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ABSTRACT: Tuning antigen presentation to T cells is a critical
step in investigating key aspects of T cell activation. However,
existing technologies have a limited ability to control the spatial and
stoichiometric organization of T cell ligands on 3D surfaces. Here,
we developed an artificial antigen presentation platform based on
protein scaffold-directed assembly that allows fine control over the
spatial and stoichiometric organization of T cell ligands on a 3D
yeast cell surface. Using this system, we observed that the T cell
activation threshold on a 3D surface is independent of peptide-
major histocompatibility complex (pMHC) valency but instead is
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determined by the overall pMHC surface density. When intercellular adhesion molecule 1 (ICAM-1) was coassembled with
PMHC, it enhanced antigen recognition sensitivity by 6-fold. Further, T cells responded with different magnitudes to varying

ratios of pMHC and ICAM-1 and exhibited a maximum response

at a ratio of 15% pMHC and 85% ICAM-1, introducing an

additional parameter for tuning T cell activation. This protein scaffold-directed assembly technology is readily transferrable to
acellular surfaces for translational research as well as large-scale T-cell manufacturing.
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T cells are important immune cells for fighting infections
and cancers, and as such, T-cell-based immunotherapy
offers curative potential in the treatment of many immune-
modulating diseases.' > In nature, T cells are activated by
binding peptide-major histocompatibility complex (pMHC)
and costimulatory molecules displayed on the surface of antigen
presenting cells (APCs). These T cell ligands form complex
multicomponent assemblies with both micro- and nanoscale
organization. The spatial and stoichiometric organization of
these assemblies promotes T cell expansion and helps
determine T cell phenotype and function.”” Therefore,
identifying the spatial and stoichiometric parameters of T cell
ligand assemblies that promote robust T cell activation is
critical for revealing molecular insights for generating high-
quality immunotherapeutic T cells.

A variety of artificial antigen presentation systems have been
developed to control the spatial organization of T cell ligands
including modified fluid lipid bilayers® "> and patterned
coverslips."*~"* Nanolithographic patterning of TCR ligands
(e.g., anti-CD3, anti-TCR, and pMHC) on glass coverslips has
been used to determine a minimum pMHC surface density of
90—140 pMHC/um? for T cell activation.''® Above this
threshold, T cell response can be fine-tuned by controlling the
global TCR-ligand surface density.'®™'® The nanoscale
organization of TCR-ligands can be quantified as TCR—li§and
valency and has also been shown to affect T cell activation.’” >
When two soluble pMHC molecules are cross-linked by a
peptide linker, T cell activation is inversely correlated with the
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linker length (5—9 nm)." Other studies demonstrated that T
cell activation can be further enhanced several-fold by
increasing the degree of valency of soluble TCR ligands up
to 10 for anti-CD3* and up to 300 for pMHC.”" Despite
reports that soluble multivalent pMHC complexes enhance T
cell activation, it is unclear if T cells respond similarly to
surface-bound multivalent pMHC.** Given that class Il pMHC
arrives at the plasma membrane of dendritic cells in sub-100
nm microclusters® and TCRs on resting T cells are similarly
aggregated,26 there is reason to believe that surface-bound
multivalent pMHC may enhance T cell activation through
avidity effects.

The overwhelming majority of artificial antigen presentation
systems that allow the nanoscale tuning of TCR ligand
organization are 2D. Although 2D systems are powerful
research platforms amenable to elegant imaging and signaling
studies, their planar geometry represents a significant departure
from 3D cell—cell interactions in nature. For example, planar
systems provide sustained interfacial contact between T cells
and a relatively unidirectional antigen-presenting surface,
whereas 3D cell—cell interactions do not. In addition, 2D
artificial antigen presentation systems may have limited
scalability in T cell manufacturing due to their lower antigen-
presentation surface area per unit than 3D systems. Most
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Figure 1. Schematic depicting yAPC system assembly and tunability. yAPC was engineered to accommodate pMHC with valency between 1
(yAPC1) and S (yAPCS). Scaffold spacing and the corresponding global pMHC surface density can be tuned to generate yAPCs with a broad range
of pMHC surface densities. pMHC was expressed as a heterodimer stabilized by a leucine zipper. The N-terminus of the pMHC pf-chain
(DRB1%01:01) was fused to the peptide. The C-terminus of the pMHC alpha chain (DRA) was fused to a dockerin-domain from C. thermocellum,
which specifically associates with corresponding cohesin domains (Coh1—CohS) from C. thermocellum expressed as yeast-surface displayed, Aga2-

fused cohesin scaffolds.

current large-scale ex vivo T cell activation is performed in
bioreactors using anti-CD3/anti-CD28-coated beads. Recent
advances in the design of patchy particles””*® have enabled the
regular patterning of 3D surfaces; however, the resolution of
this approach is currently limited to ~3 yum diameter (1/6™ the
diameter of the microsphere)”” patches. This patterning
resolution is too coarse to probe how T cells respond to
nanoscale ligand organization.

