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Antibody engineering for the development of enhanced biochemical tools,
antivirals, and immunotherapies
By

Colton J. Bracken

Abstract

Antibodies and antibody-like molecules are broadly used as biochemical reagents and
therapeutics. They are highly valued as probes that can distinguish between protein targets with
extraordinary molecular detail. A deep understanding of natural antibody structure and function
has enabled the development of fully synthetic human antibody libraries for in vitro display.
These synthetic libraries recapitulate the sophistication of molecular recognition in antibody
complementarity determining regions (CDRs) and in vitro display permits exquisite control over
selection conditions. Thus, protein engineers can tailor-make antibodies to bind challenging and
non-conventional targets.

Here, we describe three examples of protein engineering that leverage synthetic antibody
libraries and in vitro display technologies to generate binders to novel epitopes. In Chapter 1, we
utilize recombinant antibody pairs to target the post-translational modification (PTM)
phosphotyrosine (pY) in folded protein epitopes. In Chapter 2, we develop and deploy a single-
domain antibody (sdAb) library to rapidly identify inhibitors to SARS-CoV-2 viral entry. In
Chapter 3, we utilize chemo-epitope specific sdAbs to create small-molecule-dependent switches

and further engineer them to control cellular therapies.
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Chapter 1

Targeting Phosphotyrosine in Native Proteins
with Conditional, Bispecific Antibody Traps

1.1 Abstract

Engineering sequence-specific antibodies (Abs) against phosphotyrosine (pY) motifs
embedded in folded polypeptides remains highly challenging because of the stringent requirement
for simultaneous recognition of the pY motif and the surrounding folded protein epitope. Here, we
present a method named phosphotyrosine Targeting by Recombinant Ab Pair, or pY-TRAP, for in
vitro engineering of binders for native pY proteins. Specifically, we create the pY protein by
unnatural amino acid misincorporation, mutagenize a universal pY-binding Ab to create a first
binder B1 for the pY motif on the pY protein, and then select against the Bl1—pY protein complex
for a second binder B2 that recognizes the composite epitope of B1 and the pY-containing protein
complex. We applied pY-TRAP to create highly specific binders to folded Ub-pY59, a rarely
studied Ub phosphoform exclusively observed in cancerous tissues, and ZAP70-pY248, a kinase
phosphoform regulated in feedback signaling pathways in T cells. The pY-TRAPs do not have
detectable binding to wild-type proteins or to other pY peptides or proteins tested. This pY-TRAP
approach serves as a generalizable method for engineering sequence-specific Ab binders to native

pY proteins.



2.2 Introduction

Protein tyrosine phosphorylation (pY) regulates numerous cellular functions in
eukaryotes'?. Recent advances in pY-peptide proteomics have allowed the identification of
thousands of pY modifications especially enabled by broadly specific pY binding antibodies (Abs)
that do not depend on flanking peptide sequence®“. Crystal structures show that these Abs
exquisitely bind the pY residue without contacting neighboring side chains®. In addition to generic
pY binders, there is a need for specific pY binding probes to follow these events in complex
cellular settings and tissues®’. Most commercial phospho-specific Abs were generated using
animal immunization with the disordered phosphopeptides®. However, this method is low-
throughput and expensive, often generates low-affinity, low-specificity, and nonrenewable
reagents, and does not apply to nonimmunogenic antigens’s.

In vitro display methods based on phage or yeast display have provided powerful
renewable and nonanimal derived alternatives for next-generation pY binders with higher
specificity and affinity®®!°. For example, several laboratories have reported the engineering of Src
Homology 2 (SH2) domains as anti-pY peptide binders to linear peptides with Kp, values in the
mid- to high-nM range!!'>. We have previously generated phage libraries derived from a peptide
binding Ab that permitted selection of antiphosphoserine and antiphosphothreonine Abs that bind
linear peptides with similar affinities and specificities’. Higher-affinity pY binders with Kp values
in the low-nM range have been identified using an approach called pY-clamps'. This utilized a
circularly permuted Grb2 SH2 domain linked to an evolvable fibronectin type III (FN3) domain.
This biparatopic approach utilized a class of linear pY antigens having a specific peptide binding

motif governed by the natural Grb2 SH2 domain.



