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Height, but not binding epitope, affects the potency
of synthetic TCR agonists
Kiera B. Wilhelm,1 Shumpei Morita,1 Darren B. McAffee,1 Sungi Kim,1 Mark K. O’Dair,1 and Jay T. Groves1,*
1Department of Chemistry, University of California, Berkeley, California
ABSTRACT Under physiological conditions, peptide-major histocompatibility complex (pMHC) molecules can trigger T cell
receptors (TCRs) as monovalent ligands that are sparsely distributed on the plasma membrane of an antigen-presenting cell.
TCRs can also be triggered by artificial clustering, such as with pMHC tetramers or antibodies; however, these strategies circum-
vent many of the natural ligand discrimination mechanisms of the T cell and can elicit nonphysiological signaling activity. We
have recently introduced a synthetic TCR agonist composed of an anti-TCRb Fab0 antibody fragment covalently bound to a
DNA oligonucleotide, which serves as a membrane anchor. This Fab0-DNA ligand efficiently triggers TCR as a monomer
when membrane associated and exhibits a potency and activation profile resembling agonist pMHC. In this report, we explore
the geometric requirements for efficient TCR triggering and cellular activation by Fab0-DNA ligands. We find that T cells are
insensitive to the ligand binding epitope on the TCR complex but that length of the DNA tether is important. Increasing, the inter-
membrane distance spanned by Fab0-DNA:TCR complexes decreases TCR triggering efficiency and T cell activation potency,
consistent with the kinetic-segregation model of TCR triggering. These results establish design parameters for constructing syn-
thetic TCR agonists that are able to activate polyclonal T cell populations, such as T cells from a human patient, in a similar
manner as the native pMHC ligand.
SIGNIFICANCE We report geometric requirements for potent T cell activation by synthetic T cell receptor (TCR) ligands
that mimic biophysical properties of the native peptide-major histocompatibility complex ligand, but have the additional
ability to activate polyclonal T cell populations. We find that increasing the space between apposed membranes at TCR
binding events decreases ligand potency but that changing the ligand’s binding epitope on the TCR has essentially no
effect. The observed decrease in potency with increased ligand height is attributed to the longer ligands’ attenuated ability
to trigger TCR at binding events.
INTRODUCTION

T cells play a central role in adaptive immunity by recog-
nizing foreign peptide fragments presented in major histo-
compatibility complex molecules (pMHC) with their
T cell receptors (TCR). To identify a wide range of poten-
tially pathogenic peptides, each individual develops a poly-
clonal repertoire of T cells with distinct TCR genes. In
developing thymocytes, the region of the TCR gene that en-
codes the pMHC recognition site undergoes somatic recom-
bination, which creates a large sample space of potential
receptors, and cells with TCR clonotypes that successfully
pass a screening process survive (1). The resulting diversity
of TCRs within an individual is critical for successfully
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conferring adaptive immunity but presents challenges to
the study of T cell activation because the cognate pMHC
that activates a given T cell is generally not known.

Antibodies that bind the TCR and associated CD3 complex
(TCR-CD3) readily activate T cells, as measured by cytokine
secretion, proliferation, and changes in surface receptor
expression (2–6), but this method of stimulation differs from
physiological antigen activation. Anti-TCR/CD3 antibodies,
aswell aswidely used pMHC tetramers (7), induce cross-link-
ing of TCR on the T cell surface. This cross-linking is an
essential aspect of their activation mechanism; neither
pMHC monomer nor monovalent Fab0 antibody fragments
are active fromsolution (7–10), and anti-TCR/CD3antibodies
in solutionmust typically be further cross-linked by secondary
antibodies for full activity (11).By contrast, a growingbodyof
evidence indicates that membrane-associated pMHC mole-
cules are highly active asmonomers (12–15).At physiological
densities of agonist pMHC (0.1–2mm�2) (16–18), only tens of
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FIGURE 1 Fab0-DNA is a modular TCR ligand. (A) Fab0-DNA and

ICAM-1 are presented on supported lipid bilayers. Upon adding T cells to

the bilayer, LFA-1 adheres to ICAM-1 to create a stable intermembrane junc-

tion between the SLB and T cell. Within this junction, Fab0-DNA binds TCR,

creating a narrow 14 nm space between membranes that excludes ICAM-

1:LFA-1 conjugates and the phosphatase CD45 from close proximity. Produc-

tive TCR triggering is monitored by the formation of TCR-proximal LAT

condensates, and cellular activation is monitored by translocation of the

transcription factor NFAT from the cytosol to the nucleus. (B) Fab0-DNA
constructs are synthesized from antibodies that bind three distinct epitopes

on the TCR/CD3 complex Binding epitopes for pMHC and all Fabs have

previously been determined by crystal and NMR structures and are approxi-

mately mapped onto the TCR/CD3 structure (PDB: 6JXR). (C) The spacing

between the SLB and T cell at Fab0-DNA:TCR binding events is modulated

by varying the length of the DNA tether. A poly(dT) tail is added to the

membrane-proximal 50 end of the thiol-DNA, increasing the allowed distance
between the membrane and the region of the thiol-DNA to which Fab0-DNA
anneals. To see this figure in color, go online.
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individual pMHC:TCR ligation events, which are widely
spaced within the cell-cell interface, are sufficient to activate
T cells (19,20). At higher agonist pMHC densities (�10–250
mm�2), pMHC:TCR complexes form microclusters (21,22)
that further reorganize into the large-scale pattern of the
immunological synapse (23,24), but these larger-scale organi-
zations at high antigen density are not required for T cell acti-
vation (12–15,20).

