dwell time

Binding events between pMHC and TCR either resulted in LAT condensation or
did not, indicating that TCR signaling to LAT is binary (Figure 2-3F). By binning the dwell
times of productive (i.e., that produced a LAT condensate) and unproductive pMHC:TCR
binding events as shown in Figure 2-7 (top panel for MCC-MHC), and dividing the number
of productive events by the total number of pMHC:TCR binding events within each dwell
time bin, we can calculate the single TCR input-response function (Figure 2-7, bottom
panel). This ability has never been possible before. The probability function in Figure 2-
7 (bottom panel) demonstrates that, while condensate size and lifetime are independent
of pMHC:TCR binding duration, the probability of LAT condensate formation is related to
pMHC:TCR dwell time. This is true whether triggering the TCR with the strong agonist
MCC peptide (tpouna = 48 seconds) or the weaker agonist T102S peptide (tpouna = 10
seconds) (Figure 2-7, middle and bottom panel). Interestingly, the input-response
probability function is identical for MCC and T102S, indicating that this is an intrinsic
property of the TCR and not the ligand. It is simply more difficult for short dwelling pMHC
ligands, such as T102S, to reach high probability of LAT condensation. These data reveal
that kinetic discrimination of antigen extends into the tens of seconds of binding dwell
times, beyond the TCR, provided by the LAT condensation. Interestingly, the probability
function plateaus far short of 100% (~25% for the TCR(AND)).

LAT condensation occurs after an extended delay

For productive binding events, LAT condensation occurs after a notably long delay
from the originating pMHC:TCR binding event. When the LAT condensation begins, the
growth rate rapidly transitions from zero to rates near 100 LAT molecules per second (see
Figures 2-3G), and this growth is sustained as hundreds of LAT molecules join the
condensate until a maximum is reached. The abrupt transition to LAT condensation
establishes a well-defined delay time (z4e1,y) between the originating pMHC:TCR binding
event and the beginning of LAT condensation (Figure 2-8A). A histogram of 385 delay
times measured from productive MCC-MHC:TCR binding events reveal that
condensation occurs after a surprisingly long delay, displaying a broad distribution, with
the rise and fall shape of a gamma distribution, and a mean delay time of 23.2 + 1.6 (SE)
seconds (Figure 2-8B). These measurements have a time resolution of 2 seconds, which
is set by the time-lapse used in the image sequences. Control experiments confirm that
the identity of the fluorophore on the LAT has no effect on LAT condensation, nor was
the delay time affected by LAT expression levels (Figure 2-11).
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Figure 2-7: pMHC:TCR dwell time correlates with probability of LAT condensate formation.

(Top) Histograms of the observed MCC-MHC:TCR dwell time distribution (orange) and the productive dwell
time distribution (red). The former is fit to an exponential distribution with a decay rate of kops = korf +
Kpieach = 28.2 sec. (Middle) Histograms of the observed T102S-MHC:TCR dwell time distribution
(aquamarine) and the productive dwell time distribution (green). The former is fit to an exponential
distribution with a decay rate of k,,s = ko¢f + Kpjeacn = 12.5 sec. (Bottom) The probability of a pMHC:TCR
binding event producing a localized LAT condensate as a function of dwell time. For each bin of the
histograms in (A) and (B), the fraction of binding events that are productive is plotted as a point. The error
bars are the standard error of the mean for a binomial variable. Fitting is the cumulative probability density
function.
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Figure 2-8: LAT condenses after an extended delay and is tuned by Y136 phosphorylation rate.

(A) TIRF images of LAT-EGFP condensation within primary murine T cells in response to a single
PMHC:TCR binding event. LAT condensation occurs near the binding event after a long delay measured
relative to the moment of pMHC:TCR binding. (B) Histogram of distinct LAT condensate delay times. (C)
TIRF images of LAT-EGFP and mSci-Grb2 clustering within primary murine T cells in response to a single
PMHC:TCR binding event. Delay times of LAT clustering and GRB2 clustering relative to pMHC binding
were equivalent within the resolution of this experiment (< 2 seconds). (D) Histogram of Grb2 clustering
delay times from primary murine T cells expressing mNG-Grb2 only. (E) TIRF images of LAT(G135D)-
EGFP condensation within primary murine T cells in response to a single pMHC:TCR binding event. (F)
Histogram of delay times after pMHC binding until LAT(G135D) condensation.

We next addressed the question of what is causing the long delay to LAT
condensation by examining the localized concentration of phosphorylated LAT prior to
condensation. Grb2 primarily binds the three most C-terminal phosphorylated tyrosine
residues on LAT (Y175, Y195, and Y235 in mouse) and does so independently of LAT
condensation in in vitro experiments (35). Grb2 has been used as a precision probe for
detailed kinetic studies of LAT phosphorylation (35, 43), and here we used Grb2 to
monitor LAT phosphorylation in T cells. In this experiment, primary AND T cells were
transduced with a bicistronic P2A vector containing LAT-EGFP and mSci-Grb2. TIRF
imaging experiments were performed as described before, but now simultaneously
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monitoring single pMHC:TCR binding events, LAT condensation, and Grb2 recruitment
in three channels. Enrichment of Grb2 was always observed simultaneously with LAT
condensation with generally no detectable Grb2 enrichment prior to condensation (Figure
2-8C). To rule out potential artifacts from possible low cleavage efficiency of the P2A
peptide, we performed further experiments with LAT(4F)-EGFP and mSci-Grb2 linked by
the P2A peptide. The LAT(4F) mutant has all three primary Grb2 tyrosine binding sites
(Y175, Y195, Y235) as well as the PLCy1 site (Y136) mutated to phenylalanine. Mutant
LAT(4F) failed to participate in any condensates while the simultaneously expressed Grb2
was observed to condense with endogenous LAT(WT) (Figure 2-9). As an additional
control experiment, monocistronic MNG-Grb2 was also used to compile a histogram of
Grb2 enrichment delay times, which provides an alternative measure of LAT
condensation (Figure 2-8D). The resulting distribution, with a mean delay time of 22.1 +
2.0 (SE) seconds, is nearly identical to the measured distribution using LAT imaging as
the readout (Figure 2-8B).
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Figure 2-9: Concomitant Grb2-LAT is not due to failed P2A sleavage.

Representative trace of a cell expressing LAT(4F)-EGFP-P2A-mSci-Grb2, showing that LAT(4F) fails to
participate in pMHC triggered condensation events of endogenous LAT if it does not possess its 4 distal
tyrosines. mSci-Grb2, however, actively participates in condensates formed with endogenous LAT.

These results indicate that competition from phosphatases dephosphorylating LAT
and diffusion of LAT away from an active pMHC:TCR complex are sufficient to maintain
phosphorylated LAT densities undetectable above background. This observation rules
out one possible cause of the delay between pMHC:TCR binding and LAT condensation:
that it takes a sustained period of Zap70 kinase activity to build up a sufficient density of
phosphorylated LAT before the phase transition can occur. It is possible that a
composition fluctuation from the competing kinase-phosphatase reactions themselves
contributes to the nucleating event. This conclusion is further supported by the broad
distribution of measured delay times, some of which are as short as a few seconds. A
deeper investigation into the mechanism of LAT condensate nucleation is described in

Chapter 3.
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Phosphorylation kinetics at the PLCy1 binding site on
LAT control condensation delay time

Although the delay time to LAT condensation is insensitive to both LAT and Grb2
expression levels (Figure 2-8D and Figure 2-11), we find that a LAT point mutation that
modulates phosphorylation kinetics of a single, specific tyrosine residue by Zap70
substantially reduces the delay time. In human wild type LAT, the glycine immediately
upstream of Y132, the PLCy1 binding site, makes Y132 a poor substrate for Zap70
compared to Y171, Y191, and Y226 (Grb2 binding sites). By substituting the glycine for
a negatively charged aspartate, the rate of Y132 phosphorylation by Zap70 dramatically
increases (25, 50). In our experiments, we performed the homologous mutation in murine
LAT, G135D, in order to enhance the phosphorylation rate of Y136. Primary T cells
expressing LAT(G135D)-EGFP over a background of endogenous wild type LAT
exhibited LAT condensation events (observed by the incorporation of the labeled
LAT(G135D) mutant) in response to single pMHC:TCR binding events (Figure 2-8E).
However, the delay time between pMHC:TCR binding and LAT(G135D) condensation
was dramatically reduced (Figure 2-8F). The resulting distribution, with a mean delay
time of 15.4 + 1.4 (SE) seconds, was narrower than that of LAT(WT); and the acceleration
was achieved despite the presence of large amounts of endogenous wild-type LAT. This
result is surprising since Y136 does not participate in canonical Grb2:SOS crosslinking of
LAT. These data strongly indicate that Y136 phosphorylation plays a critical role in
controlling the nucleation, and thus timing, of LAT condensates.

The relation between LAT condensates and T cell
activation

LAT condensation (referred to as clustering in older publications) has long been
recognized as a critical element of T cell activation by TCR (32, 38, 39). However, most
prior work has examined bulk LAT condensation in response to high antigen exposure,
where hundreds to thousands of times more TCR are activated than are necessary to
trigger a full T cell response (42, 70, 84, 91). Here we examine low, physiological antigen
densities to measure how the sparsely distributed LAT condensates stemming from
individual pMHC:TCR binding events relate to T cell activation.
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Figure 2-10: Modulating LAT condensate delay time alters antigen discrimination thresholds.

(A) Images of key molecular steps leading to NFAT translocation through time within primary T cells. T cells
co-expressing LAT-EGFP and NFAT-mCh were deposited onto supported membranes containing ICAM-1
and MCC(Atto647)-MHC. First row, RICM detects cell spreading and ensures the T cell has good contact
with the supported membrane. Second row, TIRF images of individual pMHC:TCR binding events (circled
in blue) are recorded within the cell perimeter (yellow). Third row, TIRF images of LAT-EGFP are monitored
for condensation events. Fourth row, epifluorescence images of NFAT to track moment of translocation.
Bar is 10um. (B) Bar plot showing the fraction of T cells that undergo NFAT translocation for either T102S
or MCC at a fixed peptide-MHC density of 0.22 molecules/um?. (C) Plot showing the number of distinct LAT
condensates formed prior to NFAT translocation (Act.) or the number of LAT condensates formed prior to
300 seconds if no translocation was observed (Non-Act.) (D) Bar plot showing the frequency of NFAT
translocation for T cells on T102S-MHC bilayers (at 1.1 moleculesum?) after 30 minutes as a function of the
LAT construct expressed, either WT or G135D.
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To quantify the relation between LAT condensation and T cell activation, we
simultaneously monitored the formation of LAT condensates and NFAT translocation in
response to pMHC:TCR binding events (Figure 2-10A). NFAT translocation to the
nucleus occurs downstream of Ca?* activation in T cells and has successfully been used
as a read-out of early T cell activation (92—-94). Here, we expand on an assay previously
developed by our lab that mapped patterns of pMHC:TCR binding to NFAT translocation
(72) by incorporating LAT-EGFP into the expression vector using a P2A peptide. In this
manner, we can simultaneously monitor T cell adhesion, pMHC:TCR binding, LAT
condensation, and the cellular activation state in real time (Figure 2-10A). For these
experiments, T cells were incubated on bilayers with ICAM-1 and either MCC-MHC
(Trouna = 48 seconds) or the shorter dwelling agonist T102S-MHC (t3,unq = 10 seconds)
at 0.22 molecules/um? for approximately 20 min, after which we measured the final
activation state (Figure 2-10B). Even though a smaller proportion of cells activated in
response to T102S-MHC, those cells which did activate experienced a similar number of
LAT condensates as T cells activated in response to MCC-MHC (Figure 2-10C). These
data indicate that it takes 45—75 LAT condensation events within ~20 minutes to generate
sufficient signal to induce NFAT translocation. The actual minimum number of LAT
condensates may be lower due to the lag time of NFAT translocation.

Finally, we assessed how the delay time between pMHC:TCR binding and LAT
condensation affects antigen discrimination using the LAT(G135D) mutant. The G135D
mutation has been shown to enhance both Ca?* and ERK activity in response to weaker
agonists, particularly at low stimulation thresholds (50). Results comparing NFAT
translocation rates between T cells overexpressing LAT(WT) or LAT(G135D) reveal that
the presence of LAT(G135D) increased NFAT translocation rates by approximately fifteen
percentage points (Figure 2-10D). These experiments were done using the weaker
T102S-MHC agonist at its activation threshold density (i.e., the density of half-maximal
activation), 1.1 molecules/um? (72). While the observed effect is modest, it provides
important evidence that modulating LAT condensate delay kinetics, which occur on the
20-30 second timescale, change T cell responsiveness to significantly shorter dwelling
pMHC ligands.

Discussion

Ever since the application of kinetic proofreading to explain the selectivity of T cells
to pMHC kinetic off-rate (8), many studies have sought to identify the dominant rate
limiting reactions associated with TCR ligation (19, 50, 95-97). In this study, we show
that LAT condensation events can be associated with individual pMHC:TCR ligations after
a long delay time, (t4.14y) = 23 seconds. Notably, the measurements for pyur—max =
24.0 + 1.3 (SD) sec. (Figure 2-7, bottom panel) and (t4.4y) =~ 23 sec. are intimately
related to each other (see TCR Productivity Input-Response Function and LAT Delay
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Times in Methods). We then found that the LAT condensation delay time is connected to
the ability of T cells to discriminate antigen. Introduction of the LAT(G135D) mutant,
known to affect antigen discrimination (50), nearly halved the LAT condensate delay time,
suggesting that phosphorylation of Y136 (or Y132 in humans) is a rate-limiting step to
trigger LAT condensation and subsequent downstream signaling. In contrast,
overexpression of Grb2 did not alter the observed condensation delay time (Figure 2-
8D), meaning that Grb2 recruitment and crosslinking is not rate-limiting. This raises the
question of what occurs after Y136 phosphorylation to enable rapid LAT condensation. It
is possible that LAT may have an allosteric state that is sensitive to Y136 phosphorylation
(35) or that PLCy1 recruitment and crosslinking facilitates the nucleation of LAT
condensates. Zeng and colleagues found that PLCy1 can crosslink LAT in in vitro
reconstituted LAT phase transition experiments on SLBs (58).

As the T cell lands, spreads, and crawls on the stimulatory surface, it experiences
stochastic binding and unbinding events by agonist. At high agonist densities, these
separate ligand binding events generate signaling trajectories that begin to overlap in
space and time, producing a convoluted, composite cell response (Figure 2-12A). In a
key study, Huse and colleagues constructed a photoactivatable MCC agonist in order to
synchronize the activation of the T cell more accurately (84). They presented T cells to
spatially fixed biotinylated MCC-MHC and subsequently started the TCR signaling
reaction by UV exposure. At high ligand densities, they found an offset time of T ¢set = 5
seconds between photoactivation and GRB2/LAT condensation. This result is consistent
with the data collected in our single pMHC experiments. Utilizing measurements of MCC-
MHC on-rate, delay time (z4e1ay), and LAT condensate duration (zjuster), We performed a

basic simulation (see Methods) of the composite LAT response of thousands of T cells
and extracted the mean total offset time as a function of ligand density (Figure 2-12),
recovering a Tysset = 5 Seconds at high ligand densities. These results show how the
scale of the system can dramatically affect the kinetics that are observed. We
recapitulated how antigen density strongly affects condensation kinetics in our live cell
experiments (Figure 2-3A and B).

Recently, Yi and colleagues measured kinetic delay times at a smaller scale (70).
Depositing T cells onto static antibody coated coverslips, they measured the delay
between successive clustering responses at the micron scale. They reported long delay
times of ~ 10 seconds between TCR( clustering and Zap70 clustering and = 13 seconds
of delay between Zap70 clustering and GRB2 clustering (at 37°C), suggesting a
composite delay time of = 23 seconds between TCR({ clustering and LAT/GRB2
condensation. This result is superficially similar to the one reported here and merits
further explanation. Yi and colleagues measured the time between normalized half-
maximal clustering responses, meaning that the growth rate and relative cooperativity of
TCRC clusters and GRB2 clusters strongly affects the measurement. Also, there is no
estimation of when ligation occurred. What remains clear, however, is that Yi and
colleagues found a surprisingly long delay at the first stage of kinetic proofreading (Zap70
recruitment and activation) and at subsequent stages of signal transduction, which is
consistent with our results.
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For LAT to participate in a bona fide second stage of kinetic proofreading, LAT
must have a physical interaction with a ligated TCR complex (79). Previously, we have
shown that LAT condensates form within 80 nm of pMHC:TCR binding events (79), which
is within the spatial resolution of our imaging system, suggesting close proximity of TCR
and LAT at the onset of LAT condensation. Other studies have observed proximity of LAT
clustering and TCR( clustering under high density stimulation (98, 99). However, those
high densities obfuscate tracking LAT associated with pMHC binding. Using our single
molecule ligation assay, we found that LAT condensates can experience excursion from
their originating binding event. The average distance between the center of the LAT
condensate and the pMHC:TCR binding event throughout their co-trajectory was 273 +
174 (SD) nm. This distance away from the condensate likely allows Zap70 to have greater
access to unphosphorylated LAT. Full incorporation of pMHC:TCR, the locus of active
Zap70, within the condensate would likely quench the reaction. In addition to providing
greater access to unphosphorylated LAT, the few hundred nanometers of distance
tolerated by LAT condensation from ligated TCR should also allow multiple distinct
binding events within ~ 1 um? to contribute to the same LAT condensate. In this manner,
the LAT condensation phase transition may serve a dual role in T cell signal detection. At
low agonist densities, the onset of LAT condensation serves as an extra layer of kinetic
proofreading, giving the T cell greater selectivity among the noise of sparse agonist
presentation. While at medium to high agonist densities, the LAT condensate may amplify
T cell sensitivity by cooperatively integrating the response of separate binding events that
have successfully completed the first stage of kinetic proofreading.

At low agonist densities, long dwelling binding pMHC:TCR binding events generate
discrete LAT condensates spaced microns apart. Each LAT condensate represents the
successful completion of kinetic proofreading by the TCR and significant signal
amplification (1 pMHC — =~ 250 LAT). Importantly, this signal is self-limiting and largely
independent of p MHC:TCR after formation. Thus, at low agonist densities, LAT operates
as a discrete to discrete transformation, transducing discrete pMHC:TCR binding events
into discrete LAT condensates. While at higher agonist densities, the overlap of LAT
condensation results in an analog output (Figure 2-3A). Moreover, it is the discrete
number of LAT condensates formed under low agonist conditions that correlates with the
cellular decision to translocate NFAT (Figure 2-10C). This further corroborates
interpreting the LAT condensate as a fundamental unit of information used by the cell.