While linear pY signaling motifs are common in nature, pY sites are also commonly
embedded in three-dimensional structural domains'. A systematic analysis of phosphorylation
sites banked in the mtcPTM database found that pY modifications do not occur more frequently
in loops than o-helices or [3-strands'. Bioinformatics studies presented here further confirm the
high frequency of pY modifications in folded epitopes. However, generating highly specific and
high-affinity binders to pY sites in tertiary folded protein domains presents significant challenges.
While producing a pY peptide immunogen is readily achieved by peptide synthesis, until recently
it has been challenging to generate site-specific pY proteins for selections. Furthermore, the
recombinant selection approaches using natural motif-based pY binders are well-suited for linear
pY epitopes, but these are not easily re-engineered for tertiary folds due to steric hindrance!!-*.

Here, we address the challenge of making pY binders in two folded protein domains,
ubiquitin (Ub) and Zeta-chain-associated protein kinase 70 (ZAP70), using a protein engineering
platform we call pY Targeting by Recombinant Ab Pairs, or pY-TRAP. In this method, we first
generate the site-specifically modified pY protein using a recently described unnatural amino acid
misincorporation method!®. We then identify a first modest affinity binder, B1, that covers the pY
modification and the nearby amino acids by selection from a generic 4G10 anti-pY antibody
library. We next identify a second, conditional binder, B2, that only binds to the folded pY
antigen/B1 complex at a composite site using a Fab-phage library geared toward protein antigens.

The identified pY-TRAP binders have high affinity and specificity to the pY proteins.



2.3 Results

A Large Proportion of pY Modifications Occur within a Rigid Secondary Structure

pY-containing sites are often in disordered regions or loops creating linear epitopes for
binding partners such as SH2, which are widespread mediators of cell signaling. However, pY
modifications can also be embedded in nonlinear, three-dimensional protein structures for which
the functions are far less understood (Figure 1.1A). We sought to determine the prevalence of pY
modifications that occurred within different secondary structures. The pY-containing sites were

retrieved from PhosphoSitePlus (phosphosite.org),a broadly used database that provides

comprehensive information on protein PTMs (Figure S1A). In total, 6063 pY sites in 2076 human
proteins were identified, along with full-length sequence information from the UniProt database*!”.
527 of the proteins (covering 1501 pY sequences) have available three-dimensional structures in
the PDB database for the parental, nonphosphorylated form. We used a standard Dictionary of
Secondary Structure of Proteins (DSSP) algorithm to extract secondary structure information from
the 1501 sequences from the PDB structures (Figure 1.1B)!®. We found that pY modifications
occur in the helix and sheet more than 50% of the time, and this increased to 70% when centered
on the exact tyrosine residue. We broadened the analysis to all 2076 pY-containing proteins to
predict the secondary structure from the sequence only using the Garnier—Osguthorpe—Robson
(GOR) algorithm (Figure 1.1C) and obtained a similar result'’. As controls, the same algorithms
were applied to randomly selected sequences in the studied proteins to determine the average

secondary structure, which showed that roughly 55% are helix and sheet (Figure 1.S1B.C). These

results highlighted that a large proportion of tyrosine phosphorylation modifications occur in
folded epitopes. Developing Abs targeting these three-dimensional pY sites is critical for studying

their biological functions.



Generation of Recombinant Biotinylated/Phosphorylated Ubiquitin

Our first native pY protein targeted a largely uncharacterized pY site at position 59 in
human Ub. While serine/threonine phosphorylation of Ub is well-known to modulate protein
ubiquitination, little is known about how phosphorylation of Y59 impacts Ub function. Ub-pY59
is observed almost exclusively in cancerous tissues by proteomics studies, but its biological
relevance remains unclear!®-20-22,

Methods to prepare proteins with native pY introduced site-specifically have not been
available until recently's-2*. We generated natively folded Ub-pY59 using an unnatural amino acid
(Uaa) misincorporation strategy with a biotinylated Avi-tag for immobilization during phage

selection (Figure 1.S2A .B)'6:2*. Protein biotinylation and pY generation via Uaa deprotection were

confirmed by SDS-PAGE gel and liquid chromatography—mass spectrometry (LC-MS) (Figure

1.S2C.D).