We have recently developed a class of synthetic TCR ago-
nists composed of an anti-TCR/CD3Fab0 fragment covalently
bound to a DNA oligonucleotide that can uniformly activate
polyclonal T cell populations as membrane-associated mono-
mers (25). Like natively monomeric pMHC, Fab0-DNA mol-
ecules are inactive from solution at any concentration, but
are highly potent when conjugated to a supported lipid bilayer
(SLB) via DNA hybridization. Previous work focused on the
anti-TCRb H57-597 Fab0-DNA (H57 Fab0-DNA) and found
it to exhibit a potency similar to a strong pMHC agonist
(25). Mechanistic studies of TCR triggering suggest that the
Fab0 binding epitope on the TCR/CD3 complex (26,27) and/or
the intermembrane spacing established at TCR binding events
may impact ligand potency (28–32).

Here, we examine a panel of Fab0-DNA constructs that
bind three distinct epitopes on the TCR/CD3 complex and
have DNA tethers of various lengths (Fig. 1). We synthesized
Fab0-DNA ligands derived from the anti-CD3ε 145-2C11
antibody (2C11 Fab0-DNA) and the anti-CD3εg 17A2 anti-
body (17A2 Fab0-DNA), in addition to the previously re-
ported anti-TCRb H57 Fab0-DNA (3–5,26,33) (Fig. 1 B).
Both 2C11 and H57 bivalent antibodies are commonly
used to activate T cells and bind at or near the reportedly me-
chanosensitive FG loop of TCRb (26,27,33–35). The 17A2
antibody is less frequently used to activate T cells and has
been reported to be less potent because of its binding geom-
etry to the TCR/CD3 complex (26,27). DNA tethers ranging
from 16 to 76 nucleotides were designed for all Fabs,
creating 14–50 nm space between apposed membranes at
binding events (Fig. 1 C). This range of sizes spans from
the native pMHC:TCR intermembrane spacing of �14 nm
(36–38) to beyond the spacing of �30 nm established by
intracellular adhesion molecule 1 (ICAM-1) bound to
lymphocyte function-associated antigen 1 (LFA-1) (39) and
the large 21–40 nm extracellular domain of CD45
(32,40,41), which has long been thought to be sterically
excluded by the short pMHC:TCR complex size at T cell-an-
tigen-presenting cell junctions (21,28–30).

We find that the intermembrane space established by
DNA tether length dramatically affects Fab0-DNA potency,
with larger spacing leading to less potent cellular activation,
but that varying the Fab0 binding epitope has essentially no
effect. T cell activation was monitored by imaging translo-
cation of a fluorescent reporter for the nuclear factor for
the activation of T cells (NFAT) from the cytosol to the
nucleus, which provides a binary readout of successful
activation of the calcium signaling pathway in T cells
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(19,20,25,42). TCR-proximal signaling, measured by local-
ized formation of protein condensates of linker for the acti-
vation of T cells (LAT), was also attenuated for longer
ligands but unaffected by binding epitope. LAT is an intrin-
sically disordered protein that serves a signaling scaffold
immediately downstream of TCR triggering (43,44), and
its condensate formation proximal to individual Fab0-
DNA:TCR complexes is an indicator of local signaling ac-
tivity (45,46). The observed dependence of T cell signaling
on Fab0-DNA height is consistent with the kinetic-segrega-
tion model of TCR triggering, which implicates steric exclu-
sion of bulky phosphatases from closely apposed membrane
regions at pMHC:TCR binding events as a driving force for
signal propagation from the TCR (28–32). These results are
also consistent with studies of similarly structured bispecific
T cell engagers that show that these TCR ligands are more
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effective if they bind epitopes that create smaller intermem-
brane spaces where they bridge TCRs on a T cell to mela-
noma markers on an opposing cell (47,48). The T cells’
indifferent response to ligand binding epitope suggests
that any intramolecular aspects of the TCR triggering mech-
anism (27,35,49) do not strongly depend on TCR engage-
ment geometry in the context of adhesion molecules and a
cell-cell interface.
MATERIALS AND METHODS

Detailed descriptions for all subsections below can be found in the Support-

ing materials and methods.
Fab0-DNA synthesis

All antibodies were digested with pepsin or Glu-C endoproteinase, to retain

the cysteines in the hinge region and then partially reduced with 2-mercap-

toethylamine to form Fab0 fragments. Maleimide-functionalized, dye-

labeled DNA oligonucleotides were then conjugated to the reduced cysteine

residue on the Fab0 to form crude Fab0-DNA. This product was purified by

size exclusion and anion exchange chromatography to obtain monomeric

Fab0 conjugated to a single DNA oligonucleotide that was labeled with a

single fluorophore (25).
Supported lipid bilayer preparation

Low-defect, fluid SLBs were prepared from a solution of small unilamellar

vesicles (SUVs). SUVs were first prepared by mixing 95% 1,2-dioleoyl-

sn-glycero-3-phosphocholine (DOPC), 3% 1,2-dioleoyl-sn-glycero-3-phos-

phoethanolamine-N-[4-(p-maleimidomethyl)cyclohexane-carboxamide]