In addition to controlling the spatial organization of T cell
ligands, artificial antigen presentation systems have also been
designed to control the composition of different T cell ligands.
In contrast to the aforementioned planar systems, the ones
designed to control the composition of costimulatory and
adhesion molecules during antigen presentation are often cell
lines, and thus 3D. Studies have shown that presentation of
intercellular adhesion molecule 1 (ICAM-1) by both cells and
acellular beads accelerates the production of IL-2 and IFN-y by
CD4" T cells.” Similarly, 4-1BBL presentation on engineered
cells has been shown to enhance the expansion of functional
CD8" T cells more effectively than anti-CD28.*° The
presentation of multiple costimulatory molecules such as
various combinations of ICAM-1, CD80, CD86, and 4-1BBL
further improves T cell proliferation and activation.’' >
Although insights gained from manipulating costimulatory
signals have already been translated to improved clinical designs
of therapeutic T cells,”* most studies to date have focused on
simply combining costimulatory/adhesion molecules with little
control over their valency or ratio. This is technically
challenging on cell surfaces. Even with synthetic systems, this
control has thus far been limited to biotin—avidin-based
presentation methods such as anti-CD3/anti-CD28-coated
beads®® and stochastically clustered anti-CD3/anti-CD28/
anti-LFA-1 on neutravidin anchored in liposomes.*® Therefore,
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the extent to which T cell activation can be tuned by
simultaneously modulating the stoichiometric ratio and valency
of pMHC and adhesion/costimulatory molecules during
antigen presentation remains unclear.

Here, we describe a modular artificial antigen presentation
system that provides control over the spatial and stoichiometric
organization of immunological proteins on a 3D yeast cell
surface using protein scaffold-directed assembly. These yeast
antigen-presenting cells (yAPCs) enabled for the first time the
systematic and quantitative investigation of how nanoscale
protein organization on a 3D surface influences T cell
activation. This work presents a new strategy for tuning
antigen presentation on 3D surfaces by controlling the valency,
density, and ratio of T cell ligands. The underlying principle of
scaffold-directed assembly based on high affinity protein—
protein interactions described here can be readily applied to
acellular 3D surfaces, such as polystyrene and magnetic
microparticles and hydrogels,”” greatly expanding its potential
applications.

B RESULTS AND DISCUSSION

Molecular Design for Patterning Cell Surface with
Defined pMHC Valency and Density. pMHC spatial
organization can be controlled by manipulating both the
occupancy of nanoscale pMHC clusters on a surface (ie.,
pMHLC valency) and the global pMHC density across the entire
surface. For controlling pMHC valency and the global pMHC
surface density, yeast cells were engineered to assemble pMHC
on surface-displayed multivalent protein scaffolds (Figure 1).
Yeast cells were chosen as a model antigen presenting system
for their inability to activate T cells in vitro®*™* and the
versatile genetic tools available that allow proteins to be
displayed on the yeast cell surface.*~* Modular cohesin units
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Figure 2. Scaffold-directed assembly of recombinant pMHC achieves expected pMHC valency. (a) SDS-PAGE analysis and (b) native-PAGE
analysis of recombinant pMHC and soluble cohesin scaffolds. (c) Native-PAGE shift assay shows dockerin-fused pMHC forming a complex with
soluble cohesin scaffolds. Excess pMHC was included to ensure saturation of SAPC scaffold sites. (d) Flow cytometry dot plot showing pMHC
display level plotted against the scaffold display level for yeast presenting scaffolds of different valencies. (e) Average number of pMHC per scaffold
determined by the ratio of the median fluorescence intensity (MFI) of the bound pMHC and the MFI of the displayed scaffold. Data represent mean
+ SD (n = 3). Student’s ¢ test indicated any pair within a data set having p < 0.0S.

from the CipA protein*® of Clostridium thermocellum were
recombined to create custom protein scaffolds containing a
tunable number of binding sites ranging from one (yAPC1) to
five (yAPCS) (Cohl—CohS in Figure 1). Cohesin units bind
strongly to cognate protein units called dockerins. For
organizing pMHC on the yeast-displayed cohesin scaffolds, a
cognate dockerin domain*’ from C. thermocellum was fused to
the alpha-chain of the class I MHC HLA-DRI (Figure S1A).
The pMHC-dockerin fusion allows the protein scaffolds to
direct the supramolecular assembly of pMHC on a 3D surface
(Figure S1B). pMHC valency is controlled through the number
of cohesin units in the protein scaffold. For example, yAPCS
represents a yeast cell displaying protein scaffolds with five
cohesin units and therefore presents five pMHC molecules per
protein scaffold (Figure 1, bottom right). These multivalent
protein scaffolds included an N-terminal Aga2 fusion that forms
a disulfide linkage to Agal on the yeast cell surface®™ (Figure
S1A), allowing the pMHC surface density to be tuned by
treating yeast cells with a reducing agent. The protein scaffolds
also included a C-terminal V5 epitope tag for detection and
molecular quantification.

Protein Scaffold-Directed Assembly of pMHC on a
Cell Surface. For verifying the specific binding of dockerin-
fused pMHC with cohesin-derived protein scaffolds, soluble
forms of the protein scaffolds (sAPCs) and dockerin-fused
pMHC were expressed and purified in E. coli and insect cells,
respectively (Figure 2a). The binding affinity of soluble protein
scaffold (sAPC1) and dockerin-fused pMHC was measured
using surface plasmon resonance (SPR) and found to be ~10
nM (Figure S2A). This value is consistent with reported
binding affinities for other enzyme—dockerin fusions,*®
suggesting that the fusion of this dockerin to pMHC does
not significantly change the affinity of the cohesin—dockerin
interaction. Excess dockerin-fused pMHC was incubated with
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the sAPCs, and complex formation was assessed by a native-
PAGE shift assay. The native-PAGE analysis showed a
complete shift of each sAPC band accompanied by the
appearance of bands with increasing molecular weight in the
order of sAPCl to sAPCS (Figure 2b and c), indicating
complete complex formation between soluble protein scaffolds
and dockerin-fused pMHC.

