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Abstract

T cells typically recognize their ligands using a defined cell biology — the scanning of their
membrane microvilli to palpate their environment — while that same membrane scaffolds T cell
receptors (TCRs) that can signal upon ligand binding. Chimeric antigen receptors (CARs) present
both a therapeutic promise as well as a tractable means to study the interplay between receptor
affinity, microvillar dynamics and T cell function. CARs are often built using single-chain variable
fragments (scFvs) with far greater affinity than that of natural TCRs. We used high resolution
lattice lightsheet (LLS) and total internal reflection fluorescence (TIRF) imaging to visualize
microvillar scanning in the context of variations in CAR design. This demonstrated that
conventional CARs hyper-stabilized microvillar contacts relative to TCRs. Reducing the affinity
and/or avidity of binding brought synapse microvillar dynamics into natural ranges, normalized
synapse resolution and improved downstream effector function. This work highlights
the importance of understanding the underlying cell biology when designing receptors for optimal

antigen engagement.
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Introduction

While epithelial cell microvilli are historically well characterized for their cell biology (Crawley et
al., 2014; Sauvanet et al., 2015), advancements in microscopy have shown dynamic microvilli on
T cells (Majstoravich et al., 2004) to be critical for the cell's antigen search process (Cai et al.,
2017; Orbach and Su, 2020; Pettmann et al., 2018). During the antigen scanning phase of early
immunological synapse formation, microvilli enable close contact with antigen-presenting
surfaces and become stabilized specifically upon recognition of cognate antigen (Cai et al., 2017).
Furthermore, microvilli have been shown to contribute to T cell signaling by promoting optimal
kinetic segregation of phosphatases away from signaling domains (Razvag et al., 2018), and
inducing the formation and confinement of microvilli has even been shown to be sufficient for T

cell activation in the absence of TCR agonists (Aramesh et al., 2021).

T cell recognition occurs at immune synapses (IS), which are well studied in two dimensions on
supported lipid bilayers (SLBs). TCR signaling at the prototypical immune synapse involves the
local accumulation of signaling components colocalizing with microclusters of TCRs. After a few
minutes, these can internalize (Friedl et al., 2005; Friedman et al., 2010) and/or migrate toward
the center of the synapse into canonical central supramolecular activation clusters (cSMAC)
(Campi et al., 2005; Grakoui et al., 1999; Monks et al., 1998). The cSMAC — where active kinases
are rare — is a site where TCR signaling is thought to end (Campi et al., 2005; Varma et al., 2006).
Microclusters are thought to be conducive to signal initiation and amplification — allowing two-
dimensional segregation of phosphatases away from signaling domains. More recent work has
revealed that TCR microclusters form on the tips of dynamically probing microvilli, facilitating their
stabilization, and it is upon these microvillar protrusions that microclusters move laterally within

the early synaptic interface (Cai et al., 2017).
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Chimeric antigen receptor-bearing T cells (CAR T cells) present both a therapeutic promise, given
their success in the treatment of B cell malignancies (Kalos et al., 2011; Brentjens et al., 2013;
Maude et al., 2014; Turtle et al., 2016), and a tractable system for understanding how affinity and
avidity affect topographical synapse antigen scanning, given that they are easily engineered
molecules. Typical CAR designs used for therapy incorporate a tumor antigen-binding scFv, along
with a hinge/transmembrane domain (commonly from either CD8 or CD28) and intracellular CD3(
and co-stimulatory domains (commonly from either 4-1BB or CD28). Signaling events initiated by
scFv binding and subsequent phosphorylation of intracellular components at the immune synapse
lead to the acquisition of CAR T cell effector functions. Prior to this work, a recent study
demonstrated aberrant synapse architecture formed by T cells downstream of CAR binding
(Davenport et al., 2018), although factors leading to that synaptic phenotype were not obvious.

Whether and how CARs engage the underlying native cell biology remain largely unknown.

The antigen binding domains of engineered CARs and the T cell’s natural antigen receptor differ
significantly. CAR scFvs bind tumor antigen with nano- and even picomolar affinities whereas
TCRs bind agonist peptide-major histocompatibility complex (pMHC) with micromolar affinity
(Stone et al., 2009), although functional binding strength is improved by contributions of co-
receptor (Garcia et al., 1996). The effect of such variation in binding on the dynamics of
topographical antigen scanning is unknown. This is an especially interesting question given that
CARs generate inefficient intracellular signaling relative to TCRs (Harris et al., 2018; Gudipati et
al., 2020; Salter et al., 2021). It therefore seems plausible that improving the already ultra-high
affinity binding might be beneficial. On the other hand, it is well accepted that T cells achieve high
sensitivity through serial engagement (Viola et al., 1997; Hudrisier et al., 1998) and thus the T
cell’s biology may be tuned to respond to a specific range of receptor binding dynamics (Corse et

al., 2010; McMahan et al., 2006; Kalergis et al., 2001; Schmid et al., 2010; Hebeisen et al., 2013).
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Recent work shows that even within natural TCR affinity ranges, there is a “sweet spot” for binding
strength (Shakiba et al., 2021). We thus sought to understand how CARs interact with the natural
cell biology, relative to TCRs, and how varying the binding dynamics of an antigen receptor affects

topographical antigen scanning.

To address these questions, we combined high-resolution lattice lightsheet (LLS) and synaptic
contact mapping (SCM) total internal reflection fluorescence (TIRF) imaging — first, to establish
the distribution of CAR relative to TCR on the T cell surface both prior to and during antigen
detection, and second, to establish the effects of receptor affinity and avidity on the dynamics of
topographical scanning. In order to study how topographical scanning dynamics are affected by
receptor affinity and avidity in isolation, point mutations were incorporated into the extracellular
domains of the engineered receptor while all other aspects of CAR design were held constant —
hinge and transmembrane domain (CD8), co-stimulatory domain (4-1BB), and CD3C signaling
domain. In doing so, we found that CARs distributed similarly to TCRs. However, CARs based on
conventional nanomolar high affinity dimers yielded hyperstabilization of the underlying
microvillus relative to that of the natural TCR, which could be improved by reducing receptor
affinity or avidity. Hyperstabilization was correlated with aberrant synapse resolution, decreased

effector function, and increased propensity for exhaustion.

Hyperstabilization of CAR T cell microvilli


https://doi.org/10.1101/2021.08.18.456686
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.18.456686; this version posted May 25, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Results

TCR and CAR distribution relative to microvilli on isolated T cells

TCRs have been reported to form patches (Lillemeier et al., 2006; Hu et al., 2016; Cai et al., 2022)
and localize to microvilli to varying degrees (Jung et al., 2016; Cai et al.,, 2017, 2022). We
expressed anti-HER2 CARs in primary human CD8+ T cells by lentiviral transduction and first
sought to compare how they distribute on the T cell surface, compared to conventional TCR. To
do this, we first fixed CAR T cells, stained them with antibodies that bound to TCR and CAR, and
imaged them by LLS. Visually, this revealed that CARs were distributed across the surface of the
cell with patches of increased fluorescence intensity, similar to that of TCR (Cai et al., 2022)
although not necessarily overlapping in position (Fig. 1a-c, Supplemental Fig. 1a-b and
Supplemental Video 1). Although examined here on fixed cells, similar patches have also been
described for TCRs by live imaging (Cai et al., 2022). Zooming in to a region of the cell membrane,
microvilli were thus noted as variably high for CAR alone, TCR alone, or both (Fig. 1b and
Supplemental Fig. 1¢). About half of microvilli tips observed were high for TCR (either with or
without CAR), and most but not all (83%) microvilli tips were CAR high (Fig. 1¢ and Supplemental
Fig. 1d), likely resulting from high CAR expression induced by lentiviral expression. Random
distribution of CAR and TCR based off these proportions would predict ~40% co-occupied tips.
By our count, 32% of tips are co-occupied, consistent with the co-occupancy being a random

event.

Of note, not all CAR or TCR patches occurred on microvilli — TCR high, CAR high, and TCR/CAR
high patch-like regions could be seen in both tips and areas of cell cortex, here referring to the
regions on the body of the cell between microvilli (Fig. 1D). This was further demonstrated by
overlaying the surface of the T cell based off CD45 expression with surfaces of high intensity TCR
and CAR “patches” (Fig. 1e). To quantify this patchiness, the fluorescence intensity at the

membrane was mapped to radial intensity profiles (Fig. 1f and Supplemental Fig. 1e). Taking a
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moving average with a bin size of 10 pixels (~3° degrees), patches of increased local fluorescence
were identified for TCRs, as expected(Hu et al., 2016), but less so for the abundant CD45
molecule. Using this method, CARs were found to form patches at frequencies similar to TCRs

(Fig. 1g) despite not obligately co-localizing.