sodium salt (MCC-DOPE), and 2% 1,2-dioleoyl-sn-glycero-3-[(N-(5-

amino-1-carboxypentyl)iminodiacetic acid)succinyl] nickel salt (Ni-NTA-

DOGS) phospholipids in chloroform in a piranha-etched round-bottom

flask. Lipids were dried and resuspended in Milli-Q water (MilliporeSigma,

Billerica, MA) to 0.5 mg/mL total lipid concentration and sonicated to form

SUVs with a probe sonicator (Analis Scientific Instruments, Namur,

Belgium). The SUVs were then centrifuged to remove titanium particles

and lipid aggregates and mixed 1:1 with 1� PBS, resulting in a spreading

solution with a final concentration of 0.25 mg/mL total lipid content. Sup-

ported membranes were formed by vesicle fusion of SUVs by adding this

spreading solution to imaging chambers assembled with freshly piranha-

etched glass coverslips (Thomas Scientific, Swedesboro, NJ). Thiol-DNA,

complementary to the Fab0-DNA strand, was deprotected with 10 mM

tris(2-carboxyethyl)phosphine (TCEP) for 90 min to expose free thiol

and then incubated on the bilayer at �1 mM in PBS to obtain a density

of approximately hundreds of molecules/mm2 on the SLB (50). These bila-

yers were stable overnight at 4�C. Before experiments, the SLB was

charged with 30 mM NiCl2 to ensure stable chelation of polyhistidine-

tagged ICAM-1 to the NTA-DOGS lipids. Proteins to be coupled to the

bilayer were prepared in imaging buffer, added to the imaging chamber,

and incubated for 35 min. Fab0-DNA incubation concentrations ranged

from 50 pM for single-molecule studies to 10 nM for high-density samples.

ICAM-1 was incubated at a concentration of 100 nM.
T cell harvesting and culture

CD4þ T cells expressing the AND TCR (51) were harvested, cultured, and

transduced as previously described (15,52). Briefly, T cells were harvested

from hemizygous transgenic mice from the cross of (B10.Cg-Tg(TcrAND)

53Hed/J) � (B10.BR-H2k2 H2- T18a/SgSnJ) strains (The Jackson Labora-
tory, Bar Harbor, ME) and activated by moth cytochrome c peptide

(MCC88–103) immediately after harvest. IL-2 was added the following day

within 24 h of the harvest. Cells prepared for live-cell assays were retrovirally

transduced with NFAT-mCherry, LAT-eGFP, or a LAT-eGFP-P2A-NFAT-

mCherry plasmid-containing supernatant collected from Platinum-Eco cells

(Cell Biolabs, San Diego, CA). T cells were imaged on days 5–8. Cell health

was verified each day that data were collected by assessing cell morphology

and signaling in response to bilayers with no agonist ligand and high density

of pMHC. All animal work was approved by Lawrence Berkeley National

Laboratory Animal (Berkeley, CA) Welfare and Research Committee under

the approved protocols #17702 and #17703.
Microscopy

Imaging experiments were performed on an inverted Nikon Eclipse Ti-E

motorized inverted microscope (Nikon, Tokyo, Japan) with total internal

reflection fluorescence (TIRF) microscopy, reflection interference contrast

microscopy (RICM), epifluorescence capabilities, and laser lines at 405,

488, 532, and 640 nm. Freely diffusing, single Fab0-DNA-Atto647 mole-

cules were imaged in TIRF using 20 ms exposure time, 8.6 mW power at

sample, and 1000 gain. Single binding events between Fab0-DNA and

TCR were imaged using 500 ms exposure time, 0.4 mW power at sample,

and 1000 gain. RICM and epifluorescence images were acquired with mod-

erate exposure time (�100 ms) with gain depending on the intensity of the

signal. LATwas imaged using low power (0.4–0.8 mW at sample), moder-

ate exposure time (50–200 ms), and 500 gain, with exact parameters de-

pending on the expression of LAT-eGFP. Micro-Manager was used to

automate acquisitions and collect data (53).
Image analysis

Single-particle images of freely diffusing Fab0-DNA (Fig. 2) and Fab0-DNA
bound to TCR (Fig. 3) were localized and tracked in the ImageJ plugin Track-

Mate (54). Particleswere identified using the difference ofGaussians detector;

particle diameter and threshold were determined by eye, and all data from a

given experiment were analyzed uniformly. The diameter was usually set to

�0.4 mm. The simple linear assignment problem tracking algorithm was

used to link localized spots. Maximal particle-linking distances were set de-

pending on the time lapse between images and particle speed. Data from sin-

gle-particle tracking were then exported to MATLAB (The MathWorks,

Natick,MA).Step-sizedistributions, stepphotobleaching, dwell timedistribu-

tions, and fraction bound were analyzed using custom the MATLAB scripts

described in detail in the Supporting materials and methods.

NFATand LAT images were processed in ilastik (55), a machine learning

program for bioimage analysis. NFAT-mCherry images were segmented

into cytosol and nucleus by training ilastik’s pixel classification algorithm

using intensity, edge, and texture features. Activated cells were defined as

cells with a background-subtracted nucleus/cytosol intensity ratio greater

than one. Only cells that were well spread on the bilayer and with clear

nuclei were included in analysis. LAT-eGFP images were processed in ilas-

tik to identify LAT condensates. Pixel probability maps corresponding to

LAT condensates were then imported to ImageJ to be tracked in TrackMate.

The number of LAT condensates experienced by a cell was determined by

counting the number of LAT condensate tracks that persisted for at least

four frames, with a 2 s time lapse between frames.
RESULTS

Fab0-DNA constructs are monovalent when
conjugated to supported membranes

Fab0-DNA constructs were synthesized by digesting
three commercially available anti-murine TCR antibodies
Biophysical Journal 120, 3869–3880, September 21, 2021 3871
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FIGURE 2 All Fab0-DNA constructs diffuse as monomers on supported lipid bilayers. (A) The thiol-DNA strand is covalently bound to the SLB via thiol-

maleimide chemistry. Fab0-DNA that is labeled with a single Atto647N fluorophore is incubated in the imaging chambers and anneals to the thiol-DNA

strand. Fab0-DNA molecules are visualized using TIRF microscopy. (B) 2C11 Fab0-DNA molecules of uniform brightness undergo Brownian diffusion

on the SLB. Scale bars, 5 mm. (C) A diffusing 2C11 Fab0-DNA particle bleaches in a single step, confirming that it is a single Fab0-DNA molecule. Vertical

scale bars, 500 nm. Horizontal scale bars, 0.1 s. (D and F) The step-size distribution of 2C11 (D) and 17A2 (F) Fab0-DNA fits a single component diffusion

model well. Step-size distributions were built at multiple time delays and all distributions were simultaneously fitted to obtain the diffusion coefficient for

each ligand. Error indicates the 95% confidence interval, (n> 50,000 steps). Data are representative of three experiments. (E andG)>99% of 2C11 (n¼ 122)