For enabling the assembly of pMHC on the cell surface, yeast
cells were transformed with the plasmid encoding the
multivalent, Aga2-fused, and VS5-tagged protein scaffolds.
After protein induction, the transformed yAPCl1—yAPCS
were loaded with pMHC and costained with fluorescent
antibodies recognizing the pMHC and VS5 tag, respectively. The
resulting fluorescent signals were then analyzed using flow
cytometry to assess the pMHC occupancy of each surface-
displayed scaffold (Figure 2d). The average pMHC occupancy
of each yAPC scaffold was measured by analyzing the ratio of
the pMHC signal to protein scaffold signal. These ratios were
then normalized based on the valency of yAPCS. The observed
pMHC valency of each protein scaffold construct agreed with
its designed stoichiometry, indicating that each cohesin module
stably binds a dockerin-fused pMHC (Figure 2e). A yeast cell
control presenting no scaffold (pYD1 in Figure 2e) was also
incubated with pMHC and analyzed in the same way. No
pMHC signal was detectable, indicating that pMHC display is
protein-scaffold dependent. The apparent binding affinity
between yeast surface-displayed protein scaffolds and pMHC
was measured to be 5.70 + 1.75 nM using a flow-cytometry
binding assay (Figure S2B), which was comparable to the
binding affinity measured by SPR (10.00 = 5.06 nM).

T Cell Activation by Multivalent pMHC Assembly. For
ensuring the functionality of the multivalent pMHC assembly,
the recombinant dockerin-fused pMHC protein was first used
to elicit dose-dependent, antigen-specific T cell activation.
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Figure 3. Dockerin-fused pMHC activates HAL.7 T cell hybridoma. (a) T cell response to dockerin-fused pMHC presenting either agonist HA
peptide (DR1-HA) or null CLIP peptide (DR1-CLIP) titrated and immobilized in an activation plate. The activation index is the ratio of T cell IL-2
secretion over basal IL-2 signal from unstimulated control. (b) T cell response to soluble pMHC with varying valency assembled on a soluble
scaffold (sAPC). Soluble pMHC monomer (no sAPC) was included as a negative control. Activation was performed using either 10 or 20 ng pMHC.
Statistical significance was determined with respect to SAPC1. (c) T cell response to dockerin-fused pMHC loaded on yeast displayed scaffolds
(yAPC1—yAPCS). yAPC1—yAPCS loaded with DR1-HA have statistically insignificant difference in activation, but all are statistically different from
the negative control pYD1. For a—c, data represent mean + SD (n = 3, Student’s ¢ test, *p < 0.05, **p < 0.01, ***p < 0.001, not significant (ns)).
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Figure 4. Fluorescence-activated cell sorting (FACS) of yAPC based on pMHC surface density. (a) pMHC-loaded yAPC sorted into populations
with different pMHC surface densities (low, R4; high, R7). (b) Sorted yAPC1 (top), yAPC3 (middle), and yAPCS (bottom) populations analyzed
using flow cytometry (left to right: R4, black; RS, red; R6, cyan; R7, purple). (c) Quantification of pMHC surface density of sorted populations. All
yAPCs were subjected to the same treatment; yAPC2 and -4 are not shown for simplicity.

Dockerin-fused HLA-DR1 in complex with the influenza
antigenic peptide” HA,p53;5 (DR1-HA) was used to activate
HAL.7 cells, a murine transgenic T cell hybridoma expressing a
human a/f TCR that recognizes DR1-HA.*® Dockerin-fused
HLA-DRI in complex with the invariant chain peptide®!
CLIPg; 5, (DRI-CLIP) was used as a negative control for
antigen specificity. DR1-HA and DRI1-CLIP were titrated and
adsorbed in a 96-well polystyrene plate and incubated with
HA1.7 T cells for activation. After 18 h, IL-2 level in the
supernatant was quantified using ELISA. As shown in Figure 3a,
HAL7 T cells responded to immobilized pMHC proteins in an
antigen-specific, dose-dependent manner, indicating that the
recombinant dockerin-fused pMHC is functional.

Soluble multivalent pMHC has long been known to activate
T cells by cross-linking TCRs, whereas soluble monomeric
PMHC is incapable of inducing T cell activation.””**~>* For
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validating the pMHC-scaffold assembly scheme and testing the
ability of our soluble multivalent pMHC complexes to activate
T cells, equal amounts of DRI-HA (pMHC) were loaded on
sAPC1—sAPCS, and the soluble pMHC-sAPC complexes were
incubated with HA1.7 T cells for activation. An equivalent
amount of soluble pMHC monomer (i.e., no sAPC in Figure
3b) was included as a negative control. After 18 h, T cell
activation was assessed by quantifying IL-2 in the supernatant
using ELISA. In agreement with previous studies, soluble
pMHC monomer and pMHC-sAPC1 complexes failed to
induce T cell IL-2 secretion (Figure 3b). Moreover, as the
pMHC multivalency increased, the degree of T cell activation
also increased, suggesting high pMHC multivalency on soluble
complexes is more effective at cross-linking TCRs than low
pMHC multivalency.
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Figure 5. T cell response to changes in global pMHC surface density and local pMHC valency. (a) T cell IL-2 secretion plotted against average
scaffold spacing for each yAPC. Regression lines fitted using log—log transformation and linear regression. (b) Using the regressions fitted in (a), the
minimum scaffold spacing required for T cell activation plotted for each pMHC valency. The shaded regions represent 95% confidence intervals. (c)
Assuming uniform scaffold distribution, the minimum global pMHC density/um?” required for T cell activation plotted as a function of pMHC
valency. The shaded regions represent 95% confidence interval. (d) Regression of T cell activation index plotted against average scaffold spacing

showing lines of constant pMHC surface density.

