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Abstract
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Neil King

Department of Biochemistry

Subunit vaccines require adjuvants to create a robust immune response. Adjuvants are
limited by formulation difficulties and the types of immune responses they elicit. There is
a need for a new generation of adjuvants. An ideal adjuvant would be easy to
characterize with a protein antigen, hyperstable, specific to a defined immune pathway,
and easily modified. In this thesis, | describe the application of protein design to create
protein based adjuvants. We created novel minibinders that can be linked together to
agonize TLR3. Additional stories are presented which describe the efforts to create

protein binders for TLR5, TREM-2, and FcyRIIA.
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Chapter 1. Introduction

Vaccines are a critical part of public health. Historically, vaccines were derived
from weakened or inactivated pathogens’. Yet, there are limitations to this approach: not
all pathogens can be successfully cultured or attenuated?, and there is concern that
weakened pathogens can revert to a replicating pathogen®. This has prompted a shift
towards subunit vaccines, which use discrete portions of pathogens, making them safer.
However, these purified subunits often fail to elicit the robust immune response
achieved by whole pathogens. To bridge this gap, adjuvants are incorporated into
vaccines to bolster and prolong the immune response.

Adjuvants serve as immunostimulants, enhancing overall immune responses and
modulating their nature while conserving antigen doses. Despite substantial
advancements in vaccine development over the past three decades, progress in
adjuvant research has been slower. Aluminum salts, discovered in the 1920s, reign as
the most widely used adjuvant and the field's gold standard®. While highly effective and
deemed safe, the mechanism of aluminum salts remains incompletely understood,
primarily thought to involve a depot effect and inflammasome activation®. Additionally,
aluminum salts induce a biased Th2 response, which may not be optimal for all
pathogens.

Ultimately, the unclear mechanism and biased immune response of aluminum
salts have been major shortcomings of this approach. By adsorbing specific immune
stimulating molecules onto alum, these issues are somewhat addressed. There is still
the issue of formulating and characterizing aluminum with a protein antigen.
Characterization methods must be fine tuned to account for the heterogeneity in
materials. Additionally, aluminum salts cannot be frozen- making distribution of materials
more difficult. We think many of these issues could be alleviated by creating an adjuvant
that is protein based. An ideal protein based adjuvant would be stable, specific, and
easy to formulate with the antigen.

To create protein based adjuvants, we targeted multiple receptors through a
variety of computational methods. Our efforts had different degrees of success but all
serve as a launching pad for future efforts. As computational tools continue to make
protein design more feasible, it will be important to critically consider receptor biology
and vaccine study formulation. Four chapters are outline here describing different
receptors we targeted: TLR3, TLRS, TREM-2, and FcyRIIA.
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Chapter 2. De novo design of protein minibinder agonists of
TLR3

Adapted from: De novo design of protein minibinder agonists of TLR3
https://www.biorxiv.org/content/10.1101/2024.04.17.589973v1

Abstract

Toll-like Receptor 3 (TLR3) is a pattern recognition receptor that initiates antiviral
immune responses upon binding double-stranded RNA (dsRNA). Several nucleic
acid-based TLR3 agonists have been explored clinically as vaccine adjuvants in cancer
and infectious disease, but present substantial manufacturing and formulation
challenges. Here, we use computational protein design to create novel miniproteins that
bind to human TLR3 with nanomolar affinities. Cryo-EM structures of two minibinders in
complex with TLR3 reveal that they bind the target as designed, although one partially
unfolds due to steric competition with a nearby N-linked glycan. Multimeric forms of both
minibinders induce NF-kB signaling in TLR3-expressing cell lines, demonstrating that
they may have therapeutically relevant biological activity. Our work provides a
foundation for the development of specific, stable, and easy-to-formulate protein-based
agonists of TLRs and other pattern recognition receptors.

Introduction

Toll-like Receptors (TLRs) are a key family of pattern recognition receptors that act as
sentinels of the innate immune system. There are 10 TLRs in humans, each of which
recognizes a different pathogen-associated molecular pattern: conserved structural or
chemical motifs that distinguish microbial pathogens from self®. Structurally, the TLRs
are type | transmembrane proteins consisting of an extracellular domain, a single
transmembrane helix, and an intracellular Toll/IL-1 receptor (TIR) domain’®. The
extracellular domain is responsible for ligand recognition and contains multiple
leucine-rich repeats (LRRs) that form a horseshoe-like structure®'. Ligand binding
drives TLR dimerization and, in some cases, further association into multimeric
complexes'>". Multimerization causes the TIR domain to recruit adaptor molecules that
activate downstream signaling pathways such as nuclear factor-kappa B (NF-kB) and
interferon regulatory factor (IRF) 3 and 7'®', Activation of these signaling pathways
leads to the production of pro-inflammatory cytokines, chemokines, and Type |
interferons®®22, The precise nature of the innate immune response profoundly
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influences subsequent adaptive immunity>>**, making targeted modulation of innate
immune pathways a promising opportunity to improve the performance of vaccines.

The key role of TLRs in activating the innate immune system makes them ideal targets
for vaccine adjuvants: immunostimulators added to vaccines to improve the magnitude,
quality, and duration of the adaptive immune response®2¢. Although aluminum salts are
historically the most commonly used adjuvant, over the last quarter century several
newer adjuvants with superior performance have been developed that, in some cases,
focus on stimulating defined innate immune pathways?. For example, a detoxified
derivative of the TLR4 agonist lipopolysaccharide (LPS), monophosphoryl lipid A
(MPLA), has been formulated with liposomes or aluminum salts in several licensed
vaccines®?. The TLR9 agonist CpG has also been licensed as a vaccine adjuvant®.
Despite this progress, adjuvants are often a bottleneck in vaccine development
programs due to intellectual property and safety considerations or formulation
difficulties®'*2.

Among the TLRs, TLR3 has several unique features that make it an intriguing target for
novel adjuvants. TLR3 is expressed in the endosome in a variety of cells, including
myeloid dendritic cells, macrophages, NK cells, and epithelial cells®*3*353_|t is a strong
inducer of Type | interferon and is the only TLR that is MyD88-independent, initiating
downstream signaling through the TRIF adaptor protein®”*. Additionally, TLR3 plays an
important role in cross-priming®*“°. Upon ligand binding, TLR3 forms highly organized
and cooperative complexes of dimers that cooperatively assemble along linear
dsRNA'™. However, dsRNA is not an ideal adjuvant due to its instability, structural
heterogeneity, and promiscuity?'*'. Stabilized formulations exist (e.g., poly-ICLC) but are
still heterogeneous and activate other immune receptors (MDA-5, RIG-1)**=. This
promiscuity can lead to overstimulation and autoimmunity*®. A chemically well-defined,
stable, easy-to-formulate TLR3-specific agonist could alleviate these issues and enable
precise, specific induction of TLR3 signaling.

Advances in computational protein design over the last decade have made possible the
design of small, hyperstable proteins that can bind specifically to target proteins
(“minibinders”)*=*°. In several cases, minibinders or mimetics of naturally occurring
proteins (e.g., cytokines) were shown to be capable of agonizing target receptors and
inducing functional biological responses*’°. These developments motivate the design
of de novo TLR agonists, which could potentially form a novel class of protein-based
adjuvants. However, TLRs are notoriously difficult targets: they are highly glycosylated,
in many cases have no known protein ligands, and are difficult to express and
characterize recombinantly®'*2,
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Here, we used computational design to generate de novo protein minibinders of TLR3.
We found that multimeric versions of these minibinders cluster the receptor to initiate
signaling, suggesting a route to the de novo design of protein-based adjuvants with
tailored structural and functional properties.

Results

Computational design of TLR3 minibinders

Although computational methods for designing de novo minibinders are now
well-established*’, TLR3 is a challenging target for several reasons. First, TLR3, like
other TLRs, is highly glycosylated, particularly on the surfaces of the molecule not
involved in dsRNA-mediated dimerization™. Second, the carbohydrate-free surface of
the molecule features many polar residues with few solvent-exposed hydrophobic
patches. The combination of these two features made target site selection difficult, as
existing minibinder design methods are most successful when targeting hydrophobic
surface patches*’. Third, since our goal was to design minibinder agonists that can drive
TLR3 signaling by multimerizing the receptor, we required a target site that would allow
oligomeric versions of the minibinder to simultaneously engage multiple TLR3
ectodomains. Taking these three criteria into account, we selected two target sites on
human TLR3 (hTLR3; PDB ID: 1ZIW; ref.""): Site A, located on the concave face at LRR
19-22 and featuring residues 11€510, 11e534, 11e566, and 11e590; and Site B, spanning
LRR 9-11 on the convex face and including residues Leu243, Leu269, Trp273, and
Trp296 (Fig. 1a). Although both sites are near N-linked glycans, they nevertheless
appeared amenable to minibinder design.

minibinders

Sort 1: 1 uM with avidity Sort 2: 1 uM with avidity Sort 3: 1 uM no avidity Sort 4: 1 uM no avidity Sort 5: 150 nM no avidity Sort 5: 100 nM no avidity
£0.083 0.14| [0.27 9.56| 0.35 0.19 54.2/ |0.20 3.31/ |0.20 1.4

295/ 277

322
10° 10" 10% 10° 10* 10° 10°
Surface Expression (FITC)
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Fig. 1: Computational design of TLR3 minibinders.

a, Left, TLR3 is natively dimerized and activated by dsRNA (PDB ID: 7WV5). Right,
two hydrophobic patches on the TLR3 monomer were targeted for minibinder design
(PDB ID: 1ZIW). b, Polyvaline scaffolds were used in the RifDock pipeline to design
de novo miniprotein binders. Several structural metrics were used as filters to select
23,789 designs for experimental screening. ¢, Binders were identified using yeast
surface display. During Sort 5, binding was clearly observed at 150 nM receptor, but
approached levels of background signal at 100 nM.

We used the Rosetta RifDock pipeline*” to design a library of candidate TLR3
minibinders (Fig. 1b). We first used RifGen*® to dock disembodied amino acid side
chains against Sites A and B, and in parallel docked 21,402 pre-existing polyvaline
scaffolds (i.e., backbones) against the same sites using PatchDock***®. Docks that
matched the most high-scoring disembodied sidechains were output from RifDock and
passed to Rosetta FastDesign*® to generate designed amino acid sequences. The
designs were evaluated for predicted binding energy (ddG), contact molecular surface
to hydrophobic residues, and spatial aggregation propensity (SAP)* and the
best-scoring interfaces were extracted using MotifGraft and subjected to a second
round of FastDesign. After filtering using the computational metrics described above, we
selected 23,789 designs for experimental characterization: 52% targeting Site B and
48% targeting Site A.

We cloned synthetic oligonucleotides encoding the designs into an expression vector to
enable screening by yeast surface display®® and used fluorescence-activated cell sorting
(FACS) to identify cells expressing miniproteins that bound fluorescently labeled TLR3
ectodomain. After two rounds of sorting with 1 uM streptavidin-tetramerized TLR3 as a
probe, we observed a clear population of double-positive cells (Fig. 1¢). Enrichment of
this population by subsequent sorts without avidity (i.e., with monomeric TLR3) resulted
in high numbers of TLR3-binding cells at 150 nM receptor that decreased to
near-background levels at 100 nM. Sequencing double-positive cells from each sort
identified 11 hits out of 23,789 candidates, a success rate consistent with previous
applications of this methodology*’.

Biochemical characterization of TLR3 minibinders

All 11 of the hits identified by FACS target Site A. We suspect that the proximity of Site
B to the aforementioned N-linked glycans likely prevented binding at this site. The
computational design models of the hits show that they adopt a variety of binding
modes within Site A (Fig. 2a, Extended Data Fig. 1). We expressed each with a
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C-terminal Avi-Hisg tag in E. coli and purified them by immobilized metal affinity
chromatography (IMAC) and size exclusion chromatography (SEC) (Fig. 2b, Extended
Data Fig. 1). To validate target binding, the minibinders were biotinylated and their
affinities to hTLR3 were determined using Bio-Layer Interferometry (BLI). Six of the
eleven minibinders bound to hTLR3 with affinities ranging from 43-1,500 nM;
minibinders 6, 7, and 8 yielded the highest binding amplitudes (Fig. 2c, Extended Data
Fig. 1).