Many immunotherapy techniques utilize antibody fragments (700) or bispecific
antibodies (707), both of which have a high affinity for the tumor antigen/TCR and produce
long dwelling binding events. Here, we show that strong binders of TCR are potent
producers of LAT condensates; however, lesser affinity ligands may spatially cooperate
to produce LAT condensates. One form of immunotherapeutic toxicity is “off-target”,
which can arise from immunotherapeutic antibody fragments having a measurable affinity
for off-target antigens. In this case, the density of presentation may allow multiple lower
affinity events to cooperate, triggering unwanted T cell activation (702). A potential
solution to this may arise from the control of lateral density, both through concentration of
presentation (expression level) or engineered lateral spacing as in the in vitro example
utilizing DNA origami (703). If sufficient lateral spacing is achieved, this could preserve
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specificity for on-target antigen while reducing false triggering by lower affinity off-target
effects. Another form of immunotherapeutic toxicity is “on-target / off-tumor”, which arises
from tumor antigens having some degree of low expression in healthy tissues (704, 105).
In this case, it may be useful to lower the affinity of the antibody fragment, relying on the
spatial cooperativity of bound antigen to produce LAT condensation and T cell activation.
In fact, there have already been some preliminary attempts to refine CAR design in this
direction (706). The low density of off-tumor antigen expression may then be insufficient
to spatially cooperate at the 1 um? scale. In other cases, on-target tumor antigen is only
present at low densities. However, CARs exhibit far less sensitivity to antigen compared
to TCR (107). A recent study attempting to make CARs more sensitive to antigen found
that CAR stimulation promoted weak phosphorylation of LAT. By including the Grb2 SH2
domain on the cytoplasmic CAR tail, researchers enhanced sensitivity to low density
antigen. Combining these ideas, one could potentially make a CAR with similar affinity
and sensitivity to TCR. In summary, the results we report here elucidate fundamental
mechanisms regulating early T cell activation, which have applicability for engineering
control of T cell activation.

Supplementary Figures
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Figure 2-11: Condensate delay time is not affected by LAT expression level.
The plot shows the mean LAT condensate delay time, < 4.4, >, for each cell (green circle) as a function

of LAT expression level, < okiT >. Expression levels were measured using the mean background
fluorescence intensity of LAT-EGFP.
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Figure 2-12: Simulation of LAT timing as a function of antigen density.

(A) Schematic showing how the output of individually signaling TCR are integrated at the cellular level. (B)
Example composite cell traces for different size samples of LAT condensate pulses. The dashed line is the
average expected single pulse — a wait time of =~ 8 seconds, a delay time of ~ 35 seconds, and a LAT
condensate lifetime of = 25 seconds. The solid lines are generated from random samples of n LAT
condensate pulses, as described in STAR Methods. (C) Plot showing the mean total offset time for
ensemble sampling of 10,000 composite LAT traces with different numbers of component LAT pulses.
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3| PLCy1 non-enzymatically nucleates
LAT condensates by specific
crosslinking

Abstract

LAT condensation formed from a single pMHC:TCR binding event is a signature
of productive T cell signaling. Following single TCR ligation, LAT condensation occurs
after an extended delay of tens of seconds. This timing controls T cell sensitivity to
antigen. We report the discovery that the PIP2 lipase PLCy1 nucleates LAT condensates
through a structural mechanism upstream of its enzymatic activity. Modulating PLCy1
cytosolic abundance tunes condensation delay time and formation probability. Utilizing its
nSH2 and SH3 domains, PLCy1 facilitates early crosslinking to nucleate LAT
condensates while locked in the autoinhibited conformation. PLCy1 is specifically
required for this role since crosslinking leading to nucleation must occur through LAT
Y136, which exclusively binds PLCy1. This also suggests that LAT must be crosslinked
in a tetravalent manner. These results reveal a sophisticated mechanism of controlling
condensate delay time and antigen discrimination using a well-known enzyme in a novel
capacity.
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Introduction

The enzymatic function of PLCy1 is critical to T cell signaling. PLCy1 cleaves PIP2
lipids to produce soluble IP3 and DAG lipid, both of which serve as second messengers
for different signaling pathways. IPs initiates calcium flux, while DAG activates the Ras
GEF known as RasGRP (708, 109). Depleting PLCy1 in Jurkat T cells results in loss of
IL-2 gene transcription (67). To protect against spurious activation, PLCy1 is highly
autoinhibited. An array of SH domains (SHarray) within PLCy1 is essential for regulating
its autoinhibition (47, 55, 56). Following an extended delay from single pMHC:TCR
binding, the adaptor protein LAT undergoes a protein condensation phase transition upon
its phosphorylation by Zap70 (see Chapter 2). PLCy1 participates in LAT condensates
where it forms a tertiary complex with LAT, SLP-76, and Gads, which is critical for PLCy1
activation (32, 110). PLCy1 exclusively engages phosphorylated LAT at Y136 with its
nSH2 domain. Y136 has an intrinsically slow phosphorylation rate by Zap70 (25, 49), and
accelerating Y136 phosphorylation surprisingly shortens the delay time to condensation
(Figure 2-8F). The SH3 domain of PLCy1 binds the adaptor protein SLP-76, though it
has been observed to interact with other proteins, including SOS (31, 34, 35, 52-54, 58,
111). The cSH2 domain is thought to play a purely intramolecular role, regulating
autoinhibition. cSH2 maintains autoinhibition by interacting with the catalytic unit, and
following PLCy1 phosphorylation at Y783, cSH2 releases the catalytic unit and binds
pY783. This causes PLCy1 to undergo a massive structural rearrangement, resulting in
a catalytically active conformation (48). Using its various SH domains, PLCy1 has the
potential to also operate in a structural capacity, similar to other SH-contain proteins, such
as Grb2 (58).

Using our supported lipid bilayer platform, we investigated the role of PLCy1 in
single pMHC:TCR-induced LAT condensation. All experiments, unless otherwise noted,
were performed at low densities of agonist MCC-MHC (0.2 — 0.4 molecules/um?). We
report that PLCy1 recruitment occurs simultaneously with LAT condensate formation.
Furthermore, increasing cytosolic PLCy1 concentration accelerates condensate delay
time kinetics. Similarly, depleting endogenous PLCy1 to near zero, by knock-down,
reduces the probability of condensation. This concentration effect implies that PLCy1 is
responsible for nucleating LAT condensates in vivo. We find that nucleation occurs
through the regulatory SHarray while the enzyme is locked in the autoinhibited
conformation, indicating that nucleation occurs through early crosslinking of LAT. We
propose that PLCy1 crosslinks LAT to form small LAT nucleates, which quickly grow into
mature condensates with further crosslinking by Grb2:SOS. Mechanistic studies using
various truncations and chimeric proteins reveal that crosslinking, leading to nucleation,
must specifically occur through binding LAT Y136 while the SH3 domain engages with a
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yet unconfirmed binding partner, though likely SLP-76. PLCy1 is required for nucleation
since crosslinking must occur through LAT Y136. While the cSH2 domain can crosslink
LAT in truncated forms of PLCy1, in vivo nucleation does not utilize cSH2 in the full length
protein due to steric occlusion. Our data also suggest that LAT must be tetravalent to
form mature in vivo condensates, as experiments allowing only trivalent crosslinking fail
to produce stable clusters. In total, we illustrate that PLCy1 plays two distinct, separable
roles in T cell signaling, one as a PIP2 lipase and second in a structural capacity
controlling LAT condensate nucleation and timing and, as a result, antigen discrimination.

Single pMHC:TCR induced PLCy1 recruitment is
contemporaneous with LAT condensation

Since LAT Y136 phosphorylation kinetics exhibit control over LAT condensate
delay time and antigen sensitivity, we investigated what effects PLCy1 has on
condensation. In doing so, we aimed to understand how Y136 phosphorylation and
PLCy1 recruitment influence the condensate formation process. To accomplish this, we
expressed full length murine PLCy1rL fused to mNG (PLCy1-mNG) in primary murine
CD4* AND T cells, which were added to supported membranes containing ICAM-1 and
low density pMHC. As in Chapter 1, single pMHC binding events were detected by the
appearance of a localized bright spot of fluorescence under a T cell when imaged with
TIRF microscopy using low illumination power (0.4 mW/cm?) and long exposure (500 ms).
Bona fide single pMHC:TCR complexes were spaced microns apart and mapped directly
to local PLCy1 responses inside the cell. PLCy1rL exhibited a very uniform, low intensity
background. Upon binding pMHC, some ligated TCRs productively signaled to induce a
localized increase in PLCy1-mNG fluorescence intensity corresponding to PLCy1
recruitment from solution and clustering at the membrane (Figure 3-1A and B). These
spots of PLCy1 enrichment colocalized and comigrated with the originating pMHC:TCR
as the binding event translocated in the SLB:T cell interface (Figure 3-1B). These
condensation-like responses appeared abruptly in a low background signal after a delay
from pMHC:TCR binding. This was followed by a rapid growth phase and slower decay
phase, similar to LAT condensates (Figure 3-1C). Though the PLCy1 clustering event
shown in Figure 3-1C ended near the same time pMHC disengaged from the TCR, in
many instances, PLCy1 either remained clustered after or disassembled before pMHC
unbinding. Overall, PLCy1 demonstrated qualitatively similar behavior as LAT
condensation in response to single pMHC:TCR binding (Figure 2-3).
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Figure 3-1: Single pMHC:TCR binding events induce discrete recruitment and clustering of PLCy1.
(A) Primary murine T cell (outlined by white dashed line) expressing PLCy1-mNG (yellow) interacting with
a bilayer containing MCC(Att0647)-MHC (red) at single molecule density and imaged with TIFR at an
exposure of 500 ms. Bar is 5um. (B) A time series of images showing an isolated single pMHC:TCR binding
event directly inducing a PLCy1 recruitment and clustering event. The time series is a zoom-in of the white
box over the cell in (A). The top row shows pMHC binding and translocation. The middle row demonstrates
PLCy1-mNG exhibiting an abrupt increase in local fluorescence in a low basal background. The bottom row
is a merge of the top and middle rows. Bar is 1Tum. (C). Intensity time trace of a pMHC:TCR-induced PLCy1-
mNG clustering event. The top shows the bound state of pMHC, including an image time sequence of the
bound pMHC and a corresponding state function plot of the binding event. The bottom shows the PLCy1
cluster growing and evolving over time, including an image time sequence of the PLCy1 cluster and a
corresponding intensity trace of the PLCy1 clustering event. The time lapse between frames of pMHC and
PLCy1 images is 3 seconds.

To determine the relative delay kinetics of PLCy1 and LAT, we transduced primary
T cells with LAT-mCh and PLCy1-mNG and sorted for dual fluorescent cells. Placing
these cells on supported membranes, all three channels (pMHC binding, LAT-mCh, and
PLCy1-mNG) were imaged within sub-second resolution of each other with a 2 second
time-lapse between consecutive frames. Since the LAT Y136 phosphorylation rate is
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slower compared to the Grb2-binding tyrosine residues (25, 49, 50), we anticipated
PLCy1 would recruit to LAT condensates after they begin to form. Surprisingly, the onset
of PLCy1 recruitment and LAT condensation were detected simultaneously, and both
species spatially colocalizing over the lifetime of the condensate (Figure 3-2A). We
replicated these results in Jurkat T cells by expressing LAT-EGFP and PLCy1-
HaloTag(TMR) (Figure 3-2B). This unexpected result demonstrates that PLCy1 does not
recruit after condensate formation, as would be expected based on tyrosine
phosphorylation rates, and is consistent with high antigen stimulation experiments (70).
From this, we conclude that at the moment LAT condensation begins, Y136 is
phosphorylated. In combination with the result that condensate timing is heavily
influenced by Y136 phosphorylation (Figure 2-8F), this suggests that condensation does
not occur until Y136 is phosphorylated and binds PLCy1. Therefore, we hypothesized
that PLCy1 actively shapes the timing and structure of LAT condensation.
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Figure 3-2: PLCy1 recruits simultaneous with LAT condensation.

(A) PLCy1 recruitment and LAT condensation begin simultaneously in primary murine T cells.
Representative image trace of a primary murine T cell co-expressing LAT-mCh and PLCy1-mNG placed
on a supported bilayer containing MCC(Atto647)-MHC. After a delay from pMHC:TCR binding (red), PLCy1
recruitment (yellow) and LAT condensation (green) began simultaneously. (B) PLCy1 recruitment and LAT
condensation begin simultaneously in Jurkat T cells. Representative image trace of a Jurkat T cell co-
expressing LAT-EGFP and PLCy1-HaloTag(TMR) placed on a supported bilayer containing bispecific
antibody (biAb) bound to BCMA. BiAb binds TCR monovalently and is described in greater detail in Chapter
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4. After a delay from BCMA:biAb:TCR binding (red), PLCy1 recruitment (yellow) and LAT condensation
(green) began simultaneously. Images were taken by TIRF. Time resolution for top and bottom is < 2 sec.

PLCy1 in vivo abundance modulates the timing and
probability of LAT condensation

To assess PLCy1 influence on condensation, we determined whether PLCy1
cytosolic abundance affected the delay time of LAT condensation. Since PLCy1-mNG
recruitment is detected at the same time that LAT begins to condense (Figure 3-2),
PLCy1 may be used as a sensor for condensation. Thus, changes in delay time kinetics
as measures by PLCy1 may be interpreted as changes in LAT condensate delay time
(Teondensate)- Therefore, we denote detection of localized PLCy1 enrichment as LAT
condensation. LAT condensate delay time under normal PLCy1 levels is slow
((TLAT ate) = 23.2 sec.) and broadly distributed (Figure 3-3, top). We increased PLCy1

concentration by overexpressing PLCy1r.-mNG in primary T cells, which resulted in

shortened condensate delay time (<rf§,fg;nsate> = 15.7 sec.) and a narrower distribution

(Figure 3-3, bottom). Therefore, PLCy1 exhibits similar control over condensate delay
time as Y136 phosphorylation (Figure 2-8F), suggesting PLCy1 plays a previously
unknown role in nucleating LAT condensates.
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Figure 3-3: PLCy1 overexpression accelerates condensate delay time.
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LAT condensate delay time distributions with and without PLCy1 overexpression. (Top) LAT condensate
delay time distribution with normal PLCy1 expression is slow and broadly distributed. Mean delay time is
23.2+1.5 sec (SE). (Bottom) The LAT condensate delay time distribution with PLCy1-mNG overexpression.
Mean delay time is 15.7+1.3 sec (SE). Delay times were obtained by measuring the delay between
PMHC:TCR binding and the beginning of PLCy1 recruitment. Since PLCy1 and LAT appear at the same
time, this distribution can be interpreted at the LAT condensate delay time distribution under high cytosolic
PLCy1 concentration (i.e., overexpression). The mean delay time is 15.7+1.3 sec (SE). The top and bottom
distributions are statistically different, with p-value < 0.001. u is the average delay time + SE.

To confirm this finding, we assessed whether decreasing endogenous PLCy1
expression had a negative effect on LAT condensation. To test this, we established a
PLCy1 knock-down Jurkat line (J.P1 cells) using stable shRNA expression. This cell line
displayed >90% reduction in PLCy1 expression (see Methods). J.P1 and wild type Jurkat
cells transiently expressing LAT-EGFP were placed on supported membranes containing
low agonist density. LAT condensation was attenuated in J.P1 cells relative to wild type
Jurkats. Because of this, it was unfeasible to obtain sufficient data points to construct a
full delay time distribution. Additionally, very long delay times are likely limited by pMHC
fluorophore bleaching. Therefore, to quantify the effect on condensation, we
approximated the fraction of LAT found in a condensed state. After 7 min of stimulation
on supported bilayers, we fixed J.P1 and WT Jurkat cells expressing LAT-EGFP and
imaged the clustering state of LAT of more than a hundred cells for each condition using
TIRF. We fixed cells at 7 min to maximize the number of cells on the bilayer that were in
a state of actively clustering LAT. TIRF images were processed using the image
classification and segmentation software llastik (7172), employing a model specifically
trained to identify LAT condensate features in T cells. This model yielded probability
matrices for each image, with each pixel assigned a probability value of either being
background (non-condensed LAT) and clustered (condensed LAT). From this, we
approximated the fraction of LAT residing in a condensed state for each cell (see
Methods). The results of this analysis, as seen in Figure 3-4, demonstrate that the fraction
of LAT found in a condensed state was significantly lower in J.P1 cells compared to wild
type Jurkats. These data verify that PLCy1 possesses control over the timing and
probability of LAT condensate formation, further supporting the conclusion that PLCy1
nucleates LAT condensation.
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Figure 3-4: PLCy1 knock-down decreases probability of LAT condensation.

PLCy1-deficient Jurkat cells cluster less LAT than wild type cells. Wild type (WT) and PLCy1-knock-down
(KD) Jurkat cells expressing LAT-EGFP were placed on SLBs containing human ICAM-1 and BCMA:biAb
at single molecule densities (~0.2 molecule/um?) and stimulated for 7 min (see Chapter 4 for details about
biAb and BCMA). The fraction clustered was calculated for more than a hundred cells for each cell line (WT
and KD) and plotted as a scatter (each circle represents one cell) superimposed on whisker plots of the
data. The scatter on the left (green) is the distribution for WT cells. The scatter on the right (teal blue) is the
distribution for KD cells which shows significantly less clustering compared to WT. The two distributions are
statistically different, with p-value < 0.0001.

PLCy1 nucleates LAT condensation by early
crosslinking

We next investigated the mechanism of how PLCy1 nucleates LAT condensation
by determining which domains are critical for accelerating condensate delay time and
thus nucleation. We constructed a panel of PLCy1 mutants and truncations to identify the
minimal set of domains sufficient to recapitulate accelerated nucleation (Figure 3-5A).
First, we performed site directed mutagenesis to convert residues Y775 and Y783 to
phenylalanine (Y2F) to assess whether nucleation is dependent on PLCy1 enzymatic
activity. As mentioned, the phosphorylation state of Y783 strongly controls PLCy1
autoinhibition. When unphosphorylated, PLCy1 remains locked in an autoinhibited
conformation. Upon its phosphorylation by Itk, pY783 binds the cSH2 domain causing a
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conformation rearrangement releasing autoinhibition. Mutational studies have shown that
Y783F plus Y775F results in complete loss of calcium flux and NFAT activation (47, 56,
113). The exact function of Y775 phosphorylation is unknown. A recent study that
resolved the first crystal structure of full length PLCy1 removed the linker region
containing Y783 to improve crystallization, and the resulting structure displayed many
features consistent with autoinhibition (48). Therefore, these mutations render PLCy1
catalytically inactive by locking it in an autoinhibited conformation. Overexpressing
PLCy1(Y2F)-mNG in primary T cells resulted in accelerated delay time kinetics

((zPHer 20y — 12.8 sec.) (Figure 3-5B, second from top) and phenotypically appeared
identical to WT PLCy1rL, both in whole cell appearance and single pMHC:TCR-induced
condensates (Figure 3-5C, second from top). This clearly demonstrates that PLCy1
controls condensate nucleation via a structural mechanism that is achievable in the
autoinhibited state. Thus, the domains responsible for nucleation must be reasonably
accessible to bind LAT and other proteins involved in this process while PLCy1 is in the

autoinhibited conformation.