For further testing the functionality of the protein scaffold-
directed pMHC assembly on the yeast cell surface, dockerin-
fused DRI-HA and dockerin-fused DRI1-CLIP were loaded
onto the surface of yAPC1—yAPCS. The resulting yAPCs were
then incubated with the HA1.7 T cells at a 10:1 ratio for 18 h,
and the IL-2 secretion was quantified using ELISA. Each yAPC
construct presenting agonist DR1-HA produced measurable IL-
2 secretion, whereas each yAPC construct presenting DR1-
CLIP did not (Figure 3c). The yeast cell displaying no protein
scaffold (pYD1 in Figure 3c) was also included for both DR1-
HA and DRI1-CLIP, and neither produced measurable IL-2
secretion. These results suggest that the yeast cells do not
nonspecifically activate the T cells, and pMHC organized on
yeast-displayed protein scaffolds can induce antigen-specific T
cell activation. Interestingly, pMHC valency did not signifi-
cantly influence the IL-2 secretion by T cells as yAPC1—yAPCS
induced comparable T cell activation after 18 h. This
observation could be a result of the natural variation in protein
scaffold expression producing similar global pMHC surface
densities on each yAPC construct (Figure 2d and Figure S3).
Therefore, we next aimed to tune the pMHC surface density on
the yAPC constructs.

FACS-Facilitated Tuning of the Global pMHC Surface
Density. To control the global pMHC surface density, we
stained pMHC-loaded yAPC1—yAPCS with anti-His fluores-
cent antibodies and used FACS to isolate yAPC populations
with homogeneous pMHC surface densities. As shown in
Figure 4a, four gates corresponding to four different pMHC
surface densities were used to sort yAPCl—yAPCS. This
allowed the same pMHC surface density to be obtained for
each pMHC valency. The sorted yAPCs were reanalyzed using
flow cytometry to confirm that the pMHC surface density was
indeed consistent among yAPCl—yAPCS (Figure 4b).
Fluorescence quantitation beads were used to convert
fluorescence intensity into the average pMHC surface density
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for each yAPC population using eq 1 below (Figure 4c). This
process was repeated using yAPCs treated with varying
concentrations of tris(2-carboxyethyl)phosphine hydrochloride
(TCEP) prior to pMHC loading. TCEP treatment releases a
fraction of protein scaffold from the yeast cell surface,
broadening the range of possible pMHC surface densities
(Figure S4).

Relationship between pMHC Surface Density and
Protein Scaffold Spacing. For calculating the pMHC surface
density, quantitative flow cytometry was performed using
fluorescence quantitation beads. Specifically, yAPCs loaded
with pMHC were stained with Alexa Fluor 647-labeled anti-His
antibody, and the resulting median fluorescence intensity
(MFI) was measured on a flow cytometer. Note that each
pMHC molecule has two His tags (Figure S1A). In parallel,
fluorescence quantitation beads labeled with known numbers of
molecules of equivalent soluble fluorophore (MESF) were
analyzed by flow cytometry to convert MFI to the number of
pMHC per yAPC surface (Figure SS). The function relating
MESF to MFI was determined independently for each
experiment. Yeast cells were assumed to be spheres of radius
R =2 pm (ref SS and Figure S6), and the pMHC surface
density was calculated as

A*MFLpc + B

MHC surface density =
P v 25%47R>

(1)

where MFI ,pc represents the MFI of pMHC-loaded yAPC, /3
represents the degree of fluorescence labeling of the anti-His
antibody, and A and B are the slope and intercept, respectively,
provided by the MESF vs MFI function shown in Figure SS.
Next, the protein scaffold surface density p (i.e., number of
protein scaffolds/yAPC surface area) was calculated by dividing
the pMHC surface density by the valency of each yAPC
construct. Because the protein scaffold was assumed to be
randomly distributed across the cell surface (Figure S6), the
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Table 1. T Cell Activation Thresholds Observed for Various Antigen Presentation Systems

TCR ligand costimulatory ligand activation readout
pMHC none contact area, IL-2 secretion
aCD3 (OKT3) aCD28 IL-2 secretion, proliferation
aCD3 (UCHTI1 Fab,) ICAM-1 pY intensity
aCD3 (UCHT1 Fab) ICAM-1 pY intensity
pMHC none IL-2 secretion
pMHC ICAM-1 IL-2 secretion

“Spacing threshold determined for monovalent yAPC1

patterning technique spacing threshold  density threshold ref
lithography 100—150 nm 90—140/pm* 16
lithography >150 nm N/A 17
lithography 34—69 nm N/A 18
lithography 100 nm 115/pm? 15
scaffold-directed assembly 18—21 nm* 550—650/pum* this work
scaffold-directed assembly 45—52 nm“ 92—122/, ,umz this work

probability that a protein scaffold is s distance away from its
nearest neighbor was calculated using the Poisson distribution

2
P(s)=2mspe™™ . Integrating this function from zero to infinity
provides the average protein scaffold distance to nearest
neighbor (ie., protein scaffold spacing) ¥

1
N )

Minimum pMHC Requirement for T Cell Activation.
After generating yAPC populations with defined pMHC surface
densities and valencies, these well-characterized yAPCs were
used to determine how global pMHC surface density, protein
scaffold spacing, and pMHC valency influence the T cell
activation threshold. T cell activation was assessed by
measuring IL-2 in the supernatant after 18 h and plotted as a
function of protein scaffold spacing for each pMHC valency
(yAPC1—yAPCS) (Figure Sa). In agreement with previous
results obtained using 2D systems,'® monovalent pMHC (i.e.,
yAPC1) spacing was found to inversely correlate with T cell
activation. This inverse correlation was also observed for higher
valencies (yAPC2—yAPCS); however, the decrease was more
gradual suggesting that increased pMHC valency can
compensate for greater protein scaffold spacing.