To evaluate the binding mode of each minibinder and identify mutations that enhance
affinity to TLR3, we created a Site-Saturation Mutagenesis (SSM) library for each
minibinder by systematically mutating each residue to all 19 other canonical amino
acids. We sorted a single, pooled SSM library comprising 11,823 variants based on all
11 original minibinders using FACS and detected binding down to 125 nM, similar to the
original library (Extended Data Fig. 2a). Deep sequencing of the sorted libraries
allowed us to visualize the effect of each mutation using heatmaps, where red signifies
stronger binding and blue indicates weaker binding (Fig. 2d, Supplementary File 1).
Minibinders 9 and 10 were deprioritized at this stage due to inconsistencies between
their design models and SSM data that suggested these minibinders did not fold as
predicted. In other cases the SSM data were consistent with the design models, as
indicated by, for example, generally high conservation of amino acids predicted to make
substantial interactions with the TLR3. In general, each minibinder had one helix which
did not make contact with TLR3 and was less conserved. At some positions,
substitutions that appeared to enhance binding to TLR3 could be identified. The
interface of minibinder 7 appeared more amenable to a wider variety of interface
mutations than minibinder 8, such as L16V/I/M/Y/W in minibinder 7 compared to F33Y
in minibinder 8. We selected several such mutations for minibinders 1-8 and 11 and
integrated them into combinatorial yeast display libraries for each minibinder using
degenerate codons (Supplementary Table 1). During FACS of a pool of these
combinatorial libraries, we observed binding at TLR3 concentrations as low as 50 nM,
an improvement over the SSM libraries that suggested that combining mutations
improved binding more effectively than single mutations (Extended Data Fig. 2b). All of
the hits obtained by deep sequencing in the sorted combinatorial library were derived
from minibinder 7. We ordered 12 of these variants, named minibinders 7.1-7.12, for
expression in E. coli (Supplementary Table 1). We also noted that of the three
minibinders with the strongest initial binding amplitudes during BLI (minibinders 6, 7,
and 8), minibinders 6 and 7 had very similar predicted binding modes (Fig. 2a and
Extended Data Fig. 1) and eluted at fractions corresponding to higher molecular
weights than expected during SEC (Fig. 2c, Extended Data Fig. 1), potentially
indicating that they homodimerize. By contrast, minibinder 8 was predicted to bind



further from the N413 glycan compared to minibinders 6-7 and eluted from SEC at the
expected volume for a monomer (Fig. 2a,b). We therefore chose to also optimize
minibinder 8 in addition to minibinder 7, and ordered six variants comprising one or
more mutations manually selected from the SSM data for expression in E. coli
(Supplementary Table 1).

We expressed and purified the affinity-matured variants of minibinders 7 and 8
(Extended Data Figs. 3, 4) and found that each bound hTLR3 with a tighter K, than the
parent minibinder. For minibinder 7 variants, K, ranged from 1.1-190 nM, whereas for
minibinder 8 variants, K, ranged from 37-690 nM (Fig. 2e; Extended Data Figs. 3, 4).
To obtain initial structural information, we performed circular dichroism (CD) on
minibinders 7.1 and 8.6 (K, = 48 and 37 nM, respectively). At 25°C both minibinders
yielded spectra typical of a-helical proteins, although the amplitude of the signal was
stronger for minibinder 8.6 (Fig. 2f). Heating the proteins to 95°C and then returning
them to 25°C showed that both unfolded at high temperature and regained their native
structure upon cooling.
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Fig. 2: Biochemical characterization and affinity maturation of lead TLR3
minibinders.

a, Design models of minibinders 7 (yellow) and 8 (purple) in complex with TLR3
(gray). The details of the predicted interface are shown at right. b, Size exclusion
chromatograms of each minibinder on a Superdex 75 10/300 GL. ¢, Affinity
determination for each minibinder by BLI. The concentrations of hTLR3 used are
listed. The black lines represent experimental data and the colored lines represent
fits. K, values are given. d, Site saturation mutagenesis heat maps of interface
residues. The originally designed amino acid at each position is provided at the
bottom and in the white square. Red indicates affinity improvement and blue indicates
affinity reduction. e, Biolayer interferometry of affinity-matured minibinders 7.1 and
8.6. K, values are given. f, CD of affinity-matured constructs at various temperatures.
Solid line, 25°C; dashed line, 95°C; dotted line, 95°C followed by 25°C.

Structural characterization of minibinder-TLR3 complexes

We selected minibinders 7.7 and 8.6 for structural studies, as these variants exhibited
high association rates and low dissociation rates by BLI (Fig. 2e, Supplementary Table
2). We began by mixing minibinder 7.7 with purified human TLR3 (residues K27-A700)
in vitro and imaging vitrified specimens by cryo-electron microscopy (cryo-EM).
Although a minority of the 2D class averages had density potentially corresponding to
the minibinder at target Site A, overall the data suggested low minibinder occupancy.
We therefore co-expressed the TLR3 ectodomain and each minibinder in HEK293F
cells and co-purified the complexes using affinity chromatography followed by SEC.
After optimizing grid preparation and data collection to overcome a clear preferred
orientation, we determined cryo-EM structures of minibinders 7.7 and 8.6 in complex
with TLR3, each at 2.9 A resolution (Fig. 3, Extended Data Figs. 5 and 6). This
resolution permitted us to manually build atomic models of TLR3 and the minibinders
into the cryo-EM maps. In both structures, TLR3 closely resembled previously reported
structures, exhibiting Ca root mean square deviations (RMSDs) of 1.78 A for 7WV3 and
1.61 A for 7C76 (refs.'®%). Unlike minibinder 8.6, for which clear density was observed
for all three a-helices, we could build only a1 and a2 of minibinder 7.7 into well-defined
density (Fig. 3a). Interestingly, density corresponding to a3 of minibinder 7.7 could be
observed extending from a2 at a low threshold (0.08 o; Extended Data Fig. 7a). Given
the proximity of the minibinder to the glycan at N413, we conclude that a steric clash
between the glycan and minibinder 7.7 makes a3 protrude out from the complex. This
conclusion is supported by our SSM data for minibinder 7—obtained in complex with
TLR3—which showed that mutations in the hydrophobic core were more tolerated than
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would be expected for a well-folded protein (Supplementary File 1). Although it is
difficult to discern whether a3 is well-packed against a1 and a2 in the absence of TLR3,
we note that CD of the closely related minibinder 7.1 suggested it is less a-helical than
minibinder 8.6 (Fig. 2f).

Minibinders 7.7 and 8.6 interacted with the concave surface of TLR3 in slightly different
manners, with a1 and a2 of minibinder 7.7 binding to LRR15-LRRCT and a2 and a3 of
minibinder 8.6 binding to LRR13-LRRCT. Hydrophobic residues on both minibinders
(7.7: M3, Y6, L35, V36, and 139; 8.6: Y30, Y33, A34, V43, L47, and V51) form
hydrophobic networks with 1510, 1534, 1566, and 1590 in Site A of TLR3 as intended
(Fig. 3a, 3c and 3f, Extended Data Figs. 7b and 7c). When the cryo-EM structures
were superimposed on the AlphaFold2-predicted models of each complex, the Ca
RMSDs between minibinders 7.7 and 8.6 and their predictions were 1.0 and 2.0 A,
respectively (Fig. 3b). For minibinder 8.6, the a2 and a3 helices were well-aligned (Ca
RMSD: 1.6 A), but a1 was slightly displaced from its predicted position (Ca RMSD: 2.7
A). The altered conformation of minibinder 7.7 a3 described above may result in
exposure of hydrophobic residues in the protein core to solvent (e.g., L11 and L30).
Alternatively, they may interact with the N413 glycan, although we did not observe
ordered density in this region of the map (Extended Data Fig. 7a and 7b). Conversely,
minibinder 8.6 maintained a stable 3-helical bundle through core hydrophobic
interactions (Extended Data Fig. 7c).

The interactions between minibinder 7.7 and TLR3 were mainly mediated through
electrostatic interactions (Fig. 3c-e and Extended Data Figs. 8 and 9). Specifically, our
structural analysis revealed that conserved residues (Y6, R12, E19, and D22) in
minibinder 7 and its derivatives engaged in hydrogen bonds or ionic interactions with
residues on the concave surface of TLR3. Residues E9, Y25, K28, and K32 of
minibinder 7.7 were crucial for forming electrostatic interactions with TLR3 (Fig. 3c-3e
and Extended Data Fig. 8 and 9). In contrast to minibinder 7.7, the electrostatic
interactions mediated by Y33 and conserved residues (R29, Y30, K/R36, E42, E46) in
minibinder 8 and its derivatives surround a hydrophobic core interaction network in the
minibinder 8.6/TLR3 complex (Fig. 3f and 3h, and Extended Data Fig. 8 and 9).
Interestingly, our structural analysis revealed that the interaction of T38 with A35 and
144 stabilizes the loop connecting a2 and a3, facilitating the formation of hydrogen
bonds between S40 and E42 of minibinder 8.6 and E639 and N667 of TLRS,
respectively (Fig. 3g and Extended Data Fig. 8 and 9). Additionally, the R50D
substitution in minibinder 8.6 enabled the formation of an ionic interaction with K589 of
TLR3. These observations likely explain why the G38T and RS50D substitutions
significantly enhanced the binding affinity of minibinder 8.6 compared to 8.4.
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Fig. 3: Structural characterization of TLR3 minibinders.

a, Two different views of the cryo-EM structures of human TLR3 in complex with
minibinder 7.7 (left) or minibinder 8.6 (right). TLR3, glycans, minibinder 7.7, and
minibinder 8.6 are in gray, brown, yellow, and purple, respectively. b, Comparison of
experimental and AlphaFold2-predicted structures of the minibinders in complex with
TLR3. c-h, Close-up views of key molecular interactions in TLR3/minibinder 7.7 (c-e)



or TLR3/minibinder 8.6 (f-h). Each box is a close-up view of the same colored box in
a. Residues involved in the TLR3/minibinder interaction are displayed as sticks and
labeled.

Activation of TLR3 by multimerized minibinders

Like other TLRs, the minimal signaling unit of TLR3 is a ligand-induced dimer®’,
although maximal TLR3 signaling requires lateral association of TLR3 dimers, an
arrangement facilitated by the linear nature of dsRNA'™'®'  We next investigated
whether we could engineer our minibinders to drive TLR3 multimerization and thus
activation. We approached this problem by generating two different multimeric forms of
our affinity-matured minibinders. In the first, we genetically fused four copies of either
minibinder 7.1 or 8.6 in tandem using 16-residue flexible linkers to create minibinder
tetramers that could associate with two or potentially more copies of TLR3 (Fig. 4a). In
the second, we genetically fused minibinder 8.6 to the C terminus of an antiparallel
coiled-coil derived from myosin 10 (PDB ID: 2N9B)* to generate minibinder dimers that
roughly match the geometry of the dsRNA-induced TLR3 dimer (Fig. 4b). We
expressed and purified the 7.1 tetramer, the 8.6 dimer, and the 8.6 tetramer and
confirmed that they bind to TLR3 by BLI (Extended Data Fig. 10a,b). As negative
controls, we also purified “interface knockout” versions of each protein that incorporate
mutations shown to decrease TLR3 binding in our earlier SSM data (Supplementary
Table 1). We determined by BLI that the interface knockout mutations nearly eliminated
TLR3 binding in monomeric and multimeric versions of minibinders 7 and 8 (Extended
Data Fig. 10b,c).

To assess TLRS3 activation, we used TLR3hi cells, a previously described HEK293 cell
line that expresses TLR3 on the cell surface and features an NF-kB-linked GFP
reporter®” (Fig. 4c). We first confirmed that known TLR3 agonists activated the cells by
flow cytometry. Cells stimulated with poly(l:C) at concentrations ranging from 0.3-20
Mg/mL robustly expressed GFP, and modest GFP expression was still detectable at 0.02
ug/mL (Fig. 4d,e). Polyclonal anti-TLR3 antibody also induced GFP expression as
previously shown®’, while a control goat polyclonal antibody did not. Finally,
lipopolysaccharide (LPS) failed to induce GFP expression, demonstrating that TLR4
signaling was inactive in the cells.

We stimulated the cells with each of our minibinder multimers and their corresponding
interface knockouts at 300, 100, and 33 pg/mL, as well as the minibinder monomers at
300 ug/mL. We found that the 7.1 tetramer and the 8.6 dimer induced comparable
levels of dose-dependent GFP expression (Fig. 4d,e). The 7 knockout (KO) tetramer
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yielded substantially reduced but still dose-dependent GFP expression, while GFP
expression in cells treated with the 8 KO dimer was not above background. In each
case, activation with monomeric minibinder was substantially lower than with the same
concentration of multimer. The 8.6 tetramer activated TLR3 more efficiently; GFP
expression was higher in cells treated with 33 pg/mL of the 8.6 tetramer than in cells
receiving 9-fold more 8.6 dimer or 7.1 tetramer. At the highest concentration tested, the
8.6 tetramer induced GFP expression as effectively as moderate concentrations of
poly(l:C). These data establish that our TLR3 minibinders become agonists when
multimerized, presumably by clustering multiple copies of TLR3 in close proximity.
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Fig. 4: Multimerization of minibinders leads to NF-kB activation.

a, Minibinder tetramers were generated by fusing four tandem repeats of the
minibinder together using 16-residue (GlySer) linkers. b, Antiparallel 8.6 dimers were
generated by fusing minibinder 8.6 to the C terminus of an antiparallel coiled-coil
derived from myosin 10. Two views of a model of the 8.6 dimer in complex with



hTLR3 are shown. ¢, TLR3 is expressed on the cell surface of TLR3hi cells, which
express an NF-kB-linked GFP reporter. d, Histograms showing GFP signal in
stimulated TLR3hi cells. The identities and concentrations of the stimuli are provided
on the right and left sides of each panel, respectively. e, Mean fluorescence intensity
(MFI) values from assay duplicates. Concentrations are provided in d.