After ruling out activity-based nucleation, we speculated that PLCy1 could facilitate
condensation by two potential mechanisms. By simultaneously binding LAT Y136 with its
nSH2 domain and plasma membrane lipids via its PH and C2 domains, PLCy1 could
cause LAT diffusion in the membrane to substantially decrease. Alternatively, the SHarray
could facilitate early crosslinking leading to condensation, reminiscent of LAT:Grb2:SOS
interactions that are responsible for driving macromolecular condensation of LAT. To test
these hypotheses, we truncated off all the N- and C-terminal domains (including the
catalytic and lipid binding domains) flanking the nSH2-cSH2-SH3 domains (i.e., the
SHarray). Overexpressing SHarray-mNG in T cells accelerated condensate delay time

(e2Hamay 'y = 17.8sec.) (Figure 3-5B, third from top) and formed large discrete
condensates in a low background (Figure 3-5C, third from top) similar to PLCy1rL. This
confirms that the interactions responsible for nucleation are contained within the three SH

domains of PLCy1 and are likely causing early LAT crosslinking.

We then aimed to determine whether nucleation is facilitated specifically through
either the cSH2 or SH3 domains. The nSH2 domain is critical for recruiting PLCy1 to LAT
Y136. While the primary substrate of the cSH2 domain is Y783, it has been documented
in other studies that, in isolation, cSH2 can promiscuously bind various tyrosine-
containing proteins, including LAT (57, 68, 114). The SH3 domain is known to bind proline
rich regions of SLP-76 and has been documented to also bind SOS1/2 peptides in vitro
(54, 111). Therefore, in theory, both cSH2 and SH3 domains could facilitate early LAT
crosslinking. To assess this, we generated SHarray constructs with the cSH2 and SH3
domains independently removed (Figure 3-5A, SHarrayAcSH2 and SHarrayASHS3,
respectively) and expressed them in T cells. Both the SHarrayAcSH2-mNG and

SHarrayASH3-mNG constructs shortened the condensate delay time ((r374TwVACSHZy

condensate

15.8 sec. and (ro1@Ta¥ASH3y — 17,2 sec., respectively) (Figure 3-5B, fourth and fifth from
top respectively). Phenotypically, both constructs appeared qualitatively identical to

PLCy1rL (Figure 3-5C, fourth and fifth from top, respectively).
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Figure 3-5: PLCy1 nucleates LAT condensate by early crosslinking via its SH domains.
(A) Schematic of PLCy1 constructs. PLCy1r. denotes the full length, wild type protein. PLCy1r.(Y2F)
represents PLCy1r. with two Y to F mutations at Y775 and Y78 which inactive the enzyme by locking it in
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the autoinhibited conformation. SHarray is the array of the SH domains (nSH2-cSH2-SH3). SHarrayAcSH?2
is the SHarray with the cSH2 domain deleted (nSH2-SH3). SHarrayASH3 is the SHarray with the SH3
domain deleted (nSH2-cSHZ2). nSH2 is the nSH2 domain only. All constructs were fused to mNG for
visualization by TIRF. (B) Condensate delay time distributions of various PLCy1 constructs. Primary murine
T cells expressing the various PLCy1-derived constructs were places on MCC-MHC stimulating SLBs and
imaged with TIRF. No statistics difference exists between the delay time distributions of PLCy1r.(Y2F),
SHarray, SHarrayAcSH2, SHarrayASH3 and PLCy1r(WT). The condensate delay time distributions for
PLCy1r.and nSH2 are statistically different, with p-value = 0.01. There is no statistical difference between
the LAT and nSH2 delay time. For each distribution, u is the average delay time + SE. (C). Representative
TIRF images of each construct (yellow) expressed in primary murine T cells on SLBs containing
MCC(Atto674)-MHC (red). Whole cell images on the left-hand side are representative TIRF images of each
respective PLCy1-based construct. The right-hand side images are image times sequences that are a
zoom-in of the box in the respective whole cell image to the left. The time series focuses on a representative
single pMHC:TCR binding event (top) that produces a condensate (middle). Bar for whole cell images on
the left is 5um. The bar for the zoom-in images is 500nm.

In contrast to all other PLCy1-derived construct variants tested thus far,
overexpression of the nSH2 domain alone failed to accelerate condensate delay times.
The nSH2-mNG mean delay time was tens of seconds and widely distributed, comparable
with the LAT delay time distribution at normal PLCy1 levels ((zZ4T, . ...) = 23.2 sec.
compared to (t5H2 ..} = 23.5sec.). (Figure 3-5B, bottom plot). Further, nSH2-mNG
recruitment events were significantly smaller, and the background signal was much higher
(Figure 3-5C, bottom). The nSH2 domain was likely sensing phosphorylated LAT in
condensates without influencing its formation. This demonstrates that binding Y136 alone
is insufficient to nucleate LAT condensates and further corroborates that PLCy1 nucleates
condensation by facilitating early crosslinking.

To verify that truncated PLCy1 constructs are reliable sensors for LAT
condensation, we co-expressed LAT-EGFP and nSH2-mSci using the self-cleaving P2A
peptide sequence to determine if both species are detected contemporaneously. Figure
3-6 clearly demonstrates that nSH2 recruits simultaneous with LAT condensation as
observed with PLCy1r.. Therefore, the delay time measurements of all PLCy1-based
constructs accurately represent the timing of single pMHC:TCR-induced LAT
condensation.

Taken together, our data indicate that the mechanism of PLCy1-mediated
nucleation of LAT condensates occurs through early LAT crosslinking. We propose that
PLCy1 facilitates LAT condensation by crosslinking the first several LAT molecules to
form a small LAT “nucleate.” This nucleate structure then quickly grows and matures with
the rapid addition of hundreds more LAT molecules by Grb2:SOS, and possibly more
PLCy1, crosslinking. Both the cSH2 and SH3 domains appear equally capable of inducing
nucleation in the context of the truncated SHarray construct. Interestingly, SHarrayAcSH2
and SHarrayASH3 accomplish this by fundamentally different mechanisms due to their
distinct molecular interactions (cSH2:pTyr verse SH3:PR). The results from these
experiments raise two important questions. First, are cSH2 and SH3 still capable of
facilitating condensate nucleation in the context of full length PLCy1? Second, is LAT
Y136 necessary for nucleating condensates, or can this be achieved by binding and
crosslinking any LAT tyrosine residues?
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Figure 3-6: nSH2 domain recruitment is simultaneous with LAT condensation.

Primary murine T cells co-expressing nSH2-mSi (yellow) and LAT-EGFP (green) were placed on
stimulating bilayers containing MCC(Atto647)-MHC (red). The TIRF image time series shows nSH2 and
LAT were detected simultaneously, indicating all PLCy1 mutation and truncation constructs are accurate
sensors of LAT condensation delay kinetics. Bar is 1um.
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Condensate nucleation requires the PLCy1 SH3
domain

In the context of the SHarray construct, cSH2 and SH3 were equally capable of
nucleating LAT condensates in conjunction with the nSH2 domain. This is in agreement
with previous studies imaging primary T cells and Jurkats stimulated on anti-TCR
antibody coated coverslips (i.e., saturating TCR stimulation) (68, 115). Those
experiments suggest that PLCy1 recruits and clusters at the membrane so long as the
nSH2 plus either cSH2 or SH3 domains are present and functional. Based on the crystal
structure of PLCy1 published by Hajicek and colleagues, the nSH2 and SH3 domains are
nearly fully solvent exposed and easily accessible for binding substrate in the
autoinhibited state (Figure 3-7) (48). However, the cSH2 domain appears sterically
occluded, with much of its surface sandwiched between various domains. Liu and
colleagues point out that the phospho-peptide binding pocket of cSH2 is not accessible
as it interacts with the catalytic unit to maintain autoinhibition (776). We suspect that the
conflicting results between structural data (48, 116) and live cell experiments (68, 115)
are a result of high antigen stimulation of T cells. We hypothesized that the cSH2 domain
is incapable of binding intermolecular phosphotyrosine in the context of full length,
autoinhibited PLCy1, and, therefore, is not involved in nucleating LAT condensation.
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Figure 3-7: Crystal structure of autoinhibited PLCy1r. suggests cSH2 is sterically occluded.

The crystal structure of autoinhibited PLCy1r. published by Hajicek and colleagues (48). nSH2 (orange)
and SH3 (blue) domains are highly solvent exposed, while the cSH2 domain (green) is sandwiched between
the nSH2, split PH, and various domains of the catalytic unit (gray).

To test this, we deleted the SH3 domain from full length PLCy1 (PLCy1ASH3) and
replaced it with a flexible linker to avoid misfolding (Figure 3-8A). The linker length was
slightly longer than the approximate distance between the two “cleaved ends” (~18 A vs
~13 A, respectively). When expressed in primary T cells, PLCy1ASH3-mNG yielded
dramatically different results compared to PLCy1rL when stimulated at low pMHC density
(~0.2 molecules/um?). As shown previously, in response to productive single pMHC:TCR
binding, PLCy1FL gives rise to icon condensate features, including an abrupt and stable
increase in local fluorescence intensity in the surrounding low background (Figure 3-8B,
top). Conversely, PLCy1ASH3 clustering events at single pMHC:TCR complexes were
diffuse and unstable with a high background signal (Figure 3-8B, bottom). In many
instances, it was difficult to determine whether PLCy1ASHS3 clustering features were
caused by pMHC:TCR binding or whether they were stochastic density fluctuations. This
convincingly demonstrates that the cSH2 domain does not participate in intermolecular
crosslinking in the full length protein and, therefore, is not involved in LAT condensate
nucleation. While SHarrayASH3 does nucleate condensates, it does so because cSH2 is
free and unobstructed to bind a variety of phosphotyrosine substrates, such as LAT. We
did not delete the cSH2 domain from PLCy1rL since a recent study showed that doing so
results in cell death, likely due to loss of autoinhibition or misfolding (68). The SH3
domain, on the other hand, does not make any intramolecular contacts in the
autoinhibited structure, being mostly solvent exposed (Figure 3-7).
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Figure 3-8: Deletion of SH3 domain inhibits condensation under single molecule stimulation.

(A) Schematic of PLCy1sASH3. The SH3 domain is deleted from full length PLCy1 and replaced by a
flexible linker that was slightly longer than the approximate distance between the two “cleaved ends” (~18
Avs ~13 A, respectively). (B) Representative image time series of single pMHC:TCR inducing condensation
with either PLCy1g (WT) or PLCy1r . ASH3 overexpression. Primary murine T cells expressing either
PLCy1r(WT)-mNG (yellow, top montage series) or PLCy1r,ASH3)-mNG (orange, bottom montage series)
were placed on stimulatory bilayers containing MCC(Atto647)-MHC (red in both montages). PLCy1r (WT)
produced strong condensation events, while PLCy1r . ASH3 clustering events were diffuse and unstable.
Baris 1um. (C). Representative whole cell TIRF images of primary murine T cells expressing either PLCy1g.
or PLCy1r,ASH3 under different degrees of TCR stimulation. (Top) T cell expressing PLCy1g.(WT) (yellow)
on a supported membrane with low density MCC-MHC (not shown). (Middle) T cell expressing
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PLCy1r ASH3 (orange) on a supported membrane with low density MCC-MHC. In contrast to
PLCy1r(WT), PLCy1r,ASH3 fails to produce stable condensates. (Bottom) T cell expressing
PLCy1r,ASH3 (orange) landing on a glass coverslip coated with anti-TCRB antibody (H57-597). Such
saturating stimulation “rescues” condensation. Bar is 5um.

This result was obtained in primary T cells stimulated with physiological antigen
densities and stands in contrast with antibody stimulation studies that suggest the SH3
domain is dispensable if the cSH2 domain is functional (58, 115). To demonstrate that
our observations are not due to experimental or protein folding artifacts, we placed
primary T cells expressing PLCy1ASH3-mNG on anti-TCRB (H57-597) coated coverslips
and image clustering behavior. Under such saturating stimulation, PLCy1ASH3 strongly
recruited and clustered at the membrane, appearing qualitatively similar to PLCy1rL on
low pMHC density supported bilayers (Figure 3-8C), recapitulating observations from
antibody stimulation studies (58, 715). Therefore, high density TCR stimulation artificially
causes PLCy1ASH3 clustering at the membrane, bypassing normal signaling
mechanisms. This highlights that the magnitude of stimulation is an important factor in
TCR signaling that cannot be ignored, especially in protein clustering studies. In total,
these data conclusively demonstrate that the SH3 domain is, in fact, crucial for stable
recruitment of PLCy1 to LAT and that the mechanism of PLCy1-mediation nucleation of
LAT condensates occurs through the SH3, and not cSH2, domain.

Crosslinking through Y136 is essential for
condensation

Finally, we aimed to determine whether LAT Y136 is uniquely required to facilitate
nucleation of LAT condensates or if early crosslinking can be achieved through binding
any LAT tyrosine residue. To test this, we assembled two chimeric tandem SH2 (tdSH2)
constructs with specificity for different LAT tyrosines. As mentioned, the SH2 domain of
Grb2 binds all three C-terminal tyrosine residues (Y175, Y195, and Y235) but does not
bind Y136 (37, 34, 35). Only PLCy1 can bind Y136 through its nSH2 domain. Therefore,
by fusing the nSH2 domain of PLCy1 with the SH2 domain of Grb2 (tdSH2(PG)), we made
a construct capable of engaging Y136 plus any of the remaining tyrosines (Figure 3-9A).
Additionally, we combined two Grb2 SH2 domains together to make tdSH2(GG) which is
only able to crosslink LAT through Y175, Y195, and Y235 (Figure 3-9B). The SH2
domains of both constructs were fused with the same flexible linker. Any differences in
their ability to induce condensation can be directly correlated with the requirement of Y136
to nucleate LAT.
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tdSH2(PG)

Figure 3-9: tdSH2(PG) vs tdSH2(GG) construct LAT binding diagram.

(A) Schematic of tdSH2(PG) crosslinking LAT. tdSH2(PG) is a chimeric protein composed of the nSH2
domain of PLCy1 fused to the SH2 domain of Grb2. This construct can bind and crosslink through all four
C-terminal pTyr residues on LAT, including Y136. (B) Schematic of tdSH2(GG) crosslinking LAT.
tdSH2(GG) is composed of two SH2 domains of Grb2 fused together in tandem using the same linker
employed in tdSH2(PG). This construct can only bind and crosslink through the three most C-terminal pTyr
residues on LAT, not Y136. Both constructs were tagged with mNG.

Expressing mNG-tagged tdSH2(PG) and tdSH2(GG) in primary T cells resulted in
strikingly different outcomes. Figure 3-10 shows time series images of two representative
cells expressing either tdSH2(PG) (Figure 3-10A) or tdSH2(GG) (Figure 3-10B). As can
be seen, tdSH2(PG) qualitatively resembles PLCy1rL, giving rise to prototypical, stable
discrete condensates. On the other hand, tdSH2(GG) rarely produced condensate-like
structures, and those that did form were short-lived. Examining single pMHC:TCR-
induced condensation events, the two chimeric proteins showed several marked
differences (Figure 3-11A and B). These differences are highlighted in the intensity
traces in Figure 3-11C and D. The numbered intensity traces in C and D correspond to
the time sequence images in A and B, respectively. Juxtaposing the data from both
chimeric proteins, tdSH2(PG) clearly produced significantly larger and long-lived
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condensates compared to tdSH2(GG) (Figure 3-11 A and C verse B and D). As shown
in Figure 3-11A and C, tdSH2(PG)-nucleated condensates exhibited iconic LAT
condensate features, including abrupt appearance followed by rapid, stable growth and
ending in exponential-like decay. Conversely, tdSH2(GG)-induced clusters displayed
slow and unstable growth, with clusters frequently fluctuating down to background levels
(Figure 3-11 B and D, traces 1, 4, 5, and 6). Interestingly, this appears to suggest that
tSH2(GG) is inhibitive to condensation. Additionally, tdSH2(PG) displayed faster delay
time kinetics relative to tdSH2(GG) (Figure 3-11 E verse F).

Taken together, our data clearly indicate that productive crosslinking, necessary
to nucleate LAT condensation, must occur specifically through binding Y136. This
demonstrates why PLCy1 is required for nucleation because it exclusively binds Y136.
This novel insight augments the classical view of LAT condensation that clustering
primarily occurs through Grb2:S0OS-mediated crosslinking. These data also suggest that
LAT must be tetravalent to achieve nucleation and stable condensation.

A

MCC-MHC

tdSH2(GG) MCC-MHC Merge

Merge

Figure 3-10: tdSH2(PG) appears similar to PLCy1r. while tdSH2(GG) fails to robustly cluster.

(A) Representative image time series of a primary murine T cell expressing tdSH2(PG)-mNG (yellow) on a
supported membrane containing MCC(Atto647)-MHC (red). tdSH2(PG) resulted in robust condensation
similar to PLCy1. Bar is 5um. (B). Representative image time series of a primary murine T cell expressing
tdSH2(GG)-mNG (light blue) on a supported membrane containing MCC(Atto647)-MHC (red). tdSH2(PG)
clusters were rare and small compared to tdSH2(GG). Bar is 5um.
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Figure 3-11: tdSH2(PG) facilitates robust LAT condensation but not tdSH2(GG).

(A) A series of time sequence images of single pMHC:TCR complexes inducing tdSH2(PG)-crosslinked
condensates. Each numbered row consists of a single MCC(Atto647)-MHC binding event (red, top of each
numbered row) tracked over time and the resulting condensate formed and detected by tdSH2(PG)-mNG
(vellow, bottom of each numbered row). The eight representative TIRF image time traces are displayed
from multiple cells. The first frame in each trace is the beginning of the pMHC:TCR binding event, and the
time lapse between frames is 2 sec. The montages exemplify that tdSH2(PG)-nucleated condensates
appear similar to PLCy1-nucleated LAT condensates. The vertical bar is 2um. (B) A series of time sequence
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images of single pMHC:TCR complexes inducing tdSH2(GG)-crosslinked condensates. Each numbered
row consists of a single MCC(Atto647)-MHC binding event (red, top of each numbered row) tracked over
time and the resulting condensate formed and detected by tdSH2(GG)-mNG (light blue, bottom of each
numbered row). The eight representative TIRF image time traces are displayed from multiple cells. The first
frame in each trace is the beginning of the pMHC:TCR binding event, and the time lapse between frames
is 2 sec. The montages exemplify many features of tdSH2(GG)-nucleated condensates, which appear small
and unstable. Cells rarely produced large condensates. The vertical bar is 2um. (C) Selected condensate
intensity traces from A (see numbering). Dynamic features appear very similar to PLCy1r. (see Figure 2-
1C). (D) Selected condensate intensity traces from B (see numbering) (note the x-axis scale differences
between C and D). tdSH2(GG) condensates were smaller and had shorter lifetimes compared to C, and
were unstable. (E) Condensate delay time distribution of tdSH2(PG). (F) Condensate delay time distribution
of tdSH2(GG). The delay time of tdSH2(GG)-induced condensates is statistically longer than the delay of
tdSH2(PG) (p-value = 0.031). For delay time distributions, u is average delay time + SE.