For interpolating the T cell activation threshold, linear
regression was performed on the log—log-transformed data set
of activation index and protein scaffold spacing for each yAPC
(see Methods for details). Using these regression equations, the
protein scaffold spacing at which IL-2 secretion became
undetectable (i.e., equal to unstimulated T cells) was
determined. This scaffold spacing threshold depended linearly
on pMHC valency, ranging from ~19.6 nm for yAPCl1 to
~49.2 nm for yAPCS (Figure Sb). The pMHC surface density
threshold was then calculated for each yAPC construct using eq
2 and was found to be independent of pMHC valency (Figure
5c and d).

Although we observed that the T cell activation threshold is
independent of pMHC valency on the yeast cell surface, at high
pMHC surface densities yAPCS appeared to enhance T cell
response (Figure 5d), indicating that pMHC valency may have
a secondary effect on T cell activation. Although these results
agree with previous studies using ligands anchored on 2D
surfaces,'® they differ from our results using soluble multivalent
pMHC complexes (Figure 3b) as well as previous studies,”
suggesting that T cells respond to TCR ligand valency
differently in soluble and surface-bound contexts. This notion
is supported by the well-established finding that surface-
anchored monomeric pMHC induces T cell activation while
soluble monomeric pMHC does not.””>*~>* It is also possible
that the relatively weak relationship between T cell activation
and pMHC valency on the yeast cell surface observed in this
study is due to the limited pMHC valencies tested. Here, the

s
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maximum pMHC valency investigated was five; however, TCRs
in nature are clustered at a valency of 7—20 following pMHC
engagement.56 Therefore, further investigation using higher
valency scaffolds (e.g., yAPC6, yAPC7, etc.) would be necessary
to determine the extent to which pMHC valency on a 3D
surface might enhance T cell response.

The observation of a minimum pMHC requirement for T
cell activation is consistent with previously published findings
using lithographically patterned surfaces.© However, the
minimum pMHC surface density required for T cell activation
on the 3D yAPC surface was significantly higher than that
required on 2D planes (Table 1). This discrepancy is likely
related to the geometric differences between 2D and 3D
systems. In the absence of adhesion and costimulatory
molecules, pMHC must function as both the adhesion and
stimulatory ligand. The “adhesion” role of pMHC is less
important for 2D antigen presentation surfaces as their planar
geometry allows for sustained interfacial contact between T
cells and the antigen-presenting surface. In contrast, such
contact is not assured when T cells are activated by pMHC
presented on a 3D surface. Therefore, greater pMHC surface
densities are required for antigen presentation on a 3D surface
to maintain productive T cell-APC contacts leading to full T
cell activation.

Given the abundance of costimulatory and adhesion
molecules that participate in T cell activation in vivo, we
hypothesized that the T cell activation threshold could be
reduced by presenting ICAM-1 with pMHC. Further, on the
basis of our ability to tune T cell IL-2 secretion by manipulating
the spatial organization of pMHC, we believed that T cell IL-2
secretion could also be controlled by manipulating the pMHC-
ICAM-1 display ratio. To test these hypotheses, we
coassembled pMHC and ICAM-1 on yAPCs.

Protein Scaffold-Directed Coassembly of pMHC and
ICAM-1. The extracellular domain of ICAM-1 was fused to the
same C-terminal dockerin as the pMHC to allow for
coassembly on the yAPC-displayed scaffolds. Dockerin-fused
ICAM-1 was analyzed using SDS-PAGE to verify purity and
size (Figure S7A,B). The apparent binding affinity of dockerin-
fused ICAM-1 for the yAPC cohesin scaffold was measured
using a flow cytometry-based binding assay (Figure S7C) and
found to be slightly higher than the dockerin-fused pMHC
(5.60 nM for the pMHC vs 1.21 nM for ICAM-1). The slightly
higher binding affinity of ICAM-1 could be a result of its
elongated structure, which may be less prone to steric
hindrance than the bulkier heterodimeric pMHC.

The effect of pMHC-ICAM-1 coassembly on T cell
activation was assessed by loading various ratios of pMHC
and ICAM-1 on unsorted yAPC1, yAPC3, and yAPCS. The
fractional occupancy of pMHC and ICAM-1 on the surface of
yAPCs was determined by flow cytometry (Figure S8), and the
characterized yAPCs were used for T cell activation. For
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Figure 6. T cell response to yAPC displaying the coassembly of pMHC and ICAM-1. (a) T cell response to unsorted yAPC1, yAPC3, and yAPCS
loaded with various ratios of pMHC and ICAM-1. (b) T cell activation index plotted against global pMHC surface density for sorted yAPC1, yAPC3,
and yAPCS loaded with 85% ICAM-1 and 15% pMHC. The yAPCs were sorted based on fixed overall protein display levels. (c) Solid lines represent
regression equations. (c) Minimum pMHC surface density for T cell activation when activated with yAPC1, yAPC3, and yAPCS presenting 85%
ICAM-1 and 15% pMHC. Shaded regions represent 95% confidence intervals.