(E) and 17A2 (n ¼ 175) (G) Fab0-DNA particles bleach in a single step, with intensity traces exhibiting a single change point, as shown in (C). These data

were obtained on gel-phase SLBs to enable tracking of particles for their full trajectories until photobleaching. The <1% of particles that undergo two-step

photobleaching match the probability that two Fab0-DNA are randomly spaced below the diffraction limit. No particles bleach in three or more steps. (B–G)

display data collected with the shortest thiol-DNA. (H) Single-particle fluorescence intensity distributions for Fab0-DNA conjugated to the SLB by annealing

to short, medium, and long thiol-DNA strands show decreased fluorescence intensity with increased tether length. For short, medium, and long thiol-DNA, n

> 1000, n > 500, and n > 1000 particles, respectively.To see this figure in color, go online.
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(H57-597, 145-2C11, and 17A2), purifying the monovalent
Fab0 fragments, and conjugating those fragments to DNA ol-
igonucleotides labeled with a single Atto647N dye, as
described previously (see Materials and methods for details)
(Figs. S1 and S2) (25).

Supported lipid bilayers (95% DOPC, 3% MCC-DOPE,
and 2% Ni-NTA-DOGS phospholipids) were formed in im-
aging chambers and functionalized with a thiol-modified
DNA oligonucleotide (thiol-DNA) to which the Fab0-DNA
molecules could hybridize. SLBs were first formed directly
from unmodified SUVs, followed by addition of the thiol-
DNA, which became covalently linked to the MCC-DOPE
lipids. The height of the Fab0-DNA above the bilayer was
controlled by the length of this thiol-DNA strand. The short-
est thiol-DNA strand was 16 nucleotides (nt) and precisely
complemented the Fab0 strand. Longer thiol-DNA strands,
able to increase the intermembrane space at binding events
(56,57), were created by adding a 19 nt and 59 nt poly(dT)
tail to the SLB-proximal 50 end (Fig. 1 C). Membrane-
anchored poly(dT) tails are an established method for
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generating spacers able to extend past the 20-plus nm thick
glycocalyx on cell surfaces (56). The length of the thiol-
DNA strands used in this study were designed to allow for
up to 14, 25, or 50 nm of vertical space between the SLB
and the T cell plasma membrane at binding events between
Fab0-DNA and TCR (Fig. S3).

The SLB was then functionalized with Fab0-DNA and the
adhesion molecule ICAM-1, which binds the integrin recep-
tor LFA-1 and is critical to forming a continuous contact be-
tween T cells and antigen-presenting cells. Fab0-DNA
rapidly anneals to the complementary thiol-DNA (Fig. 2
A) and ICAM-1 couples to Ni-NTA lipids through multiva-
lent interactions between Ni2þ and its histidine tag (51,58).
Although the Atto647N dye used to label Fab0-DNA has a
high membrane interaction factor (59), it has previously
been confirmed that Fab0-DNA does not interact with the
SLB in the absence of the complementary thiol-DNA (25).

H57, 2C11, and 17A2 Fab0-DNA constructs were
confirmed to be monovalently conjugated to the SLB using
single-molecule TIRF microscopy. For measurement of
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FIGURE 3 Measurements of individual binding events between Fab0-DNA and TCR illustrate that all Fab0-DNA complexes strongly bind TCR. (A) T cells

adhere to the bilayer through ICAM-1:LFA-1 interactions (cell footprint visualized by RICM), and Fab0-DNA-Atto647N binds TCR within this SLB-T cell

junction (visualized by TIRF). Each binding event is tracked through time and denoted with a unique color for each event. Scale bars, 5 mm. (B) This sche-

matic illustrates how bound Fab0-DNA can be distinguished from unbound Fab0-DNA by the dramatic decrease in Fab0-DNA mobility upon TCR binding.

Relative mobility is represented by horizontal arrows. (C) An imaging strategy using a long, 500 ms exposure time at low power allows slowly moving bound

Fab0-DNA images (bottom arrow) to be resolved, whereas quickly diffusing free Fab0-DNA forms a blurred image (top arrow). This area corresponds to the

area in (A) outlined by a dotted orange line. Scale bars, 2 mm. (D) The intensity trace of a Fab0-DNA:TCR binding event through time (white arrows in A)

illustrates that single binding and unbinding events are readily visualized. Scale bars, 300 nm. (E) Dwell time distributions, corrected for photobleaching

(empty circles), for Fab0-DNA ligands illustrate their very slow off-rates. Fab0-DNA ligands bind for at least twice as long as the strong agonist pMHC.