In order to assess TCR and CAR patches relative to surface curvature in three dimensions,
membrane surface curvature was mapped based on CD45 (Fig. 2a and Supplemental Fig. 1f)
and regions of high convexity were thresholded to show microvilli (Fig. 2b). CAR and TCR
patches were assigned by identifying individual domains of locally high intensity along the cell
boundary using Pearson correlation calculations for variable sized kernels followed by
segmentation and watershed (Cai et al., 2022) (Fig. 2c-d and Supplemental Fig. 1f). Surface
areas of individual patches were then mapped by color (Fig. 2e-f). A histogram overlay and dot
plots of hundreds of patches compiled from three cells show similar distribution of patch surface
area for TCR and CAR, with median patch sizes of 0.34 ym? (TCR) and 0.38 um? (CAR) (Fig.
2g). Surface curvature values on cells were mean-centered and both TCR and CAR patch
localization were similarly mean-centered, indicating that there is not a preference for patches to
reside in regions of high or low surface curvature values (Fig. 2h). Two-dimensional projections
of the three-dimensional surface curvature and antigen receptor intensity were made and overlaid,
revealing regions of membrane tips and valleys both with and without antigen receptor (Fig. 2i).
Relative co-localization of TCR and CAR patches was assessed by counting the number of TCR
and CAR patches that met varying thresholds of overlap with CAR and TCR patches, respectively.
Total number of identified patches (0% colocalization threshold) was similar for CAR and TCR in
a given cell, and the majority of patches for each receptor had <50% overlap with clusters of the

other (Supplemental Fig. 1g-h).
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CAR enrichment at synaptic microvillar close contacts

Next, in order to determine the location of CARs following interaction with a target cell, live anti-
HER2 CAR T cells were added to coverslips loaded with HER2+ SKBR3 cells and imaged by LLS
at intervals of 4.7 (Fig. 3a-c, Supplemental Fig. 2a and Supplemental Video 2) or 6.75
(Supplemental Fig. 2b) secs. This live cell imaging revealed accumulation of CAR patches at

projections into the synapse.

To further study the localization of CARs to these microvillar close contacts, mEmerald-tagged
CAR T cells were analyzed on HER2-loaded lipid bilayers using SCM TIRF microscopy. This
method allows for facile visualization of both the density of receptors near the surface by TIRF in
a green fluorescent channel, and the location of microvillar close contacts, as seen by holes in
fluorescent quantum dot (QD605) signal (Cai et al., 2017) (Fig. 3d). As previously demonstrated
for TCR (Cai et al., 2017), microclusters of CAR-mEmerald fluorescence were found to form and
localize to areas of microvillar close contacts, as seen by line scans revealing segregation
between the two signals (Fig. 3e-f and Supplemental Fig. 2d,f). As with TCR, not all microvillar
close contacts at the synapse were occupied by CAR microclusters (Supplemental Fig. 2¢). To
determine whether this localization was dependent simply on the formation of a stabilized close-
contact or depended specifically on binding of CAR to its ligand, anti-HER2 CARs were expressed
in OT-l mouse T cells and allowed to interact with bilayers loaded with only the TCR ligand,
pMHC:SL8 (SIINFEKL). In these HER2-negative synapses microvillar contacts were still formed
but CARs did not accumulate as microclusters nor localize within those contacts (Fig. 3g-h and
Supplemental Fig. 2e,g9). Thus, we found that the recruitment of CAR microclusters to the
microvillar close contacts relied upon the binding of CAR antigen on the interacting surface, and

that TCR engagement was not sufficient to coordinate the CAR’s reorganization at the interface.
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Effects of affinity and avidity of receptor binding on synaptic microvillar dynamics

We next sought to understand how microvillar close contacts, hallmarks of TCR-induced
activation (Cai et al., 2017; Farrell et al., 2020), were modulated by the affinity of the antigen
receptor. To do this, we compared the wild-type high-affinity scFv (4DS) with a mutated scFv of
~70-fold reduced affinity (mut4D5, Fig. 4a and Supplementary Table 1). We then analyzed
microvillar close contacts by SCM at high temporal resolution in the presence of a range of ligand
densities to measure microvillar persistence times (Fig. 4b-d). Ligand densities were
standardized against two breast cancer cell lines that differed significantly in their HER2 levels,
and addition of 62.5 ng per 0.7 cm? well yields expression levels comparable to a cell line
representing healthy breast tissue, MCF7 (Nobili et al., 2021; Liu et al., 2015; Comsa et al., 2015)
(Supplemental Fig. 2h-i). In the examples in Fig. 4c and Supplemental Video 3, individual
microvillar close contacts mediated by low-HER2 bilayers remained stable in the case of a high-
affinity CAR contact, while the low-affinity CAR close contact dispersed within seconds. The
lifetime of individual microvillar close contacts was measured using automated scripts that identify
regions of QD605-exclusion. This revealed that the persistence time of CAR-occupied close
contacts increases with ligand density for low affinity CARs, but that high affinity CAR resulted in
very stable contacts at all tested ligand densities (Fig. 4d). All conditions tested induced
stabilization of microvilli above background non-receptor-occupied contacts, which had uniformly
short persistence times. Notably, at high HER2 density, the persistence of low-affinity CAR close
contacts reached ~17 secs on average, a value that was achieved by high-affinity CAR even at
100x lower antigen densities — lower even than the low-HER2 MCF7 standard. Importantly, both
low (62.5 ng/well) and high (625 ng/well) antigen densities led to calcium flux for both receptors,
as detected by Fura-2 ratiometric imaging (Supplemental Fig. 2j-k and Supplemental Video 4).

At high density of antigen, calcium imaging demonstrated a decrease in the magnitude of the
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maximal ratio achieved, specifically for the high-affinity CAR (Supplemental Fig. 2k), suggesting

altered signaling dynamics in the high-affinity setting.

We next sought to directly compare CAR- and TCR-mediated persistence times. We thus
expressed the low-affinity CAR in OT-I mouse T cells and compared interactions with SL8:pMHC-
and HER2-loaded bilayers. On bilayers with SL8:pMHC, normalized to levels displayed on APCs
(Beemiller et al., 2012a), we measured TCR-mediated persistence to be an average of 12.3
seconds. Low-affinity CAR with low-HER2 bilayers yielded similar persistence times whereas
persistence times on high HER2 were again found to be significantly greater (Fig. 4e). We
hypothesized that we could further engineer the low-affinity CAR to yield TCR-like persistence
times in high antigen-density conditions by minimizing CAR avidity contributions. Thus, we
created a monomeric CAR by incorporating two cysteine to serine point mutations in the CD8a
hinge to prevent formation of the disulfide bridge (Hennecke and Cosson, 1993) (Supplemental
Fig. 2I). Comparing the persistence time of monomers to dimers on high HER2-loaded bilayers
(625ng/well) revealed that only the low-affinity monomers produced microvillar persistence similar
to that of the TCR (Fig. 4f). Average CAR fluorescence intensity of close contacts was not
significantly different between monomers and dimers and did not appear to correlate with

persistence times under the conditions tested (Supplemental Fig. 2m-n).

Hyperstable microvillar dynamics are associated with altered synapse resolution,

decreased effector function, and increased propensity for exhaustion

TCR-mediated synapses formed on antigen-loaded lipid bilayers result in TCR microcluster
formation and radial motion of microclusters toward the center (Campi et al., 2005; Yokosuka et
al., 2005; Varma et al., 2006). Although alternative synapse architectures characterized by the

formation of CAR microclusters without centripetal movement or cSMAC formation have been

Hyperstabilization of CAR T cell microvilli


https://doi.org/10.1101/2021.08.18.456686
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.18.456686; this version posted May 25, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

revealed for CAR-mediated synapses (Davenport et al., 2018), we sought to relate binding
dynamics resulting in hyperstabilization of microvilli to synapse dynamics and centralization.
Measurement of the distance across T cell microclusters following TIRF imaging of synapses — a
means of assessing centralization — revealed that dimeric CAR microclusters only formed a
central dense cluster under conditions of low affinity and low antigen density, whereas the

monomers reliably formed this structure (Fig. 5a-b).

In order to determine whether this phenotype was the result of a lack of mobility of microclusters,
as opposed to direct accumulation of CARs in the center vs. periphery, we tracked the
microclusters over time (Supplemental Fig. 3a and Supplemental Videos 5-10). On high-HER2
bilayers, the low-affinity CAR monomer yielded mobile microclusters, whereas both CAR dimers
showed impaired mobility as demonstrated by flower plots of microcluster displacement, and
analysis of displacement and speed (Fig. 5¢c-d and Supplemental Fig. 3b-c). The mobility of low-
affinity but not high-affinity CAR dimer microclusters was restored on low HER2-loaded bilayers
(Fig. 5¢c-d and Supplemental Fig. 3b-c). Analysis of the direction of microcluster movement
revealed no significant differences (Supplemental Fig. 3d). Therefore, we found that a
monomerized low-affinity CAR supported the formation of synapse architectures and dynamics
characteristic of TCRs on antigen-loaded lipid bilayers, whereas high-affinity dimerized CARs did

not.

Given these proximal effects on synapse dynamics, we sought to determine the downstream
effects of the hyper-stable or more physiological receptors. In order to compare between HER2
levels for T cell stimulation experiments, we first used two breast cancer cell lines: the MCF7
luminal breast cancer cell line, which does not over-express HER2 (Nobili et al., 2021; Comsa et
al., 2015; Liu et al., 2015), and the SKBR3 cell line, which endogenously over-expresses HER2
and thus mirrors HER2-positive breast cancers (Mota et al., 2017) (Fig. 5e and Supplemental

Fig. 2h, 3e). In coupling assays to assess overall synapse formation (Friedman et al., 2006), all
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combinations yielded robust coupling (Supplemental Fig. 3f-i). Early activation, as measured by
CD69 staining at 18 hours following stimulation, and entry into cell cycle, measured by Ki67
staining at 96 hours, were similarly robust for all CAR interactions with either low- or high-HER2
targets (Supplemental Fig. 3j-1). While all conditions induced a proliferative burst as measured
by VPD dilution after 96 hours, rounds of proliferation varied significantly, with the greatest

proliferation observed using low-affinity dimeric CAR (Fig. 5f-g).