Discussion

The majority of PLCy1 studies to date have primarily focused on understanding its
enzymatic role in signal transduction pathways, including deciphering its regulatory
mechanism of transitioning from an autoinhibited to active state. Only one recent study
has suggested that PLCy1 is capable of playing a purely structural role in T cells, separate
from its enzymatic function (58). Those researchers demonstrated that PLCy1 is capable
of using its SH domains to crosslink LAT in vitro. The work we presented here is the first
to describe that PLCy1 plays a critical signaling role upstream of its enzymatic function in
regulating and nucleating discrete LAT condensates formed from single pMHC:TCR
binding events in living cells.

Work from Zeng et al. has shown that including PLCy1 in reconstituted in vitro
LAT:Grb2:SOS phase transitions on SLBs accelerates the rate of global phase separation
(58). It is important to differentiate the work reported by Zeng and the results we present
here. These researchers nicely demonstrated that PLCy1 can play a structural role in LAT
condensation, as we have observed. However, due to limitations of in vitro reconstitution,
LAT condensates are formed by adding necessary assembly constituents into the bulk
solution. Therefore, this system does not rely on activating single TCR nor on a kinetic
proofreading mechanism. Additionally, with no point of reference to measure delay
kinetics, it is impossible in such experiments to determine what causes condensates to
form. Only the characteristics of already maturing condensates are measured. As a result,
this study can only conclude that PLCy1 can structurally incorporate into LAT assemblies
and change the physical and kinetic characteristics of maturing condensates but not
nucleation. Single molecule pMHC:TCR experiments in living cells allow direct and
precise measurement of condensate delay time and its signaling consequences. The
delay time contains all kinetic steps that must be passed to condense LAT. The ability to
perturb delay time by tuning PLCy1 cellular abundance indicates that PLCy1 is doing
more than participating in mature condensate structure. Therefore, we can confidently
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conclude from our data that PLCy1 not only influences condensate structure but controls
its timing and nucleating.

Interestingly, increasing the concentration of either PLCy1 or LAT phospho-Y136,
via LAT(G135D), yields similar outcomes, suggesting that both must be rate limiting. The
intrinsic slow phosphorylation rate of Y136 by Zap70 explains its limiting nature, and a
recent study measuring in vivo protein copy number in effector T cells has shown that
PLCy1 is present in low abundance (~10,000 copies on average per cell, ~30nM cellular
concentration, see Methods for molarity calculation) (777). Since both species are limiting
in the cell, increasing the concentration of either one greatly accelerates the condensation
process. This is consistent with the idea that PLCy1-mediated condensate nucleation by
crosslinking through phospho-Y136 is a major kinetic bottleneck step. Conversely, Grb2
is estimated to be present at substantially higher concentrations in the cell (~200,000
copies on average per cell, ~650nM cellular concentration, see Methods for molarity
calculation) (777), and increasing its cellular concentration by overexpression has no
effect on condensate delay time (see Figure 2-8D in Chapter 2), implicating that LAT
tyrosine phosphorylation at Grb2 binding sites is not rate limiting. Therefore, in vivo LAT
phase transition nucleation by PLCy1 constitutes a significant, and previously unknown,
kinetic proofreading bottleneck step, controlling kinetic antigen signaling thresholds.

Our data also highlight the importance of studying T cells under physiological,
single molecule pMHC stimulation. The true physiological context of TCR signalingisa T
cell physically juxtaposed with an antigen presenting cell. The abundance of agonist
pMHC on an APC surface is only on the order of tens of molecules. A growing body of
work illustrates that TCRs operate at the single receptor, single pMHC level (10-14, 69,
118, 119). However, the vast majority of experiment work studying T cell signaling is
performed under unphysiological, high antigen stimulation (38, 41, 58, 70, 115). Such
studies artificially activate T cells by crosslinking receptors with high affinity antibodies or
tetrameric pMHC either in solution or immobilized on glass surfaces. High antigen
stimulation can potentially bypass important regulatory steps or induce artifactual
clustering of signaling proteins. For example, TCR-crosslinking antibodies may cause
membrane protein clustering by external crosslinking or by locally hyper-concentrating
Zap70. While the knowledge gained from such studies is highly informative, it should be
interpreted judiciously. For instance, high antigen stimulation experiments have
suggested that mutating or deleting the SH3 domain of PLCy1 has little consequence for
recruitment and clustering, causing it to appear that the cSH2 domain engages in
crosslinking (58, 115). However, under single molecule pMHC stimulation, deleting the
SH3 domain abrogates the ability of PLCy1 to strongly bind LAT and nucleate
condensates. By placing T cells on activating antibody-coated coverslips, we can rescue
recruitment and clustering by mimicking previous experiments. Therefore, accurately
measuring TCR signaling processes necessitates studying T cells under physiological
single molecule pMHC conditions.

In vitro reconstitution studies are extremely powerful in dissecting cellular signaling

mechanisms, though they should always be interpreted based on how the results fit into
the context of the cell and all its components. One group of researchers found that by
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adding PLCy1rL to SLB-bound phospho-LAT, they could induce a two-component phase
transition without Grb2 and SOS, presumably by directly crosslinking LAT through binding
of the nSH2 and cSH2 domains (68). It is important to note that these researchers only
observed this two-component phase transition when PLCy1 concentration was an order
of magnitude above measured cytosolic concentrations. Our in vivo data clearly indicates
that the SH3 domain is required for condensate formation. It is likely that in vitro
reconstitution mimics high antigen stimulation experiments, thus circumventing the
requirement for the SH3 domain. Furthermore, the concept of the cSH2 domain engaging
in LAT crosslinking presents a significant signaling challenge. As mentioned, cSH2 is
crucial for maintaining autoinhibition by interacting with the catalytic unit. If cSH2
disengages the catalytic unit to bind LAT, it would likely cause unregulated lipase
activation. Condensate nucleation does not require Y783 phosphorylation (Figure 3-5B),
but PLCy1 activation does (47, 55, 56, 113). Therefore, we are skeptical that any
crosslinking through cSH2 occurs in vivo under physiological conditions. If it does, it must
occur after Y783 phosphorylation. Perhaps this would provide signaling amplification
within mature LAT condensates (57).

Our data points to a crosslinking mechanism of nucleation through which PLCy1
binds LAT Y136 and a yet unconfirmed binding partner with its SH3 domain. Below we
explore several possibilities of how the SH3 domain may facilitate early crosslinking. The
SH3 domain of PLCy1 is known to engage SLP-76, which binds the adaptor protein Gads
(52-54). It is generally believed that tertiary binding of LAT:PLCy1:SLP-76:Gads:LAT
occurs on the same LAT molecule (cis binding), forming a circular arrangement (32, 120).
This cis configuration is required for PLCy1 activation and downstream signaling, such as
ERK phosphorylation (32). Even though cis binding is necessary for PLCy1 signaling, it
does not eliminate the possibility of trans binding to crosslink two LAT molecules (Figure
3-12A). One problem with this model is that it only results in the effective dimerization of
LAT. We suspect higher order LAT oligomerization is required to form a nucleate.

SLP-76 itself is capable of homo-oligomerization through its SAM domain. Crystal
structures suggest that SAM domains can achieve higher order polymerization (721, 122),
and the SAM domain of SLP-76 has been implied in microcluster formation in TCR
signaling (723). This study detected up to tetramers of SLP-76 SAM domain in isolation,
using dynamic light scattering and fluorescent microscale thermophoresis. Deletion of the
SAM domain resulted in loss of NFAT translocation and IL-2 production. Therefore, the
SAM domain could reasonably provide the crosslinking required for condensate
nucleation (Figure 3-12B), though it is not known whether such extended oligomerization
is conformationally possible in the context of a two-dimensional phase transition on the
membrane. Alternatively, the adaptor protein ADAP could oligomerize LAT by multivalent
binding SLP-76 via SH2:pTyr interactions (Figure 3-12C) (724). Experimental attempts
to reconstitute LAT phase transitions in vitro using SLP-76 plus Gads or PLCy1 have
failed to produce extensive condensation (42, 58). However, these experiments did not
include ADAP, and the SAM domain of SLP-76 was truncated off. Including either or both
of these could drastically change the experiment outcomes. In summary, SLP-76
possesses a variety of ways to indirectly oligomerize LAT and is a likely candidate for
providing the crosslinking needed for PLCy1-mediated nucleation of LAT condensates.
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Another possibility is that the SH3 domain of PLCy1 may bind SOS, engaging in
crosslinking similar to Grb2:SOS. A study in 2007 reported that isolated PLCy1 SH3
domain can bind SOS-derived PR peptides with ~30uM affinity (777). Reconstitution
experiments have revealed that SOS enhances PLCy1:LAT clusters on supported
membranes (58). How frequent and relevant these interactions are in the cell is not
understood. For instance, the effective affinity of PLCy1(SH3) to SOS(PR) will be lower
in the presence of other competitive binders (e.g., SLP-76 binding PLCy1(SH3) and Grb2
binding SOS(PR)). Zeng and colleagues have shown that titrating SLP-76 concentration
completes off SOS binding to PLCy1 (68). Furthermore, cytosolic Grb2 concentration is
an order of magnitude higher than PLCy1 (777). Thus, even if their affinities were
identical, Grb2 has a comparative advantage to bind SOS due to greater abundance.

Taken together, there are multiple plausible mechanisms for how PLCy1 could
facilitate early crosslinking to nucleate LAT condensates. Which of these mechanisms
play the dominant role is unknown and requires further experimentation. Additionally,
none of these mechanisms are mutually exclusive. Based on available data, we propose
that PLCy1 facilitates nucleation through the recruitment and oligomerization of SLP-76,
either via its SAM domain, ADAP, trans tertiary complex binding, or a combination of the
three (Figure 3-12).
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Figure 3-12: Models of PLCy1-mediated LAT condensate nucleation with SLP-76.

This schematic portrays plausible mechanisms of PLCy1-mediated nucleation of LAT condensates using
SLP-76 to facilitate crosslinking. Following single pMHC:TCR binding, Zap70 begins phosphorylating LAT.
Once LAT Y136 is phosphorylated, autoinhibited PLCy1 recruits to Y136 and mediates early crosslinking
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to form a LAT nucleate. The nucleate then rapidly grows into a mature LAT condensate. Early crosslinking
could occur through (A) trans tertiary complex binding, (B) SAM domain oligomerization, or (C) ADAP-
mediated crosslinking of SLP-76.

Additionally, we demonstrated that LAT Y136 is uniquely important for condensate
nucleation. What makes this residue so unique for this role is not fully understood;
however, our chimeric tdSH2 data implication the importance of LAT valency. Historically,
Y136 has not been thought to participate in LAT crosslinking, and it increases LAT
valency from the traditional three Grb2 binding sites (Y175, Y195, Y235) to four. The
tdSH2(GG) construct can only bind the three Grb2 sites and, therefore, can only crosslink
and condense LAT in a trivalent fashion, assuming all tyrosine sites are phosphorylated
and occupied (Figure 3-13, middle). This represents the traditional view of LAT
crosslinking by Grb2:SOS. Conversely, tdSH2(PG) can engage all four pTyr residues,
effectively increasing LAT valency to a maximum of four. The left panel of Figure 3-13
depicts a model condensate in which LAT is maximally crosslinked with four valency sites.
As can be seen, the number of LAT molecules and the multiplicity of binding sites after
just two degrees of growth from the central LAT molecule (the green dot with grey outline)
are far greater compared to trivalent LAT maximally occupied (shown in the middle panel).
However, the likelihood that every LAT molecule will be fully saturated is very low, as this
represents a single possible microstate of LAT occupancy and crosslinking. It is far more
likely that some LAT will be slightly subsaturated, and that LAT molecules will be more
interconnected. The middle panel of Figure 3-13 also represents a model of tetravalent
LAT partially occupied, which is more likely (i.e., greater entropy). Both maximal (left
panel) and partial (right panel) occupancy of tetravalent LAT still allows for substantial
two-dimensional condensation. Conversely, partial occupancy with trivalent LAT most
likely fails to achieve 2-dimensional condensation, as exemplified in the right panel of
Figure 3-13. Therefore, we propose that Y136 is critical to condensate nucleation and
stability because it provides the critical fourth valency site, and that in vivo two-
dimensional LAT condensation phase transition requires a valency of four. It is important
to note that these condensates are under kinetic control. Therefore, these toy models,
which also inaccurately depict LAT as a stiff rod, do not fully describe the condensation
process but are conceptually useful. Stochastic simulations of how different LAT valency
affects two-dimensional phase transition would be very informative.

Another possibility is allostery and tyrosine accessibility. Previous work from our
laboratory has suggested that LAT can adopt higher order structures that sterically
obstruct tyrosine residues from phosphorylation (35). Phosphorylation at one site
allosterically increased the rate of phosphorylation at subsequent tyrosine sites and so
on. Y136 phosphorylation may have a stronger allosteric effect than the other tyrosine
residues accessible. However, our data imply that crosslinking, and not simply binding
LAT at phospho-Y136, is required for nucleation.

Finally, the unique positioning of Y136 proximal to the plasma membrane could be
an important factor in nucleation. A recent study exploring the importance of LAT tyrosine
ordering found that when Y132 (the human equivalent of Y136) is placed at the membrane
distal end of LAT, Y226 (the human equivalent of Y235) phosphorylation was significantly
attenuated, which would likely affect condensation (725).
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Figure 3-13: LAT valency of four enhances LAT condensation.

Schematic depicting different LAT valency models. Green circles represent individual LAT molecules, and
black lines connecting LAT nodes represent a crosslink. Model condensates are only grown two LAT
molecules out from the central LAT node (gray outline). Occupancy refers to the number of crosslinkers
bound to LAT. (Left) LAT with a valency of four and maximum occupancy. This model represents what may
be observed with the tdSH2(PG) construct, which can crosslink LAT with all four tyrosines. The arrows
represent the directional binding of tdSH2(PG), with arrowheads indicating binding to Y136. This also
roughly represents crosslinking achieved by PLCy1r., except not all crosslinks would be required to involve
Y136 (e.qg., traditional Grb2:SOS linking). (Middle) LAT with a valency of three and maximum occupancy or
valency of four and partial occupancy. This model represents what may be observed with the tdSH2(GG)
construct, which can only crosslink LAT with three tyrosines similar to the traditional view of LAT crosslinking
by Grb2:SOS. This also represents an example of partial occupancy (one less than max) with a valency of
four. (Right) LAT with a valency of three and partial occupancy fails to yield a two-dimensional condensate.

In summary, we report the discovery that PLCy1 nucleates and controls the timing
of single pMHC:TCR-induced LAT condensates upstream of its lipase function. PLCy1
plays a pivotal role in regulating and gating LAT condensation and, therefore, TCR
antigen sensitivity. Our data provide a clear picture of key molecular features of PLCy1
that are required to accomplish this. In lymphocytes, PLCy1 is primarily expressed in T
cells, while its isozyme PLCy2 is predominant in B cells. We are interested in investigating
whether PLCy1 and PLCy2 exhibit similar structural roles in controlling signaling in other
receptor pathways and cell types such as EGFR and BCR signaling.

This work has the potential to improve the design of modern immunotherapeutics.
Therapies could be developed to increase or decrease antigen sensitivity by exploiting
the structural role of PLCy1 without inhibiting its catalytic function. In cancer
immunotherapy, reliably targeting T cells to solid tumors has proven difficult (726—1729).
In this scenario, increasing T cell antigen sensitivity by expressing SHarray construct
variants may be beneficial. In the case of autoimmune disease, decreasing sensitivity
could be achieved by impeding condensate nucleation using a construct such as
tdSH2(GG). Finally, mutations in PLCy1 are the most prevalent in adult T cell leukemia
and lymphoma, appearing in ~36% of patients (730, 137). While many of these mutations
are expected to destabilize autoinhibition, it may be worthwhile to investigate whether any
mutations are tied to this newly discovered PLCy1 function.
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4 | LAT condensate regulation and using
supported bilayers to study
immunotherapeutics

Abstract

LAT condensation is positioned at a critical juncture in the TCR signaling pathway.
LAT translates antigen information from pMHC and transforms it into various bifurcating
signaling pathways. As such, LAT condensation is highly regulated to avoid spurious
activation. We report that calcium depletion greatly accelerates condensate delay time,
indicating a potential negative feedback loop that is activated when calcium flux elevates
cytosolic levels. Jurkat T cells lines display a wide range of basal LAT clustering,
underscoring the need for careful characterization of LAT clustering when performed such
studies in Jurkats. Tumor-targeted bispecific antibodies studied on support membranes
reveal robust TCR binding and T cell activation regardless of TCR clonotype and a
moderate tolerance for a small range of antigen molecule height. Finally, cortical actin
actively accumulates at sites of non-TCR-induced LAT condensation, providing a safety
mechanism against spurious LAT condensation by blocking PLCy1 from accessing PIP2
substrate. Actin accumulation at condensates is depolarized by CD28-induced actin
remodeling, allowing downstream signal propagation. These preliminary data provide
valuable insights into LAT condensate regulation and highlight the utility of supported
membranes to study cancer immunotherapeutics.
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Introduction

This chapter represents a compilation of preliminary data centered around TCR
signaling and LAT condensation with promising prospects for future research efforts.
Chapters 2 and 3 demonstrated that the LAT condensation phase transition plays a
critical role in TCR signaling and antigen discrimination. As such, LAT condensation is
highly regulated to avoid spurious activation. For instance, constant pressure from PTPs
helps prevent resting T cells from spontaneously activating by ensuring TCR ITAMs and
LAT remain unphosphorylated (37). Additionally, LAT ubiquitinylation by the E3 ubiquitin
ligase c-Cbl leads to enhanced LAT internalization and trafficking away from the plasma
membrane (732, 133). Understanding condensate regulation is essential for building a
complete picture of antigen discrimination and informing the productive design of cancer
immunotherapeutic agents.

We report a potential negative feedback loop caused by TCR-induced calcium flux.
Productive TCR signaling results in elevated calcium levels, which acts as a second
messenger to propagate signaling. Depleting extra- and intra-cellular calcium reservoirs
causes a dramatic decrease in LAT condensate delay time. We suspect that TCR-
induced calcium flux produces the inverse effect. This depicts calcium playing a dual role
in propagating the earliest signals and suppressing further input.

We describe observations of LAT clustering in Jurkat T cell lines. Some Jurkat
lines produce large numbers of LAT clusters in the absence of TCR stimulation.
Pharmacological inhibitor studies suggest integrin signaling, through ICAM-1:LFA-1, is
responsible for the high levels of basal clustering. Interestingly, different sources of
parental Jurkat lines exhibit minimal LAT clusters in resting cells, similar to primary T
cells. This underscores the importance of judiciously interpreting clustering studies
performed in Jurkats as well as thorough characterization of Jurkat lines prior to such
experimentation.