The asterisk (*) represents that the reported toff for Fab
0-DNA ligands are underestimated because of difficulty tracking ligands as they approach the center

of the SLB-T cell junction. (F) Bound ligand and all ligands under a cell footprint are imaged with long and short exposure times, respectively. Scale bars,

5 mm. (G) The fraction of Fab0-DNA ligands bound under T cells is very high for all Fab0-DNA constructs. The colored bar is the median; the black square is

the mean; the box is the interquartile range; whiskers represent data within 1.5� interquartile range. (H57: n ¼ 27; 2C11: n ¼ 58; 17A2: n ¼ 26 cells). Data

are compiled from cells from at least two mice for each condition in dwell time and fraction-bound measurements. To see this figure in color, go online.
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freely diffusing Fab0-DNA, images were taken with short
exposure time (20 ms) and high power (8.6 mW). In stream-
ing image acquisitions (Videos S1 and S2), particles of
uniform brightness diffuse across the SLB with uniform
two-dimensional Brownian motion (Fig. 2 B) and bleach
in a single step (Fig. 2 C). The ImageJ plugin TrackMate
was used to link images of single fluorophores into trajec-
tories of diffusing particles, and the step-size distribution
of the resulting tracks was analyzed to obtain the diffusion
coefficient of each Fab0-DNA construct. The step-size
Biophysical Journal 120, 3869–3880, September 21, 2021 3873
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distributions for both 2C11 Fab0-DNA and 17A2 Fab0-DNA,
constructed using a multiple delay time protocol (see Sup-
porting materials and methods), were each well fitted by a
single-species Brownian diffusion model (Fig. 2, D and F;
Fig. S4):

rðr; t;DÞ ¼ r

2Dt
exp

��r2

4Dt

�
; (1)

with molecular displacement r corresponding delay time t
and diffusion coefficient D. Diffusion coefficients for
2C11 Fab0-DNA and 17A2 Fab0-DNA were measured to
be 2.49 5 0.02 and 2.83 5 0.02 mm2/s, respectively, in
close agreement with the previously reported value of
D ¼ 2.43 5 0.02 mm2/s for H57 Fab0-DNA on comparable
supported bilayers (25). Step photobleaching analysis
further confirmed that all Fab0-DNA ligands conjugated to
the SLB as monomers. For both 2C11 and 17A2 Fab0-
DNA constructs, >99% of fluorescent signals bleached in
a single step (Fig. 2, E and G). The diffusion and step photo-
bleaching data together provide strong evidence that Fab0-
DNA exists on the supported membrane as a monovalent,
monomeric ligand.

Single-particle fluorescence intensity distributions of
Fab0-DNA-Atto647N annealed to short (16 nt), medium (36
nt), and long (76 nt) thiol-DNA tethers confirm that the longer
tethers createmore space between Fab0-DNAand the SLB. In
TIRF, illumination intensity decays exponentially from the
interface (in this case, between glass and the water layer
below the bilayer), so particle intensity can be a ruler for
height for fluorophores if they are in a uniform chemical envi-
ronment. In this system, the Atto647N dye on Fab0-DNA an-
nealed to the shortest thiol-DNA tether likely intercalates
into the membrane, which increases the brightness of the flu-
orophore and slows diffusion (25). The intensity distributions
of Fab0-DNA-Atto647N annealed to the longer tethers are
substantially dimmer, indicating that the Atto647N fluoro-
phore is not able to intercalate into the SLB and that it is at
an increased height above the SLB where it experiences a
lower illumination intensity (Fig. 2H). As expected, particle
intensity decreases as tether length increases. These data
agree with the model of the poly(dT) linker as a worm-like
chain with a persistence length of 1.5–3 nm in 150 mM salt
and a fluorophore that can occupy a range of heights above
the SLB (60), with the average particle height increasing
with linker length. The medium and long thiol-DNA tethers
are almost certainly not fully extended when diffusing freely
on the bilayer, but they have the capability to extend up to 25
and 50 nm, respectively, in response to forces from the
apposing T cell membrane.
All Fab0 ligands bind TCR with high affinity

We then evaluated the interaction between T cells and SLB-
tethered agonists by live-cell imaging of primary murine
3874 Biophysical Journal 120, 3869–3880, September 21, 2021
CD4þ effector T cells expressing the AND TCR (details
in Materials and methods). T cells were added to imaging
chambers containing a continuous SLB decorated with
Fab0-DNA and ICAM-1, as described above, that was equil-
ibrated on the microscope to 37�C. T cells made initial con-
tact with the bilayer through interactions of adhesion
receptor LFA-1 with ICAM-1 and then spread on the
bilayer, creating a junction within which Fab0-DNA mole-
cules could bind TCR (Fig. 3 A; Video S3). This junction
was visualized using RICM. When Fab0-DNA binds TCR,
its mobility dramatically decreases (Fig. 3, B and C), as
has been reported previously with other TCR ligands
(15,19,57). Bound ligands are specifically resolved using a
long, 500 ms exposure time, which allows slow-moving
bound Fab0-DNA to be clearly resolved, whereas the fluores-
cent signal from quickly diffusing unbound Fab0-DNA is
blurred (Fig. 3 C) (15). Bound Fab0-DNA was tracked
through time, with 10 s time lapse between images to mini-
mize photobleaching, enabling direct visualization of indi-
vidual Fab0-DNA:TCR dwell times (Fig. 3, A and D), and
dwell time distributions for each ligand were assembled
from those tracks (Fig. 3 E). These distributions were fitted
with a single exponential decay, based on the first order
dissociation kinetics of unbinding. After correcting for pho-
tobleaching, all Fab0 ligands exhibited a dwell time, toff, of
at least 2 min. In our experiments, Fab0 ligands become diffi-
cult to track accurately after about 2 min because of the
shuttling of bound TCR to the geometric center of the cell
(Fig. 3 A), so these measured dwell times reflect a lower
bound. Fab fragments are known to bind strongly to their
binding partner, with the H57 Fab fragment reported to
bind TCR stably for >50 min (61). In contrast, the strong
agonist MCC-MHC binds AND TCR with a reliably
measured dwell time of �50 s using this method
(15,19,20,25).