pMHC-ICAM-1 coassembly, T cell activation increased sharply
as the fraction of pMHC increased from 0 to 15% and then
gradually decreased up to 100% pMHC (Figure 6a). This
optimum assembly ratio of approximately 15% pMHC, 85%
ICAM-1 was observed for each yAPC construct, and thus
deemed independent of valency (Figure 6a). This optimum
suggests that 15% pMHC is sufficient to trigger widespread
TCR signaling, which not only initiates T cell activation but
also promotes stronger LFA-1-ICAM-1 binding by inducing a
conformational change in LFA-1."7°" This synergistic
interaction led to a ~3-fold increase in maximum T cell
activation despite presenting ~6-fold less pMHC (Figure 6a vs
Figure Sa). It is worth noting that, in addition to mediating
intercellular adhesion, ICAM-1-LFA-1 binding has also been
shown to sustain intracellular calcium flux that is required for T
cell activation.” As a result, [ICAM-1 exhibits characteristics of
2963 which might
explain the synergy that produced the ~3-fold increase in T cell
activation by the pMHC-ICAM-1 coassemblies.

The T cell activation threshold for the pMHC-ICAM-1
coassembly was determined by first loading yAPC1, yAPC3,
and yAPCS with 15% pMHC and 85% ICAM-1 (Figure S9A).
The loaded yAPCs were then stained with a fluorescent anti-
His antibody and sorted to isolate homogeneous yAPC
populations with defined total ligand surface densities (Figure
S9B). T cell activation by these yAPC populations was assessed
by measuring IL-2 secretion after 18 h using ELISA and plotted
against the global pMHC surface density (Figure 6b). Similar to
the results for T cell activation by pMHC alone (Figure Sc), the
pMHC surface density threshold for the coassembly did not
depend on valency (Figure 6b and ¢ and Figure S10). As we
hypothesized, the presence of ICAM-1 reduced the pMHC
surface density threshold for T cell activation ~6-fold to 92—
122 pMHC/um?, which is comparable to that reported for
planar systems (Table 1). This observation supports our
hypothesis that sustained intercellular contact is critical for
efficient T cell activation and that ICAM-1 mediates this
contact more effectively than pMHC alone on 3D antigen-
presenting surfaces. In addition to maintaining intercellular
contact, fine-tuning the stoichiometric ratio of adhesion and
stimulatory T cell ligands may also be useful for directing T
cells toward an optimum phenotype. For example, ICAM-1 has
been shown to drive CD4" T cells toward a Thl
phenotype,**** and additional studies of other costimulatory
molecules may provide insights that are relevant to the design

both adhesion and costimulatory molecules,
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of future T cell immunotherapeutics and their large-scale
manufacture.

In this work, we developed a novel strategy for controlling
the valency, surface density, and stoichiometric ratio of T cell
ligands on a 3D yeast cell surface using protein scaffold-directed
assembly. Using the engineered yeast as artificial antigen
presenting cells, we observed that the T cell activation
threshold is determined by a minimum global pMHC surface
density and independent of pMHC valency. Further, we found
that T cell activation is maximized when pMHC and ICAM-1
are coassembled with a presentation ratio of 15% to 85%,
respectively. In addition to increasing the magnitude of T cell
activation, coassembly of 85% ICAM-1 enhanced T cell
sensitivity to antigen by 6-fold. Taken together, these results
suggest that adhesion molecules like ICAM-1 play an especially
important role in 3D antigen presentation, as they maintain
productive intercellular contacts necessary for T cell activation.
As a result, the stoichiometric ratio between adhesion and
stimulatory molecules should be carefully considered when
designing future 3D antigen presenting systems. Finally, we
believe the platform technology described here has applications
beyond T cell antigen presentation, as it can be used for
nanoscale patterning of any proteins of interest on any surfaces
of interest.

B METHODS

Design of pMHC, ICAM-1, and Cohesin Scaffolds.
Recombinant pMHC fusion proteins were assembled by first
isolating the extracellular domains of HLA-DRA (UniProt:
P01903, residues 26—216) and HLA-DRB1#01:01 (UniProt:
P04229, residues 30—227). The leucine zipper dimerization
motifs Fos and Jun were fused to the C-terminus of the
extracellular DRA and DRB1 chains, respectively, in lieu of the
native transmembrane domains as described.®® A dockerin
domain from C. thermocellum (UniProt: A3DH67, residues
673—741) was fused to the C-terminus of the DRA construct
via a 6X-Histidine tag. Two forms of the DRB1 chain were
engineered. One DRB1%01:01 construct was fused to the
invariant chain CLIPg,_,y; peptide via a cleavable thrombin
linker as described,”” and one DRB1*01:01 construct was fused
to the well-characterized influenza antigen HAjp43,5 via the
same cleavable thrombin linker. The C-termini of both
DRB1*01:01 constructs were fused to a 6X-Histidine tag for
purification and detection. The N-terminus of each dimeric
chain was fused to the baculovirus gp64 signal peptide and
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ligated into separate baculovirus transfer vectors pAcGP67A
(BaculoGold Baculovirus Expression System, Pharmingen BD
Biosciences, San Jose, CA). The integrity of each DNA
sequence was confirmed using Sanger sequencing.

The murine intercellular adhesion molecule 1 (ICAM-1) was
designed similarly. The DNA sequence coding the extracellular
domain of ICAM-1 (UniProt: P13597, residues 28—485) was
fused to the same C. thermocellum dockerin as DRA via a 6X-
Histidine tag for purification and detection. The N-terminus of
the ICAM-1 was fused to the baculovirus gp64 signal peptide
and ligated into the baculovirus transfer vector pFastBacl (Bac-
to-Bac Baculovirus Expression Systems, Life Technologies).
Separate baculovirus expression systems were used for pMHC
and ICAM-1 because of the discontinuation of the BaculoGold-
linearized baculovirus DNA. The difference did not affect
protein expression.