Assaying effector function by intracellular staining for IFN-y at 18 hours post-stimulation also
revealed increased production of this cytokine in cells bearing low-affinity CAR dimers relative to
high-affinity ones (Fig. 5h). In these cocultures, less IFN-y was produced by dimeric CAR T cells
when incubated with high-HER2 SKBR3s than with low-HER2 MCF7s. In this regard, while the
low-affinity monomeric CAR displayed a decreased magnitude of response, likely in part due to a
lack of constitutively paired intracellular CD3(, it improved the expected dose-dependent

response pattern.

Finally, we incubated mouse CAR T cells with MC38 tumor cells expressing variable HER2 levels
— using this strategy to also minimize the effect of varying the background gene effects of using
two cell lines. Low and high affinity receptors performed similarly for cytokine production
(Supplementary Fig. 3m-n) but when we shifted these cultures to hypoxia, mimicking the tumor
microenvironment and licensing deeper progression into exhaustion (Scharping et al., 2021), the
conventional high affinity dimer was more susceptible to exhaustion as measured by TOX and

PD1 co-expression (Fig. 5i), in line with recent work (Shakiba et al., 2021) using native TCRs.
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Discussion

Factors that control the dynamics of T cell microvilli are not well understood. This is in part
because this dynamic microvillar biology is somewhat unique — the well-studied microvilli at the
intestinal brush border are relatively much less dynamic (Crawley et al., 2014; Meenderink et al.,
2019). Here, using LLS and synaptic contact mapping TIRF imaging, we show that CARs and
TCRs distribute as patches that occupy regions of both microvilli and cell cortex on isolated T
cells much like TCR, although not obligately overlapping in position. The distinctness of the
synthetically engineered transmembrane domain — taken from CD8 — and intracellular domains
appear to result in an initial propensity to segregate as patches independently of TCRs. We
hypothesize that this results from differential miscibility and recruitment of membrane lipids related
to combinations of transmembrane and cytoplasmic domains although studies of this represent a
significant tangent from our work. Future studies will be needed to reveal the factors that lead to
the formation of patches, or “condensates” (Lyon et al., 2021), prior to TCR triggering and how to
manipulate them. Following receptor binding, we show that CAR microclusters accumulate at the
tips of microvilli, which are hyperstabilized in comparison to those mediated by TCRs. The finding
that contact stability is directly related to receptor affinity and avidity is consistent with previous
work showing that stabilization by TCR was maintained even following inhibition of TCR-proximal
signaling or actin blockade (Cai et al., 2017). Taken together, this suggests that microvillar

stabilization is highly related to the strength of physical binding of extracellular receptors.

The actin cytoskeleton is a key regulator of T cell function, not just for successful migration
(Thompson et al., 2021), but also for optimal immune synapse formation and T cell activation
(Dupré et al., 2021). In fact, even the T cell’'s synaptic partners can contribute to the cytoskeletal
dance — dendritic cell (DC) actin dynamics promote efficient T cell activation, and notably favor a
multifocal distribution of microclusters at the T:DC synapse (Leithner et al., 2021). A multifocal

synapse also forms during thymic negative selection (Richie et al., 2002), where TCRs that bind
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too strongly to self-ligands induce cell death. Slower receptor unbinding kinetics have also been
associated with reduced actin velocity (Colin-York et al., 2019). Given these findings, it is tempting
to speculate that multifocal patterns may be a general indicator of relatively “strong” contacts
(Mossman et al., 2005), although as the above examples demonstrate, the implications of that
phenotype vary by context. We see here on SLBs that it represents a super-physiological outcome
of ultra-high affinity/avidity binding that does not correlate with optimal effector function. Many
prior works also demonstrate that increasing the binding strength of antigen receptors does not
reliably predict the efficiency of T cell activation and ultimate effector function, both for natural
TCR (Corse et al., 2010; McMahan et al., 2006; Kalergis et al., 2001; Schmid et al., 2010; Dushek
et al., 2011; Hebeisen et al., 2013) and engineered CAR (Harris et al., 2018; Ghorashian et al.,

2019; Park et al., 2017; Liu et al., 2015).

Future studies to further characterize the regulators of T cell microvillar dynamics and better sub-
classify actin-based synaptic protrusions, especially those present during early and late synapses,
will reveal new mechanisms of control of T cell activation (Blumenthal and Burkhardt, 2020). The
experiments performed here reveal that receptor binding affinity and avidity control the dynamics
of synaptic microvilli. Given that microvillar persistence in TCR-occupied contacts was not
dependent on downstream signaling through ZAP70 (Cai et al., 2017), these findings indicate that
affinity and avidity of binding directly affect the movements of the opposing cell surfaces. Thus,
discovering how engineered receptors interact with the cell biological processes underlying
recognition contributes to our understanding of the mechanism both of the therapy and the system
itself. This work opens up new avenues for future research to determine whether better quality T
cells could be produced for cell therapies by boosting the intracellular signal downstream of
physiologically normalized binding dynamics. The formation of receptor-ligand complexes at cell-
cell interfaces is integral to intercellular communication. However, the 3-dimensional structure of

cellular interfaces and how movements of the plasma membrane affect the formation of and
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signaling through such complexes is relatively understudied. Similar mechanisms are likely at

play in other cell:cell interfaces.
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Materials and Methods

Lentiviral and retroviral CAR constructs

All CARs were fused to C-terminal MYC tag, CD8a hinge/transmembrane domain, 4-1BB co-
stimulatory domain, CD3¢ signaling domain, and an N-terminal mEmerald tag. Monomeric
versions of each CAR were created by using the Q5 Site Directed Mutagenesis Kit (NEB
#E05548S) yielding two cysteine to serine point mutations in the CD8a hinge (Hennecke and
Cosson, 1993) (Supplemental Table 1).

Human T cell culture, lentiviral transduction, and co-incubations

Lenti-X 293T cells (Takara Bio) were transfected with pHR SIN including cloned transgene and
packaging vectors pMD2.G and pCMVdR8.91 using TransIT-Lenti Transfection Reagent (Mirus
#MIR6603). On the day of transfection, primary human CD8+ T cells were thawed into complete
human T cell media: X-VIVO 15 (Lonza # 04-418Q), 5% Human AB serum (Valley Biomedical
#HP1022) and 10 mM neutralized N-acetyl L-Cysteine (Sigma Aldrich #A9165-25G)
supplemented with 30 U/mL recombinant human IL-2 (R&D Systems #202-IL), and 55 uM beta-
mercaptoethanol (Thermo # 21985023). The following day, Human T-Activator CD3/CD28
Dynabeads (Thermo #11161D) were added at 1:1 ratio with thawed T cells. The next day, T cell
media was replaced with Lenti-X 293T viral supernatant. For lentiviral transduction of monomeric
CARs, virus was concentrated by PEG/NaCl precipitation, and stored at -80° C prior to use. Viral
supernatant was replaced with fresh T cell media the next day, and T cells were allowed to recover
for one day prior to Dynabead removal and sort. Cells were sorted for CAR-mEmerald expression
in the range of 1-2 logs above background. Cells were then rested and used at 10-21 days post
initial stimulation. Lenti-X 293T cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco #11995) with 10% fetal bovine serum (MilliporeSigma), penicillin (50 U/ml) and
streptomycin (50 ug/ml) (MP Biochemicals #MP091670049), and 1 mM sodium pyruvate (Sigma-
Aldrich #S8636). For early activation and intracellular cytokine assays, 5x10* T cells were added
at a 1:1 ratio to 96-well flat-bottom plates with MCF7 (ATCC) or SKBR3 (ATCC) cells for 18 hours.
BD GolgiPlug (#555029) was added for the final 10 hours. For proliferation assays, T cells were
stained with Violet Proliferation Dye (BD #562158) prior to plating of 2x10* T cells at 1:1 ratio with
MCF7s or SKBR3s. Complete T cell media was supplemented the following day, and cells were
analyzed by flow cytometry at 96 hours following plating.

Flow cytometric analysis

Zombie NIR Fixable Viability Kit (BioLegend #423106) was used for exclusion of dead cells.
Surface staining was performed with anti-mouse Fc receptor antibody (clone 2.4G2, UCSF
Hybridoma Core) or Human TruStain FcX (BioLegend #422302) in PBS with 2% FCS for 30 min
on ice. Supplemental Table 2 lists all antibodies referenced for flow cytometry and imaging
experiments. For experiments with staining of nuclear proteins, eBioscience Foxp3 / Transcription
Factor Staining Buffer Set (Fisher Scientific #00-5523-00) was used for fixation and
permeabilization. For all other experiments involving intracellular staining, BD Cytofix/Cytoperm
(#554722) was used. Following fixation and permeabilization, cells were incubated with Fc block
for 10 min on ice prior to addition of intracellular stain. Flow cytometry was performed on a BD
Fortessa instrument, and sorting was performed on BD FACSAria or BD FACSAria Fusion
instruments. FlowJo software (BD Biosciences) was used for all analyses. Flow-cytometry based
coupling assay was performed as previously described(Friedman et al., 2006) on unfixed cells
using DAPI for live/dead discrimination.