The Fab0-DNA ligands in this study also bind TCR with a
fast on-rate, corresponding to an overall very high efficiency
of binding. The total number of Fab0-DNA ligands under-
neath a cell and the number of TCR-bound Fab0-DNA li-
gands can be independently measured to determine the
fraction of bound Fab0-ligands at any point in time. All
Fab0 ligands can be resolved by rapidly acquiring short
(50 ms) exposure images, whereas bound Fab0-DNA:TCR
complexes can be distinguished using long (500 ms) expo-
sure images, in which the free ligands are diffusing too
rapidly to produced well-defined images (Fig. 3 F)
(19,25). The cell footprint on the bilayer is determined by
RICM, and the fraction of ligands under the cell that are
bound, a measure of the efficiency of ligand:receptor bind-
ing, can then be directly calculated. The median fraction
bound was above 0.85 for all Fab0-DNA constructs, indi-
cating that they all bind AND TCR very efficiently (Fig. 3
G). By comparison, �30% of the strong agonist MCC-
MHC, is observed bound to AND TCR at similar ligand
densities (19).
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We considered the possibility that Fab0-DNA constructs
with longer tethers may have slower kinetic on-rates due
to their increased conformational degrees of freedom and
therefore could have a lower measured fraction bound.
This, however, was not the case; the measured fraction
bound for H57 Fab0-DNA with the medium length (36 nt)
and long (76 nt) DNA tethers were almost identical to the
fraction of bound H57 Fab0-DNA with the short (16 nt)
tether (Fig. S5).
Fab0-DNA potency is independent of binding
epitope but varies with DNA tether length

We characterized Fab0-DNA potency by measuring T cell
activation versus ligand density dose-response curves.
Nuclear localization of the transcription factor NFAT is a
reliable, binary indicator of early T cell activation and
has been used as a quantitative readout for the activation
of the calcium signaling pathway in previous precision
A

C

FIGURE 4 All short ligands activate T cells with similar potencies, regardless

Cells added to supported lipid bilayers make adhesion contacts, bind TCR ligan

mation (middle row), and may activate, visualized by NFAT reporter fluorescenc

Cells are defined as activated if the ratio of fluorescence intensity in the nucleus t

Scale bars, 5 mm. (C and D) Dose-response curves for each ligand are built by ad

interact with the bilayers for 20 min, then determining the fraction of activated c

mean 5 SE. Data are representative of at least two biological replicates. (C) Al

activate with similar potency, regardless of ligand binding epitope. (D) H57 Fab

creases. The dashed line for longest tether shows the extrapolated fit if a maximal

color, go online.
ligand density titrations (19,20,25). An NFAT localization
reporter lacking the DNA binding domain and fluorescently
tagged with mCherry allows for facile visualization of
NFAT localization without modulating transcriptional ac-
tivity (42). T cells transduced with the NFAT reporter
were added to SLBs presenting ICAM-1 and Fab0-DNA
or the strong pMHC agonist MCC-MHC. Cells were visu-
alized landing and spreading on the bilayer, binding Fab0-
DNA, and within minutes, translocating NFAT from the
cytosol to the nucleus (Fig. 4 A). Cells were defined as acti-
vated if the fluorescence intensity from the NFAT reporter
was greater in the nucleus than in the cytosol (ratio > 1)
(Fig. 4 B). The potency of each ligand was measured by
counting the fraction of activated cells 20 min after adding
cells to bilayers with precisely quantified ligand density
(Fig. S6 A). Regardless of ligand binding epitope, all
ligands that allowed �14 nm spacing between the SLB
and T cell plasma membrane at binding events (MCC-
MHC and all Fab0-DNA constructs with 16 nt DNA tether)
B

D

of ligand binding epitope, whereas longer ligands have lower potency. (A)

d (top row), respond to TCR triggering, visualized by LAT condensate for-

e intensity accumulating in the nucleus (bottom row). Scale bars, 5 mm. (B)

o the cytosol is greater than one and not activated if the ratio is less than one.

ding cells to bilayers with precisely quantified density of ligand, letting cells

ells for each condition. n > 50 cells for all conditions. Error bars denote the

l ligands that create close, �14 nm intermembrane spaces at binding events
0-DNA potency significantly decreases as the length of the DNA tether in-

T cell response similar to the shorter ligands is assumed. To see this figure in
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reached a half-maximal response at a ligand density of 0.2–
0.4 mm�2 (Fig. 4 C). Additionally, we have previously
shown that short-tethered H57 Fab0-DNA and MCC-MHC
stimulate similar IL-2 responses from T cells, indicating
that later functional outputs of T cell activation are inde-
pendent of ligand binding site (25). By contrast, ligand
potency was strongly influenced by the length of the
thiol-DNA tether. Ligands with DNA tethers that allowed
up to 25 and 50 nm of space between the SLB and T cell
plasma membrane were �10 times and 100 times less
potent, respectively, than the ligands that allowed an
intermembrane space of 14 nm (Figs. 4 D and S6 B). Inter-
estingly, even very high density (�100 mm�2) of the
longer-tethered ligands did not lead to maximal activation
of the T cell population (Fig. S6 C).
Increased tether length decreases the efficiency
of LAT activation by bound TCR

We finally imaged TCR-proximal signaling events to inves-
tigate whether the low potencies of long-tethered Fab0-DNA
constructs are rooted in a poor ability to trigger TCR effi-
ciently despite robust binding. To do this, we visualized
condensation of LAT, which results from phosphorylation
activity immediately downstream of triggered TCRs
(43,46). LAT condensates have recently been shown to
occur even in response to single ligation events between
agonist pMHC and TCR (45), so here, LAT condensation
serves as a measure of TCR-proximal signaling activity
from individual Fab0-DNA:TCR binding events. T cells ex-
pressing LAT-eGFP were introduced to SLBs decorated
with ICAM-1 and either a Fab0-DNA construct or the
agonist MCC-MHC. Using multichannel TIRF microscopy,
binding events were imaged as described above, using a
long exposure time at low power to specifically image
slowly moving ligand, and LAT-eGFP was imaged using
low power and moderate exposure time to best capture the
dynamic range of LAT fluorescent intensity in the cell being
imaged. Cells were imaged starting upon initial contact with
the bilayer and continuing for 120 s, during which LAT
condensation in response to binding is most active, with a
2 s time lapse between successive frames. The density of
Fab0-DNA on bilayers was kept very low (0.01–0.03
mm�2) to best track single ligation events through time
and unambiguously capture the LAT condensation response
to these events.