We utilize the supported lipid bilayer platform to characterize bispecific antibody
(biAb) stimulation of primary T cells and Jurkats. Bispecific antibodies are a cancer
immunotherapeutic reagent that crosslinks a T cell’'s TCR with a tumor-associated
antigen. Thus, in these experiments, the SLB mimics a tumor cell surface. The biAb
effectively binds and activates T cell, as determined by NFAT nuclear translocation,
regardless of TCR clonotype. BiAb stimulation also effectively activates cells within a
certain tolerance range of intermembrane spacing.
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Finally, we present findings that the cortical actin cytoskeleton actively
accumulates at sites of spontaneous (i.e., non-TCR induced) LAT condensation,
presumably to block PLCy1 from accessing PIP2 substrate as suggested by Csk inhibition
studies. This accumulation is mitigated by additional actin reorganization induced by
CD28 stimulation. This implicates that actin provides a safety mechanism to prevent
spurious activation, which is released by further signaling input. Collectively, all these
results reveal that many well-known proteins and second messengers play critical
auxiliary roles regulating LAT condensation and signaling.
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Calcium-induced negative feedback loop on LAT
condensation timing

Introduction

Calcium is a critical second messenger in T cell signaling. After recruiting to LAT
and becoming activated, PLCy1 catalyzes the cleavage of PIP: lipids to produce IP3 and
DAG. Soluble IP3 binds to IP3 receptors in the endoplasmic reticulum (ER) membrane.
This ultimately causes elevated cytosolic calcium levels as calcium is released from ER
stores and enters the cell through calcium ion channels in the plasma membrane (708).
This activates the phosphatase calcineurin, which dephosphorylates NFAT, enabling
nuclear translocation and cytokine transcription. Therefore, calcium stands at the
midpoint between LAT condensation and transcription factor activation. How calcium
integrates individual condensate input, what calcium flux signatures are required for
NFAT activation and translocation, and how calcium may affect upstream signaling is
generally unknown.

Chapter 3 exemplified how signaling proteins may exhibit additional critical
functions upstream of their traditional role. PLCy1 plays a key role in nucleating LAT
condensates by facilitating early crosslinking. We are interested in determining if other
proteins or second messengers similarly regulate upstream signaling, particularly with
regards to LAT condensation. A recent study demonstrated that under high antigen
stimulation in Jurkat cells, the kinetic lag between the Zap70 and Grb2 clustering was
tunable by titrating the extracellular calcium concentration (70). Lower calcium
concentrations decreased the ensemble kinetic lag, while higher calcium concentration
resulted in a longer lag time. If true, this could constitute a calcium-mediated negative
feedback loop. However, as explained in Chapters 2 and 3, saturating TCR stimulation
can produce artificial protein clustering and timing results. Therefore, it is imperative that
these results are tested and verified under physiological, single molecule TCR triggering
conditions.

Cytosolic Calcium Concentration Modulates LAT Condensation Timing

To accomplish this, we depleted T cells of their intracellular calcium reservoirs and
quantified how this perturbation affected LAT condensate delay time. Primary murine T
cells expressing LAT-EGFP were treated with 1mM EGTA for 20 min (see Methods).
EGTA is membrane permeable and selectively chelates and sequesters calcium ions
(734). Cells were then added to SLBs containing single molecule pMHC densities and
imaged in calcium-free live cell imaging buffer. The results were very striking as calcium-
depleted T cells produced far more condensates compared to untreated cells (Figure 4-
1A). LAT condensates formed rapidly in response to single pMHC:TCR binding events
(Figure 4-1B). Individual condensate delay times demonstrated that calcium depletion
greatly accelerated LAT delay time kinetics (Figure 4-1C). In fact, calcium depletion had
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the strongest effect on LAT condensate delay time of all methods discovered thus far (i.e.,
LAT(G135D) and PLCy1 overexpression). Furthermore, the rate of condensate
production more than doubled (Figure 4-1D).
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Figure 4-1: Calcium influences LAT condensate delay time.

(A) TIRF image time series of LAT condensation in primary murine T cells in normal or calcium-depleted
conditions. (Top) Images of a T cell under normal calcium conditions expressing LAT-EGFP (green) placed
on a supported membrane containing MCC(Atto647)-MHC (not shown). (Bottom) Images of a T cell under
depleted calcium conditions expressing LAT-EGFP (green) placed on a supported membrane containing



MCC(Atto647)-MHC (not shown). Intracellular stores were depleted with EGTA, and cells were imaged in
calcium-free live cell imaging buffer. Top and bottom bars are 5um. (B) Zoom-in of the box in A (bottom).
Image time sequence of single molecule MCC(Atto647)-MHC (red) binding TCR and inducing a LAT (green)
condensate after a shortened delay in depleted calcium conditions. Bar is 1um. (C) LAT condensate delay
time distribution in calcium-free conditions (red) overlayed onto the delay time distribution measured under
normal calcium conditions (blue). (D) An anecdotal example of the rate of LAT condensate appearance
under normal (blue) and calcium depleted (red) conditions. Each trace comes from a single cell.

To verify that EGTA treatment actually depleted calcium stores, we imaged NFAT
nuclear translocation. EGTA-treated and untreated cells expressing NFAT-mCh-P2A-
LAT-EGFP were placed on stimulating supported membranes for 30 min, after which we
imaged both the state of LAT condensation and NFAT translocation. All cells treated with
EGTA failed to translocate NFAT despite the large number of condensates formed
(Figure 4-2A and B). Untreated cells, on the other hand, robustly activated. This is
expected since NFAT activation and translocation are immediately dependent on calcium
flux; therefore, confirming that EGTA treatment successfully depleted intracellular calcium
in our experiments. EGTA treatment had no apparent ill effect on cell health nor caused
observable changes in cellular morphology (Figure 4-1A, bottom vs. bottom row).
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Figure 4-2: EGTA treatment precludes NFAT translocation.

(A) Representative images of T cells activating or failing to activate under different calcium conditions.
Primary murine T cells co-expressing NFAT-mCh (gray) and LAT-EGFP (green) were placed on SLBs
containing MCC(Atto647)-MHC (red) for 30 min. MCC(Atto647)-MHC and LAT-EGFP were imaged by
TIRF, and NFAT-mCh was imaged by epifluorescence at 3um above the plane of the SLB. (Top row)
Representative images of a T cell under normal calcium conditions showing NFAT translocated into the
nucleus. (Bottom row) Representative images of a T cell under depleted calcium conditions showing NFAT
remaining in the cytosol. Bar is 5um. (B). Bar plot of the fraction of activated T cells under different calcium
conditions. T cells were stimulated for ~30 min on an MCC-MHC (0.5-0.7 molecules/um?) containing bilayer.
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~85% of T cells under normal calcium conditions activated, which is expected for this density of pMHC,
while all T cells depleted of calcium failed to translocate NFAT. More than 20 cells for each condition.

Discussion

A major question posed by these results is how calcium is acting to influence LAT
condensation. There are several calcium-dependent proteins involved in T cell signaling.
For instance, PLCy1 activity is dependent on a calcium cofactor present in the TIM-barrel
active site, which coordinates inositol headgroups (735). Mutation of a histidine residue
that chelates the calcium ion results in a catalytically dead enzyme (736). Since calcium
depletion yields PLCy1 catalytically inactive while simultaneously enhancing LAT
condensation, this corroborates our data presented in Chapter 3 that PLCy1 activity is not
required for nucleation of LAT condensates. PLCy1 also has a calcium-dependent EF
motif region and a C2 domain. Calcium binding and unbinding causes conformational
changes to EF hand motifs; however, their exact function in PLCy1 is unknown. Deletion
or mutation of EF hands in PLC( leads to a decrease or loss of activity (137). C2 domains
bind negatively charged lipids in a calcium-dependent manner (738). Deletion of C2 from
PLCC also results in loss of activity (737). Again, the full function of the C2 domain in
PLCy1 signaling is unclear. It appears from data on other PLC enzymes that calcium
mainly regulates enzymatic activity. Therefore, we suspect that calcium’s effect on LAT
condensation does not occur through PLCy1.

As mentioned above, calcium flux activates the phosphatase calcineurin, whose
primary function is to dephosphorylate and active NFAT. In a recent study, researchers
discovered that calcineurin can bind TCR complexes and reverse an inhibitory
phosphorylation at serine 59 on Lck (739). Inhibition of calcineurin activity resulted in
impaired Y493 phosphorylation on Zap70, which is required for Zap70 activation (740).
Therefore, calcineurin activation appears to enhance TCR signaling, which is not
consistent with calcium-induced negative feedback.

Calcium has also been observed to bind PIP2 lipids (74 7). Bilkova and colleagues
found that calcium can bind and bridge PIP2 headgroups, essential leading to their
sequestration. Calcium bridging of PIP2 precludes binding of the PLC51 PH domain. How
PIP2 sequestration could influence LAT condensation is not clear, though it could act
through lipid microdomain partitioning or electrostatic effects.

Taken together, our data support a hypothesis that modulating cytosolic calcium
levels, either by calcium influx due to TCR signaling or export through ion pumps,
regulates LAT condensate delay time and formation. This represents a novel calcium flux-
induced negative feedback loop in TCR signaling. As summarized in Figure 4-3, following
TCR triggering and LAT condensation, PLCy1 ultimately causes calcium influx. We
suspect that elevated calcium concentration in the cytosol induces upstream negative
feedback on subsequent pMHC:TCR binding events by elongating LAT condensate delay
time, thus causing a higher kinetic threshold. This may also represent a safety mechanism
against spurious activation. Thus, only true, sustained TCR signaling would be capable
of surpassing signaling thresholds. The exact mechanism of how calcium is influencing
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upstream kinetic steps is yet unknown and requires further investigation. For instance, in
vitro reconstituted LAT phase transition experiments may inform how calcium influences
condensate formation and structure.
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Figure 4-3: Model of calcium-induced negative feedback.

After pMHC:TCR binding, Zap70 recruitment, and a delay to LAT condensation, activated PLCy1 produces
IP3 leading to calcium flux. Elevated calcium levels are suspected to engage in a negative feedback loop
to inhibit subsequent upstream signaling events, presumably by increasing the kinetics threshold for
productive TCR signaling to condense LAT.
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LAT condensation in Jurkat T cells

Introduction

Jurkat T cells are widely used in immunological research, and data obtained from
these cells can be found throughout T cell literature. Jurkats are an immortalized human
T cell line derived from a 14-year-old leukemia cancer patient (742). There are many
advantages to using Jurkats over primary T cells. For instance, Jurkats quickly proliferate,
are easily transfected with proteins of interest, and are straightforward to genetically
manipulate. This final point is a significant advantage over primary cells, which often
require genetic engineering at the level of the embryo to obtain T cells with a desired
genetic background. Jurkats also have known disadvantages arising from misregulated
tumor pathways, such as deficiencies in PTEN and SHIP phosphatases (742). The
cognate pMHC ligand for the Jurkat TCR is also unknown. Regardless, Jurkats provide a
powerful platform for studying T cell signaling and LAT condensation using loss-of-
function mutation and knock-out studies. Therefore, we aimed to characterize LAT
condensation in Jurkat cells.

Some Jurkat Lines Exhibit High Levels of Basal LAT Cluster

To accomplish this, we first investigated basal LAT condensation behavior (i.e., in
the absence of TCR stimulation). Primary T cells on SLBs containing only ICAM-1 show
only a handful of condensates, in any, over the course of several minutes (Figure 4-4A,
top row). This quiet basal state of LAT is a very robust feature in primary cells. Next, we
placed Jurkats cells stably expressing LAT-EGFP onto supported bilayers displaying only
human ICAM-1. Surprisingly, we observed a large number of basal LAT clusters in the
Jurkat cells (Figure 4-4A, second row). Such excessive clustering would make the
identification of true TCR-induced condensates difficult. Therefore, we aimed to identify
and tune down the source of basal clustering in Jurkats.

We first attempted a noninvasive approach by serum starving the cells before
imaging. This is a common practice in T cell experiments to place the cells in the quietest
signaling state possible by removing all sources of potential stimulation. A short 20 min
serum starvation had no effect on attenuating LAT clusters (data not shown). Performing
a 20-hour serum starvation before adding Jurkats to ICAM-1 SLBs likewise had no effect
(Figure 4-4A, third row).

Next, we employed pharmacological agents to inhibit specific signaling pathways.
PP2 selectively inhibits the Src-tyrosine kinase Lck, which initiates TCR signaling by
phosphorylating TCR ITAMs as well as Zap70. The I1Cso value of PP2 for Lck is 4nM (743).
PP2 also inhibits the Src kinases Fyn and Hck. To ensure complete inhibition of Lck, we
incubated Jurkat cells with 4uM PP2 for 30-45 min before adding the cells to ICAM-1-
containing bilayers. Surprisingly, the level of basal LAT clustering did not decrease
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(Figure 4-4A, fourth row). This suggests that these basal clusters do not originate through
the TCR unless it is being bypassed.
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Figure 4-4: Basal LAT condensation in Jurkats cells.
(A) Representative TIRF image time series of basal (no TCR simulation) LAT clustering in Jurkat T cells
under various conditions. (Top row) Primary murine T cells expressing LAT-EGFP interacting with a
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supported lipid bilayer containing only murine ICAM-1 show little to no LAT clustering. (Second and all
subsequent rows) Jurkat T cells expressing LAT-EGFP interacting with a supported membrane containing
only human ICAM-1. This line of Jurkats exhibited high levels of basal LAT clustering. (Third row) Jurkat
cells after 20-hour serum starvation still exhibited a high degree of LAT clustering. (Fourth row) Jurkat
treated for 30-45 min with 4uM Src-kinase inhibiter PP2 still showed high levels of LAT clustering. (Bottom
row) Jurkat treated for 30-45 min with 25uM Rap1 inhibiter GGTI still showed high levels of LAT clustering,
though clusters appeared more unstable. Bar is 10um. (B). RICM image time series of GGTI-induced
membrane blebbing of the supported lipid bilayer. Bar is 2um.

We then aimed to prevent LAT clustering originating from ICAM-1:LFA-1 signaling
by inhibiting Rap1. Rap1 is a small, membrane-associated GTPase that regulates the
binding strength of ICAM-1:LFA-1 interactions. Specifically, activation of Rap1 induces
conformational changes in LFA-1 that increase its affinity for ICAM-1 ligand (7144).
Therefore, we reasoned that mitigating ICAM-1:LFA-1 affinity by Rap1 inhibition may
reduce integrin-mediated LAT clusters. The inhibitor GGTI blocks geranylgeranylation of
Rap1 and possesses an |Cso of 2uM (745). Treating Jurkats with up to 25uM GGT] failed
to prevent excessive basal LAT clustering (Figure 4-4A, bottom row). However, of all the
conditions tested, GGTI qualitatively had the strongest effect, as basal clusters appeared
more diffuse and destabilized. However, the concentration of GGTI used (25uM) caused
significant cell death. It is also worth noting that GGTI caused blebbing of the supported
lipid bilayer, observable in RICM, and affected cell adhesion with the bilayer (Figure 4-
4B). It is possible that low affinity ICAM-1:LFA-1 interactions are still sufficient to induce
LAT clustering, albeit more weakly.

We additionally tested a parental Jurkat line from another vendor. Jurkats were
transfected with LAT-EGFP and placed on supported bilayers containing only ICAM-1.
Intriguingly, these cells showed substantially lower basal LAT clustering, comparable to
primary cells (Figure 4-5A, first four frames of the montage). This demonstrates that basal
LAT clustering in Jurkat cells is highly variable depending on the source of the cell lines.
It is not fully clear what causes high basal clustering, if clusters exist while cells are in
solution, or why cell lines exhibit such broad variability. It is important, therefore, to
consider how these findings may influence the interpretation of data obtain from Jurkats,
especially imaging-based experiments studying protein clustering on the plasma
membrane. Fortunately, some Jurkat lines possess low basal clustering and can be used
in single molecule studies, as we have done with primary cells.

Pervanadate Inhibits LAT Condensation While Enhancing Tyrosine
Phosphorylation

T cells express several protein tyrosine phosphatases (PTPs) that exert negative
pressure on TCR signaling by counteracting tyrosine kinases driving signaling forward
(37). We were interested in observing the effect of phosphatase inhibition on LAT
condensation in Jurkats. Therefore, we treated cells with the potent general PTP inhibitor
pervanadate (perV). Pervanadate irreversible oxidizes the catalytic cysteine residue of
PTPs and has been shown to dramatically increase tyrosine phosphorylation in Jurkats
in the absence of TCR stimulation (7146, 147). PerV is used ubiquitously in T cell signaling
literature as a means of activating T cells. We anticipated that upon adding perV to cells,
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LAT would spontaneously condense. Much to our surprise, upon adding perV, existing
LAT condensates decayed to background levels, and no new condensates formed
(Figure 4-5A). This suggests that PTP inhibition by perV had an inhibitive effect on
condensation. Many studies have shown, however, that perV treatment induces extensive
tyrosine phosphorylation and cellular activation (7146, 147). To verify that our preparation
of perV was, in fact, causing tyrosine phosphorylation, we ran the same population of
cells imaged in Figure 4-5A on a western blot and stained for phosphotyrosine. As
expected, perV triggered substantial spontaneous tyrosine phosphorylation (Figure 4-
5B, right). These data indicate that perV activates T cells in a LAT condensate-
independent manner. Meaning that under these conditions, signaling from LAT occurs at
the monomeric level or by bypassing LAT altogether.
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Figure 4-5: Pervanadate inhibits LAT condensation while increasing tyrosine phosphorylation.

(A) TIRF image time series of a different Jurkat cell line expressing LAT-EGFP on an SLB containing only
human ICAM-1. Pervanadate (perV) was added at the indicated frame. Bar is 5um. (B) Pan-
phosphotyrosine western blot of Jurkats treated with and without perV. Jurkat cells interacting with SLBs
containing only ICAM-1 were treated with or without perV for 30 min followed by cell lysis and SDS-PAGE
gel electrophoresis. (Left) Ponceau stain of nitrocellulose membrane after protein transfer. Ponceau stain
shows total protein content and loading. ICAM-1 and ICAM-1 plus perV lanes were loaded roughly equally
with whole cell lysate, though ICAM-1 plus perV did have somewhat more. (Right) Anti-pTyr antibody stain
detected with horseradish peroxidase-conjugated secondary antibody. ICAM-1 cells showed no detectable
signs of basal pTyr, while the ICAM-1 plus perV condition showed a significant increase in tyrosine
phosphorylation. The cell imaged in A was part of the cell population used for the ICAM-1 plus perV lane.
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Discussion

We report the observation that some Jurkat T cell lines possess high levels of LAT
clustering in the absence of antigen stimulation. The source of high basal clustering is
largely unknown, though there are several plausible suspects. One possibility is the
potential misregulation of kinases and phosphatases. Inhibition by PP2 suggests that
these clusters either do not originate from TCR or bypass ITAM phosphorylation by Lck.
It is possible that other non-Src family kinases may be causing ITAM phosphorylation,
such as Tec-family kinases, though this has not been observed in experiments. Perhaps
Zap70 possesses unusually high basal activity in this cell line. PTEN and SHIP
phosphatases are already known to be misregulated in Jurkats.