Discussion

Our results demonstrate that computational protein design can be used to create stable
protein agonists of TLR3. Historically, TLR agonist discovery has focused on making
stabilized or safer forms of native ligands (e.g., poly(l:C), MPLA, CBLB502) or making
small-molecule mimics of them (e.g., R848, 3M-052)**-%. The approach described here
could have several advantages when considering the use of minibinder agonists as
“protein-based adjuvants.” First, many vaccine antigens are proteins, which may enable
the seamless integration of antigen and minibinder adjuvant into a single molecule by
genetic fusion®°8. This strategy would be expected to simplify manufacturing and
formulation compared to traditional nucleic acid, lipid, or small molecule adjuvants.
Second, the genetic basis of protein-based adjuvants enables them to be encoded in
DNA or mRNA vaccines®°, which is impossible for non-biological compounds such as
alum or 3M-052. Although cytokines have been explored extensively as genetically
encoded adjuvants, to date it has not been possible to target TLRs in this way other
than TLR5, which has a protein as its native ligand (flagellin)’’~"3. Finally, many native
TLR ligands such as dsRNA, flagellin, and LPS initiate signaling through multiple
distinct receptors’-"8. Designing miniprotein agonists that specifically activate individual
innate immune receptors, or desired combinations thereof, should in principle allow
precise tuning of vaccine-elicited immune responses’®. Further work will be required to
explore the advantages and disadvantages of this strategy.

There are multiple structures of TLR3 in complex with Fabs or diabodies, all of which
target epitopes on the convex surface of the receptor'®'"#° Here, minibinders 7 and 8
and their derivatives bind to the concave surface of TLR3. This proved to be a
challenging target due to the polar and highly glycosylated surface of the molecule. Due
to a nearby glycan, the third helix of minibinder 7.7 was disordered when bound to
TLR3, a phenomenon that has not been documented before in designed minibinders to
the best of our knowledge. Although this possibly accounts for the weaker agonism of
7.1 tetramers compared to 8.6 tetramers, it is an intriguing observation that suggests
steric competition with glycans or other parts of a target protein structure could be used
as a mechanism for intentionally introducing switching behavior in designed
minibinders®’.
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When multimerized, our minibinders activated NF-kB via TLR3 in a cell line that
expresses TLR3 on the cell surface. Additional studies will be required to develop
protein-based TLR3 agonists that function as vaccine adjuvants in vivo, where they
must reach the endosome of cells expressing the receptor. Furthermore, previous
studies showed that the minimal TLR3 signaling complex in the TLR3hi cell line is a
dimer®”. However, several additional reports, including recent cryo-EM structures of
TLR3 in complex with dsRNA, have shown that the formation of linear polymers of TLR3
dimers along longer dsRNA molecules is required for maximal activation'>'6""_ It is likely
that the activity of our minibinder agonists could be improved by multimerizing them so
that they match the geometry of the fully active signaling complex. Supporting this
notion, a recent study of designed multimeric cytokines established that tuning the
precise geometry of receptor clustering through design can significantly impact
activation and signaling®. Combining our approach to TLR minibinder design with
recently developed generative methods for designing multimeric scaffolds® could
become a powerful and general approach to designing protein-based TLR agonists.
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Materials and Methods

Computational design

The ectodomain of TLR3 (PDB ID: 1ZIW) was used for the design. The PDB was
truncated to save computational time. Minibinders were designed as outlined in ref.*’. In
brief, RifGen®, PatchDock®, RifDock®, FastDesign*®, and the MotifGraft mover® were
used. Millions of designs were created using this pipeline and then filtered on various
Rosetta metrics (contact molecular surface to hydrophobic residues, ddG, and SAP)* .
Designs before and after the MotifGraft stage were ordered.

Library preparation

Designs were padded to 65 amino acids with serine. Then, the designs were
codon-optimized for expression in Saccharomyces cerevisiae. Oligonucleotides
encoding the designs and SSM mutations were purchased from Agilent technologies.
Libraries were amplified as previously described*’.

Yeast surface display

Minibinders were displayed on the surface of yeast with a C-terminal myc tag to enable
detection of cell surface expression using a FITC-labeled anti-myc antibody. Biotinylated
hTLR3 ectodomain was recognized by streptavidin-PE. An initial sort was done to
collect cells that express the designs (FITC+). These cells were subsequently sorted
against decreasing concentrations of hTLR3 with and without avidity.

The Saccharomyces cerevisiae EBY100 strain was cultured in C-Trp-Ura medium
containing 2% (w/v) glucose (CTUG). For induction, cells were harvested by
centrifugation at 5,000 g for 5 minutes and subsequently resuspended in SGCAA
medium supplemented with 0.2% (w/v) glucose at a cell density of 1x10” cells per mL.
The cells grew at a temperature of 30°C for 16-24 hours. After induction, the cells were
washed using PBSF (PBS with 1% (w/v) BSA). The cells were labeled with anti-c-Myc
fluorescein isothiocyanate (FITC, Miltenyi Biotech) and streptavidin-phycoerythrin
(SAPE, ThermoFisher).

During the initial sorting of the naive library, an avidity-based approach was employed.
This entailed simultaneous incubation of the biotinylated target, SAPE, and FITC. In
contrast, sorts performed without avidity involved a sequential procedure. Specifically,
cells were incubated with the biotinylated target, washed with PBSF, and then incubated
with SAPE and FITC.
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Deep sequence analysis
Collected sorts were sequenced using lllumina NextSeq sequencing and analyzed
using the PEAR program® as previously described*’.

Protein expression and purification

Genes encoding minibinders were synthesized and cloned by Integrated DNA
Technologies into a pET-29b(+) vector. Plasmids were transformed into BL21(DE3)
(NEB) and 30 mL of single-colony culture was grown in Terrific Broth 1l (MP Biomedical)
at 37°C overnight. 25 mL was transferred to 0.5L of autoinduction medium and grown at
37°C for 2 hr and 18°C overnight®. Cells were collected by spinning for 30 min at 4000
g. Pellets were resuspended in lysis buffer (50 mM Tris pH 8.0, 250 mM NaCl, 20 mM
imidazole, 0.04 mg/mL RNase, 0.1 mg/mL lysozyme, 0.1 mg/mL DNase, 1 mM PMSF).
The cells were lysed via a microfluidizer. The lysed cells were clarified via centrifugation
at 14,0009 for 30 min. The supernatant was run over Nickel-NTA resin and washed with
3 CV of wash buffer (50 mM Tris pH 8.0, 250 mM NaCl, 20 mM imidazole). Protein was
eluted with an elution buffer (50 mM Tris pH 8.0, 250 mM NaCl, 500 mM imidazole) and
further purified by size exclusion chromatography using a Superdex S75 10/300 GL
column (Cytiva). The multimers of minibinders were purified using a Superdex S200
5/150 GL column (Cytiva).

The TLR3 ectodomain used for yeast display and BLI was obtained from Wuxi Biologics
(custom order). The sequence is derived from Choe et al.” and included a Gp67 signal
peptide and C-terminal His and Avi tags (Supplementary Table 1). To produce the
protein, a baculovirus was generated using Sf9 cells and High Five cells were used for
protein expression. The final buffer was 50 mM Tris, 250 mM NaCl, 1 mM DTT.

Biolayer interferometry

BLI was performed on an Octet RED96 or Octet R8. All biosensors were hydrated in
kinetics buffer HBS-EP+ (10 mM HEPES, 150 mM NaCl, 3 mM EDTA, 0.05% v/v
surfactant P20) with 0.5% w/v non-fat dry milk (Cytiva). Minibinders were biotinylated
and excess biotin was purified out by SEC. Biotinylated minibinders were diluted to a
final concentration of 0.01 mg/mL in kinetics buffer and loaded onto streptavidin
biosensors (Sartorius). TLR3 was diluted in kinetics buffer and its association was
measured for 300 s, followed by a dissociation for 300 s in kinetics buffer.

For the constructs used in the cell assay, Human TLR3-FC (Acro Biosystems) was
diluted to 0.01 mg/mL in kinetics buffer and loaded onto Protein A tips (Sartorius). The
cell assay constructs were diluted to 10 yM in kinetics buffer and their association was
measured for 300 s, followed by a dissociation for 300 s in kinetics buffer.
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Combinatorial library preparation

We identified mutations that enhanced affinity from SSM heatmaps. We then used
SwiftLib to create libraries containing these mutations with degenerate codons®®. We
ordered 2 overlapping Ultramers for each design that contained these degenerate
codons (Integrated DNA Technologies). The ultramers were stitched together and
cloned into yeast. All libraries were combined before yeast surface display.

Circular dichroism

CD measurements were carried out on a JASCO J1500 spectrometer at 25°C-95°C,
using a 1 mm path-length cuvette, at wavelengths from 200 to 260 nm. Proteins were
measured at 0.4 mg/mL in PBS buffer.

Constructs for recombinant expression of TLR3/minibinder complexes

Human TLR3 ectodomain (residues K27-A700) followed by a 6x His-tag was cloned into
the BamHI and Xbal sites of the pcDNA 3.1 vector (#V79020, Invitrogen) containing the
vascular endothelial growth factor receptor 1 (VEGFR) signal sequence for protein
secretion. Residues S1-L56 of minibinder 7.7 or residues S1-S56 of minibinder 8.6
followed by a thrombin cleavage site and Protein A-tag were cloned into the BamHI and
EcoRlI sites of the pcDNA 3.1 vector containing the VEGFR signal sequence for protein
secretion.

Expression and purification of the TLR3/minibinder complex for cryo-EM

A total of 1 ug of plasmid DNA (TLR3:minibinder-protein A ratio of 1:4) was transfected
into 2.5%10° Expi 293F cells (#A14527, Thermo Fisher Scientific) using Expifectamine
(#A14524, Thermo Fisher Scientific), and cells were cultured in Expi293 expression
medium (#A14351, Thermo Fisher Scientific) at 37°C and 8% CO2 with shaking (orbital
shaker, 120 rpm) for 4 days. After centrifugation to remove the cells, the culture
supernatant was loaded onto 1IgG Sepharose 6 Fast Flow (#17-0969-01, Cytiva). After
washing with 10 column volumes of wash buffer (20 mM Tris-HCI pH 8.0, 200 mM
NaCl), the Protein A—fused binary complexes (TLR3/minibinder-protein A) bound to the
resin were incubated with thrombin (1% [v/v] in wash buffer) at 4°C for 16 h to remove
the C-terminal Protein A tag. The eluted TLR3/minibinder complexes were concentrated
to 1 mg/mL using an Amicon Ultra centrifugal filter (#UFC8030, Millipore) and further
purified by SEC using a Superdex 200 Increase 10/300 GL column (#GE28-9909-44,
Cytiva) equilibrated in wash buffer (20 mM Tris-HCI pH 8.0, 200 mM NaCl). The peak
fraction was used for cryo-EM analyses without concentration.
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Cryo-EM sample preparation and data collection

Initially, the use of a general quantifoil grid led to a preferred orientation in the 2D
average of the initial dataset, showing only C-shaped side views of the TLR3/minibinder
complex. This limitation caused the 3D volume to stretch sideways, preventing the
generation of a high-resolution reconstruction. It is known that coating the cryo-EM grid
with a clean graphene oxide layer can help the protein particles adopt various
orientations®®. Indeed, graphene oxide-coated grids resulted in 20% of views from other
angles, while approximately 80% of the particles still displayed the C-shaped view.
Graphene oxide-coated Quantifoil R1.2/1.3 300 mesh copper holey carbon grids
(Quantifoil Micro Tools) were glow discharged using a PELCO easiGlow Glow
Discharge Cleaning system (Ted Pella) for 5 s at 10 mA. 3 pL of the purified
TLR3/minibinder complexes were applied to the grid and incubated for 10s in 100%
humidity at 4°C. After 2 s of blotting, the grid was plunged into liquid ethane using a
Vitrobot MkIV (Thermo Fisher Scientific). Micrographs were acquired on a Titan Krios
G4 TEM operated at 300 keV with a K3 direct electron detector (Gatan) at the Institute
for Basic Science (IBS), using a slit width of 20 eV on a GIF-quantum energy filter. EPU
software was used for automated data collection at a calibrated magnification of
130,000% under the single-electron counting mode and correlated-double sampling
(CDS) mode®, vyielding a pixel size of 0.664 A/pixel. Detailed image acquisition
parameters for each TLR3/minibinder complex are summarized in Supplementary
Table 3.

Image processing, model building, and refinement

The detailed image processing workflow and statistics are summarized in Extended
Data Figs. 5 and 6 and Supplementary Table 3. Raw movies were motion-corrected
using MotionCorr2®', and the CTF parameters were estimated by CTFFIND4°2. All other
image processing was performed using cryoSPARC v.4.2.1%, Initially, particles were
picked with a manual picker of cryoSPARC from a few micrographs. 2D class averages
representing projections in different orientations selected from the initial 2D
classification were used as templates for automatic particle picking from whole
micrographs. The resulting particles went through subsequent 2D classifications for
cleanup within cryoSPARC.