Mice

C57BL/6J and B6.SJL-Ptprc? Pepc®/BoyJ (CD45.1) mice, used as sources of primary mouse T
cells, were housed and bred at the University of California, San Francisco, according to
Laboratory Animal Resource Center guidelines. Protocols were approved by the Institutional
Animal Care and Use Committee of the University of California.
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MC38-HER2 retroviral transduction

Truncated HERZ2, without intracellular signaling domains, (NP_004439.2; amino acids 1 to
730) was cloned into pIB2 retroviral vector. Phoenix cells were transfected using FUGENE 6
Transfection Reagent (Promega #E2691), and retroviral supernatant was collected and used
immediately for transfection of MC38s on days 2 and 3 following transfection. Two days after the
second transduction, cells were sorted for expression of HER2 (stained with anti-HER2-A488).
MC38-HER2 cells were then expanded and the retroviral transduction process was repeated.
Following the second transduction, cells were then sorted into high-, medium-, and low-
expression levels using MCF7 and SKBR3 cells as standards for low and high expression,
respectively. MC38 cells were cultured in DMEM (Gibco #11995) supplemented with 10% fetal
bovine serum (Benchmark), 100 U/mL penicillin, 0.1 mg/mL streptomycin, 2 mM L-glutamine
(Gibco #10378), 10 mM HEPES (Thermo #15630106), and 55 uM beta-mercaptoethanol (Thermo
# 21985023).

Murine T cell culture, retroviral transduction, and functional assays

The mouse OT-I TCR system was chosen as a comparator to the anti-HER2 CAR for its affinity
near the top of the common range, and in order to avoid double-transfection (of a human TCR
along with a CAR) which otherwise would create significant experimental inefficiencies. For all
experiments using murine T cells, cells were maintained in RPMI (Gibco #11875) supplemented
with 10% fetal bovine serum (Benchmark), 100 U/mL penicillin, 0.1 mg/mL streptomycin, 2 mM
L-glutamine, 10 mM HEPES (Thermo #15630106), 55 uM beta-mercaptoethanol (Thermo #
21985023), non-essential amino acids (Thermo #11140050), 1mM sodium pyruvate (Sigma-
Aldrich #S8636), and supplemented with 100 U/ml IL-2, which is referred to as complete RPMI.
Single cell suspensions were prepared from the lymph nodes and spleens of C57BL/6J, Ptprc?
(CD45.1), or OT-l TCR transgenic mice. Following red blood cell lysis of splenocytes, negative
selection using the EasySep Mouse T Cell or CD8+ T cell Isolation Kit (STEMCELL Technologies
#19853) was used to isolate CD8+ T cells. T cells were activated in complete RPMI using
CD3/CD28 Mouse T activator Dynabeads (Thermo #11-453-D) for 24 hours before the first round
of retroviral transduction.

For retrovirus production, Platinum-E cells were transfected with pMIG including CAR transgene
using FuGene. Transfections were performed in DMEM (Gibco #11995) supplemented with 10%
fetal bovine serum (Benchmark) and 10 mM HEPES (Thermo #15630106), which was replaced
with complete RPMI (without IL-2) the following day. Retroviral supernatants were harvested at
day 2 and 3 and stored in -80°C. Platinum-E cells were maintained in DMEM (Gibco #11995)
supplemented with 10% fetal bovine serum (Benchmark), 100 U/mL penicillin, 0.1 mg/mL
streptomycin, 2 mM L-glutamine (Gibco #10378), 10 mM HEPES (Thermo #15630106), 10 pg/ml
blasticidin (Fisher Scientific #A1113903) and 1 pug/ml puromycin (Gibco #A1113803).

For T cell retroviral transduction, retroviral supernatant was added to T cells in retronectin-coated
plates at 24 and 48 hours following initial stimulation, and the plates were centrifuged for 1 hour
at 2,000g and 30°C. After the second spinfection, cells were rested two days prior to Dynabead
removal (4 days post-stim). T cells were then sorted for imaging or rested for an additional 6-7
days in 10 ng/ml recombinant murine IL-7 (PeproTech #217-17) and 100 U/ml IL-2 and used for
in vitro co-culture experiments.

For binned HER2 expression level experiments, MC38-HER2 lines were sorted into 5 consecutive
bins by HER2 expression using MCF7s and SKBRS3s as the low and high HER2 standards,
respectively. MC38-HER2 cells, sorted as described, were then plated at 5x10* cells/well in flat-
bottom 96 well plates, and 5x10*T cells were then added, bringing the total volume to 200 pl/well
complete RPMI. For hypoxia experiments, T cells were rested 6 days and then plated at 5x10*
cells at a 1:1 ratio with MC38-HER2-high or MC38-HER2-low cells in two 96-well plates in
complete RPMI. At 24 hours, wells were replenished with complete RPMI + IL-2, and 5x10* MC38-
HER2-high and -low cells were added. One plate was moved to 1.5% oxygen while the second
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was maintained at 20% oxygen. MC38-HER2-high and -low cells and media + IL-2 were then
replenished every two days until analysis on day 7 after start of co-culture (6 days in hypoxia).
Surface plasmon resonance affinity measurements

Measurements were taken using a Biacore T200 instrument with CM4 sensor chip and HBs-EP+
buffer. HER2-mlgG2aFc (ACROBiosystems #HE2-H5255) was captured using anti-migG (50
RUs). Association and dissociation times were 120 and 900 sec, respectively. Concentrations of
scFv used for single cycle kinetics analysis: 0.33, 1, 3, 9, 27 nM.

Lattice Light-Sheet Microscopy

Lattice light-sheet imaging was performed as described previously(Cai et al., 2017). 5 mm round
coverslips were cleaned by a plasma cleaner and coated with 2 pg/ml fibronectin in PBS at 37°C
for 1 hour, or at 4°C overnight, before use. ~3x10° CAR T cells were loaded onto the coverslip
and incubated at 37°C for 30 min. Cells were then fixed in d2h20 with 20 mM HEPES (Thermo
#15630106), 0.2 M sucrose (RPI #S240600, 4% paraformaldehyde (Election Microscopy
Sciences #15710), and 8% glut-aldehyde (Election Microscopy Sciences #16019) for 10 min at
room temperature. Coverslip was washed gently in 1 ml PBS and then stained with antibodies to
CD45 and/or MYC with anti-mouse Fc receptor antibody (clone 2.4G2, UCSF Hybridoma Core).
Samples were stained for at least 30 min and kept at 4°C until use. Prior to imaging, coverslip
was gently washed with 1 ml warmed RPMI without phenol red (Gibco #11835) supplemented
with 2% fetal bovine serum, 100 U/mL penicillin, 0.1 mg/mL streptomycin, 2 mM L-glutamine, 10
mM HEPES and 50 uM B-mercaptoethanol (imaging media). For imaging of live CAR T cell
interactions with MCF7 and SKBR3 targets, MCF7 or SKBR3 cells were plated onto fibronectin-
coated coverslips 1-2 days prior to imaging, or onto Cell-Tak (Corning #354240) coated coverslips
with a 10 min spin at 1400 rpm and 4°C. CAR T cells were stained with antibody to CD45-
Alexa647 for 30 min on ice. Target cells on coverslip were stained with CFSE (Invitrogen
#C34554) for 20 min at 37°C, or were identified by nuclear-localized mKate expression. Cells
were then washed and T cells were added onto the coverslip prior to being loaded into the sample
bath with warmed imaging media and secured. Imaging was performed with a 488 nm, 560 nm,
or 642 nm laser (MPBC, Canada) dependent upon sample labeling. Exposure time was 10 ms
per frame leading to a temporal resolution of ~4.5 and ~6.75 seconds in two- and three-color
mode respectively.

Supported lipid bilayers, synaptic contact mapping, and calcium flux imaging

Preparation and use of supported lipid bilayers was performed as described previously (Cai et al.,
2017; Beemiller et al., 2012b). Mixtures of 96.5% POPC, 2% DGS-NTA (Ni), 1% Biotinyl-Cap-PE
and 0.5% PEG5,000-PE (Avanti Polar Lipids #850457C, 790404C, 870273C, 880230C) were
made in a round bottom flask and dried under a stream of nitrogen and then overnight under
vacuum. The phospholipids were then rehydrated at a total concentration of 4 mM in PBS for one
hour to create crude liposomes. Small, unilamellar liposomes were then made by extruding
through 100 nm Track Etch filter papers (Whatman #800309) with an Avestin LiposoFast Extruder
(Avestin).