In primary cells, we observe that a few LAT condensates form in the absence of
pMHC binding. Some of these LAT clusters form from LAT/VAMP7-enriched vesicles
docking at the plasma membrane (Figure 2-5C), and others from ICAM-1:LFA-1 induced
clustering (Figure 2-5D). Raab and colleagues propose the existence of compositionally
distinct LAT clusters, formed orthogonally by TCR and ICAM-1:LFA-1 signaling (90).
Therefore, excessive LAT clustering in Jurkats on SLBs containing only ICAM-1 may arise
from overactive IFA-1 signaling. Rap1 inhibition failed to fully block basal LAT clustering,
though clusters were diffuse and unstable. This is the strongest effect we observed and
may indicate that LFA-1 signaling plays a role in basal clustering.

Lastly, LAT may exist in a pre-clustered state in some Jurkat lines. Three-
dimensional imaging of Jurkats in solutions would be required to assess whether this is
the case. If true, it is surprising that western blot studies show little detectable LAT
phosphorylation in the absence of TCR triggering (50). Taken together, we speculate that
high basal LAT clustering in some Jurkat cell lines is due to ICAM-1:LFA-1 signaling,
though this needs to be confirmed with further investigation.

As discussed earlier, the utility of genetically manipulating Jurkats is highly
valuable for dissecting mechanistic details of T cell signaling and LAT condensation.
Fortunately, some parental Jurkats exhibit basal LAT clustering levels comparable to
primary cells. This fortuitous discovery allowed us to perform perturbation studies such
as the PLCy1 knock-down experiment detailed in Chapter 3 (Figure 3-4). Since the
degree of basal LAT clustering in Jurkats is so variable, it is imperative that thorough
characterization is performed in experiments investigating membrane protein clustering.
It is not known whether high basal clustering causes Jurkats to activate in the absence of
TCR stimulation, but, given the relationship between the number of LAT condensates and
NFAT activation, it is likely (Figure 2-10C, Chapter 2).

Finally, we made the surprising observation that pervanadate treatment appeared
to suppress LAT condensation. Pervanadate is used by many researchers to artificially
induce tyrosine phosphorylation (746, 147). We anticipated that perV would cause
spontaneous phosphotyrosine-driven LAT condensation. Our result indicates that perV
activates T cells in a condensate-independent manner. The exact mechanism is currently
under investigation though we offer the following speculations. Under perV treatment,
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LAT is likely fully phosphorylated and trapped in a monomeric state. One study suggests
that phosphorylation of Grb2 at Y160 disrupts Grb2 dimerization, which may be important
for driving condensation (748). However, this same study suggested that only Grb2
monomers interact with SOS1. PerV likely causes phosphorylation at Y160 on Grb2. If
condensation heavily relies on Grb2 dimers for oligomerization, this could explain our
perV results. However, it is not clear to what extent Grb2 dimers versus Grb2:SOS drive
condensation in T cells. Other studies offer conflicting data that only Grb2 dimers interact
with SOS (749). Finally, SOS is present in cells at very low copy number (2,000-5,000)
(750). Therefore, if all the LAT across the cell membrane is completely phosphorylated,
there may be insufficient SOS to crosslink LAT into localized condensates. In general,
our data suggest that under perV stimulation, T cell signaling either proceeds by a
monomeric LAT-based mechanism or bypasses LAT altogether. Understanding precisely
how perV is acting on T cells is crucial to accurately interpret experimental work that
utilizes this inhibitor in signaling studies.
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Polyclonal T cell activation by bispecific antibody on
supported lipid membranes

Introduction

T cells possess an unparalleled ability to identify specific pathogenic targets and
initiate a global immune response to clear the disease. Many diseases, however, evolve
to evade immune surveillance. This is especially poignant for many types of cancer. For
instance, tumor cells may accumulate mutations that upregulate the expression of
inhibitory ligands, such as PD-L1, which prevent T cells from activating (15671, 152).
Additional factors, such as the chemical composition of the tumor microenvironment,
further complicate adaptive immune response by suppressing T cell function (753). There
is great interest in the biotechnology and medicinal industries to harness and redirect the
specific and potent cytotoxic properties of T cells to targets of interest, such as tumors.

Cancer immunotherapy is a rapidly growing field that aims to use the body’s
immune system to fight cancer. For example, antibody-based therapies, known as
checkpoint inhibitors, block the binding of PD-L1 or other ligands to inhibitory co-receptors
and have shown remarkable success clearing various types of cancer (7154). Chimeric
antigen receptor (CAR) T cells are patient-derived T cells expressing an engineered
receptor that binds a tumor-associated antigen (726—729). CAR T cells have had much
success clearing B cell-based lymphoma and leukemia.

Bispecific antibodies (biAb) are another approach to directing T cells to cancer
targets. Typical IgG antibodies consist of two identical Fabs (fragment antigen binding)
domains joined together by an Fc region. BiAbs are engineering to have two different Fab
domains that bind unique epitopes (707) (Figure 4-6A). Thus, instead of being bivalent
for the same epitope, biAbs can simultaneously bind two unique protein targets.
Therefore, an immunotherapeutic biAb uses one Fab to bind a TCR constant region, while
the other binds a tumor antigen on the surface of a cancer cell. (Figure 4-6B). A major
advantage of this approach is that biAbs can facilitate anti-tumor activity using any T cell
regardless of the TCR clonotype.

Despite numerous clinical successes, many barriers remain for cancer
immunotherapy, such as directing T cells against solid tumors and minimizing on-target
off-tumor toxicity (704, 105). A more complete understanding of how TCR signaling
occurs with various immunotherapeutic approaches is needed to better inform the design
and administration of specific and safe treatments. Here, we demonstrate using our
supported lipid bilayer platform to study and characterize TCR binding and stimulation by
bispecific antibodies at the single molecule level.
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Figure 4-6: Typical IgG antibody vs bispecific antibody architecture.

(A) Comparison of a typical IgG antibody versus a bispecific antibody. A typical IgG antibody (green on the
left) contains two Fab portions that are identical and thus bind the exact same epitope. A bispecific antibody
(biAb) (orange and blue dual-colored on the right) has a similar architecture except the two Fabs are derived
from different antibodies, and thus, each Fab binds a different epitope. Different biAb designs truncate off
various non-binding portions, such as the Fc region. (B) Depiction of a biAb crosslinking a TCR on a T cell
with a surface tumor antigen on a tumor cell. A cancer immunotherapeutic biAb binds a constant region of
a TCR with one Fab, while the other binds a tumor-specific antigen on the surface of a cancer cell. In theory,
this results in TCR triggering, leading to cancer cell death.

An important aspect of TCR signaling is the spatial and topographical landscape
of the APC (or cancer cell):T cell interface. A prominent hypothesis in TCR signaling,
known as the kinetic-segregation model, posits that transmembrane phosphatases
possessing large extracellular domains, such as CD45, are spatially excluded from
pMHC:TCR complexes (64, 155-160). The extracellular portion of CD45 is rigid and rod-
like with an approximate length of 28-50 nm (759, 161, 162), while the total distance of a
pMHC:TCR complex is roughly 15 nm (760, 163, 164) (Figure 4-7). ICAM-1:LFA-1
establishes a distance of about 30 nm (765). Thus, when TCR binds pMHC, it forms a
local area of “close contact,” which is suspected to sterically exclude CD45 from the
pMHC:TCR vicinity. This enables ITAM phosphorylation and further signal propagation.
For instance, Choudhuri and colleagues performed experiments in which they activated
T cells with pMHC ligands of varying heights (760). They observed that increasing the
APC:T cell intermembrane spacing, by increasing pMHC ligand height, attenuated IL-2
secretion and enriched CD45 in the cell-cell junction. We investigated biAbs in the context
of our supported lipid bilayer platform in order to understand their fundamental signaling
properties. In particular, we investigated biAb:TCR binding, activation of polyclonal T cell
populations, and whether cellular activation by biAb demonstrated similar intermembrane
dimensional dependence.
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Figure 4-7: Height differences between pMHC:TCR complexes and CD45 ectodomain.

Schematic of the extracellular size differential between various proteins in the APC:T cell interface. The
expected intermembrane spacing caused by pMHC:TCR engagement is approximately 15 nm based on
the sizes of the TCR and pMHC extracellular domains. Isoforms of CD45 range from 28 to 50 nm. The
intermembrane spacing caused by ICAM-1:LFA-1 is approximately 30 nm. Thus, pMHC:TCR binding is
suspected to segregation CD45, and other integral membrane PTPs with large ectodomains, away from
the TCR to allow phosphorylation and signaling.

Experiment Approach to Tuning Intermembrane Spacing

In collaboration with industrial partners, we developed the following SLB-based
method for studying and activating T cells using bispecific antibodies. Supported
membranes were functionalized with ICAM-1 and a 10X His-tagged human tumor
antigen, B cell maturation agent (BCMA). A biAb was designed with one Fab against
BCMA and the other derived from the anti-murine CD3e antibody 145-2C11 and was used
to crosslink the TCR to BCMA on the SLB. To modulate intermembrane spacing, stiff non-
signaling domains were added to the SLB-proximal end of BCMA to increase its height.
BCMA of four different heights were generated, and their sizes were roughly estimated
using dynamic light scattering (DLS) (see sizes in Figure 4-8). It is important to note that
DLS estimates size by assuming particles are spheres. Since BCMA is expected to be
rod-like, the reported values underestimate their actual height. Thus, by exposing T cells
to biAb-bound BCMA of increasing heights, the intermembrane spacing is expect to
likewise increase (Figure 4-8).
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Figure 4-8: Tuning the intermembrane spacing by increasing ligand height.

Schematic of the experimental approach to tune the SLB:T cell intermembrane spacing by increasing the
height of the SLB-bound tumor antigen target (BCMA) that binds one Fab of the biAb. The sizes reported
in the schematic were measured by DLS.

BiAb Labeling and Characterization

To perform quantitative single molecule experiments, we non-specifically labeled
biAb with Atto647N-NHS ester. We ran the labeling reaction at 4°C for 30 min to minimize
extensive over-labeling. Upon binding biAb(Atto647) to membrane-conjugated BCMA, we
performed TIRF imaging at high power and short exposure (20-50 ms) to image all labeled
biAb molecules. Then using particle localization, we extracted single molecule intensities
of labeled biAb and fit the distribution to a log-normal. The log-normal fitting of the spot
intensity distribution showed the existence of two labeled populations, likely singly and
doubly labeled (Figure 4-9A). Visual inspection of TIRF images further confirmed two
populations of biAb molecules with different brightness (Figure 4-9B). This is expected
since antibodies possess multiple lysine residues and labeling was performed with NHS
ester chemistry. While this presents some challenges, such as being unable to distinguish
dimeric states, for the purposed of these experiments, it is sufficient for measuring T cell
activation properties by biAb.

Similar to pMHC experiments, BCMA:biAb exhibited lateral Brownian motion as
anticipated (Figure 4-9C). Upon adding primary murine AND T cells to bilayers containing
BCMA-bound biAb, single BCMA:biAb:TCR binding events were detectable with long
TIRF exposure (500ms) (Figure 4-9D). The off-rate for these binding events was very
slow, with an observed average dwell time of 75.6 seconds (Figure 4-9E). This value is
not corrected for the dye bleaching rate, so the true dwell is even longer. The dwell time
of biAb is much longer than the strong agonist MCC-MHC which possesses a 43.6 second
observed dwell time (13). Such a long dwell time is anticipated since antibodies are known
to have exceptionally high affinities (nano- to picomolar range) (766). We recently
published that anti-TCRB (H57-597) Fab tethered to supported bilayers by DNA
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hybridization possesses an 87 second observed dwell time before bleaching correction
(167). Therefore, our observed dwell time for 2C11-based biAb is comparable with other
Fab-based measurements.
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Figure 4-9: Atto647N-labeled biAb characterization.

(A) Single particle intensity distribution suggests two labeled populations of biAb. TIRF images of
biAb(Atto647N) taken at high laser power and short exposure (e.g. such as in B) revealed all single biAb
molecules. Spot localization was performed to measure individual spots intensity. The distribution of single
spot intensities was fit by a lognormal probability density function. Lognormal was used instead of Poisson,
as would be expected, due to unavoidable multiplicative errors introduced by the camera. (B) Single
molecule TIRF image of biAb(Atto647N) imaged at high laser power and short exposure. There is significant
heterogeneity in the number of Atto647N dye molecules per bispecific antibody, as would be expected with
labeling via NHS ester chemistry. Bar is 5um. (C) Single molecule diffusion trace. Single molecule
biAb(Atto647N) exhibited random Brownian diffusion in the supported lipid bilayer in the absence of the cell
(i.e., not bound to TCR). To observe unbound diffusion, biAb was imaged with TIRF at high laser power,
short exposure (50 ms), and rapid imaging rate (20 ms). The green line represents the diffusion trace of the
single biAb molecule as obtained by single particle tracking. Bar is 1um. (D) BiAb effectively binds TCR
upon adding T cells to SLB. Using low laser power and long exposure (600 ms) as described in Chapter 2
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(Figure 2-2), individual BCMA:biAb:TCR complexes were readily observed (bright spots in green circles).
White dashed line is the outline of the cells. Bar is 2um. (E). BiAb exhibits a long TCR dwell time. Individual
binding events (e.g., such as those imaged in D) were tracked in time from the first moment of binding to
unbinding. Binding events that crossed each other, started before the first frame of the acquisition, or
unbound after the acquisition ended were not included.

Height Differences Does Not Affect T Cell Activation by BiAb

We next sought to determine how BCMA height affected cellular activation. We
measured activation using the fluorescently tagged NFAT translocation sensor described
in Chapter 2, except TCRs were ligated and triggered using biAb instead of pMHC (Figure
4-10A). In unactivated cells, the NFAT sensor is excluded from the nucleus (Figure 4-
10B, bottom row). Following TCR-induced calcium flux, NFAT translocates into the
nucleus, resulting in an inversion of fluorescence intensity, with higher intensity in the
nucleus relative to the cytosol. BiAb bound to SLB-conjugated BCMA successfully
activated T cells, as observed by this method (Figure 4-10B, top row). We verified that
biAb was incapable of activating T cells from solution. T cells that were incubated with
medium to high concentrations of biAb and then placed on ICAM-1 only bilayers showed
no net increase over biAb-free control (Figure 4-10C). Including null peptide T102E-MHC
on the supported membrane, which does not activate cells, likewise did not increase
activation probability, verifying that biAb has no crossreactivity with MHC (Figure 4-10C).
In fact, the probability of activation significantly decreased in the presence of T102E-
MHC, as has been observed that antagonistic pMHC can inhibit T cell activation (767).

To investigate the effects of modulating intermembrane spacing on T cell
activation, we performed a series of density titration experiments with each BCMA ligand
to assess the activation profile and threshold for each ligand height. After conjugating
BCMA, supported membranes were incubated with excess biAb to ensure BCMA
saturation. Each BCMA can only bind a single biAb. NFAT translocation was assessed
after cells interacted with stimulatory supported bilayers for 30 min. Much to our surprise,
biAb activated T cells at roughly equal rates regardless of ligand height (Figure 4-10D).
The longest ligand appeared to be the most potent, exhibiting the lowest threshold density
(i.e., the ligand density resulting in half-maximal population activation). This stands in
stark contrast with previous studies, demonstrating that activation strongly depends on
intermembrane distance. Also unanticipated, the activation thresholds for all but one
BCMA construct were higher than MCC-MHC (~0.5-1.1 molecules/um? verse ~0.2
molecules/um?, respectively) despite the fact that biAb dwell time is nearly 30 seconds
longer (Figure 4-9D). Typically, off-rate is the strongest indicator of signaling potency (71—
3). Perhaps, this inconsistency is due to the absence of CD4 binding.
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Figure 4-10: Modulating ligand height exhibits no appreciable effect on cellular activation.

(A) Schematic of T cell activation assay by biAb stimulation using the NFAT translocation sensor described
in Chapter 2 (Figure 2-10). BiAb triggered TCR by crosslinking a TCR to membrane-tethered BCMA. Whole
cell activation was determined by the translocation of NFAT into the nucleus. (B) Representative
epifluorescence images of primary murine T cells expressing NFAT-EGFP (right) alongside corresponding
RICM images of cell footprint (left). T cells were placed on SLBs containing ICAM-1 and biAb.
Epifluorescence images were taken 3um above the plane of the SLB. (Top) Example of an activated T cell
showing more NFAT intensity localized inside the nucleus than the cytosol. (Bottom) Example of an
unactivated T cell showing NFAT intensity largely excluded from the nucleus. The white dash lines
represent the plasma membrane. Bar is 5um. (C) BiAb does not activate T cells in solution. T cells were
incubated with biAb in solution at different concentrations for ~30 min, after which they were placed on
ICAM-1 or ICAM-1 plus null peptide T102E-MHC containing bilayers as indicated. On ICAM-1 only bilayers,
~18% T cells activated. BiAb is solution did not increase the activation rate within the concentration range
tested. Error bars represent the standard error of the mean (D) NFAT activation titration curves with BCMA
of varying heights. The density of BCMA on SLBs was titrated for each BCMA construct of different heights.
After 30 min, the NFAT translocation state was measured. Data points were fitted with a sigmoid curve.
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BiAb Activates T Cells Regardless of TCR Clonal Background

As mentioned, the ability to bind and trigger TCR regardless of clonal background
offers immense experimental and medicinal benefit. We recently demonstrated the
synthesis and signaling of a universal agonist using an anti-TCR Fab tethered to SLBs
through DNA hybridization (767). However, to date, this approach has not been tested on
a polyclonal T cell population. To test the universality of biAb, we harvested CD4* T cells
from mice with a polyclonal TCR repertoire, transduced them with the NFAT reporter, and
placed them on membranes containing biAb bound to BCMA(4.7 nm). The polyclonal T
cell population exhibited an identical activation threshold as monoclonal TCR(AND) T
cells (Figure 4-11A). Therefore, bispecific antibody effectively activates T cells at similar
rates regardless of TCR clonotype.

Finally, we tested a bispecific antibody containing a TCR-binding Fab derived from
the anti-human CD3e antibody, UCHT1. The other Fab was targeted to human BCMA as
before. We labeled the human biAb with Atto647N dye using the same protocol. Upon
adding Jurkat T cells to SLBs containing human ICAM-1 and human BCMA:biAb, we
observed robust binding between human biAb and Jurkat TCR (Figure 4-11B). Human
biAb:TCR binding events also induced LAT condensation and PLCy1 recruitment events
(Figure 3-2, bottom panel). This further validates that bispecific antibodies can effectively
trigger and activate T cells irrespective of TCR clonotype.
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Figure 4-11: Bispecific antibody effectively binds and activates polyclonal T cells.