Even though the preferred orientation was slightly improved using the graphene
oxide-coated grid, approximately 80% of the particles were still included in the
C-shaped views. To find the best ratio between views that can create a nice 3D volume
by making the Euler angle distribution as even as possible, we tested various ratios of
C-shaped views and other views using Rebalance 2D in cryoSPARC. Robust 3D
volumes were generated using twice as many C-shaped particle views as other views
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by removing ~40% of the C-shaped view from the dataset. Non-uniform refinement®,
local motion correction®®, and CTF refinement® improved the particle alignment and
map quality. The final refinement yielded a map at an overall ~3.0 A resolution (with
tight mask). The mask-corrected Fourier shell correlation (FSC) curves were calculated
in cryoSPARC, and reported resolutions were based on the gold-standard Fourier shell
correlation (FSC) = 0.143 criterion®. Local resolutions of density maps were estimated
by Blocres®.

Model building for TLR3 was initiated by docking the AlphaFold2-predicted TLR3 into
the post-processed cryo-EM map generated from DeepEMhancer® using the Phenix
package. The Ca chain and side chains of minibinders were manually built in the
cryo-EM density map using Coot'®, referring to their AlphaFold2-predicted structure.
Models of the TLR3/minibinder complexes were manually adjusted in Coot and refined
against the map by using the real space refinement in the Phenix package. The
refinement statistics from Phenix validation are summarized in Supplementary Table 3.

Cell assay

HEK293-TLR3hi cells were cultured in DMEM with 4 mM L-glutamine (ThermoFisher),
10% FBS (ThermoFisher), 1% penicillin-streptomycin (ThermoFisher), and 500 ug/mL
G418 sulfate (ThermoFisher). 10° cells were plated in a 24-well plate in 0.25 mL of
media for 3 hours. Ligand was added and 24 hours later NF-kB-driven GFP expression
was measured using flow cytometry on an Attune NxT. Poly(l:C) HMW (InvivoGen) and
polyclonal goat anti-TLR3 (R&D systems) were used as positive controls. LPS-B5
(InvivoGen) and polyclonal goat IgG (R&D systems) were used as negative controls.
Extended Data
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Extended Data Fig. 1: Experimental characterization of hits obtained by yeast

display.

From left to right, design model, SEC, and BLI for each minibinder. K, values are
listed; N.D. indicates poor fit or no binding. Bottom, reducing SDS-PAGE of

minibinders 1-11.
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Extended Data Fig. 2: Affinity maturation of initial hits using yeast surface
display.

a, Yeast displaying the SSM libraries for each design were pooled and incubated with
fluorescently labeled hTLR3. Double positive cells were collected for sequencing and
additional rounds of sorting for a total of 3 sorts. b, Yeast displaying the combinatorial
libraries for each design were pooled and incubated with fluorescently labeled hTLR3.



Double positive cells were collected for sequencing and additional rounds of sorting

for a total of 5 sorts.
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Extended Data Fig. 3: Biochemical and biophysical characterization of

minibinder 7 variants.
Left, SEC, BLI, and Right, reducing SDS-PAGE of affinity-matured minibinders. K,
values are listed for each minibinder.
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Extended Data Fig. 4: Biochemical and biophysical characterization of

minibinder 8 variants.
Left, SEC, BLI, and Right, reducing SDS-PAGE of affinity-matured minibinders. K,
values are listed for each minibinder.
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Extended Data Fig. 5: Cryo-EM analysis of TLR3/minibinder 7.7 complex.

a, Representative cryo-EM micrograph (left) and its Fourier transform (right). b, Data
processing workflow of cryo-EM analysis and representative 2D class averages of the
TLR3/minibinder 7.7 complex. ¢, Gold-standard Fourier shell correlation (FSC)
between two independently refined half-maps in cryoSPARC (resolution cutoff at FSC
= 0.143). d, FSC curves for cross-validation: model versus summed map (black),
model versus half-map A (used in test refinement, green), and model versus half-map
B (not used in test refinement, red). e, Final cryo-EM map colored by local resolution.
f, Euler angle distribution of all particles used in the final 3D reconstructions. The
height and color (from blue to red) of the cylinder bars are proportional to the number
of particles in those views.
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Extended Data Fig. 6: Cryo-EM analysis of TLR3/minibinder 8.6 complex.

a, Representative cryo-EM micrograph (left) and its Fourier transform (right). b, Data
processing workflow of cryo-EM analysis and representative 2D class averages of the
TLR3/minibinder 8.6 complex. ¢, Gold-standard Fourier shell correlation (FSC)
between two independently refined half-maps in cryoSPARC (resolution cutoff at FSC
= 0.143). d, FSC curves for cross-validation: model versus summed map (black),
model versus half-map A (used in test refinement, green), and model versus half-map
B (not used in test refinement, red). e, Final cryo-EM map colored by local resolution.
f, Euler angle distribution of all particles used in the final 3D reconstructions. The



height and color (from blue to red) of the cylinder bars are proportional to the number
of particles in those views.

Extended Data Fig. 7: Helices and hydrophobic residues in minibinders.

a, Cryo-EM density for the third helix of minibinder 7.7 under high threshold (left,
threshold = 0.2 o) and low threshold (right, threshold = 0.08 o). The C-terminal end of
the second helix is marked with a red dot, and the potential density for the third helix
is marked as a3. b,c, Hydrophobic residues in helices of minibinder 7.7 (b) and
minibinder 8.6 (c). Interacting residues in the hydrophobic core are shown as yellow
(minibinder 7.7) and purple (minibinder 8.6) sticks. Residues involved in hydrophobic
interactions between each minibinder and TLR3 are colored in gray.
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Extended Data Fig. 8: Interactions between minibinders and TLR3.
a,b, Residues making key interactions between TLR3 and minibinders 7.7 (a) and 8.6
(b) are provided, as well as the nature of each interaction.
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Extended Data Fig. 9: Sequence alignments of minibinder 7 and 8 derivatives and
TLR3.

a, Amino acid sequence alignments of left, minibinder 7, and 7.1-12, and right, 7 KO or
8, 8.1-6, and 8 KO. Residues mutated from the parental designs 7 or 8 are colored red.
a-helices are noted above the alignment. Red squares and gray triangles indicate
residues involved in electrostatic and hydrophobic interactions in the structures of
minibinders 7.7 or 8.6 and TLR3, respectively. Yellow and purple circles indicate
helix-helix interacting residues in minibinders 7.7 and 8.6, respectively. b, Amino acid
sequence alignment of human (H. sapiens, UniProt: 015455) and mouse (M. musculus,
Uniprot: Q99MB1) TLR3. The LRR consensus sequence of TLRS3
(XLxxLxxLxLxxNxLxxLxxxxFx) is provided under the LRR motif alignment, and residues
conserved in both sequences are colored red. Domains (LRRNT, LRR1-LRR23 motif,
and LRRCT) and secondary structure (arrows for  stands and helices for a-helices)
elements are noted above the alignment. Yellow and purple squares indicate TLR3
residues interacting with minibinders 7.7 and 8.6, respectively. Disulfide bonds are also
indicated by orange lines. The sequence alignment was created using T-Coffee



(http://tcoffee.crg.cat)'™".

a
19 . 19
2 - 8.6 dimer 8.6 tetramer 7.1 tetramer
2 = = 8 KO dimer 8 KO tetramer 7 KO tetramer
k-]
@
N
©
13
=
]
z
0+ 0+ [ e 0O——T—7—T1
1.0 1.5 20 25 3.0 10 1.5 20 25 3.0 1.0 1.5 20 25 3.0
Elution volume (mL)
b 2.5+ c 0.20- )
71 — 8.6 dimer
2.0
_ 8.6 tetramer
€ 1.5
= 7.1 tetramer
& 1.0 : )
= : -=-- 8 KO dimer
» 0.5 : 3
0.0~ == : plisiesstormm e, 8 KO tetramer
05 : _0_05] i 7 KO tetramer
0 200 400 600 0 200 400 600
Time (s) Time (s)
d
1.0M = 1.0M =
800K = - “ 800K -
<« 600K 600K -
g ]
3

1 Single Cells
400K =

200K =

01

FSC-A

STy 1 1 T T
200K 400K 600K 800K 1.0M 0

T T T
200K 400K 600K

SSC-H

T T
800K  1.0M 104 0

1 011 10 10
ZombieViolet (VL1-A)

Extended Data Fig. 10: Characterization of multimers and gating strategy.

a, SEC of multimers. b,c, BLI of minibinder and knockout monomers (b) and multimers
(c). d, Gating strategy for measuring GFP expression in HEK293-TLR3hi cells.
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Supplementary Table 1. Amino acid sequences

Construct*

Amino Acid Sequence

1

10

11

7.1

7.2

DR[V/I][L/Y]RA[A/R]JAELAF[K/RINLRID[V/I/L/M]EENDPEEVR[Q/S/T/Y]
NLR[H/R]LET[L/Y]ARVLNDPEIERLVEEVKELLG

DEVWRILAQ[M/IJ[T/N][H/S]I[L/K/N/S/Q][S/N]JHIDDPEE[A/N/S]YEV[S/D
/N]JRLF[L/Y]JRVYELNDPEYARRALERAEEL

DN[F/Y]RYY[V/A/G]E[Q/N/S/Y]LLR[S/H/N/T]AEL[L/E/S]LEEGDPE[E/Y]
AE[L/N/Q/R/S][A/R/SIL[R/H][S/N/QJAKTVARIL/I/VJENDEELRRLVEELE
RRL

DD[I/N/T]FE[F/W]YIKYLIE[A/Q/N/T]AK[R/Y]AYEE[G/I[DDEAAENDLR[T
/HJARSAARVLGDEELRRLIEELERKI

DLEELIREARELLEKGNPYEAAK[V/Y]VLE[A/S]IHLAI[Q/M]K[D/R]DDE[
L/R][F/I/L/M/S]LEAWRLYREILG

S[A/N/S/T]VELYLELLERS[L/M/T]R[L/F/Y]A[V/L]JEAGDPEDAER[I/D][L/
KIR[K/H/TJARQIARVFNDPELEEIVERMEEILK

S[A/IIV]ME[R/H/Y]YVK[V/E]LLRTAE[L/Y]JAREAGID/E/H]PE[D/E/H/Y]VR
[K/N/S/T][A/LILE[K/F/QJAE[L/M]VARILHNEELKEEIREVEEEL

SLEEEAERVVEELVKEFNLSET[Q/H]EI[A/H/Y]LRRY[A/E/H/R/QIE[F/Y]
AA[K/R]AGASEEVIEEL[L/V]RRVAERLS

DELERLAEEIVERLVKEYNLDFKQKLRLRIIAESLLEHGFDEELIELLLER
DARRLS

DEELREVVERLVEKFQLSEEAKKVLEEVVKRLEERGFDEKLAKLRLYL
VAARLSVEL

S[D/EJEA[A/Y]RIARE[I/V]LKLAE YAIKTDDPEALRLYNEAK[N/R]LL[S/H/
N/RJEAEAKNSEEVLKKVEEVVRKAQKNVS

SAMEYYVKVLLRTAEYAREAGDPEDVRKALEKAELVARILHNEELKEEI
REVEEEL

SAMEYYVKVLLRTAEYAREAGDPEYVRKALEKAELVARILHNEELKEEI
REVEEEL



7.3

7.4

7.5

7.6

7.7

7.8

7.9

7.10

7.1

712

7 KO

8.1

8.2

8.3

SAMEYYVKVLLRTAEYAREAGDPEYVRKALEQAELVARILHNEELKEEI
REVEEEL

SAMEYYVNVLLRTAEYAREAGDPEDVRKALEKAELVARILHNEELKEEI
REVEEEL

SAMEYYVKVLLRTAEYAREAGDPEDVRKALEQAELVARILHNEELKEEI
REVEEEL

SAMEYYVKELLRTAEYAREAGDPEDVRKALEKAELVARILHNEELKEEI
REVEEEL

SAMEYYVKELLRTAEYAREAGDPEYVRKALEKAELVARILHNEELKEEI
REVEEEL

SAMEYYVKELLRTAEYAREAGDPEYVRKALEQAELVARILHNEELKEEI
REVEEEL

SAMEYYVKELLRTAEYAREAGDPEYVRNALEQAELVARILHNEELKEEI
REVEEEL

SAMEYYVKELLRTAEYAREAGEPEYVRNALEQAELVARILHNEELKEEI
REVEEEL

SAMEYYVKELLRTAEYAREAGDPEDVRKALEQAELVARILHNEELKEEI
REVEEEL

SAMEYYVKELLRTAEYAREAGDPEDVRNALEQAELVARILHNEELKEEI
REVEEEL

SAMERAVKVLLRTAELAREAGDPERVRKALEEAELVARILHNEELKEEI
REVEEEL

SLEEEAERVVEELVKEFNLSRTQEIALRRYAEFAAKAGASEEVIEELLR
RVAERLS

SLEEEAERVVEELVKEFNLSETQEIALRRYAEYAAKAGASEEVIEELLR
RVAERLS

SLEEEAERVVEELVKEFNLSRTQEIALRRYAEYAAKAGASEEVIEELLR
RVAERLS



8.4 SLEEEAERVVEELVKEFNLSRTQEIALRRYAEYAARAGASEEVIEELLR

RVAERLS

8.5 SLEEEAERVVEELVKEFNLSRTQEIALRRYAEYAARATASEEVIEELLR
RVAERLS

8.6 SLEEEAERVVEELVKEFNLSRTQEIALRRYAEYAARATASEEVIEELLR
DVAERLS

8 KO SLEEEAERVVEELVKEFNLSETQEIALRAAAEAAAKAGASEEVIEELLR
RVAERLS

tetramer  [BINDER]GGSGGSGGSGGSGGSGIBINDER]GGSGGSGGSGGSGG
SG[BINDER]GGSGGSGGSGGSGGSG[BINDER]

dimer GSHENKQVEEILRLEKEIEDLQRMKERQELSLTEASLQKLQLEDKVEE
LLSKNYHLENEVARLKKLVGEGGSGGSGGSGGSGGSGGSGGSGGS|
BINDER]