8-well Nunc Lab-Tek Il chambered coverglass (Thermo #155360) were cleaned by submersion
in 5% Hellmanex lll (Sigma-Aldrich #2805939). Flask containing chamber in solution was
microwaved for 25 sec and then allowed to clean at room temperature overnight. The chambers
were then washed repeatedly with 18 Milli-Q water and then dried. Finally, 250 yl 3M NaOH was
added to each well for 15 min at 55°C. Wells were washed with 300 pl Milli-Q water and the NaOH
cleaning was repeated. Wells were then washed thoroughly and dried prior to use. Lipid bilayers
were set up on the chambered coverglass by adding 0.25 mL of a 0.4 mM liposome solution to
the wells. After 30 minutes, wells were rinsed with 8 mL of PBS by repeated addition of 0.5 mL of
PBS, then aspiration of 0.5 mL of the overlay. Non-specific binding sites were then blocked with
1% BSA in PBS for 30 minutes. After blocking, 25 ng of unlabeled streptavidin (Invitrogen #43-
4301) was added to each well and allowed to bind to bilayers for 30 minutes. After rinsing, protein
mixes containing 63 ng recombinant human ICAM-1 (Abcam #AB151393) and 6.25-625 ng
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biotinylated HER2 (ACROBiosystems #HE2-H822R) or 6 ng pMHC in 2% BSA were injected into
each well. pMHC was provided by the NIH Tetramer Facility. After binding for 30 minutes, wells
were rinsed again and 25 ng of QDot605-streptavidin (Thermo #Q10101MP) was added to each
well. For calcium flux imaging, QDot605-streptavidin was not added. Bilayers were finally rinsed
with imaging media before being heated to 37°C for experiments. Experiments using 5 ym
diameter silica microspheres (Bangs Laboratories #SS05003/SS05N) were performed as
previously described (Beemiller et al., 2012a). Briefly, the same protocol was used for building a
lipid bilayer on chamber coverglass as for 4x10° beads, based off equivalent surface area, but
with washes performed by centrifugation instead of repeated aspiration.

For synaptic contact mapping (SCM) experiments, 5x10° T cells were added to the well prior to
imaging. Once cells began interacting with the bilayer, imaging was initiated. For imaging of OT-
| TCR, 1-2x108 OT-I T cells were stained with 2.5 ug H57-597 non-blocking monoclonal antibody
conjugated to Alexa Fluor 488 on ice for 30 minutes, then rinsed once with complete imaging
media. Imaging for synaptic contact mapping was performed as described previously(Cai et al.,
2017). The TIRF microscope is based on a Zeiss Axiovert 200M equipped with a 100x 1.45NA oil
immersion objective, DG-4 Xenon light source (Sutter) and Zeiss TIRF slider (Cai et al., 2017;
Beemiller et al., 2012b). All images were collected using a DV2 image splitter (Photometrics)
positioned in front of an Evolve EMCCD (Photometrics). A 4 band multi-color TIRF dichroic
located in the microscope separated the excitation and emission light for imaging (Chroma
Technology). Images of CAR or TCR were collected by imaging CAR-mEmerald (or Alexa Fluor
488-labeled TCRs) using TIRF mode, by imaging QD605-streptavidin in widefield mode, and by
imaging cells with interference reflection microscopy (IRM), also in widefield mode. Widefield
QD605-strepavidin images were collected using a 405/10 nm excitation filter (Chroma
Technology) located in the DG4 light source, while samples imaged with TIRF were excited by an
Obis 488nm laser (Coherent). IRM images were acquired using a 635/20 nm excitation filter
(Chroma Technology) positioned in the DG4 light source. The CAR/TCR and QD605 emitted
fluorescence signals were separated using a DV2 image splitter with a 565 nm long-pass dichroic
mirror installed along with 520/35 nm and 605/70 nm emission filters (Chroma). Images containing
the IRM signal were acquired through the long-pass dichroic and 605/70 nm emission filter in the
image splitter. For Fura-2 imaging, cells were stained with 2 yM Fura-2 dye (Thermo #F1221) for
15 min at room temperature. Cells were then washed in imaging media, and 5x10°T cells were
added to the imaging well. 3 min after addition of cells, acquisition was initiated. Fura-2 imaging
experiments were acquired using a 40x 1.3NA oil immersion objective (Zeiss) and the same light
source and dichroic described above. Widefield Fura-2 340 nm and 380 nm images were
collected using 340/26 (Semrock, Rochester, NY) and 380/30 (Chroma, VT) excitation filters,
respectively, located in the DG4 light source.

Image analysis

All computational image analysis for SCM imaging was performed in Matlab (The Mathworks,
Natick, MA), Imaris version 9.2.1 or 7.6.3 (Bitplane), and Fiji. CAR-mEmerald microcluster
tracking analysis was performed using the spots function in Imaris with the following parameters:
0.25 pm estimated diameter, autoregressive motion tracking, 0.5 ym maximum distance, gap size
3, track duration > 5 sec. Centroid positions for dot product calculations were defined by making
a surface of the synapse CAR-mEmerald interface in Imaris with grain size of 3 ym and largest
sphere diameter of 1 um. Analysis for LLS was performed in Imaris and Matlab. Unique analysis
code has been made available through GitHub and can be found at the URLs included below.
Lattice Light-Sheet: post processing

Raw data were deconvolved using the iterative Richardson-Lucy deconvolution process with a
known point spread function that was recorded for each color prior to the experiment, as described
previously (Cai et al., 2017). A typical sample area underwent 15-20 iterations of deconvolution.
For live imaging experiments, photobleaching correction was applied in FIJI using the histogram
matching method.
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Close contact segmentation and persistence analysis

Close contact segmentation, CAR co-localization, and persistence time analysis was performed
using Matlab and Imaris as previously described (Cai et al., 2017). Briefly, the IRM images were
used to define the region of the cell interface. Active contour segmentation of the QD605 image
was then used to define close contact regions. These regions were then converted to Spots
objects in Imaris. CAR intensity was masked to regions of close contacts, and the average
intensity for each contact area was then plotted in a histogram. A Gaussian distribution curve
centered at the background fluorescence median was overlayed. Contacts that fell within 3 sigma
of the Gaussian distribution were considered CAR-, while the higher intensity contacts were
considered CAR*. These contacts were then separated into separate image stacks and
persistence time for individual contacts were calculated. Contact persistence time was determined
by summing the number of frames each binary connected component object existed for and
multiplying by the time per frame. Contacts were assumed to not travel more than their diameter
per time point. Code for analysis of persistence times has been made available:
https://github.com/BIDCatUCSF/NanocontactsTIRF V5.

Radial intensity profiles

Definition of cell boundary, assignment of radial coordinates, and plotting of pixel intensities were
performed using MatLab (Natick, MA). The outer edge (boundary) of cells was detected using a
custom program which primarily applied a two-step kmeans clustering calculation on each of the
image slices collected in the z-stack of images describing a single cell. The boundary was then
eroded by three pixels to accommodate the resolution of the LLS imaging system. Code for
defining the cell boundary: https://github.com/BIDCatUCSF/Exterior-t-Cell-Edge-Detection.
Radial coordinates were assigned for plotting of radial intensity profiles using this code:
https://github.com/BIDCatUCSF/Outer-Boundary-Profile-Code. Binned intensity was measured
by taking a moving average of ten pixels. Excursions of the binned intensity above the channel
mean intensity + 3 s.d. were used as the threshold to define patches.

Three-dimensional surface curvature mapping and patch analysis

The surface curvature and patch analysis used here was performed in MatLab as described in
Cai et al. 2022 (Cai et al., 2022). Briefly, the cell boundaries (as defined above for radial intensity
profiles) were used to calculate Pearson’s correlation coefficients for variable sized kernels in
three dimensions, roughly of the shape of the point spread function. These correlation coefficients
were then used as the basis for clustering analysis by segmentation and watershed, creating the
patches. Surface curvature was calculated for each position of the cell boundary, mapped by
color, and thresholded to regions of low curvature to indicate peaks on the cell surface. Projections
of the surface curvature and receptor intensity onto two dimensions were created using Map3-2D
software (Sendra et al., 2015).

Fura-2 ratio image analysis

Fura-2 340nm/380nm ratio images were created in MetaMorph Version 7.6.5.0 using a maximum
ratio of 7 and imported to Imaris for tracking using the surface function with the following
parameters: 1 ym grain size, 0.75 ym diameter of largest sphere, 2 ym region growing estimated
diameter autoregressive motion tracking, 2 ym maximum distance, gap size 1, track duration
above 148 sec. For analysis of final time point, surfaces were made for all cells in field of view
without tracking: 0.75 ym grain size, 0.75 ym diameter of largest sphere, 1.5 ym region growing
estimated diameter. Maximum 340nm/380nm ratio per cell was compared for all cells in field of
view at final imaging time point — 5.5 min after addition of T cells to chamber well.

Statistics

Statistical tests were performed using GraphPad Prism Version 9.0.1. Independent experiments
and donors are as noted in figure legends — all other replicates are technical replicates.
Significance tests are as described in legends and include: Tukey’s multiple comparisons tests,
Sidak's multiple comparisons tests, and two-tailed t tests. Scatter plots show mean and s.d (error
bars). Box and whisker plots indicate median, 25" to 75" percentile (box), and minimum to
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maximum (whiskers). P values are reported as follows: = 0.05 as ns, 0.01 to 0.05 as *, 0.001 to
0.01 as **, 0.0001 to 0.001 as ***, and < 0.0001 as ****.
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Figure 1: CARs distribute similarly to TCRs on both microvilli and cell cortex, but do not
obligately co-localize.