Snapshots from time sequences show clearly resolved
binding events between ligand and TCR and concurrent in-
crease in local LAT density at these binding events for
potent ligands (Fig. 5 A, first four columns). Less potent li-
gands (those with longer DNA tethers that allowed for
greater intermembrane space) experienced fewer LAT con-
densates colocalized with binding events (Fig. 5 A, last two
columns). For potent ligands, a single binding event was
routinely sufficient to trigger significant LAT condensation
3876 Biophysical Journal 120, 3869–3880, September 21, 2021
(Fig. 5 B, circled binding event; Fig. S7 A), as has been pre-
viously reported for strong pMHC agonists (45). Moreover,
T cells formed LAT condensates in response to both Fab0-
DNA and MCC-MHC when both ligands were presented
on the SLB at low density, indicating that T cells do not
readily distinguish ligand identity and that the effects
from multiple agonists are additive (Fig. S7 B). Interest-
ingly, instances where LAT clusters formed on SLBs pre-
senting weak, long-tethered Fab’-DNA often colocalized
with clusters of binding events (Fig. S7 C).

To quantify the signaling efficiency of each ligand, the to-
tal number of binding events experienced by a cell and the
total number of LAT clusters formed within the cell were
counted for first 2 min of the cell interacting with the sup-
ported membrane. Binding event trajectories were counted
after tracking all events in TrackMate (54). LAT conden-
sates were first identified in each frame using ilastik (55),
a user-friendly machine learning program for bioimage
analysis, then LAT pixel probability maps produced by ilas-
tik were tracked in TrackMate (details in Supporting mate-
rials and methods). The ratio of the number of LAT
condensates to the number of binding events was then calcu-
lated for each cell (Fig. 5 C). Some LAT condensates
formed in the absence of binding (see ICAM only example
in Fig. 5 A), so these ratios occasionally exceed one. In
agreement with the NFAT titrations, all ligands that allowed
�14 nm spacing between the SLB and T cell plasma mem-
brane produced LAT condensates with a similar efficiency
per binding event, with medians of around 0.6. The ratio
of LAT condensates to binding events significantly
decreased with increasing intermembrane space (Fig. 5 C;
Tables S1 and S2). These results indicate that the difference
in ligand potency seen at the level of transcription factor
localization results from differences in the ligands’ abilities
to trigger TCR.
DISCUSSION

Implications for further Fab0-DNA development

Fab0-DNA shows promise as a tool to activate polyclonal
T cell populations in a manner similar to agonist
pMHC; Fab0-DNA is monovalent and activates T cells at
low ligand densities when membrane-linked but is inactive
from solution (25). Here, we use the modular design of
Fab0-DNA to test the dependence of T cell response on
Fab0-DNA binding epitope and tether length. To achieve
the goal of designing a universal TCR agonist, Fabs
used in Fab0-DNA constructs must bind the constant re-
gion of the TCR, which is far from the pMHC binding
site at the apex of the TCR variable region (Fig. 1 B).
The robust result that signaling from the TCR is indif-
ferent to binding site allows flexibility in Fab0 choice
when using anti-murine Fab0-DNA and in designing
Fab0-DNA constructs capable of binding and activating
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FIGURE 5 All short ligands trigger TCR with
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human T cells or perhaps chimeric antigen receptor
T cells. That signaling potency depends on the spacing be-
tween apposed membranes at binding events is consistent
with previous work with pMHC and therapeutic TCR
binding molecules (38,47,48).

The experimental system described herein is similar to a
recent study by Chen and co-workers that found that a
very high-affinity (<1 nM) anti-CD3 single-chain variable
fragment (scFv) did not exhibit a tether-length dependence
on T cell activation (62). However, in their study, an anti-
CD3 scFv with 8 nM affinity exhibited an order of magni-
tude decrease in potency as the intermembrane spacing at
binding events increased from 10 to 40 nm, and 2C11
scFv, with a reported affinity of 70 nM, exhibited a dra-
matic decrease in potency as tether length increased, in
close agreement with the results presented in our study.
Notably, moderate-affinity antibody fragments bind
TCR/CD3 considerably more strongly than pMHC, and
further work developing Fab0-DNA to mimic pMHC
would focus on further decreasing, not increasing, Fab0

binding affinity, potentially enhancing the tether-length
dependence of these ligands. The density-dependent data
presented in Chen et al., reporting that the T cell response
is nearly identical when interacting with antigen-present-
ing cells decorated with 10 mm�2 compared with 100
mm�2 of their shortest ligand (62), also agree with our
data, which show that the threshold activation density
for short ligands is around 0.2 mm�2, near physiological
pMHC densities, and T cell populations are fully activated
by an �1 mm�2 ligand.
Biophysical Journal 120, 3869–3880, September 21, 2021 3877
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Relating results to proposed mechanisms of TCR
triggering

The data presented in this study most closely relate to two
proposed (and by no means mutually exclusive) mechanisms
of TCR triggering: 1) kinetic-segregation and 2) anisotropic
mechanosensing by the TCR. The kinetic-segregation model
proposes that when TCRs are localized in close contact zones
between apposed membranes for a sufficient a length of time,
whether by ligand binding or not, the bulky and abundant
phosphatase CD45 is excluded from their proximity (28–
32,63,64). CD45 exclusion increases the probability that
TCR and proximal downstream kinases and scaffolding mol-
ecules are phosphorylated and leads to signal transduction
(65). All results presented herein are consistent with ki-
netic-segregation. Interpreting the data according to this
model, short Fab0-DNA ligands are able to pin TCR in close
contact zones that exclude CD45 for extended lengths of
time, even if that zone is created by only a single binding
event. Increasing the DNA tether length prevents the forma-
tion of close contact zones at binding events and increases
the availability of bound TCR to CD45.