TLR3 MLLVNQSHQGFNKEHTSKMVSAIVLYVLLAAAAHSAFAKCTVSHEVAD

ectodomain  CSHLKLTQVPDDLPTNITVLNLTHNQLRRLPAANFTRYSQLTSLDVGFN
TISKLEPELCQKLPMLKVLNLQHNELSQLSDKTFAFCTNLTELHLMSNS
IQKIKNNPFVKQKNLITLDLSHNGLSSTKLGTQVQLENLQELLLSNNKI
QALKSEELDIFANSSLKKLELSSNQIKEFSPGCFHAIGRLFGLFLNNVQ
LGPSLTEKLCLELANTSIRNLSLSNSQLSTTSNTTFLGLKWTNLTMLDL
SYNNLNVVGNDSFAWLPQLEYFFLEYNNIQHLFSHSLHGLFNVRYLNL
KRSFTKQSISLASLPKIDDFSFQWLKCLEHLNMEDNDIPGIKSNMFTGL
INLKYLSLSNSFTSLRTLTNETFVSLAHSPLHILNLTKNKISKIESDAFSW
LGHLEVLDLGLNEIGQELTGQEWRGLENIFEIYLSYNKYLQLTRNSFAL
VPSLQRLMLRRVALKNVDSSPSPFQPLRNLTILDLSNNNIANINDDMLE
GLEKLEILDLQHNNLARLWKHANPGGPIYFLKGLSHLHILNLESNGFDE
IPVEVFKDLFELKIIDLGLNNLNTLPASVFNNQVSLKSLNLQKNLITSVE
KKVFGPAFRNLTELDMRFNPFDCTCESIAWFVNWINETHTNIPELSSH
YLCNTPPHYHGFPVRLFDTSSCKDSAGGSHHHHHHGGSGLNDIFEA
QKIEWHE

* For minibinders 1-11, the amino acids encoded by degenerate codons in the
combinatorial libraries are listed in brackets, with the original amino acid bolded.



Supplementary Table 2. Association and dissociation rates for TLR3/minibinder
interactions, determined by BLI

Minibinder Kon (M"'s™) Ko (s™)
1 N.D.* N.D.
2 N.D. N.D.
3 1.1E+04 4 5E-03
4 6.9E+03 1.7E-03
5 N.D. N.D.
6 1.1E+04 4.9E-04
7 4.8E+03 2.1E-03
8 2.5E+03 3.0E-03
9 41E+03 6.3E-03
10 N.D. N.D.
11 N.D. N.D.

7.1 7.9E+03 3.4E-04
7.2 9.3E+03 1.6E-04
7.3 8.0E+03 2.3E-04
7.4 1.0E+04 3.6E-04
7.5 1.6E+04 1.8E-05
7.6 5.0E+04 1.2E-03
7.7 1.9E+04 5.9E-04
7.8 2.0E+04 7.7E-04
7.9 2.9E+04 2.7E-03
7.10 3.0E+04 5.7E-03
7.1 3.0E+04 1.4E-03
7.12 4.0E+04 4.4E-03
8.1 2.8E+03 1.9E-03

8.2 2.1E+03 1.3E-03



8.3
8.4
8.5
8.6

2.9E+03
2.9E+03
3.3E+03
4 5E+03

6.5E-04
6.5E-04
5.6E-04
1.7E-04

*N.D. indicates no binding
data.

Supplementary Table 3. Cryo-EM data collection, refinement, and validation

statistics

TLR3/minibinder 7.7

TLR3/minibinder 8.6

Data collection and
processing

Magnification 130,000 130,000
Voltage (kV) 300 300
Electron exposure (e/A?) 68.9 69.8
Defocus range (um) -0.8--2.2 -0.8 --2.0
Pixel size (A) 0.664 0.664
Symmetry imposed C1 C1
Initial particle images (no.) 6,608,485 2,955,749
Final particle images (no.) 739,755 510,475
Map resolution (A) 2.88 2.88
FSC threshold 0.143 0.143
Refinement

Initial model used
Map resolution (A)
FSC threshold
Map sharpening B factor (A?)
Model composition
Non Hydrogen atoms
Protein residues
Ligands
B factors (A2
Protein
Ligand
R.m.s. deviations
Bond lengths (A)

AF2 prediction
2.88
0.143
0

5,845
703
14

75.39
77.43

0.26

AF2 prediction
2.88
0.143
0

5,990
719
15

64.40
70.91

0.26



Bond angles (°) 0.51 0.51
Validation
MolProbity score 2.33 2.15
Clashscore 11 11
Poor rotamers (%) 0 0
Ramachandran plot
Favored (%) 88 87
Allowed (%) 12 13
Ouitliers (%) 0 0




Chapter 3. Stabilizing flagellin, a TLR5 agonist

Abstract

Flagellin is one of the only protein-based TLR agonists. Yet, flagellin is prone to
aggregation and degradation which makes it an unsuitable adjuvant candidate. Here,
we describe two efforts to stabilize flagellin. Ultimately, we tested stabilized versions of
flagellin in vivo with the SARS-CoV-2 receptor-binding domain as an antigen, and saw
no immunological impact from stabilized or native flagellin.

Introduction

Toll-Like Receptor 5 (TLR5) is a pattern recognition receptor that is activated by the
bacterial protein flagellin. TLR5 activation leads to the upregulation of NF-kB
signaling’®. Flagellin is the best studied TLR protein agonist and its immune stimulating
properties make it a potential vaccine adjuvant candidate'®. However, flagellin is prone
to aggregation and degradation, limiting its translational impact due to manufacturing
difficulties.

Flagellin consists of 2-4 domains (DO, D1, D2, and D3) (Fig. 3a). TLRS binds to a
conserved region in the D1 domain'®. D2 and D3 are variable and absent in some
species of bacteria'®. The DO domain is responsible for aggregation, as it
self-assembles and forms an 11-mer filament'%*7"1%_ The C-terminus of the DO domain
is also susceptible to degradation'®. Previous attempts at stabilization of flagellin have
included an entire deletion or truncation of the DO domain, however this leads to a
decrease in TLRS5 signaling'”’. Structural stabilization of the DO domain using disulfides
has been used to stabilize flagellin”'. There is still room for improvement in thermal
stability and general stability.

Here, | describe two attempts of further stabilizing flagellin using protein design. The
first method focuses on maintaining the key flagellin-TLR5 residues in D1 and rebuilding
new helices around these residues- a “mimetic” approach. The second method focuses
on truncating D2 and D3 and stabilizing DO with ProteinMPNN'®, a deep learning based
design method.

Results

Computational design of flagellin mimetics

In our first approach, we used the Idealizer®® design pipeline to build a flagellin mimetic
based on D1. This strategy maintains the critical residues of the D1 domain, but the rest
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of the structure is de novo- leading to potentially more stable variants. Critical residues
were chosen based on the flagellin-TLRS5 interface and alanine scanning of the
interface™ %, A fourth helix was added to some designs to further stabilize flagellin. It is
important to note that this design is done in the context of the target receptor. At the
time, the only structure of TLR5 in the PDB was zebrafish TLR5 (drTLR5), which is only
~40% similar in sequence to human TLR5 (hTLR5) (Uniprot 060602, F8W3J5). Now,
there are AlphaFold predicted structures of human and mouse TLR5 (mTLRS5).

100s of designs were made in the context of drTLR5 and filtered by ddG and interface
SASA. 47 designs were screened for binding against 1 yM drTLRS5 using yeast surface
display (Fig. 1a). 5 hits bound to drTLR5 (Fig. 1b). These designs did not bind to
hTLR5 or mTLR5. Error-Prone PCR was performed on the 47 designs to introduce
random mutations that might rescue binding. Binding to mTLRS was rescued (Fig. 1c).
Predictions of these mutations showed they caused partial unfolding of the designs
(Fig. 1d). Thus, it seemed like the cross-reactive variants might be poorly behaved.

2— 1 Native flagellin Flagellin Mimetics
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Fig. 1. Screening “idealized” flagellin

a, 47 designs were sorted against drTLR5. b, 5 hits were identified via colony PCR. ¢,
Designs were cross-reactive to mTLR5. d, Mutations at residue 50 in Design 29
rescued binding to mTLR5 but are predicted to affect folding.

It was unclear why there was no binding to hTLRS5, despite native flagellin being
cross-reactive to zebrafish/human/mice. We performed an additional design campaign
of flagellin mimetics against a homology model of hTLR5. We also made de novo
minibinders against hTLRS5, following the same pipeline described in Chapter 2. Both of
these campaigns yielded inconclusive results. We began to have doubts that the hTLR5
ectodomain was properly folded- so we further characterized it.

The TLR5 ectodomain is notoriously difficult to make'® and we were unable to produce
it in house. At the time this work was carried out, one company, Invivogen, sold
hTLR5-FC. Native flagellin readily bound to mTLRS-FC via BLI, but had only low levels
of binding to purchased hTLR5-FC (Fig. 2a). Additionally, when visualizing mTLR5-FC
with negative stain EM, the receptor shows the canonical horseshoe shapes of TLRs.
However, hTLR5-FC had a heterogeneous mixture of an IgG antibody and the TLRs
(Fig. 2b). We deemed hTLR5-FC not reliable to use and thus we had no source of
human protein to screen designs against.
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Fig. 2. Characterizing recombinant human TLRS.

a, Biotinylated flagellin is loaded onto streptavidin sensors. Binding signal is clear to
MTLRS5-FC but not hTLRS-FC. b, Negative stain micrographs of mTLRS-FC and
hTLR5-FC. Human TLR5 has a heterogeneous population of TLR and an unknown
IgG.

Computational design of stabilized flagellin

Our previous design methods were all performed in the context of the receptor. Due to
unreliable hTLRS, we had to stabilize flagellin without disrupting the TLRS-flagellin
interface. Additionally, we needed to develop a new way to screen designs. Protein
MPNN has been used to design new protein sequences that are highly stable, while
maintaining the original backbone'"'. Here, we use Protein MPNN to stabilize flagellin
(Fig. 3a).

The DO domain is known to be important for TLR5 signaling. However, it is unknown
which of the 4 faces of the DO contributes to signaling. Each design kept 1 face of DO
while the remaining 3 faces were altered to introduce less hydrophobic residues. All
residues on D1 responsible for binding to flagellin were conserved on at least one of two
potential binding sites. About half of the designs were derived from Salmonella enterica
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flagellin and the other half were derived from Bacillus subtilis. Designs 1 and 2 are most
similar to previously described stabilizations in literature.

Designs express readily and activate TLRS

We expressed 24 designs with a C-terminal His6 tag in E.coli and purified them by
immobilized metal affinity chromatography (IMAC) and size exclusion chromatography
(SEC). Multiple designs showed truncation products or did not express (Fig. 3b).
Designs were screened for TLR5 activation using HEK-Blue™ mouse TLRS5 cells, which
have a NF-kB reporter (Fig. 4). The majority of the expressing designs signaled
similarly to native flagellin at 1000 ng/mL. To confirm that the NF-kB signaling was TLRS
specific, designs were tested in Ramos-Blue™ which has a NF-kB reporter but does not
express TLR5. The designs did not signal in this assay (Data not shown). Designs were
further characterized in a dilution series in the cell assay (Fig. 5a). Many of the designs
followed the same signaling pattern as native flagellin.
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Fig. 3. MPNN expression
a, Flagellin (PDB: 1UCU). D2 and D3 were truncated. DO was modified using MPNN.
b, Reducing SDS-PAGE of purified designs.
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Fig. 4. Stabilized flagellin leads to native levels of NF-kB activation

-1 indicates the negative control LPS. 0 indicates purchased Flagellin (Rec Fla-st). All
other numbers correspond to design numbers. The high concentration is 1000 ng/mL
and the low is 5 ng/mL

Designs were displayed on a protein nanoparticle

Flagellin has been displayed multivalently on ferritin, VLPs, and gold nanoparticles to
increase activation'2""112"3_ Previously, our lab has effectively used a two component
protein-based nanoparticle to display SARS-CoV-2 RBD"*.