A. Fixed anti-HER2 CAR T cell showing maximum intensity projection of TCR, CAR, CD45 and
overlay imaged by lattice light-sheet. Scale bar = 2 ym. Human CD8+ T cell expressing anti-
HER2 CAR (mut4D5) was labelled with antibodies to MYC (CAR)-Alexa488, TCR (OKT3)-APC,
and CD45-Alexa594.

B. Region of cell membrane, as described in A, where microvilli tips are marked as being high
for TCR (red arrow), CAR (green arrow), or both (yellow arrow). Scale bar =1 pm.

C. 41 tips across 5 regions and 3 cells were scored as in B.

D. Left panel shows zoomed out membrane region in extended view for multiple z slices of a
cell labelled as described in A (scale bar = 3 um). Middle panel shows zoom in on outlined
region (scale bar = 1 ym). Right panel shows the same zoom region with the perspective
rotated to show the YZ plane (scale bar = 1 uym).

E. Large panels show CD45 surface (gray) overlaid with TCR (left) and CAR (right) surfaces
marking areas of high intensity (green). Arrows mark examples of patches on microvilli tips
(white) or cell cortex (yellow). Inset panels show a region of the same cell with the raw TCR and
CAR intensity in Fire colorscale. Scale bar = 4 ym.

F. Left: Schematic showing the cell boundary as mapped to radial intensity profile by angle (x-
axis) and pixel intensity (y-axis). Right: Pixel intensity (gray line) and binned intensity (black
line), defined by taking a moving average of 10 pixels, showing one z-slice for TCR, CAR, and
CD45. Dashed line with yellow above indicates 3 standard deviations (+3SD) above mean pixel
intensity. P indicates binned intensity peaks above +3SD threshold (patches).

G. Number of patches/z-slice for each receptor was defined by the number of excursions of
binned intensity above the +3SD threshold. Tukey’s multiple comparisons test was performed
on data compiled from multiple slices of 3 cells (n = 17 slices per group). Error bar represents
standard deviation (s.d.).
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Figure 2: Quantification of TCR and CAR patches relative to surface curvature.

A. Curvature of the cell surface was mapped based off the cell boundary defined by CD45, with
valleys marked by cyan and tips marked by magenta. Fixed CAR T cell was labelled with
antibodies to MYC (CAR)-Alexa488, TCR (OKT3)-APC, and CD45-Alexa594.

B. Microvilli are highlighted by masking the surface curvature in A based on convexity.

C-F. TCR (C, E) and CAR (D, F) clusters defined by regions of high local (3D) intensity are
shown as different colors (C-D) and colored according to surface area of cluster (E-F).

G. Histogram and dot plot (inset) of cluster surface area is shown for TCR and CAR. TCR and
CAR median values are 0.34 and 0.38 um?, respectively. Data is compiled from three cells. Dot
plot shows mean and s.d.

H. Histograms of surface curvature for TCR (left) and CAR (right) found in patches or outside of
patches.

I. 2D projections from the surface show curvature increasing from convex (magenta on left,
black in overlay) to concave (cyan on left, red in overlay); TCR intensity (middle); and CAR
intensity. Yellow and red arrows mark membrane valleys with high and low receptor intensity,
respectively. Green and black arrows mark membrane peaks with high and low receptor
intensity, respectively.
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Figure 3: CAR is enriched at sites of microvilli close contacts in synapses with cognate
antigen, but not following engagement of endogenous TCR.

A-C. Three examples of anti-HER2 CAR T cells interacting with HER2+ SKBR3 are shown from
an oblique view of the synapse interface (A, Imaris blended view, scale bar = 2 um), en face
synapse view (B, Imaris blended view, scale bar = 2 uym), and a single z-slice (C, scale bar =1
pm). The SKBR3 target cell location is marked by dashed magenta lines (A, C). Human CD8+ T
cell expressing anti-HER2 CAR (4D5) was labelled with antibodies to MYC (CAR)-Alexa488 and
CD45-Alexab47.

D. Schematic of synaptic contact mapping method. Lipid bilayer on glass support is loaded with
Qdot 605, which is a red-fluorescent probe that occupies ~16nm in height. Areas where the cell
makes a close contact (<16nm distance) appear as holes in the QD605 signal.

E. CART cell synapse imaged by TIRF showing CAR-mEmerald, microvillar projections (as
seen by holes in QD605 signal), and overlay. Human CD8+ T cell expressing anti-HER2 CAR
(mut4D5) interacting with lipid bilayer loaded with 625ng HER2 + ICAM + QD605. Scale bar = 2
pum.

F. Line scans from F show anti-correlation of CAR-mEmerald and QD605, indicating enrichment
of CARs within microvillar contacts.

G. OT-I mouse T cells were retrovirally transduced with anti-HER2 CAR (mutCD45). Synapse
shown was formed on lipid bilayer loaded with pMHC:SL8 + ICAM + QD605. TIRF imaging of
CAR-mEmerald, QD605, and overlay are shown. Scale bar = 2 ym.

H. Line scans from H showing the lack of enrichment in CAR signal within QD605 holes,
indicating that CAR microclusters do not accumulate in microvillar close contacts in absence of
the CAR’s cognate antigen.
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Figure 4: Conventional CAR interactions of high affinity or high antigen density result in
hyper-stabilization of underlying microvillar protrusion, which can be reduced by using
monomeric CAR.

A. Experiments were performed comparing CARs with a high-affinity scFv against HER2-based
off trastuzumab (4D5, Kp = 0.0523nM, red) and a lower affinity scFv made by substitution of
three amino acids (see Supplemental Table 1, mut4D5, Kp = 3.63nM, blue).

B. Bilayers were loaded with fluorescent quantum dots (QD605) with a height of 16nm.
Locations where the cell makes close contact with the bilayer (<16nm) are visualized as holes in
QD605 signal due to their size-based exclusion. QD605 signal is shown for a low-affinity CAR T
cell interacting with a lipid bilayer loaded with 6.25 ng HER2. Outlined contact is shown in C.
Scale bar =3 um.

C. QD605 signal across 5 time points are shown for the same field of view, each on low HER2
bilayers (6.25 ng/well). Top: Microvillus from low-affinity CAR T cell moves out of view. Bottom:
Microvillus from high-affinity CAR T cell remains across time points. White scale bar = 1 ym.

D. CAR-occupied close contact persistence times (blue, red) and CAR-negative close contact
persistence times (gray) are shown for varying antigen densities and affinities. All CAR:HER2
interactions tested result in CAR-occupied microvillar contact stabilization above background
CAR-negative contacts (gray). Persistence time is further increased in interactions of high-
affinity CAR (red), even at lowest HER2 densities on the bilayer. For low-affinity CAR (blue),
only high levels of HER2 yield similar persistence times to high-affinity CAR. Data is shown for
at least 11 cells per condition across four experiments (n = 84, 13, 13, 11, 15, 17, 15 cells per
group from left to right, respectively).

E. Low-affinity CAR was retrovirally expressed in primary mouse OT-I T cells. Receptor-
occupied microvillar persistence times are shown for OT-I:SL8 (green), Low-affinity CAR:Low
HER2 (light blue), and Low-affinity CAR:High HERZ2 (dark blue) interactions. All cognate
interactions are stabilized above background receptor-negative contacts (gray). CAR:High
HER?2 persistence is hyper-stable relative to TCR:pMHC stabilization. Data is shown for at least
10 cells per condition across three experiments (n = 36, 16, 10, 10 cells per group from left to
right, respectively).

F. Dimers (filled dots) and monomers (open dots) are compared on high HER2 bilayers
(625ng/well). Only monomeric low-affinity CAR regains natural persistence time of TCR:pMHC
contacts (green dashed line). All receptor-occupied contacts are stabilized above non-cognate
antigen interactions (gray). Data is shown for at least 5 cells per condition across three
experiments (n =32, 7, 7, 5, 13 cells per group from left to right, respectively). All error bars
represent s.d. and analyses shown are Sidak's multiple comparisons tests.
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Figure 5: Impaired movement of high affinity dimer CAR microclusters in synapses and
reduced effector function.

A-B. TIRF imaging of CAR-mEmerald is shown for synapses with low- or high-affinity CAR
interacting with low or high HER2-loaded bilayers (A). Time point shown is 93.6 seconds
following the initiation of imaging, which began as synapses were starting to form. Yellow lines
were drawn to span CAR microclusters in synapse, indicating diameter quantified in B. Three
lines were averaged and line assignment was blinded to account for manual drawing. For
dimeric CARs, only low affinity:low HER2 synapses result in accumulation of CAR microclusters
at the center, indicated by lower diameter. Monomerization of CARs improves centralization on
high HER2. Data is shown for at least 7 cells pooled from a minimum two independent
experiments per condition (n = 13, 13, 20, 20, 13, 7 cells per group from left to right,
respectively). Error bars represent s.d. Analyses shown are Sidak's multiple comparisons tests.
Scale bars =2 pm.