Protein scaffolds were designed by recombining the
sequences coding for the first three cohesins of the CipA
cellulosome from C. thermocellum. Soluble protein scaffolds are
denoted with the prefix “s”’APC, and yeast-displayed scaffolds
are denoted with the prefix “y”APC. sAPC1/yAPCI consisted
of Cohl (UniProt: Q06851, residues 29—182); sAPC2/yAPC2
consisted of Cohl and Coh2 (UniProt: Q06851, residues 29—
322), and sAPC3/yAPC3 consisted of Cohl, Coh2, and Coh3
(UniProt: Q06851, residues 29—183 and residues 560—704).
sAPC4/yAPC4 and sAPCS/yAPCS contained the sAPC3
sequence fused to additional cohesins through a G—S—S-S
linker (sAPC4: Cohl, Coh2, Coh3, and Cohl; sAPCS5 Cohl,
Coh2, Coh3, and Cohl, Coh2). All soluble protein scaffolds
were ligated into the bacteria expression plasmid pET28a
(Novagen) with a kanamycin resistance selectable marker.
Yeast-displayed scaffolds were ligated into a modified form of
the yeast surface display plasmid pYD1 (Invitrogen) with
ampicillin resistance and tryptophan auxotrophic selectable
markers and fused to an N-terminal Aga2 domain and a C-
terminal V5 epitope tag for detection. All plasmids were
propagated in the E. coli strain Machl. All plasmids were
sequenced using Sanger DNA sequencing for verification.

Baculovirus Transfection and pMHC, ICAM-1 Purifica-
tion. Spodoptera frugiperda (SF9) insect cells were cotrans-
fected with either the DRA or DRB1 baculovirus transfer
vectors and linearized Baculovirus DNA (Pharmingen BD
BaculoGold Biosciences, San Jose, CA) using Cellfectin II
(Invitrogen) according to the manufacturer’s protocol. The
recombinant DRA and DRBI1 baculoviruses generated from
transfection were amplified separately in SF9 cells to create
high-titer P1 viral stocks. pMHC was expressed by coinfecting
High-Five cells at a density of 2.0 M/mL with equal volumes of
high-titer DRA and DRBI1 baculovirus stocks. Multiplicity of
infection was optimized as described.” Recombinant pMHC
was harvested after 72 h and purified using affinity
chromatography with Ni-NTA beads according to the
manufacturer’s protocol (Qiagen). The ICAM-1 baculovirus
transfer vector was transformed into the E. coli strain DH10Bac
(Bac-to-Bac Baculovirus Expression Systems, Life Technolo-
gies). Bacmid recombination was established via blue/white
colony screening and PCR recombination checks as described
in the manufacturer’s protocol. Recombinant baculovirus DNA
was purified using a PureLink HiPure Plasmid miniprep kit
(Invitrogen). ICAM-1 bacmid was used to transfect SF9 cells
with Cellfectin II. The recombinant baculovirus generated from
transfection was amplified in SF9 cells to obtain a high-titer P1
baculovirus stock. ICAM-1 was expressed by infecting High-
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Five cells at a density of 2.0 M/mL with high-titer ICAM-1
baculovirus stock. Recombinant ICAM-1 was purified in the
same way as pMHC. SDS-PAGE analysis was performed to
verify protein purity (Figure S7B).

Scaffold Purification and Scaffold-Directed Protein
Complex Assembly. Plasmids coding for the soluble protein
scaffolds were used to transform the E. coli strain BL21. Soluble
protein scaffold expression was induced by addition of 0.1 mM
IPTG in LB media when the BL21 culture reached an OD600
between 0.6 and 0.8. The induced BL21 were cultured for 16 h
at 16 °C. Soluble protein scaffold was harvested by lysing the
BL21 via sonication and performing affinity chromatography on
the lysate using a S mL HisTrap column (GE Healthcare Life
Sciences). The purified soluble protein scaffolds were analyzed
using SDS-PAGE (Figure 2a) to verify protein purity.

For verifying the scaffold-directed assembly of recombinant
dockerin-fused pMHC, ~1.0 ug of each soluble protein scaffold
construct (SAPC1—sAPCS) was incubated with excess pMHC
in SO mM NayPO, at 30 °C over 2 h. pMHC was added
stepwise every 30 min over the 2 h incubation time. Complex
formation was assessed by native-PAGE analysis. Briefly, the
protein complexes were run on an 8% Tris-Glycine gel at 130 V
for 2 h 15 min and stained using SimplyBlue SafeStain. Protein
complex formation was assessed by observing a total shift of the
soluble protein scaffold band.

Plasmids coding for yeast-displayed scaffolds were used to
transform the S. cerevisiae strain EBY100. Transformants were
selected by plating on tryptophan-dropout media. Transformed
yeast were cultured to an OD600 of 4.0 in tryptophan-dropout
media, and then scaffold expression was induced by transferring
the yeast to galactose-rich media for 48 h at 20 °C. After
induction, 500,000 of each yAPC (yAPCl1—yAPCS) were
incubated with excess pMHC in 0.5% bovine serum albumin
(BSA) at 4 °C overnight. The yAPC were then washed twice
with 0.5% BSA and costained with anti-His conjugated to PE
(BioLegend) and anti-VS conjugated to Alexa Fluor 647
(Invitrogen) for 1 h. The costained cells were then analyzed
using flow cytometry. pMHC valency was determined by
analyzing the ratio of pMHC (His) to scaffold (VS) median
fluorescence intensities.