Flagellin designs were displayed on the trimeric component of the nanoparticle and
assembled with bare pentamer™®. We tested activation of stabilized flagellin fused to the
trimer and full cage (Fig. 5b). Surprisingly, the full nanoparticle was not always more
potent than the trimer.
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Fig. 5. Dilution series of stabilized flagellin

a, Stabilized flagellin was tested for activation in a 4 point dilution series. b, Trimers and
full cages genetically fused to stabilized flagellin were tested for activation in a 3 point
dilution series.

Thermostability of stabilized flagellin

Designs were characterized for thermostability using a SYPRO thermal shift assay (Fig.
6). Native flagellin had a melting temperature around 40°C. Designs 1 and 2, which are
derived from literature, show an increase in melting temperature to around 45°C. All
other designs tested show an improvement to 50-60°C.
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Fig. 6. MPNN stabilized flagellin have increased melting temperatures.

Left Flagellin has a relatively low melting temperature. Center This is improved slightly
with the introduction of disulfides. Right The melting temperature is further increased
with MPNN stabilized designs.

Adjuvanticity was tested in mice

Various valencies of flagellin on the nanoparticle were tested (12.5, 25, 50, and 100)
and tested in HEK-Blue™ mouse TLRS cells. 50% valency had a similar signaling to
100% valency and was used for in vivo studies. SARS-CoV-2 RBD trimers were
co-assembled with flagellin trimers into 50/50 nanoparticles. Nanoparticle formation was
confirmed using size exclusion chromatography, dynamic light scattering, and electron
microscopy (Fig. 7a). Additionally, the antigen was confirmed to not disrupt signaling
using HEK-Blue™ mouse TLRS5 cells.

We evaluated the immunogenicity of our flagellin particles by measuring
antigen-specific titers in serum after immunizing 11 BALB/c mice twice with adjuvanted
nanoparticles four weeks apart (Fig. 7b). Addavax™, an oil-in water MF59 like
emulsion, was used as positive control for adjuvanticity. Two weeks post-prime, the
highest levels of antigen-specific antibodies were observed in the sera of animals that
received Addavax™. Two weeks post-boost, highest levels of antigen-specific
antibodies were again observed in the sera of animals that received Addavax™. No
significant difference was seen in the sera of animals that received the flagellin
nanoparticles.
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Fig. 7. Anti-Hexapro responses elicited by adjuvanted RBD nanoparticles.

a, Negative stain micrographs depicting nanoparticles. b, Study design and groups.
Groups of BALB/c mice were immunized at weeks 0 and 4, and serum was obtained
at weeks 0, 2, and 6. ¢, Serum antibody titers against SARS-CoV2-HexaPro.

Discussion

This chapter presents two approaches to stabilize flagellin, a potent TLR5 agonist,
which could potentially serve as a vaccine adjuvant.

The first approach involved the design of D1 mimetics that maintain critical residues for
TLRS binding while incorporating de novo structural elements to potentially enhance
stability. In hindsight, this design was done in the context of zebrafish TLRS5, which is
not highly conserved to human or mouse. The model was a zebrafish-VLR hybrid which
further decreased the similarity.



A significant challenge encountered during the study was sourcing reliable human TLR5
ectodomain. This difficulty led to the start of another project in the lab that focuses on
stabilizing the TLR2 and TLR5 ectodomains with ProteinMPNN (led by Cameron
Criswell).

We moved to a receptor-independent approach, where we stabilized DO with MPNN.
Despite the successful stabilization of flagellin and its demonstrated activity in vitro, we
found no significant immunological impact in vivo when tested with SARS-CoV-2 RBD
as an antigen.

After completing our study, we examined a paper with RBD on ferritin and different TLR
agonists as adjuvants. Flagellin did not increase RBD-specific IgGs, but Pam2CSK4 (a
TLR2/6 agonist) did"'®. Work in the field shows flagellin increased IgG responses
against HA when co-displayed on a nanoparticle with HA"? It is possible that RBD was
not the correct antigen to use with TLRS. It is also possible that our nanoparticle went to
cells that did not express TLRS.

In summary, we used innovative strategies to stabilize flagellin that showed promising
results in vitro. However, there was a lack of significant immunological impact in vivo
which underscores the challenges and complexities associated with the development of
effective protein-based vaccine adjuvants. Further research is needed to address these
challenges and optimize the design and formulation of flagellin-based adjuvants for
potential clinical applications.
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Materials and Methods

Computational Design

Flagellin mimetics were designed as outlined in ref.*®. BundleGridSampler mover was
used to generate a 4th helix in a subset of designs'’. ProteinMPNN was used to
redesign three of four faces of DO in the second approach®"-1%,
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Yeast surface display
As described in Chapter 2.

Protein purification

Zebrafish TLR5 was purchased as a custom order from Wuxi Biologics. Mouse TLR5-Fc
(R&D Systems, #7915-TR-025) and Human TLR5-Fc (Invivogen, #fc-htlr5-2) were
purchased. Recombinant flagellin was purchased (Invivogen, #tlrl-stfla). Designs were
purified as described in Chapter 2.

Biolayer interferometry

BLI was performed on an Octet RED96 or Octet R8. All biosensors were hydrated in
kinetics buffer HBS-EP+ (10 mM HEPES, 150 mM NaCl, 3 mM EDTA, 0.05% v/v
surfactant P20) with 0.5% w/v non-fat dry milk (Cytiva). Flagellin was biotinylated and
excess biotin was purified out by SEC. Biotinylated flagellin was diluted to a final
concentration of 0.01 mg/mL in kinetics buffer and loaded onto streptavidin biosensors
(Sartorius). TLR5-FC was diluted in kinetics buffer to 500 nM and its association was
measured for 300 s, followed by a dissociation for 300 s in kinetics buffer.

Negative Stain Electron Microscopy

400-mesh carbon coated grids (Electron Microscopy Sciences) were glow-discharged
and 3 uL of TLR-FC at 20 ug/mL was applied and then stained with 2% (w/v) uranyl
formate. All nsEM data were collected with a BM-Ceta camera at 57,000x magnification
using EPU 2.0 on a 120 kV Talos L120C transmission electron microscope (Thermo
Scientific). CTF processing, particle picking, particle extraction, 2D classification, and
3D refinement steps were all performed with CryoSPARC®.

HEK-Blue™ and Ramos-Blue™ activation assays
Cells were cultured as described in the manufacturer’s technical data sheet (InvivoGen).

NanoDSF

All proteins were formulated at 0.2 mg/mL in 25 mM Tris, pH 8.0, 150 mM NaCl and
then mixed at 9 volumes to 1 volume of 200x concentrate SYPRO orange (Thermo
Fisher) diluted in the same buffer. NanoDSF to determine melting temperatures was
carried out on an UNcle (UNchained Labs) by measuring the integration of fluorescence
emission spectrum during a thermal ramp from 25°C to 95°C, with a 1°C increase in
temperature per minute.
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Endotoxin Removal and Testing

Endotoxin was removed from samples by including 0.75% CHAPS in the lysis buffer
and performing multiple 0.75% CHAPS + PBS washes before eluting the samples off of
Nickel. SEC columns were thoroughly cleaned before purification and endotoxin levels
were measured using the EndoSafe Nexgen-MCS system (Charles River). Samples
were diluted in endotoxin-free water and applied to EndoSafe LAL reagent cartridges.

Immunogenicity Studies

For immunogenicity studies, mice were housed in a specific-pathogen free facility within
the Department of Comparative Medicine at the University of Washington, Seattle,
accredited by the Association for Assessment and Accreditation of Laboratory Animal
Care (AAALAC). Animal studies were conducted in accordance with the University of
Washington’s Institutional Animal Care and Use Committee. Whole blood was collected
in serum separator tubes (BD #365967) and rested for 30 min at room temperature for
coagulation. Tubes were then centrifuged for 10 min at 2,000 g and serum was
collected and stored at —80°C until use.

Enzyme-linked immunosorbent assay (ELISA)

Costar 96-well high protein binding plates were coated overnight at 4°C with HexaPro at
and blocked in 200 uL of blocking buffer composed of (TBST: 1x Tris-buffered saline
with 25 mM Tris pH 8.0, 150 mM NaCl, 0.2% Tween 20, and 5% nonfat milk). Plates
were then washed 3x with TBST in an automated plate washer (Biotek); all washing
steps follow the same protocol. Serum dilutions were plated and incubated for one hour
at room temperature shaking at 500 rpm. Plates were washed before 100 uL per well of
TMB were added and developed for 3 minutes, then quenched with 100 uL of 1N HCI.
Reading at absorbance at 450 nM was carried out with an Epoch plate reader (Biotek).

Table 1: Amino Acid Sequences

Idealized Amino Acid Sequence
Designs




NJ10

NJ24

NJ28

NJ29

NJ32

DEEVEEWARRFFEWVRIALERASAESSEIESVWKELEQRARELLEELE
KVLKTSTDEDEEDARAEALFRLALFMLNVVQRMRELAVQVANTAPFDY
TDFKEAAERAVEWADTLRSRALAEKNRAESEKTN

DEEEAERLVKEADKVRSEVLRWLNRLRSQATNENREVREESEEAERK
LKAALLWLNVAQRIRELLVQVKERNATDSVKEEIEQREEELRRIREKT

DEEAESVLKEIKQREEELEKAREELERTRSNDEREEMELRMRAALFAL
NVAQRARELLVQVDADRDEREEEKARKLVEWADEWRSRVARMLNRL
ESEQTN

DEEADSVRKEIEQREEELKKLEEEARRTEADEEKKAKVLLELALKWLN
VAQRIRELLVQVSAPTDKREEEKAEREVKKADELRSKVLRIMNRVKSE
KTN

SEEEAKKRLKEAEARLKAALWMFNVIQRMRELLVQVFNLVRRAGKDE
ARELLKSVNKELEQRARELMEWVENTEANDEKVKTIAEEIMKAVEEAR
NNNAEETAMKAMEKAVRLADELRSEALALLNRVRSLETN

MPNN
Designs

Amino Acid Sequence

1

KFDINYNKELEEEKENLNKSQSSLSSAIERLSSGCRINSAKDDAAGQAIA
NRFTSNIKGLTQASRNANDGISIAQTTEGALNEINNNLQRVRELSVQATN
GTNSDSDLKSIQDEIQQRLEEIDRVSNQTQFNGVKVLSQDNQMKIQVG
ANDGETITIDLQKIDVKSLGLDGFNVNGSGSTANPLASIDSALSKVDAVR
SSLGAIQNRFDSAITNLGNTVTNLNSARSRIECADYATEVSNMSKAQILQ
QAGTEKLKEAEEKIEKYKELLKGGSGLNDIFEAQKIEWHE

NLNKSQSSLSSAIERLSSGCRINSAKDDAAGQAIANRFTSNIKGLTQASR
NANDGISIAQTTEGALNEINNNLQRVRELSVQATNGTNSDSDLKSIQDEI
QQRLEEIDRVSNQTQFNGVKVLSQDNQMKIQVGANDGETITIDLQKIDV
KSLGLDGFNVNGSGSTANPLASIDSALSKVDAVRSSLGAIQNRFDSAIT
NLGNTVTNLNSARSRIECADYATEVSNMSKAQILQQAGTGGSGLNDIFE
AQKIEWHE

AQDLSTNSLSLLTQNNLNKSQSSLSSAIERLSSGLRINSAKDDAAGQAIA
NRFTSNIKGLTQASRNANDGISIAQTTEGALNEINNNLQRVRELSVQATN
GTNSDSDLKSIQDEIQQRLEEIDRVSNQTQFNGVKVLSQDNQMKIQVG
ANDGETITIDLQKIDVKSLGLDGFNVNGSGSTANPLASIDSALSKVDAVR
SSLGAIQNRFDSAITNLGNTVTNLNSARSSIEDADYEQETQNMSKAQQ



NVQKGTTLQAQADQVPLNVLKQLLGGSGLNDIFEAQKIEWHE

AQVINTNSTSLLTQEELRKAQSSLSSAQERLSSGKRINSAKDDAAGQAI
ANRFTSNIKGLTQASRNANDGISIAETTEGALNEINNNLQRVKELSKQAT
NGTNSDSELKSIQDEIQQRLERIDEVSNQTQFNGVKVLSQDNQMKIQV
GANDGETITIDLQKIDVKSLGLDGFNVNGSGSTANPLASIDSALSKVDAV
RSSLGAIQNRFDSAITNLGNTVTNLNSERSLIEDADYETEVSNMEKAQK
EVQAGQSVLAQANQQPQNVLSLLRGGSGLNDIFEAQKIEWHE

AQVINTNSTSLLTQEELRKAQSSLSSAQERLSSGCRINSAKDDAAGQAI
ANRFTSNIKGLTQASRNANDGISIAETTEGALNEINNNLQRVKELSKQAT
NGTNSDSELKSIQDEIQQRLERIDEVSNQTQFNGVKVLSQDNQMKIQV
GANDGETITIDLQKIDVKSLGLDGFNVNGSGSTANPLASIDSALSKVDAV
RSSLGAIQNRFDSAITNLGNTVTNLNSERSLIECADYETEVSNMEKAQK
EVQAGQSVLAQANQQPQNVLSLLRGGSGLNDIFEAQKIEWHE