The relation of these data to the mechanosensing model is
more complex. The model of the TCR as an anisotropic me-
chanosensor proposes that ligands able to exert a certain tor-
que on the TCR are more effective at triggering TCR than
ligands incapable of applying such torque. According to
this model, force from pMHC binding is transmitted through
the FG loop of TCRb, causes allosteric change in the TCR/
CD3 constant regions, and brings TCR/CD3 to a signaling-
competent state (27,58). H57 binds the FG loop of TCRb,
and is thought to trigger TCR by directly acting on this hinge
when its Fab fragment is bound to a surface (34). 2C11 has
two potential binding sites on the TCR/CD3 complex, as
each complex has two CD3ε subunits. One CD3ε subunit
sits directly above the FG loop, and 2C11 binding to this sub-
unit has been proposed to act on the FG loop hinge similarly
to H57 (26). The second CD3ε subunit sits�120� away from
the first (66). The observation that 2C11 Fab0-DNA has a
similar potency as H57 Fab0-DNA and MCC-MHC suggests
that 2C11 Fab0-DNA is able to trigger TCR regardless of
which CD3ε subunit it binds. This interpretation is corrobo-
rated by 2C11 Fab0-DNA:TCR binding events producing
LAT clusters with the same efficiency as H57 Fab0-DNA
and MCC-MHC. Because of the relatively low densities of
Fab0-DNA used in these studies (0.01–1 mm�2), it is unlikely
that two 2C11 Fab0-DNA molecules bind the same TCR.

The results from 17A2 Fab0-DNA, matching results from
all ligands that bind other epitopes, further underscore that
TCR/CD3 appears to be indifferent to where it is bound.
17A2 binds the CD3εg cleft, off-axis from the FG loop
fulcrum (26,66). In experiments by Kim and co-workers
(26), using optical tweezers and in the absence of adhesion,
17A2 antibody activated T cells only with the exertion
of a tangential force. However, the experimental data we
3878 Biophysical Journal 120, 3869–3880, September 21, 2021
present here are from supported lipid bilayer assays with
low 17A2 Fab0-DNA ligand density and in the context
of physiologically dense ICAM-1:LFA-1 adhesion. In
this configuration, Fab0-DNA:TCR binding always occurs
within a few tens of nanometers of ICAM-1:LFA-1 adhesion
complexes, and is not mechanically isolated from these
(67,68). Mechanical coupling among protein complexes
within the intermembrane junction may obviate the previ-
ously observed requirement of directional torque to trigger
TCR. Notably, free lateral diffusion of ligands in the SLB
prevents sustained tangential forces, and normal force
applied to a single half antibody at a T cell-bead interface
has been shown to be sufficient to activate T cells (69). It
does not appear that TCR/CD3 is sensitive to which region
or regions of the complex bear the load of a normal force in
context of ICAM-1:LFA-1 adhesion.

These experiments, however, do not rule out force as an
important mediator of TCR triggering by Fab0-DNA.
TCRs bound the Fab0-DNA with short DNA tethers are
more likely to sustain normal forces because of the presence
of larger ICAM-1:LFA-1 binding interactions and proteins
on the T cell with large extracellular domains, such as
CD45, compared with TCRs bound by Fab0-DNA with
longer tethers. It is possible that the forces on TCR bound
to short ligand are greater in our experimental platform
compared with a junction between an antigen-presenting
cell and a T cell because small adhesion proteins, such as
CD2, are not included in our bilayers.
Binding of a single Fab0-DNA is capable of
creating significant TCR-proximal signaling

Our experiments are designed for facile, direct observation
of single binding events between ligand and TCR with the
ability to simultaneously image signaling response. With
this design, we routinely see LAT condensates triggered
by single ligand:TCR binding events with both pMHC
(45) and Fab0-DNA ligands (Fig. 5). These data stand in
apparent contrast to a recently published and carefully
executed study by Sevscik and co-workers, which concludes
that a similar monovalent H57-derived ligand, reported to
allow 12–19 nm space between the SLB and T cell, activates
T cells as efficiently as MCC-MHC only if two ligands are
within a lateral distance of 20 nm from each other (70).
Interestingly, in our study, the weaker Fab0-DNA ligands
with longer DNA tethers were measured to be more likely
to generate a LAT condensate if multiple ligands are bound
in a diffraction-limited area. This observation, that less
potent ligands cause TCR-proximal signaling more readily
when they are clustered, may relate to other studies that
report ligand clustering as a requirement for signaling using
similar experimental platforms (57,70).

In conclusion, through modulating the binding epitope
and DNA tether length of Fab0-DNA constructs, we find
that varying the DNA tether length affects Fab0-DNA
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potency but varying the binding epitope does not. These
findings advance the utility of membrane-linked Fab0-
DNA ligands as universal T cell agonists and clarify design
criteria for further development of this class of synthetic
T cell activators.
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