(A) NFAT translocation titration curve of monoclonal vs. polyclonal TCR T cells. BCMA(4.7 nm) density was
titrated on SLBs to which was added primary murine monoclonal AND TCR T cells or polyclonal TCR T
cells for 30 min. AND TCR T cells (red data points and sigmoidal fit) and polyclonal TCR T cells (light blue
data points and sigmoidal fit) showed near identical NFAT activation rates and threshold density (~0.8-0.9
molecules/um?). The polyclonal T cells were the CskAS** cells discussed in the next section. (B) TIRF image
of BCMA-bound single molecule anti-human CD3e biAb(Atto647N) binding to TCR on a Jurkat cell. TIRF
image, taken at 500 ms exposure, showed labeled human biAb molecules binding TCR of the surface of a
parental Jurkat T cell. White dashed line is the outline of the cell. Bar is 3um.
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Discussion

There is significant evidence that intermembrane spacing is important for TCR
triggering and T cell activation (755, 157-160). Surprisingly, the data presented here
seem to suggest that intermembrane spacing dependence is not prevalent at the single
TCR level when bound by biAb. A new study recently published from our laboratory using
anti-TCR Fabs bound to supported membranes with tethers of varying heights showed
that T cell activation does, in fact, have a strong dependence on intermembrane spacing
(168). The reason for these discrepancies is not fully understood. It is likely that the
spacing induced by BCMA:biAb:TCR is not large enough to observe dimensional effects,
even with the longest BCMA ligand. The longest BCMA construct is estimated to be 9.7
nm by DLS. Even combined with the predicted size of biAb (15 nm), this is significantly
less than the ectodomain of CD45 (28-50 nm). As mentioned above, since DLS
approximates particles as spheres, the expected length of BCMA is longer than that
measured by DLS. However, it is most likely not long enough to induce phosphatase
exclusion from the TCR. Alternatively, it is possible that BCMA does not stand vertical on
the supported membrane. Therefore, the intermembrane spacing caused by BCMA
requires more precise measurement.

The utility of bispecific antibodies as a cancer therapy has many advantages over
traditional treatments. This work highlights their universality to activate polyclonal T cell
populations. Additionally, this study demonstrates the wealth of information that the
supported lipid bilayer platform offers for investigating tumor immunotherapeutics. We are
interested in using this signaling platform to study other types of immunotherapies, such
as CART cells.
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Introduction

T cells are single molecule sensors for agonist pMHC ligand. Maintaining this
sensitivity requires fine-tuned balance of opposing signaling forces. The homeostatic
distribution of active Lck is critical for properly dialed sensitivity. Lck initiates TCR
signaling by phosphorylating ITAMs and subsequently Zap70 (769). Lck activity
regulation is a function of its phosphorylation state. Phosphorylation at Lck Y505 by the
Src-family kinase Csk leads to intramolecular binding to the SH2 domain, resulting in an
autoinhibited “closed” conformation. (Figure 4-12) (770, 171). Transautophosphorylation
of Y394 in the activation loop enables Lck to adopt an active “open” conformation (772).
Therefore, Csk helps maintain the balance of active versus inactive Lck in the cell.
Interestingly, a large fraction of Lck (~40%) is phosphorylated at Y394 and is, therefore,
active in resting cells (173). How T cells maintain a resting state with a large population
of active Lck is not fully understood.
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Figure 4-12: Csk regulates active Lck population.

Csk helps maintain the homeostatic activation state of Lck in the plasma membrane. Csk phosphorylates
Lck at Y505, which binds intramolecularly to the SH2 domain of Lck, causing a closed, autoinhibited
conformation. Y505 is dephosphorylated by CD45. Transautophosphorylation at Y394 releases
autoinhibition leading to an active, open conformation. In resting T cells, a large proportion of Lck (~40%)
is in a catalytically active phosphorylation state.

To study how perturbing the fraction of active Lck affects TCR signaling,
researchers developed a method to selectively inhibit Csk. Mutating the “gatekeeper”
residue T266 to the small amino acid glycine allows for specific inhibition of Csk by the
bulky small molecule 3-IB-PP1, which is derived from the nonselective kinase inhibitor
PP1 (174, 175). Csk(T266G) is referred to as Csk-analog sensitive (Csk”S). Treating
CskASt*) primary T cells with 3-IB-PP1 results in spontaneous phosphorylation of ITAMs,
Zap70, and LAT but fails to cause calcium flux (Figure 4-13) (776). Full cellular activation
by 3-IB-PP1 treatment can only be achieved by remodeling the actin cytoskeleton, either

76



by inhibiting actin polymerization with cytochalasin D (CytoD) or by CD80:CD28
triggering, which activates actin signaling pathways. It was concluding that, in resting T
cells, the cortical actin network precludes PLCy1 from accessing PIP2 substrate in the
membrane. Therefore, actin remodeling loosens the cortical network and allows PLCy1
to cleave PIP2. It has long been recognized that actin plays an important role in T cell
signaling, activation, and regulation (177-180).
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Figure 4-13: Csk”S inhibition causes pMHC-independent LAT phosphorylation but not Ca?* flux.
The Csk mutation T266G enlarges the ATP-binding pocket of Csk, allowing for specific inhibition by the
bulky inhibitor 3-1B-PP1. Inhibiting Csk”S presumably increases the proportion of active Lck. 3-IB-PP1
treatment in the absence of TCR ligand causes spontaneous phosphorylation of ITAMs, Zap70, and LAT
but fails to propagate to calcium flux. Downstream signaling requires some form of actin reorganization.

Recapitulating Csk”S Results with Supported Lipid Bilayer System

Given that LAT indirectly recruits actin remodeling proteins such Vav1 (181, 182),
we were interested in understanding how LAT condensates influence local actin
reorganization, particularly in “orphan” condensates, which are formed in the absences
of TCR stimulation. Orphan condensates may require regulation against spurious
signaling. We utilized Csk”S(**) transgenic mice expressing the F-actin sensor Lifeact-
mCh to allow us to image local cortical actin polymerization by TIRF (783). First, we tested
the CskAS system on our SLB signaling platform. Since Csk”S transgenic mice express
polyclonal TCR, we took advantage of the bispecific antibody method described in the
previous section. Titrating BCMA:biAb density, we determined the threshold density for
CskASt*) T cells using the NFAT translocation reporter. The threshold density of
BCMA:biAb was identical to TCR(AND) T cells (~1 molecule/um?) (Figure 4-11A). We
then stimulated cells on supported membranes containing threshold BCMA:biAb density
and measured the dose-response of 3-IB-PP1 (Figure 4-14A). Treating cells with 10uM
3-IB-PP1 increased the NFAT activation rate by thirty percentage points, indicating
successful Csk”S inhibition. Next, we used CytoD or CD80 to promote actin
reorganization. In the absence of TCR stimulation, actin remodeling plus 10uM 3-1B-PP1
significantly increased the proportion of activated cells (Figure 4-14B). NFAT
translocation probability also increased, though much lower in magnitude, in 3-IB-PP1
treated cells on ICAM-1 only containing SLBs. This is likely due to LFA-1 triggering lower
levels of actin stimulation. Taken together, these results confirm the conclusion that actin
protects cells from spontaneous activation (7176).
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Figure 4-14: T cells require actin remodeling for activation by 3-1B-PP1.

(A) TCR-induced T cell activation rate increases with 3-IB-PP1 dosage. Primary murine CskAS(**) T cells
were added to SLBs containing threshold density of BCMA:biAb, which causes ~50% of cells to translocate
NFAT into the nucleus. Titrating the dosage of 3-1B-PP1 monotonically increases the probability of cellular
activation. (B) 3-1B-PP1 plus actin remodeling robustly activated T cells. Primary murine CskAS(t*) T cells
were added to SLBs containing only ICAM-1 and were treated either with or without 10uM 3-1B-PP1 and
actin-modulating agents (i.e., CytoD and CD80). Treating with 3-IB-PP1 plus actin remodeling resulted in a
significant increase in NFAT activation frequency. All bars represent the standard error of the mean (SE).

Actin Locally Accumulates at Spontaneous LAT Condensates and is Attenuated by
CD28 Stimulation

To test the hypothesis that actin blocks PLCy1 assess to PIP2, we imaged local
actin activity relative to LAT condensation. CskASt**)/Lifeact-mCh primary T cells
transduced with LAT-EGFP were placed on supported bilayers containing only ICAM-1
and imaged with TIRF microscopy to specifically visualize cortical actin. Filamentous
structures of actin were not observable in these conditions; however, dynamic
accumulations (or “clouds”) of actin were visible proximal to LAT condensates, as seen
in the TIRF images and intensity line profiles in Figure 4-15A. Actin clouds began very
diffuse at the beginning of the LAT condensate lifetime and gradually concentrated
around the condensate over time (Figure 4-15C). We then added these cells to bilayers
containing ICAM-1 and CD80. CD80 binds to CD28 in the T cell membrane and is known
to reenforce TCR-signaling as well as activate Vav1, leading to actin cytoskeleton
reorganization (7184, 185). Interestingly, stimulating CD28 resulted in the loss of the local
actin polarization around LAT condensates (Figure 4-15B and D). These data are
consistent with the hypothesis that actin occludes membrane access from PLCy1 unless
further cytoskeletal remodeling occurs, such as through CD80:CD28 stimulation. Our
results reveal that instead of a uniform cortical actin network blocking membrane entry,
actin appears to actively accumulate specifically at sites of non-TCR-induced LAT
condensation. Further signaling input from CD28 (and possibly pMHC:TCR) depolarizes
actin accumulation around to LAT condensates to allow signal propagation (Figure 4-
14B).
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Figure 4-15: Actin accumulation at non-TCR induced LAT condensates is mitigated by CD28.

(A) Actin accumulates around non-TCR-induced LAT condensates. Primary murine T cells co-expressing
Lifeact-mCh and LAT-EGFP were placed on supported membranes containing only ICAM-1 and imaged
with TIRF. (Top) Representative TIRF images of LAT (left) and Lifeact (right). (Bottom) Intensity line scan
plots show the pixel intensity along the green and orange lines in the top TIRF images for LAT-EGFP (green
plot) and Lifeact-mCh (orange plot). (B) Actin fails to accumulate around non-TCR-induced LAT
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condensates with CD28 stimulation. Primary murine T cells co-expressing Lifeact-mCh and LAT-EGFP
were placed on SLBs containing ICAM-1 and CD80 and imaged with TIRF. (Top) Representative TIRF
images of LAT (left) and Lifeact (right). (Bottom) Intensity line scan plots show the pixel intensity along the
green and orange lines in the top TIRF images for LAT-EGFP (green plot) and Lifeact-mCh (orange plot).
(C) TIRF image time series of a T cell expressing LAT-EGFP (top) and Lifeact-mCh (bottom) on an SLB
containing only ICAM-1. (D) TIRF image time series of a T cell expressing LAT-EGFP (top) and Lifeact-
mCh (bottom) on an SLB containing ICAM-1 and CD80. Bars for all TIRF images are 5um. The primary
murine T cells used in these experiments were CskAS*"*), though 3-1B-PP1 was not used.

Discussion

Avoiding spurious T cell activation in the absence of antigen is critical for proper
adaptive immune function. T cells that trigger on self-antigen cause a range of
autoimmune diseases (786). To minimize this, T cell signaling has evolved to become
extremely precise by including various regulatory mechanisms that attenuate or
altogether block TCR signaling. These include inhibitory co-receptors (e.g., PD-1 and
CLTA-4), regulatory T cells, and kinases-phosphatase balance.

The actin cytoskeleton plays a vital role in facilitating cellular mobility, T cell
interrogation of APCs for agonist pMHC, mechanical force generation, and regulation of
T cell activation (7177-180). LAT clusters are known to recruit various actin modifying
proteins such as Nck, WASP, and Vav1 (1871, 182, 187, 188). CD28 signaling is also
known to augment TCR signaling and activate actin machinery (184, 185). In fact, the
intracellular signaling domains of CD28 are included in many CAR T cell designs (127-
129). Phenotypically, T cells on SLBs containing CD80 and ICAM-1 spread and crawl
more robustly and quickly compared to ICAM-1 only containing bilayers. Our data suggest
that one way CD28 enhances TCR signaling is by redistributing actin away from LAT
condensates (Figure 4-16). Since CD80 is present at higher densities, it likely provides
a more uniform actin stimulating force across the SLB:T cell interface, thus inducing a
global instead of localized remodeling force. We observed that T cells on ICAM-1 and
CD80-containing SLBs exhibited a higher basal activation rate (without 3-1B-PP1
treatment) compared to ICAM-1 only bilayers (Figure 4-14B). This is likely due to
spurious LAT clusters successfully signaling, thanks to the actin remodeling provided by
CD80:CD28. Additionally, the fact of CD28 attenuates condensate-proximal actin
polarization suggests potential compositional differences between LAT condensates
formed in the presence versus absence of CD28 triggering. In future experiments, we
plan to test how single molecule TCR stimulation affects local actin activity, particularly at
TCR-induced LAT condensates with and without CD28 activation. Additionally, we aim to
investigate how inhibitory co-receptors such as CTLA-4, which also binds CD80, and PD-
1 act on local cortical actin and proximal TCR signaling.
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Figure 4-16: Model for actin-mediated regulation of non-TCR-Induced LAT condensates.

(Top) In the absence of TCR stimulation, occasional rare LAT condensates form spontaneously or as a
result of ICAM-1:LFA-1 triggering. To prevent these spurious condensates from activating T cells, cortical
actin cytoskeleton actively accumulates at sites of LAT condensation to block PLCy1 from gaining access
to PIP,. (Bottom) Actin remodeling provided by CD28 signaling (or possibly TCR ligation) causes cortical
actin to redistribute more uniformly across the plasma membrane regardless of LAT condensation. This
effective dilution of actin proximal to LAT condensates allows PLCy1 to engage and cleave PIP> resulting
in downstream signaling and cellular activation.
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5| Methods and Analyses

Methods

T cell Culture and Transduction

The mice used in this study were the cross of (B10.Cg-Tg(TcrAND)53Hed/J)
x(B10.BR-H2k2 H2-T18a/SgSnJ) from Jackson Laboratory. All animal work was
performed with prior approval by the IACUC committee, Lawrence Berkeley National
Laboratory Animal Welfare and Research Committee, under the approved protocol
17703. Lymph nodes and spleens of 6- to 20-week-old mice were stimulated with 1uM
MCC peptide in vitro. Both male and female mice were used within this study and were
monitored for clean health prior to organ harvest. Activated T cells were retrovirally
transduced using Platinum-Eco cell-derived supernatants. Platinum-Eco cells (Cell
Biolabs, San Diego, CA) were transfected with the desired plasmid using linear,
polycationic polyethylenimine (Sigma-Aldrich). After 48 hours, retrovirus-containing
supernatant was used to spinfect T cells in the presence of polybrene (4 mg/ml) on day
3 after activation. Typical transduction efficiencies ranged from 10-30%. The entire
population was used for imaging experiments; 0.5 million to 2 million cells were deposited
onto each bilayer. Positive fluorescent cells were easily distinguished from negative cells.
Overall phenotypic behavior of crawling and spreading were comparable between the two
populations using RICM to ensure transduction of the various constructs did not alter
basic T cell behavior.
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Protein Purification

Histidine-tagged MHC class Il I-EX and ICAM-1 were expressed and purified as
previously described (75). MHC Il with C-terminal hexahistidine tags on both a and
chains were expressed using a baculovirus expression system in S2 cells and purified
using a Ni—nitrilotriacetic acid (NTA) agarose column (Qiagen). The histidine-tagged MHC
bacmid (789) was a gift of L. Teyton (Scripps Research Institute) and M. Davis (Stanford
University). The bacmid for ICAM-1 with a C-terminal decahistidine was synthesized, and
it was similarly expressed and purified in High Five cells (Invitrogen) (75).

DNA Constructs

The murine stem cell virus (MSCV) backbone was used (similar to AddGene
#91975) for retroviral transduction of primary murine T cells. Plasmids were constructed
using Gibson Assembly (790) and cloned using XL-1 BLUE (Fischer Scientific) E. coli.

MSCV-NFAT-EGFP was constructed from a plasmid containing a GFP fusion to
the regulatory domain of the murine NFAT1 (NFATc2) protein in a murine stem cell virus
vector (92) and was a gift of F. Marangoni (Harvard Medical School). This truncated form
of NFAT1 [pMSCV-NFAT1(1-460)-GFP] contains the regulatory domain that controls the
nucleocytoplasmic shuttling of NFAT but lacks the DNA binding domain. A second version
of the plasmid was generated to replace the GFP coding sequence with mCherry.

MSCV-mNG-GRB2 was constructed from a plasmid containing human GRB2 that
was a gift from Neal Shah (50). An mNeonGreen license and plasmid stock was
purchased from Allele Biotechnology.

MSCV-LAT-EGFP was constructed from a plasmid containing cDNA for Mus
Musculus Linker for Activation of T cells (NM_010689.3).

MSCV-LAT-EGFP-P2A-mSci-GRB2 was cloned from the constructs above with
the addition of the P2A sequence that was ordered as an oligonucleotide from Elim
Biopharmaceuticals, Hayward, CA.

MSCV-NFAT-mCh-P2A-LAT-EGFP was cloned from the constructs above with the
addition of the P2A sequence that was ordered as an oligonucleotide from Elim
Biopharmaceuticals, Hayward, CA.

MSCV-PLCy1-mNG/HaloTag was constructed from mouse PLCy1 cDNA obtained
from Horizon Discovery (Catalog#: MMM1013-202859869) (Accession: BC057161) and
cloned into the MSCV vector with mNG. HaloTag was obtained as a gift from the Orion
Weiner Lab. TMR fluorophore for HaloTag was obtained from Promega (G8251).

MSCV-PLCy1(Y775/783F)-mNG (i.e., PLCy1(Y2F)-mNG) was made from the wild
type construct above using the Q5 Site-Directed Mutagenesis Kit from New England
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BioLabs (Catalog#: E0554S). Primers were purchased from Elim Biopharmaceuticals,
Hayward, CA.

All PLCy1-based truncation constructs (SHarray, SHarrayASH3, SHarrayAcSH2,
nSH2, and PLCy1ASH3) were cloned from the original MSCV-PLCy1-mNG using Gibson
Assembly or Q5 Site-Directed Mutagenesis.

MSCV-LAT-EGFP-PA2-nSH2-mSci was cloned from the constructs above with the
addition of the P2A sequence that was ordered as an oligonucleotide from Elim
Biopharmaceuticals, Hayward, CA.

MSCV-tdSH2(PG)-mNG was obtain by assembling the nSH2 sequence from
MSCV-PLCy1-mNG and the SH2 sequence from MSCV-mNG-GRB2. The linker
sequence between the SH2 sequences is the native linker between nSH2 and cSH2 from
mouse PLCy1.