AQVINTNSTSLLTQNELNKAQSSLSSAQERLSSGKRINSAKDDAAGQAI
ANRFTSNIKGLTQASRNANDGISIAETTEGALNSINNNLQRVKELSKQAT
NGTNSDSELKSIQDEIQQRLERIDEVSNQTQFNGVKVLSQDNQMKIQV
GANDGETITIDLQKIDVKSLGLDGFNVNGSGSTANPLASIDSALSKVDAV
SSSLGAISNRFDSAITNLGNTVTNLNSERSLIEDADYETEVSNMEKAQK
EVQAGQSVLAQANQQPQNVLKELRGGSGLNDIFEAQKIEWHE

AQDLNFNSVSAETQKQLEKAQSSLSSAQERLKSGRRINSIKDDAAGLAI
ANRFTSEIKGLTQASRNANDGIAIAETTEGALDEINNNLQRVKELSVQAT
NGTNSDSDLKSIQDEIQQRLEEIDRVSNQTQYNGVKVLSQDNQMKIQV
GANDGETITIDLQKIDVKSLGLDGFNVNGSGSTANPLASIDSALSKVDAV
RSSLGAIQNRFDSAITNLGNTVTNLNSQRSSIEDADYQTEVSNMQKAQ

EEVQAGQSVLAQANQIPQNVLSLLRGGSGLNDIFEAQKIEWHE

AQDLNFNSVSAETQKQLEKAQSSLSSAQERLKSGCRINSIKDDAAGLAI
ANRFTSEIKGLTQASRNANDGIAIAETTEGALDEINNNLQRVKELSVQAT
NGTNSDSDLKSIQDEIQQRLEEIDRVSNQTQYNGVKVLSQDNQMKIQV
GANDGETITIDLQKIDVKSLGLDGFNVNGSGSTANPLASIDSALSKVDAV
RSSLGAIQNRFDSAITNLGNTVTNLNSQRSSIECADYQTEVSNMQKAQ

EEVQAGQSVLAQANQIPQNVLSLLRGGSGLNDIFEAQKIEWHE

AQDLSFNSLSQLTQNELQKAQSSLSSAQERLKSGRRINSVKDDAAGLAI
ANRFTSNIKGLTQASRNANDGIDIARTTEGALDEINNNLQRVKELSLQAT
NGTNTDSQLKSIQDEIQQRLEHIDKVSNQTQYNGVKVLSQDNQMKIQV
GANDGETITIDLQKIDVKSLGLDGFNVNGSGSTANPLASIDSALSKVDAV
RSSLGAIQNRFDSAITNLGNTVTNLNSARSRIEDADYETEVSNMQKAQQ
LVQAGQSVLAQANQVPQNVLSLLRGGSGLNDIFEAQKIEWHE
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AQDLSFNSLSQLTQNELQKAQSSLSSAQERLKSGCRINSVKDDAAGLAI
ANRFTSNIKGLTQASRNANDGIDIARTTEGALDEINNNLQRVKELSLQAT
NGTNTDSQLKSIQDEIQQRLEHIDKVSNQTQYNGVKVLSQDNQMKIQV
GANDGETITIDLQKIDVKSLGLDGFNVNGSGSTANPLASIDSALSKVDAV
RSSLGAIQNRFDSAITNLGNTVTNLNSARSRIECADYETEVSNMQKAQQ
LVQAGQSVLAQANQVPQNVLSLLRGGSGLNDIFEAQKIEWHE

AQDLSHNSVSEETENELKKAQSSLSSAQERLKSGKRINSVKDDAAGLAI
ANRFTSEIKGLTQASRNANDGISIARTTEGALDEINNNLQRVRELSVQAT
NGTNSDSELKSIQDEIQQRLENIDRVSNQTQFNGVKVLSQDNQMKIQV
GANDGETITIDLQKIDVKSLGLDGFNVNGSGSTANPLASIDSALSKVDAV
RSSLGAIQNRFDSAITNLGNTVTNLNSQRSKIEDADYATEVSNMSKAQIL
VQAGKSVLAQAKQIPQNVLSLFRGGSGLNDIFEAQKIEWHE

AQDLSHNSVSEETENELKKAQSSLSSAQERLKSGCRINSVKDDAAGLAI
ANRFTSEIKGLTQASRNANDGISIARTTEGALDEINNNLQRVRELSVQAT
NGTNSDSELKSIQDEIQQRLENIDRVSNQTQFNGVKVLSQDNQMKIQV
GANDGETITIDLQKIDVKSLGLDGFNVNGSGSTANPLASIDSALSKVDAV
RSSLGAIQNRFDSAITNLGNTVTNLNSQRSKIECADYATEVSNMSKAQIL
VQAGKSVLAQAKQIPQNVLSLFRGGSGLNDIFEAQKIEWHE

RINHNIAALNTRNRLGSNNGAAQKNMEKLSSGLRINRAGDDAAGLAES
EKMRGEIRGLEQASKNSQDGISLIQTAEGALTTTHAILQRMRELTVQAG
NTGTQQEEELGAIKDEMDALIEEIDGISNRTEFNGKKLLDGTNSTDGFTF
QIGAEAGQQLNVKIDSMSSTALGVNALDVTDFAATAFDDQLKSIDTAINT
VSTQIAKLGAVINRLEHTIQNLGASGENLTAAESKIRDVDMEKMKKEFDK
KNVETDKAKEDLKKANEIPINVLKKLEGGSGLNDIFEAQKIEWHE

RINHNIAALNTKNRLGSNNGAAQKNMEKLSSGLRINRAGDDAAGLALSE
KMRGLIRGLEQASKNSQDGISLIQTAEGALTRTHAILQRMRELTVQAGN
TGTQQEEELGAIKDEMDALIEEIDGISNRTEFNGKKLLDGTNSTDGFTFQ
IGALAGQQLNVKIDSMSSTALGVNALDVTDFAATAFDDQLKSIDTAINTVS
TQIAKLGAVINRLEHTISNLGASGENLTAAESSIRDVDMEKMREEFDKNN
KLTEQAEKDLKKANEIPINELKKLEGGSGLNDIFEAQKIEWHE

RINHNIAALNTKNRLGSNNGAAQKNMEKLSSGLRINRAGDDAAGLALSE
KMRGTIRGLEQASKNSQDGIKLIQTAEGALTRTHAILQRMRELTVQAGN
TGTQQEEELGAIKDEMDALIEEIDGISNRTEFNGKKLLDGTNSTDGFTFQ
IGAEAGQQLNVKIDSMSSTALGVNALDVTDFAATAFDDQLKSIDTAINTV
STQIAKLGAVINRLEHTISNLGASGENLTAAESSIRDVDMEKMKEEFDKN
NKLTLDSQKELENANLVPINQLNLLEGGSGLNDIFEAQKIEWHE

RINHNIAALNTRNRLGSNNGAAQKNMEKLSSGCRINRAGDDAAGLAES
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EKMRGEIRGLEQASKNSQDGISLIQTAEGALTTTHAILQRMRELTVQAG
NTGTQQEEELGAIKDEMDALIEEIDGISNRTEFNGKKLLDGTNSTDGFTF
QIGAEAGQQLNVKIDSMSSTALGVNALDVTDFAATAFDDQLKSIDTAINT
VSTQIAKLGAVINRLEHTIQNLGASGENLTAAESKIRCVDMEKMKKEFDK
KNVETDKAKEDLKKANEIPINVLKKLEGGSGLNDIFEAQKIEWHE

RINHNIAALNTKNRLGSNNGAAQKNMEKLSSGCRINRAGDDAAGLALS
EKMRGLIRGLEQASKNSQDGISLIQTAEGALTRTHAILQRMRELTVQAG
NTGTQQEEELGAIKDEMDALIEEIDGISNRTEFNGKKLLDGTNSTDGFTF
QIGALAGQQLNVKIDSMSSTALGVNALDVTDFAATAFDDQLKSIDTAINT
VSTQIAKLGAVINRLEHTISNLGASGENLTAAESSIRCVDMEKMREEFDK
NNKLTEQAEKDLKKANEIPINELKKLEGGSGLNDIFEAQKIEWHE

RINHNIAALNTKNRLGSNNGAAQKNMEKLSSGCRINRAGDDAAGLALS
EKMRGTIRGLEQASKNSQDGIKLIQTAEGALTRTHAILQRMRELTVQAG
NTGTQQEEELGAIKDEMDALIEEIDGISNRTEFNGKKLLDGTNSTDGFTF
QIGAEAGQQLNVKIDSMSSTALGVNALDVTDFAATAFDDQLKSIDTAINT
VSTQIAKLGAVINRLEHTISNLGASGENLTAAESSIRCVDMEKMKEEFDK
NNKLTLDSQKELENANLVPINQLNLLEGGSGLNDIFEAQKIEWHE

RLNHNKLAEELEKRLGSSNGAAQRNKEKLSSGLRINRAGDDAAGLELS
EKMRGRIRGLEEASKNSQDGIKLIQTAEGALTETHAILQRMKELTVQAG
NTGTQQPEQLGAIKDEMDALIEEIDGISNRTKFNGKKLLDGTNSTDGFT
FQIGAEAGDQLNVKIDSMSSTALGVNALDVTDFAATAFDDQLKSIDTAIN
TVSTQQAKLGAVINRLEHTIKNLGASGENLTAAESSIMDVDMAKVQSELT
KENILTKAAEAMLKEAKKVPLNVLKLLEGGSGLNDIFEAQKIEWHE

RLNHNKLAEELEKRLGSSNGAAQRNKEKLSSGCRINRAGDDAAGLELS
EKMRGRIRGLEEASKNSQDGIKLIQTAEGALTETHAILQRMKELTVQAG
NTGTQQPEQLGAIKDEMDALIEEIDGISNRTKFNGKKLLDGTNSTDGFT
FQIGAEAGDQLNVKIDSMSSTALGVNALDVTDFAATAFDDQLKSIDTAIN
TVSTQQAKLGAVINRLEHTIKNLGASGENLTAAESSIMCVDMAKVQSELT
KENILTKAAEAMLKEAKKVPLNVLKLLEGGSGLNDIFEAQKIEWHE

RLNHNIKALNLQNRLGSANGAAQKNEEKLSSGLRINRAGDDAAGLALS
EKMRGLIRGLEEASKNSQDGISLIQTAEGALTETHAILQRMKELTVQAGN
TGTQQPEQLGAIKDEMDALIERIDGISNRTTFNGKKLLDGTNSTDGFTF
QIGAEAGQQLNVKIDSMSSTALGVNALDVTDFAATAFDDQLKSIDTAINT
VSTQQAKLGAVINRLEHTIRNLGASGENLTAAESKIQDVDMEKVQEELD
KQNEEIKQAQKELEEAQKEPLNLLELLKGGSGLNDIFEAQKIEWHE

RLNHNIKALNLQNRLGSANGAAQKNEEKLSSGCRINRAGDDAAGLALS
EKMRGLIRGLEEASKNSQDGISLIQTAEGALTETHAILQRMKELTVQAGN
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TGTQQPEQLGAIKDEMDALIERIDGISNRTTFNGKKLLDGTNSTDGFTF
QIGAEAGQQLNVKIDSMSSTALGVNALDVTDFAATAFDDQLKSIDTAINT
VSTQQAKLGAVINRLEHTIRNLGASGENLTAAESKIQCVDMEKVQEELD
KQNEEIKQAQKELEEAQKEPLNLLELLKGGSGLNDIFEAQKIEWHE

RINHNEEAEKLLERLGSRNGAAQQNMEKLSSGLRINRAGDDAAGLAES
EKMRGLIRGLEEASKNSQDGIELIQTAEGALTETHAILQRMRELTVQAGN
TGTQQPEELGAIKDEMDALIERIDGISNRTTFNGKKLLDGTNSTDGFTFQ
IGAEAGEQLNVKIDSMSSTALGVNALDVTDFAATAFDDQLKSIDTAINTVS
TQMAKLGAVMNRLEHTIENLGASGENLTAAESKINDVDMEKVKEELNKE
NEEIEEAKKELEKAKEKPKNLLKKLKGGSGLNDIFEAQKIEWHE

RINHNEEAEKLLERLGSRNGAAQQNMEKLSSGCRINRAGDDAAGLAES
EKMRGLIRGLEEASKNSQDGIELIQTAEGALTETHAILQRMRELTVQAGN
TGTQQPEELGAIKDEMDALIERIDGISNRTTFNGKKLLDGTNSTDGFTFQ
IGAEAGEQLNVKIDSMSSTALGVNALDVTDFAATAFDDQLKSIDTAINTVS
TQMAKLGAVMNRLEHTIENLGASGENLTAAESKINCVDMEKVKEELNKE
NEEIEEAKKELEKAKEKPKNLLKKLKGGSGLNDIFEAQKIEWHE




Chapter 4. De novo design of TREM-2 minibinders

Abstract

TREM-2 is an important receptor whose inhibition can lead to therapeutic effects in
neurodegeneration and cancer. Here, we describe the design of minibinders to inhibit
TREM-2. Computational design yielded positive results, but experimental testing was
inconclusive.