C-D. Spots with tracking were assigned to CAR microclusters in Imaris. Examples of mobile
(left, low affinity dimer on low HER2) and immobile (right, low affinity dimer on high HER2)
microclusters are shown as a flower plot for 10 random tracks (C). Quantification is shown for
the average displacement (left) and speed (right) of all CAR microclusters for a given cell (D, n
= 3 cells per group). Limited mobility is apparent for dimeric CARs on high-HER2 loaded
bilayers. On low-HER?2 bilayers, low-affinity CAR microclusters show increased mobility. Error
bars represent s.d. Analyses shown are Sidak's multiple comparisons tests.

E. Low HER2-expressing MCF7 (open circle) and high HER2-expressing SKBR3 (solid circle)
cell lines were used to assess differences between HER2 levels in cell-cell interactions in vitro.

F. Proliferation is induced across all CAR+ conditions with low and high HER2, as seen by VPD
dilution at 96 hrs following co-incubation. Line marks VPD dilution indicating at least 3
replication cycles (quantified in F).

G. Percentage of cells that have undergone at least 3 replication cycles. Replicates from 2
independent experiments of different donors are pooled (n = 6). Dashed lines indicate individual
donor trends. Error bars represent s.d. Analysis shown is Sidak's multiple comparisons test.

H. Intracellular staining with anti-IFN-y-APC at 18hrs following co-incubation. Low-affinity CAR
induces greater IFN-y than high-affinity. Monomeric low-affinity CAR has overall lower
magnitude of response, but improves the dose response. Box and whiskers plot error bars
showing minimum and maximum values (n = 12 samples per group pooled from four
independent experiments and two donors). Analyses shown are Sidak's multiple comparisons
tests.

I. Low-affinity (blue) and high-affinity (red) CARs were retrovirally expressed in primary mouse
CD8+ T cells and co-cultured with MC38s expressing low- or high-HER2 for 24 hrs in normoxia
(20% oxygen) before separation into normoxic or hypoxic (1.5% oxygen) cultures for an
additional six days. Hypoxic co-cultures of high-affinity CAR T cells with MC38-HER2-high cells
have significantly more TOX high/ PD1+ cells than low-affinity CAR T cells, indicative of
development towards an exhausted state. Box and whiskers plot error bars showing minimum
and maximum values (n = 9 samples pooled from 3 independent experiments). Analysis shown
is unpaired t test.
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Supplemental Figure Legends

Supplemental Figure 1. Imaging TCR and CAR on the surface of isolated T cells.

A-B. Blended view (A) and shaded binary (B) Imaris rendering of fixed anti-HER2 CAR T cell
surface, as described in Fig. 1A. Blended rendering shows section of 40 z slices. Scale bars are
2 um.

C. Regions of interest (in addition to Fig. 1B) that were used for the manual count of microvillar
tip receptor occupancy in Fig. 1C and (D). Microvilli tips are marked as being high for TCR (red
arrow), CAR (green arrow), or both (yellow arrow). Scale bars =2 pm.

D. Proportion of microvillar tips per region of interest that were marked as high for, CAR, or
both. 41 tips across 5 regions and 3 cells were scored.

E. Schematic of method used to define the cell membrane boundary used in radial intensity
profiles.

F. Two additional examples of cells analyzed as described in Figure 2A-F.

G. Clusters are quantified for increasing thresholds of co-localization. Left: TCR clusters are
quantified which have 0, 30, 50, or 70% overlap with CAR clusters. Right: CAR clusters are
quantified which have 0, 30, 50, or 70% overlap with TCR clusters.

H. Maximum intensity projection of TCR and CAR patches rendered in Imaris. For each patch,
the intensity is defined by the integrated intensity for that patch. All patches are shown on the

left. Patches which are 250% co-localized (i.e. 50% of the CAR patch overlaps with TCR, and

vice versa) and <50% co-localized are shown in middle and left panels, respectively.

Supplemental Figure 2. Imaging CAR T cell:target cell interactions across affinity and
antigen densities.

A. Time-lapse of anti-CD45-Alexa647-stained CAR T cell interacting with CFSE-labelled HER2+
SKBR3 tumor cell by LLS imaging shows stable cell:cell interaction. Maximum intensity
projection from Imaris is shown. Scale bar = 3 ym

B. Additional example of a side-view of CAR T cell synapse with HER2+ SKBR3 target prepared
as in Fig. 3A-C but with intensity based off endogenous mEmerald tag alone, without additional
anti-MYC labelling. CAR localization without anti-MYC labelling shows the same enrichment of
CAR in synaptic projections. Maximum intensity projection from Imaris is shown. Scale bar = 2
pm.

C. The percentage of microvillar close contacts occupied by receptor was not significantly
different between the OT-I TCR and the low-affinity CAR murine T cell synapses with cognate
antigen (SL8:pMHC and 625 ng/well HER2). n = 4 cells.

D-G. Additional examples of cells prepared and analyzed by line scan as in Fig. 3F-I.
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H. anti-HER2-BV605 staining was performed on the human breast cancer cell lines MCF7 and
SKBR3, plus murine MC38 cells as a HER2-negative control. Histogram overlay shows low and
high HER2 expression for MCF7 and SKBR3, respectively.

I. Lipid bilayers with varying HER2 densities were built on 5 ym microspheres as standards for
comparison to high-HER2 expressing SKBR3 and low-HER2 expressing MCF7s.
Representative histogram from two independent experiments.

J. Fura-2 ratio images showing calcium flux (yellow) with tracks for interactions of CAR T cells
with HER2-bilayers across antigen density and CAR affinity. Control well with no HER2 is
shown on left. Images shown are at 3 min following addition of T cells. Scale bars are 7 um.

K. Fura-2 ratio imaging shows calcium flux across affinity and HER2 density, with low-affinity
CAR T cells outperforming high-affinity CAR T cells on high-HER2 loaded bilayers. Top:
Maximum Fura-2 ratio for cells was quantified at 5.5 min following addition of T cells. Error bars
represent s.d. (n = 37, 23, 21, 33, 66 cells per condition from left to right, respectively). Analyses
are unpaired t tests. Bottom: Percentage of cells fluxing (defined as maximum Fura-2 ratio >
100) for each condition was quantified at 5.5 min following addition of T cells.

L. Schematic of original anti-HER2 CAR, including two cysteines in the CD8 hinge region that
form disulfide bond, and monomeric CAR made by mutation of those cysteines to serine hinge
(Hennecke and Cosson, 1993).

M. The average close contact CAR-mEmerald fluorescence intensity was not significantly
different between monomers and dimers. Data is shown for at least 5 cells per condition across
three experiments (n =7, 7, 5, 13 cells per group from left to right, respectively). Error bars
represent s.d., analyses shown are unpaired t tests.

N. Average close contact CAR-mEmerald fluorescence intensity was plotted against persistence
time following color schema in H. Linear trend lines were added for each CAR type (monomers
dashed).

Supplemental Figure 3. CAR microcluster dynamics and T cell activity.

A. TIRF imaging of CAR-mEmerald is shown with spots and tracks made in Imaris. Tracks
analysis shows that high-affinity CAR microclusters on low HER2 (6.25 ng/well) are not mobile,
and on high HER2 (625 ng/well) only low-affinity monomer is mobile. Scale bars = 3 pm.

B. A random 10 tracks are shown in flower plots for each condition. Top: Limited mobility is
apparent for dimeric CARs on high-HER?2 loaded bilayers. Bottom: On low-HER2 bilayers, low-
affinity CAR microclusters show increased mobility. Plots of low affinity dimer from Fig. 5c are
shown again here for comparison.

C. Flower plots are shown including all tracks for each cell.

D. The normalized dot product of V(rad) and V(i) was calculated for all tracks, where V(rad) =
vector from synapse center to track start position and V(i) = vector from track start to track final
position. Using this calculation, movements directly towards the center equal -1 and movements
directly away from center equal 1. The average dot product for all tracks in a cell are quantified.
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No significant differences are identified in the direction of CAR microcluster movement across
conditions. All n.s. by Tukey’s multiple comparisons test.

E. Low HER2-expressing MCF7 (open circle) and high HER2-expressing SKBR3 (solid circle)
cell lines were used to assess differences between HER2 levels in cell-cell interactions in vitro.

F. MCF7 and SKBR3 cells expressing nuclear localization signal (NLS)-tagged mKate were
incubated with anti-CD45-Alexa647-labelled T cells for 30 minutes. Coupling analysis was
performed by gating inclusively for singlets and doublets. Cells were then gated on DAPI-,
CD45+, and CAR+ (or CAR- for untransduced controls). Percentage of these cells that are
mKate+ was reported as T cells in doublets with tumor cells (right). Representative dot plot for
the high affinity monomeric CAR T cell / SKBR3 co-culture is shown overlaying the CD45- and
CD45+CAR+ populations (left). Representative of three independent experiments is shown.

G. Gating strategy for coupling assay in (B). Example data here is from a co-culture of low-
affinity dimeric CAR T cells with MCF7 target cells.

H. The entire DAPI- population in (E) is overlaid with the Doublets of CAR+ T cells population.
Plotting by FSC-H vs FSC-W shows that the Doublets of CAR+ T cells population falls in the
expected region (above the singlets).

I. CAR gMFls are shown for each receptor type. While there is some variability in expression,
differences are within ~2/3rds of the highest gMFI.