Fluorescent-Activated Cell Sorting. yAPCI—yAPCS
were prepared for FACS by initial fixation with 0.1%
paraformaldehyde (PFA) for 15 min at room temperature.
Fixation did not affect pMHC loading or T cell response. After
fixation, the yAPC were washed 3 times with 0.5% BSA and
then loaded with excess pMHC in 100 uL of 0.5% BSA at 4 °C
overnight. The yAPC were washed 3X with 0.5% BSA, stained
with Alexa Fluor 647-conjugated anti-His (clone ADI.1.10,
BioRad Antibodies) for 1 h at room temperature, and
resuspended in 1 mL of 0.5% BSA for FACS. The
fluorophore-to-protein ratio (F/P) of the anti-His antibody
was 3.1 and was provided by the manufacturer. Sorting was
performed using a MoFlo Astrios (Beckman Coulter Life
Sciences, Indianapolis, IN) cell sorter. Briefly, three or four
gates were drawn based on distinct pMHC surface densities (as
determined by the anti-His staining), and yAPC1—yAPCS cells
were sorted using these gates. The median fluorescence
intensity was converted into median pMHC per cell using
Quantum Alexa Fluor 647 Fluorescence Quantitation Beads
(Bangs Laboratories, Fishers, IN). The uniformity of the sorted
yAPC populations was confirmed by analyzing a fraction of the
sorted yAPC using flow cytometry. For activation experiments
requiring lower pMHC surface density than possible through
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standard induction, yAPC were pretreated with 0.1—0.5 mM
TCEP for 10 min at room temperature. This mild TCEP
treatment decreased the number of surface-displayed scaffolds
by reducing a fraction of the Agal-Aga2 disulfide bonds
anchoring each scaffold to the yeast cell surface. Cells were
washed thoroughly with 0.5% BSA following TCEP treatment
and then treated as described previously.

FACS involving pMHC-ICAM-1 coassembly was performed
by first fixing yAPC1, yAPC3, and yAPCS with 0.1% PFA for
10 min at room temperature. Following fixation, each yAPC
was loaded with 85% ICAM-1 and 15% pMHC in 100 uL of
0.5% BSA at 4 °C overnight. The display ratio of 85% ICAM-1
and 15% pMHC was confirmed by staining a small fraction of
each yAPC for ICAM-1 (clone YN1/1.7.4 BioLegend) and
analyzing the samples using flow cytometry. ICAM-1 and
pMHC loaded yAPC1, yAPC3, and yAPCS were then washed
and stained for both ICAM-1 and pMHC with Alexa Fluor 647-
conjugated anti-His (clone ADI1.1.10, BioRad Antibodies) and
sorted and characterized in the same way as yAPC presenting
pMHC alone.

T Cell Activation. T cell activation assays were performed
in 96 well tissue culture plates at 37 °C and 5% CO,. Activation
plates were blocked prior to activation with 1% BSA overnight
at 4 °C to minimize nonspecific immobilization of pMHC
during activation. Murine HA1.7 T cell hybridoma® were
cultured to a density of 2.0 M/mL in IMDM (Invitrogen)
supplemented with 10% fetal bovine serum for activation. Once
at this density, 200,000 HAL.7 T cells were applied to the
activation wells in 200 yL of IMDM. In experiments involving
sorted yAPC, 100,000 yAPC were used for activation. In
experiments involving immobilization of pMHC for activation,
pMHC was immobilized overnight at 4 °C in 1% BSA. In
experiments involving SAPC-pMHC complexes for activation,
the SAPC-pMHC were assembled 2 h prior to activation in 1%
BSA in a volume of ~7 uL and added to 200 uL of IMDM for
activation. The activation supernatant was collected after 18 +
2 h and analyzed using Ready-Set-Go IL-2 ELISA (eBioscien-
ces, San Diego, CA) according to the manufacturer’s protocol.
The ELISA plate was developed for 10 min, and the IL-2
secretion was measured by recording the absorbance at 650 nm
(A650). For ensuring consistency between experiments, a T
cell activation index was calculated by dividing the A650 from
activation wells by the A650 of the unstimulated controls. Thus,
activation index indicates the multiple of IL-2 secretion over
unstimulated T cells.

Regression Equations for T Cell Activation. T cell
activation index was plotted against the average scaffold spacing
for each yAPC construct. For each yAPC data set, activation
index and scaffold spacing were logarithmically transformed and
fitted using linear regression with a fixed slope of —2. The
regression equations thus provided a valency-dependent
constant for each yAPC curve. T cell activation thresholds
were then calculated by solving for a scaffold spacing that
corresponded to a T cell activation index of 1.0 for each yAPC.
The scaffold spacing thresholds were then used to calculate the
corresponding pMHC surface density to determine the global
pMHC density thresholds for each yAPC. For pMHC-ICAM-1
coassembly experiments, the regression equation for T cell
activation vs pMHC surface density was determined by
logarithmically transforming the values for pMHC surface
density and performing linear regression on the transformed
data set. The minimum pMHC surface density requirement for
measurable T cell IL-2 secretion was found by finding the
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pMHC surface density that corresponded to a T cell activation
index of 1.0.

Statistical Analysis. Statistical analysis was performed
using the Student’s ¢ test. All error bars are representative of the
mean =+ standard deviation of triplicate experiments unless

otherwise noted. *P < 0.05, **P < 0.01, ***P < 0.001.
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