Introduction

We encountered several challenges when designing binders for Toll-like Receptors.
These challenges included difficulties in obtaining recombinant ectodomain (Chapter 3-
TLRS) and activating endosomal receptors (Chapter 2-TLR3). We strived to find a target
that was natively expressed on the cell surface and had an exposed hydrophobic patch
away from a glycan. Additionally, the target needed a high-resolution structure of the
human ectodomain.

| began scouring the literature for other innate immune receptors that might fit this
criteria. This led me to the TREM (Triggering receptor expressed on myeloid cells)
family, a class of innate immune receptors that can amplify or inhibit TLR signaling™®.
TREM-1 synergizes with the TLR pathway'®. Attempting activation of this target
seemed like it would result in some of the same issues as the TLRs (can we induce
non-native activation via non-specific receptor clustering). TREM-2, however, inhibits
TLR signaling™. Perhaps inhibiting an inhibitor could lead to increased TLR signaling.

Outside of a vaccine context, TREM-2 has been linked to neurodegenerative diseases
and has been shown to play a role in the tumor microenvironment'?''22. A landmark
study showed that using antibodies to inhibit TREM-2 decreases certain tumor
growth'®. Furthermore, inhibiting both TREM-2 and programmed death-1 (PD-1) leads
to enhanced anti-PD-1 immunotherapy'?®. This was particularly interesting because it
showed inhibition of a receptor rather than activation could lead to a biological
response. Our goal here was to create TREM-2 binders to inhibit TREM-2 signaling.

Results

Computational design of TREM-2 minibinders
TREM-2 has one glycan on N79 (Fig.1a). We selected a hydrophobic patch away from
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the glycan for minibinder design (Fig.1b). The RifDock pipeline*” was used to design
minibinders as described in the TLR3 chapter. Trp44, Asn68, Leu69, Trp70, Leu71,
Leu72, Phe74, Leu75, and Leu89 were used as the core hydrophobic patch for
PatchDock. The residues for RifGen included PatchDock residues and additional
residues: Met41, Gly45, Arg46, His67, Ser73, Arg77, Thr88. The starting scaffolds were
3 helical miniproteins. We selected 15,000 designs for yeast surface display.

Human

Sort 2 (1 uM) Sort 3 (1 uM)

Sort 1 (1 uM)

PE-A-Compensated
=]

PE-A-Compensated

PE-A-Compensated
=)

10° 10! 10¢ 10¢ 104 0% 108 10° 10! 10¢ 0 104 10° 108 10¢ 10! 10 10° 104 10° 10°
FITC-A-Compensated FITC-A-Compensated FITC-A-Compensated

Mouse

PE-A-Compensated

PE-A-Compensated

PE-A-Compensated
=

100 10' 10¢ 10* 104 10°% 108 10° 10! 104 10° 104 10° 10¢ 10° 10' 10¢ 10° 104 10° 10%
FITC-A-Compensated FITC-A-Compensated FITC-A-Compensated

Fig. 1. Design and screening of TREM-2 minibinders.

a, Surface representation of TREM-2. The N79 Glycan is labeled in brown. b, The RifDock
pipeline was used to design de novo miniproteins. Purple residues were used in PatchDock
and RifGen. Blue residues were used in RifGen. ¢, 15,000 designs were tested using yeast
surface display against human and mouse ectodomain.
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Biochemical characterization of TREM-2 minibinders

Yeast surface display was performed as described in the TLR3 chapter (Fig. 1¢c). The
library was sorted for expression (FITC+). Then, the library was sorted in parallel
against human and mouse receptors. In the first sort, 12.35% and 46.28% of cells
appeared in the top right quadrant respectively. This is a much higher percentage than
expected in the first sort. Subsequent sorts continued to show a high percentage.

To identify if the TREM-2 receptor was non-specific, | sorted the TLR3 binder library
against mouse TREM-2, resulting in an 8% binding population. The TLR3 binder library
against human TREM-2 showed a 1.74% binding population. Notably, the TLR3 binder
library showed 0.55% binding against the TLR2 receptor. This suggests there was some
degree of non-specificity with the TREM-2 receptor.

Discussion

This project remains incomplete at the conclusion of the PhD. While computational
design against TREM-2 led to a library of 15,000 promising binders in silico, initial yeast
screening showed that the TREM-2 recombinant protein was sticking nonspecifically to
binders. Given the large hydrophobic patch on TREM-2, this was not surprising.

If this study were to be repeated, several changes may increase the chances of
success. Increasing the percent of BSA in the sorting buffer may help with
non-specificity. Targeting a different site on TREM-2 would allow for the hydrophobic
mutations in TREM-2 to be mutated or obscured by a bound antibody. A different
scaffold library would allow for more sites on TREM-2 to be targeted. As computational
methods develop, binder success rate also improves. Screening a smaller library of
binders with a different binding method, e.g., BLI or SPR, would be useful.

Although this project is left in an incomplete state, important lessons can be derived
from this work. It is important to be practical when choosing your target receptor and
screening methods.
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Materials and Methods

Computational Design
The ectodomain of TREM-2 (PDB 5ELI) was used for design. Methods are as described
in Chapter 2 of this work.

Library preparation
Library preparation is described in Chapter 2 of this work.

Yeast Surface Display.
Yeast display is described in Chapter 2 of this work. Sorts 1 and 2 were tested with
avidity. Sort 3 was tested without avidity.

Protein expression and purification
Biotinylated and FC-fused TREM-2 was purchased from Acro Biosystems.



Chapter 5. De novo design of FcyRIIA/B minibinders

Abstract

FcyRIIA is an important receptor whose activation can lead to the opsonization of
pathogens and the production of CD8+ T cells. Here, we describe the design of
minibinders to activate FcyRIIA. Computational design yielded positive results, but
experimental testing demonstrated binders were cross reactive to FcyRIIB.

Introduction

CD8+ T cells can kill infected cells and are an important part of an effective vaccine
response. Subunit vaccines require adjuvants to elicit strong CD8+ responses'®. Work
in the field has shown that targeting the FC gamma receptors (FcyRs) can lead to an
increased CD8+ response, maturation of dendritic cells, and overall survival in a flu
therapy model'?. This makes FcyRs a promising adjuvant target.

The FcyRs are a subclass of Fc receptors that bind to and are activated by the Fc
portion of IgGs'®. FcyRs have a low affinity to IgGs alone, but when IgGs form immune
complexes around a pathogen, FcyRs are activated and can phagocytize the
pathogen'?'?8, There are three classes of FcyRs in humans: FcyRI, FcyRIIA/B,
FcyRIIIA/B™°. All of these are activating receptors, except for RIIB. These classes are
expressed on different leukocytes and have varying affinities for different 1gG
subtypes'. Modifying antibodies to selectively target FcyRIIA over FcyRIIB (highly
similar in sequence) led to an increased CD8+ response’?.

Here we describe the design of minibinders against FcyRIIA in hopes of creating a
potent binder that can be multivalently displayed on a nanoparticle and subsequently
activate FcyRIIA.

Results

Computational design of minibinders

We selected a patch of residues on the C-term side of the FcyRIIA (on the
immunoglobulin domain furthest from the membrane) (Fig. 1a). We purposefully stayed
away from sites where there are naturally occurring alleles and glycans. However, at the
time of design we were ignorant of how similar FcyRIIB was to FcyRIIA at this site (near
identical).
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We used the Rosetta RifDock pipeline*” to design a library of candidate minibinders (as
described in Chapter 2). We cloned synthetic oligonucleotides encoding the designs into
an expression vector to enable screening by yeast surface display®® and used
fluorescence-activated cell sorting (FACS) to identify cells expressing miniproteins that
bound fluorescently labeled FcyRIIA. After two rounds of sorting with 1 uM
streptavidin-tetramerized FcyRIIA as a probe, we observed a clear population of
double-positive cells (Fig. 1b).

Enrichment of this population by subsequent sorts without avidity (i.e., with monomeric
FcyRIIA) resulted in high numbers of FcyRIIA-binding cells at 50 nM of receptor that
decreased to near-background levels at 10 nM. Sequencing double-positive cells from
each sort identified 8 hits out of 21,829 candidates, a success rate consistent with
previous applications of this methodology*’. An example hit is shown (Fig.1c)

Screening functionality

Four minibinders were biotinylated and bound to neutravidin beads at varying ratios.
Splenic B cells and peritoneal cavity macrophages were isolated from mice that had
human RIIA knocked in (KI) or knocked out (KO). The beads were then incubated with
the primary cells and the percent bound was reported (Fig. 2a). Minibinders 1, 3, and 5
showed clear dose-dependent binding in B cells derived from KI mice. All minibinders
bound to macrophages derived from Kl mice (Fig. 2c).

B1gp45 is a protein that binds Acinetobacter baumannii. B1gp45 was linked to
minibinder 5 and bacterial clearance was measured in vitro and in vivo. Minibinder 5
linked to B1gp45 promoted clearance of A. baumanni over B1gp45 alone in FcyRII KI
mice.
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Fig. 1. Design of RIIA binders

a, The RifDock pipeline was used to design de novo miniproteins. Purple residues
were used in PatchDock and RifGen. Blue residues were used in RifGen. b, 21,829
designs were tested using yeast surface display against decreasing concentrations of
FcyRIIA. ¢, Model of minibinder 5 bound to FcyRIIA.
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Fig. 2. Activity of minibinders.

a, Four different minibinders on fluorescent beads were tested for binding against B cells
isolated from Knock In (KI) and Knock Out (KO) Fcy humanized mice. b, Clearance of A.
baumannii by macrophages with addition of minibinder 5/B1gp45 beads in vivo 8 hours post
infection in the peritoneal cavity or spleen or in vitro tissue culture. ¢, Four different
minibinders were tested for binding against macrophages isolated from Knock In (KI) and
Knock Out (KO) Fcy humanized mice.

Discussion

The goal of this project was to create minibinders that could bind to and activate RIIA.
We clearly showed that the designed binders can bind to FcyRIIA via yeast display, BLI,
in vitro and in vivo experiments. Unfortunately, the design was done without the
knowledge that FcyRIIB, the inhibitory receptor, is nearly identical to RIIA at the chosen
site. The minibinders do bind to FcyRIIB, as expected. Though cross-reactive, the
minibinders still appear to have an effect in vitro.

At this point in the project, the project was handed off to an incoming graduate student,
Charlie Clarke. He initiated a new design campaign to target sites that differ between
FcyRIIA and FcyRIIB, though it is difficult to find such a site''. The initial efforts outlined
here have guided our future design. New methods, such as RFDiffusion® could be used
to graft known FcyRIIA-selective antibody binding loops'? onto minibinders.
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Materials and Methods

Computational design

To try to increase the success rate of designs, two different approaches were tried. The
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first was to do design as normal (as described in TLR3 section). The second was to
include a flag that counted all polar patchdock residues as hydrophobic. This was done
with the flag “-count_all_contacts_as hydrophobic”. This artificially increases the
contact patch scores. Ultimately, they led to a similar amount of designs that passed
other filtering metrics.

Yeast Surface Display

Designs were first sorted for expression using FITC+ cells as a metric for expression. All
sorts were performed using FcyRIIA R167 (as opposed to FcyRIIA H167). The first two
sorts were performed at 1 yM of receptor with avidity. Sort 3-4 were done with no avidity
with decreasing concentrations of FcyRIIA. Robust double positive cells, indicating
binding, were seen at Sorts 2-4. Cells were collected after each sort and submitted for
NGS sequencing.

In vitro data

Bone marrow derived macrophages (BMM) were infected with A. baum +/-
B1gp45:minibinder 5. After 3 hours, colony forming units in cells were determined.
B1gp45 and minibinder 5 were linked with the LHD fusion system'.

In vivo data

Intraperitoneal (IP) infection with A. baum. Protein was injected IP 1 hour after infection.
Mice were sacrificed at 8 hours post infection.
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Chapter 6. Conclusions

In this dissertation, we explored the design and stabilization of novel protein binders
targeted at various immune receptors including TLR3, TLRS5, FcyRIIA, and TREM-2.

Our investigations into TLR3 minibinders demonstrated their potential as novel
adjuvants to enhance immune responses. These binders were designed to specifically
activate the TLR3 pathway, showing promising results in vitro through the induction of
NF-kB signaling pathways. TLR3’s native ligand is dsRNA, so this is great progress
towards a protein adjuvant, but the transition from in vitro to in vivo will not be trivial.

In the case of TLRS5, our efforts to stabilize flagellin variants were successful in vitro, but
again there were challenges when translating to in vivo. The flagellin-based designs did
not produce the expected enhancement in immunogenic response when paired with the
RBD antigen, suggesting that the choice of antigen can dramatically influence the
outcome of adjuvant-based strategies. Notably, native flagellin did not also elicit an
immune response.

The exploration of minibinders targeting FcyRIIA and TREM-2 revealed insights into
how specificity and cross-reactivity in receptor families matter. While computational
design can be straightforward, biology is not.

In sum, this work summarizes the application of established protein design pipelines to
four different targets. As protein design continues to advance, binder design will
become trivial. Understanding receptor biology is crucial to advancing towards protein
based adjuvants. It is my hope that the lessons learned here are useful to future
designers.
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