J. Early activation is similar across all CAR+ conditions with low and high HER2 at 18 hours
following co-incubation, as seen by anti-CD69-BUV395 positivity. Box and whiskers plot error
bars showing minimum and maximum values (n = 12 samples per group pooled from four
independent experiments and two donors).

K. Percentage of anti-Ki67-PE-eFluor 610 positive cells, indicating entry into cell cycle, is similar
across all CAR+ conditions with low and high HER2. Replicates from 2 independent
experiments of different donors are pooled (n = 6). Error bars represent s.d.

L. Gating strategy used for defining human CAR+ (and CAR-) T cells in flow cytometry
experiments is shown. Example data shown here is from a co-culture of low-affinity dimeric CAR
T cells with SKBR3 target cells.

M. Low-affinity (blue) and high-affinity (red) CARs were retrovirally expressed in primary mouse
CD8+ T cells. HER2-expressing MC38 cells were sorted into 5 bins of expression levels. MC38-
HER2 (1-5) and parental MC38 (n/a) were cultured with CAR T cells for 18 hours and then
stained for IFN-y. Low- and high-affinity CARs performed similarly. Isotype control,
untransduced T cell, MCF7 (open circle), SKBR3 (filled circle), and PMA/ionomycin controls are
shown on the right. n = 3 replicates per group. Data shown is representative of 3 independent
experiments.

N. Gating strategy used for defining mouse CAR+ T cells in flow cytometry experiments
following in vitro co-culture is shown. Example data shown here is from a co-culture of low-
affinity dimeric CAR T cells with MC38-HER2-high targets in normoxia.
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Supplemental Video Captions

Supplemental Video 1. LLS imaging of anti-HER2 CAR T cell. Maximum intensity projection
of anti-HER2 CAR-expressing T cell shown in Fig. 1a. Location of coverslip, where signal
intensity is low, is annotated in yellow. Anti-CD45-Alexa594, anti-MYC (CAR)-Alexa488 and
TCR (OKT3)-APC signal is shown in cyan, green and red, respectively.

Supplemental Video 2. LLS live cell imaging of anti-HER2 CAR T cell in synapse with
HER2+ SKBR3 cell. The blended view of the Imaris volume is shown for anti-HER2 CAR-
expressing T cell shown in Fig. 3a. The SKBR3 target cell is located above, as annotated in Fig.
3a. Anti-CD45-Alexa647 and anti-MYC (CAR)-Alexa488 signals are shown in red and green,
respectively. Scale bar = 2 ym. Time resolution per frame is 4.7 secs and total video is 20
frames (89.3 secs).

Supplemental Video 3. Individual close contacts imaged by SCM TIRF microscopy.
QD605 signal is shown for one field of view for low-affinity (top) and high-affinity (bottom) CAR T
cells interacting with HER2-loaded bilayer. Holes in QD605 signal show location of microvillar
close contacts. High-affinity close contact stably persists in same field of view, while low-affinity
CAR T cell contacts appear and disappear from field of view throughout imaging. Scale bar is
0.2 uym. Time resolution per frame is 2.4 secs and total video is 40 frames (93.6 secs).

Supplemental Video 4. Fura-2 calcium flux imaging of low- and high-affinity CAR T cells
on low- and high-HER2 bilayers. Fura-2 340nm/380nm ratio channel with tracking is shown
for A) low affinity/0 ng HER2, B) low affinity/62.5 ng HER2, C) low affinity/625 ng HER2, D) high
affinity/62.5 ng HER2, and E) high affinity/625 ng HER2 (from top to bottom) CAR T cells
interacting with loaded bilayers. Calcium flux (yellow) is seen for interactions of CAR T cells with
HER2-bilayers across antigen density and CAR affinity, relative to no HER2 control (A). Scale
bar is 7 um. Imaging was initiated at 3 min following addition of T cells to wells. Time resolution
per frame is 1.5 secs and total video is 100 frames (148.5 secs).

Supplemental Video 5. CAR microcluster tracking analysis — low-affinity dimer on low
HERZ2 bilayer. TIRF imaging of CAR-mEmerald is shown for low-affinity dimeric CAR on bilayer
loaded with 6.25 ng/well. Spots show position of microclusters used for tracking. Scale bar is 3
pMm. Time resolution per frame is 2.4 secs and total video is 40 frames (93.6 secs).

Supplemental Video 6. CAR microcluster tracking analysis — high-affinity dimer on low
HERZ2 bilayer. TIRF imaging of CAR-mEmerald is shown for high-affinity dimeric CAR on
bilayer loaded with 6.25 ng/well. Spots show position of microclusters used for tracking. Scale
bar is 3 um. Time resolution per frame is 2.4 secs and total video is 40 frames (93.6 secs).

Supplemental Video 7. CAR microcluster tracking analysis — low-affinity dimer on high
HER2 bilayer. TIRF imaging of CAR-mEmerald is shown for low-affinity dimeric CAR on bilayer
loaded with 625 ng/well. Spots show position of microclusters used for tracking. Scale bar is 3
pum. Time resolution per frame is 2.4 secs and total video is 40 frames (93.6 secs).

Supplemental Video 8. CAR microcluster tracking analysis — high-affinity dimer on high
HER2 bilayer. TIRF imaging of CAR-mEmerald is shown for high-affinity dimeric CAR on
bilayer loaded with 625 ng/well. Spots show position of microclusters used for tracking. Scale
bar is 3 ym. Time resolution per frame is 2.4 secs and total video is 40 frames (93.6 secs).
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Supplemental Video 9. CAR microcluster tracking analysis — low-affinity monomer on
high HER2 bilayer. TIRF imaging of CAR-mEmerald is shown for low-affinity monomeric CAR
on bilayer loaded with 625 ng/well. Spots show position of microclusters used for tracking. Scale
bar is 3 um. Time resolution per frame is 2.4 secs and total video is 40 frames (93.6 secs).

Supplemental Video 10. CAR microcluster tracking analysis — high-affinity monomer on
high HER2 bilayer. TIRF imaging of CAR-mEmerald is shown for high-affinity monomeric CAR
on bilayer loaded with 625 ng/well. Spots show position of microclusters used for tracking. Scale
bar is 3 um. Time resolution per frame is 2.4 secs and total video is 40 frames (93.6 secs).
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Supplemental Table 1. Mutations in CAR scFv (mutCD45) and CD8a hinge/TMD
(monomer).

scFv sequence

CD8a hinge/TMD sequence

Supplemental Table 2. Antibodies referenced for flow cytometry and imaging experiments.

Anti- Clone Fluorophore Company Cat. No.

Myc-Tag 9B11 Alexa Fluor 488  Cell Signaling Tech. 2233S
human CD3 OKT3 APC BioLegend 317318
human CD340 (HER2) 24D2 Brilliant Violet 605 BD Biosciences 747615
human CD340 (HER2) 24D2 Alexa Fluor 647 BioLegend 324412
human CD340 (HER2) 24D2 PerCP/Cy5.5 BioLegend 324416
human CD45 HI30 Alexa Fluor 594  BiolLegend 304060
human CD45 HI30 Alexa Fluor 647 BiolLegend 304056
human CD45 HI30 Brilliant Violet 605 BioLegend 304042
human CD69 FN50 BUV395 BD Biosciences 564364
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human IFN-y 4S.B3 APC BioLegend 502512
human/mouse Ki67 SolA15  PE-eFluor 610 eBioscience 61-5698-82
mouse CD223 (LAG3) C9B7W  Brilliant Violet 785 BioLegend 125219
mouse CD279 (PD-1) 29F.1A12 Brilliant Violet 421 BioLegend 135221
mouse CD279 (PD-1) 29F.1A12 Brilliant Violet 605 BiolLegend 135220
mouse CD39 Duha59 PE-Cy7 BioLegend 143806
mouse CD4 GK1.5 BUV395 BD Biosciences 563790
mouse CD44 IM7 BUV737 BD Biosciences 564392
mouse CD45 30-F11  Brilliant Violet 421 BioLegend 103134
mouse CD45 30-F11  Brillian Violet 510 BioLegend 103138
mouse CD45 30-F11 Brilliant Violet 785 BioLegend 103149
mouse CD45.1 A20 PE-Cy7 BioLegend 110730
mouse CD62L MEL-14 APC BioLegend 104411
mouse CD69 H1.2F3 BUV395 BD Biosciences 740220
mouse CD69 H1.2F3  Brillian Violet 650 BioLegend 104541
mouse CD8a 53-6.7 BUV737 BD Biosciences 564297
mouse CD8a 53-6.7 PerCP/Cy5.5 BioLegend 100734
mouse CD90.2 30-H12  Alexa Fluor 700 BioLegend 105320
mouse IFN-y XMG1.2 APC BioLegend 505810
mouse NK1.1 PK136 Brilliant Violet 785 BioLegend 108749
mouse TCR f chain H57-597 Alexa Fluor 488 BiolLegend 109215
mouse/human CD11b M1/70 Brilliant Violet 785 BioLegend 101243
mouse/human CD324 (E-cadherin) DECMA-1 PE BioLegend 147303
mouse/human CD45R RA3-6B2 Brilliant Violet 785 BioLegend 103246
mouse/human TOX REA473 APC Miltenyi Biotec 130-118-335
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