MSCV-tdSH2(GG)-mNG was obtain by assembling two copies of the SH2
sequence from MSCV-mNG-GRB2 in tandem. The linker sequence between the SH2
sequences is the native linker between nSH2 and cSH2 from mouse PLCy1, identical to
MSCV-tdSH2(PG)-mNG.

LAT-mSci-P2A-mNG-VAMP7 was constructed from LAT and mouse VAMP7
cDNA obtained from Horizon Discovery (Catalog#: MMM4769-202763053) and cloned
into the MSCV vector.

LAT-mSci-P2A-SKAP1-mSci was constructed from LAT and mouse SKAP1 cDNA
obtained from Transomic Technologies (Catalog#: TCM1004) (Accession: BC171961)
and cloned into the MSCV vector.

Peptide Synthesis and Labelling

Moth cytochrome C 88-103 peptide (MCC88-103; abbreviated as MCC) and
previously characterized variants (797) were synthesized and lyophilized on campus (D.
King, Howard Hughes Medical Institute Mass Spectrometry Laboratory at University of
California, Berkeley) or commercially (Elim Biopharmaceuticals, Hayward, CA). A short
flexible linker of three amino acids and terminal cysteine was added to the C terminus for
fluorophore labeling. The sequences are as follows: MCC (ANERADLIAYLKQATK),
MCC(C) (ANERADLIAYLKQATKGGSC), T102S (ANERADLIAYLKQASK), T102S(C)
(ANERADLIAYLKQASKGGSC), and T102E (ANERAELIAYLTQAAEK). For dye
conjugation, the cysteine-containing peptide sequences were reacted with the maleimide-
containing organic fluorophore of interest (Atto647N, Atto565, or Atto488; Atto-Tec
GmbH, Siegen, Germany) in phosphate-buffered saline (PBS) with a trace amount of 1-
propanol. The labeled peptides were purified using a H2O/acetonitrile gradient on a C18
reverse-phase column (Grace Vydac, Deerfield, IL) in the AKTA Explorer 100 FPLC
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system (Amersham Pharmacia Biotech, Piscataway, NJ). Mass spectrometry was used
to confirm the peptide identity after purification.

Bilayer Preparation

Glass-supported lipid bilayer membranes were prepared in imaging chambers and
functionalized with proteins in a manner similar to prior experiments (Lin et al., 2009;
O’Donoghue et al., 2013)(72, 13). At 18 to 24 hours before imaging, MCC and variant
peptides were loaded onto MHC Il I-EX at 37°C in peptide-loading buffer [PLB - 1% (w/v)
bovine serum albumin (BSA) in PBS (pH 4.5) with citric acid]. Just before exposure to
bilayers, dye-peptide-MHC complexes in PLB were purified using a 10,000—molecular
weight cutoff spin concentrator (Vivaspin 500, GE Healthcare, Pittsburgh, PA) and 1x
TBS wash [TBS; 19.98 mM tris and 136 mM NaCl (pH 7.4); Mediatech Inc., Herndon,
VA], and resuspended to 300 uL. Small unilamellar vesicles (SUVs) are formed using tip
sonication with the composition of 98 mole percent (mol %) 1,2-dioleoyl-snglycero-3-
phosphocholine and 2 mol % 1,2 dioleoyl-sn-glycero-3-[(N(5-amino-1-carboxypentyl)
iminodiacetic acid) succinyl] (nickel salt) (Ni2+-NTA-DOGS) (Avanti Polar Lipids,
Alabaster, AL) in Milli-Q water (EMD Millipore, Billerica, MA). In addition, #1.5 25-mm-
diameter round coverslips (Thomas Scientific #1217N82) were ultrasonicated in 1:1
isoporopyl/H20 or 2% Hellmanex solution and then etched for 5 min in piranha solution
(3:1 H2SO4/H202). 35-mm AttoFluor chambers (Fischer Scientific #A7816) were used to
house the etched coverslips. A 1:1 mixture of SUVs and 1x TBS was introduced into the
chambers, and bilayers were allowed to form through vesicle rupture for at least 30 min.
After rinsing, the bilayer was activated with 100 mM NiCl2 for 5 min. Samples were
exchanged to a live T cell imaging buffer [LCB - 1 mM CaClz, 2 mM MgClz, 20 mM Hepes,
137 mM NaCl, 5 mM KClI, 0.7 mM Na2HPO4, 6 mM D-glucose, and 0.1% (w/v) BSA] and
incubated for 30 min to allow BSA blocking of bilayer defects. Immediately before
imaging, the bilayer was incubated for 25 min with His-ICAM-1 (= 10 nM) and His-pMHC
(= 10 pM) or His-BCMA (= 0.001 — 100 nM) in LCB. The bilayer was rinsed with imaging
buffer after the incubation, and the His-tagged/Ni-NTA— bound proteins were allowed to
equilibrate on the bilayer for 20 min. For bilayers containing BCMA, bilayers were
incubated with 3X molar excess (relative to BCMA incubation concentration) of bispecific
antibody followed by rinsing with imaging buffer. The resulting supported membranes
typically display ICAM-1 at 100 to 200 um~2, pMHC at 0.1 to 2 um™2, and BCMA:biAb at
0.01-10 ym-=. The chamber was equilibrated to 37°C, and T cells resuspended in T cell
imaging buffer were introduced. All imaging was done in 37°C.

Imaging

All imaging experiments were performed on a motorized inverted microscope
(Nikon Eclipse Ti-E; Technical Instruments, Burlingame, CA) with a motorized Epi/TIRF
illuminator, a motorized Intensilight mercury lamp (Nikon C-HGFIE), and a motorized
stage (MS-2000; Applied Scientific Instrumentation, Eugene, OR). A laser launch with
488-, 560-, and 640-nm diode lasers (Coherent OBIS, Santa Clara, CA) was aligned into
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a custom-built fiber launch (Solamere Technology Group Inc., Salt Lake City, UT). For
TIRF imaging, laser illumination was reflected through the appropriate dichroic beam
splitter (ZT488/ 647rpc, Z561rdc with ET575LP) to the objective lens [Nikon (1.47,
numerical aperture; 100x), TIRF; Technical Instruments, Burlingame, CA]. RICM and
epifluorescent excitation were filtered through a 50/50 beam splitter or band-pass filters
(D546/10%, ET470/40x, ET545/30%, and ET620/60%). All emissions were collected
through the appropriate emission filters (ET525/50M, ET600/50M, and ET700/75M) and
captured on an EM-CCD (iXon 897DU; Andor Inc., South Windsor, CT). All filters were
from Chroma Technology Corp. (Bellows Falls, VT). All microscope hardware was
controlled using uManager (792).

Single-molecule TIRF images are taken at the same power dosage, either by high
laser illumination intensity (8 mW cm~2) and short exposure time (20 ms) or by low laser
illumination intensity (0.2 mW cm™2) and long exposure time (500 ms). Single-molecule
TIRF images of long exposure time (500 ms) were collected every 2 to 4 s to localize
single pMHC-TCR using a laser illumination intensity of 0.2 mW cm™~2. Fluorescent protein
tagged constructs (e.g., LAT-EGFP, PLCy1-derived constructs, VAMP7-mNG, SKAP1-
mNG, mNG-Grb2, etc.) were monitored at 0.2 mW cm~2 every 2 to 4 s. When cells were
imaged to measure LAT condensation only, the cells were imaged as they landed, or
within 5 minutes of landing, for a duration of 300 seconds. Cells imaged for NFAT-
mCherry/EGFP was done by epifluorescence using 150-ms exposure time every 10-50
sec at 3 and 6 ym above the coverslip to monitor NFAT dynamics. NFAT monitoring
continued for 30 minutes for live acquisition. For endpoint population statistics, T cells
interacted with supported membranes for ~30 min before NFAT translocation was
assessed.

Single Particle Tracking

A combination of the standard TrackMate plugin (793) for ImageJ and a custom
in-house TrackMate plugin was used. The custom plugin was specifically developed to
account for the centripetal motion observed by pMHC:TCR binding events. Despite the
improved accuracy, each binding event still required manual inspection, using
TrackMate’s built-in track inspection tools, to eliminate occasional tracking / detection
artifacts. Single-molecule trajectories were verified using single-step unbinding
determined by a Bayesian change point detection algorithm (794).

A binding event trajectory and dwell time was considered valid if it had no
branching (i.e. no splits or merges) and began and end with the of the acquisition. Delay
time was considered valid if its associated pMHC binding event did not have any
branching (i.e. no splits or merges).
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Antibody Coating on Glass Coverslips

Glass coverslips were first clean by 30-45 minutes of sonication in 2% Hellmanex
[l (Fisher Scientific, Catalog#: 14-385-864) solution at 40°C. Etching in piranha solution
for 5 minutes can increase protein adsorption but is not necessary. After thorough
washing with MilliQ water, the clean coverslips were incubated for 5 min in a 1:100 PBS
dilution of fibronectin stock solution (Sigma-Aldrich, Catalog#: F1141-2MG). After
thorough washing with PBS, coverslips were incubated with anti-TCRB antibody (H57-
597) (BioLegend, Catalog#: 109217) at 100ug/pL for 30 min followed by washing with
PBS. Before adding cells and imaging, the buffer was exchanged to live cell imaging
buffer.

EGTA Treatment.

Prior to imaging, T cells were incubated in calcium-free imaging buffer containing
1mM EGTA for 20 min. Cells were then washed three times with calcium-free imaging
buffer to remove EGTA and then added to imaging chambers containing calcium-free
imaging buffer. Failure to adequately remove EGTA results in gradual desorption of His-
ICAM-1 and His-pMHC from Ni-chelating lipids.

PP2 and GGTI Treatment

T cells were incubated with either PP2 or GGTI for 30-45 min prior to being added
to imaging chambers. Imaging chambers were filled with imaging buffer plus the
respective pharmaceutical agent at the same concentration the cells were incubated with.
GGTI was added to chamber solutions immediately prior to addition of cells since GGTI
caused blebbing of the supported bilayer (Figure 4-4B).

Pervanadate Preparation

Sodium orthovanadate was mixed with H202 to yield a final concentration of 1mM
orthovanadate in 3% H20:2. The reaction was incubated for 15 min at room temperature,
then quenched by the addition of catalase (200ug/mL final catalase concentration). Note
that addition of catalase causes rapid release of gaseous oxygen (Oz2). Therefore, the
reaction should take place in a sufficiently large container. Cells were then incubated with
pervanadate prior to imaging, or pervanadate was added partway through an imaging
acquisition to observe its effects more directly.

PLCy1 Knock-down in Jurkats

Pre-cloned shRNA construct targeted against human PLCy1 (Sigma-Aldrich,
(shRNA MISSION®, TRCN0000218478) was introduced into Jurkats using lentivirus
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retroviral transduction and confirmed by western blot using an anti-human PLCy1
antibody (See Figure 5-1).
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Figure 5-1: Western blot of PLCy1 abundance in J.P1 (PLCy1-knock Down) Jurkats.

Quantification and Statistical Analysis

Statistics

Data expressed as x + y (SD) represents a mean (y) of x and standard deviation
of y. While (SE) refers to y as the standard error of the mean. The meaning of the sample
size, n, is specified in relevant figure legends. Quantification and statistical analysis were
done using Matlab as well as Python with the following libraries — scikit-image, scipy,
pandas, and numpy.

The SE for binary data sets, such NFAT translocation experiments and TCR

productivity (Figure 2-7, bottom), was calculated using Bernoulli standard deviation. The
equation for standard error is (p is the probability of success):

SE = (p(1 —p)/n)*/?

Dwell Times

Reported pMHC:TCR dwell times, (waen):k%fa were corrected for
photobleaching by measuring the bleach rate of fluorescent pMHC on supported
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membranes, kyeach, and fitting the observed dwell time distribution, f,,s(t), to the
following equation:

fops(t) = (kbleach + koff)e_(kaEach+koff)t

FRAP of LAT condensates

Many studies of protein condensation phase transitions use FRAP as a technique
to estimate the fluidity of the system (42, 65). A feature of LAT condensates in living cells
that complicates this measurement is that the condensates have definite growth and
decay phases as well as centripetal motion towards the center of the cell. However, by
intermittently imaging the cell at a fast frame rate (20 ms) and higher laser power followed
by multiple seconds to allow recovery, we were able to see significant recovery in the LAT
condensates regardless of whether the condensate was actively growing or decaying
(Figure 2-4).

NFAT Translocation

NFAT translocation was determined by measuring the fluorescence intensity in the
cytosol and nucleus. All images with the masked regions were inspected. The time point
at which the mean nuclear NFAT intensity is first detected to be above the mean cytosolic
intensity was set as the time point of initial NFAT translocation.

TCR Productivity Input-Response Function and LAT Delay Times

Productive binding events are those that meet the criteria of isolation (> 1 um from
all other binding events) and produce local (< 300 nm) LAT condensation. Single
pMHC:TCR dwell times of all complete binding events were partitioned into temporal bins.
From each bin, we extracted the number of pMHC:TCR events that were productive and
divided the number of productive events by the total number of events in each respective
bin to give the probability of producing a LAT condensation in that bin time interval. The
probability values for each bin were plotted and fitted to give the single pMHC:TCR
productivity input-response function. This was done for both MCC-MHC and T102S-MHC
ligands.

Delay time was extracted from all production binding events by measuring the time
from pMHC:TCR binding to the earliest detection of condensation. In order to quality as
a delay time, binding of pMHC to TCR must be observed, and pMHC:TCR must remain
isolated for the duration of the delay period. Any pMHC:TCR events that come within 1um
of another condensate are excluded. Additionally, condensates must be stable for at least
8 seconds to avoid spontaneous density fluctuations.
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Quantitative Fluorescence

To estimate the number of LAT-EGFP molecules within the discrete condensates
we first calculate the number of fluorescent LAT molecules, Nf}; , by determining the
mean integrated intensity of single LAT-EGFP molecules on the plasma membrane (S;).
This can be done either by finding a low-expressing cell or bleaching the cell down to
single molecule densities. Ideally, we could divide the cluster intensity (C;) by the mean
PSF intensity:

C
NLF,L{T = S_j

However, there are a few caveats. First, it is often the case that S; is imaged at
different power, exposure, and EMCCD gain conditions than for bulk clusters C,. This is
done to stay within the dynamic range of the camera at both expression levels.

Fortunately, for many imaging systems, linear changes in power, exposure, and
gain result in linear changes in intensity, but this must be verified. For example, the Andor
iXon887 feature RealGain™ technology allows linear inference in the number of incident
photoelectrons from fluorescent photons. And LED lasers allow for precise control of
power input.

Once linearity in power, gain, and exposure is established then the following
normalization will account for the shifting intensity values recorded under different
conditions:

NFL — Cp /CgainCpowerCexposure
LAT —

S /SgainSpowerSexposure

For example, a given cluster intensity C; recorded at C,yer = 2 Will represent half
the number of molecules if the same intensity value is recorded with Cyoyer = 4.

The second caveat is to consider how much of the cellular background LAT is
participating within the cluster. If there exists an equal density of free LAT within the
cluster region as there does outside the cluster region, then one should use the net cluster
intensity to determine the number of extra molecules that exist within the cluster region.
However, if the density of free LAT within the cluster region is zero, then the total intensity
of the cluster should be used to calculate the number of clustered molecules.

In practice, we used the midpoint between the net intensity and the total intensity.

1
= E (Crotal + Cnet)
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Next, quantification of the western blot will reveal the ratio of exogenous to

endo

endogenous LAT (Figure S2F), a = — In this study, a« was determined to be 0.60, and
the resulting expression for total LAT is:

Npar = (1 + @)N[i;
Faction LAT Clustered Calculation from llastik Probability Matrices

TIRF image of LAT-EGFP taken from Jurkat cells (either wild type or PLCy1 knock-
down) were processed by an ilastik model that was trained to identify LAT condensate
features. The output of the model was a set of three probability matrices for each TIRF
image corresponding to condensates, cell background, and image background (cell void
areas). Each TIRF image pixel is assigned a probability value (from zero to one) for being
one the three features (condensate, cell background, and image background).

To approximate the fraction clustered for each cell, the condensate and cell
background probability matrices were first filtered to remove low probability pixels using
an arbitrary threshold (< 0.2 removed). The filtered probability matrices were then
summed in both dimensions to yield a single value for each matrix denoted as: s, stered
and s..;; g¢- The fraction clustered was then estimated using the following equation:

Sclustered

Fraction clustered =
Sclustered + Scell BG

Estimating Cellular Concentration

Using the protein abundance measured by Voisinne and colleagues (717), we
calculated the cellular concentration by approximating T cells as spheres that are 10um
in diameter. Therefore, the cellular volume is ~524 um3 (or 5.24x10'3 L). Cellular
concentration is then simply calculated dividing the protein abundance (in moles) by the
cell volume.

Rinat Calibrations

Before labeling biAb with Atto647N, we performed the NFAT titration experiments
for all BCMA constructs of different heights using dark biAb. Since the density was
unknown, our preliminary NFAT titration curves were a function of the BCMA solution
concentration used during the protein incubation adsorption step (See Figure 5-2). We
did this to avoid causing disruptions to the biAb. After characterizing labeled biAb on
supported bilayers (Figure 4-9), we measured calibration curves to convert the solution
concentrations in Figure 5-2 to molecular density (i.e., molecules/um?). To do this, we
incubated bilayers with three different concentrations of each BCMA construct, attached
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biAb-Atto647N, and measured the resulting single molecule densities. We then plotted
and performed linear fits on the calibration data as shown in Figure 5-3. Extracting fit
parameters, we converted the concentration data in Figure 5-2 to obtain the density-

based BCMA:biAb titration curves shown in Figure 4-10D.

)

00 (@O0

001 o0 o1 1 0 Do
0o oo

Figure 5-2: NFAT titration curves based on solution incubation concentration.

. . . a
Sigmoidal fit = W +d

Where a, b, ¢, and d are fitting parameters. We justified fitting with four parameters
since fitting was only used for visualization purposes.

; 2BMCA Concentration to Density Calibration Curve

Density moI./p,2

04 r

0.2
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Figure 5-3: Concentration to density calibration curves for BCMA of different heights.
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Since the amount of Ni-chelating lipids were in excess to BCMA solution
concentration during the membrane adsorption step, BCMA membrane-binding follows
pseudo-first order kinetics. This is given by:

PBcma = [BCMA]ek*t

Where pgcuna is the density of BCMA on the membrane and k* is the pseudo-first
order rate constant. Since BCMA incubation time (t) is the same for all experiments, the
term eX’t is constant. Therefore, the relationship between solution concentration and
bilayer density is linear as seen in Figure 5-3. We note that the equation above converts
molar units, which are three-dimensional, to surface density, which is two-dimensional.
Therefore, the more accurate form of the equation would use number of molecules (n)
such as:

*

— k*t
nBCMA:bilayer = NpcMma:solution®
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