Engineering a Generic Anti-pY Ab for Binding to the pY Moiety in Ub-pY59

The overall strategy for pY-TRAPs is shown in Figure 1.2A. To engineer the first pY
binder (B1), we started with the commercially available pan-specific recombinant anti-pY Ab,
4G10 %. We previously grafted the CDRs onto the highly stable and high expressing trastuzumab
scaffold known as 4D5 (4G10*%) and determined the structure (Figure 1.2B)>. This antibody fully
covers the pY residue, and we found that it bound weakly to Ub-pY59 (Kpof 1.8 puM) as

determined by biolayer interferometry (BLI) experiments (Tables 1.S1 and 1.S2). As a specificity

control, we tested a generic pY peptide GGG-pY-GGG, with a highly accessible pY and without

side chains that may interfere with binding. Indeed, the generic peptide binds to the parental



4G10*™ (Kp = 297 nM) about 5-fold tighter than does Ub-pY59 to the parental (Kp of 1.8 pM).
We believe that this reflects the focused contacts with the pY peptide and steric issues for Ub-
pY59.

We embarked on further optimization of the 4G10*° and displayed it on phage. We first
tested phage selection mutants of CDR L3 which is in closest contact with the pY to optimize pY
recognition and specificity of Ub-pY59 5. We identified one mutant L3, 4G10-G4+"%, that was

about 5-fold improved in affinity (Kp of 357 nM) relative to the parental 4G10"> (Figure 1.S3A.B

and Table 1.S1). However, the 4G10-G4*> Fab also bound 2-fold tighter (Kp = 160 nM) to the

generic peptide, GGG-pY-GGG, suggesting that the enhanced affinity was partially due to
strengthened binding specifically to the pY group’. Next, we used a sequential CDR-walking

approach to further improve the binding affinity to Ub-pY59 (Figure 1.2B,D, Figure 1.S3C). We

first created a phage library with mutations in L1/H1 and another library with mutations in H2
(Lib-L1-H1, Lib-H2, Table 1.S3)*. We immobilized the biotinylated Ub-pY59 antigen on
streptavidin (SA) magnetic beads and used it for phage selections using a catch and release
selection strategy (Figure 1.2C)°. Interestingly, the sequences of the selected phage clones showed

that the last three residues in H2 are highly conserved, suggesting that these amino acids may play

a critical role for binding to the pY group (Figure 1.S3D.E). Next, we combined the mutations
from the Lib-L1-H1 and Lib-H2 selections and generated an H3 library based on this new mutant.
In addition to varying the amino acid compositions, the length of H3 was also engineered (Table
1.S3). Usually CDR-H3 plays the dominant role among the six CDRs?’2%. However, in this case,
none of the H3 mutants we generated showed strengthened binding to Ub-pY359, suggesting that
H3 does not play a dominant role in the interaction of 4G10**% with Ub-pY59 (Figure 1.S3C). The

tightest-binding anti-Ub-pY59 B1 has a Kp of 42 nM to Ub-pY59 and 127 nM to the generic



control peptide (Figure 1.2E, Table 1.51). The 8.5-fold increase in binding affinity from 4G10-
G4 to B1 is specific to Ub-pY 59 but not to the GGG-pY-GGG peptide, indicating that the gained
affinity toward Ub-pYS59 resulted from interactions with tertiary sequences surrounding pY and
not the pY residue itself.

To increase the efficiency for B1 engineering, based on the knowledge learned from these
CDR-walking experiments, we generated a phage library by randomizing sequences in CDR L1,

H1, and H2 using 4G10-G4*P5 as the parental sequence (Lib-L1-H1-H2, Figure 1.2F, Figure

1.S3A and Table 1.S3). Using this single-step library, we identified two Abs, B1-2 and B1-3, that

interacted with Ub-pY59 with K, values of 63 or 79 nM, respectively, which is ~5-fold tighter
than the parental clone and only slightly weaker than the variant identified using the more laborious

sequential CDR-walking approach (Kp = 42 nM) (Figure 1.2G, Table 1.S1). Although these B1

selectants bind significantly tighter to Ub-pY59 than the parental 4G10*5 Fab, they also bind only
2-fold weaker to the GGG-pY-GGG control peptide (Kp of 127 nM), indicating that B1 would

likely recognize other pY modifications.

Engineering B2 for Binding to the Ub-pY59/B1 Complex

To further improve binding specificity and affinity, we sought to identify a second binder
(B2) that conditionally binds the complex of B1/Ub-pY59, but not to B1 nor Ub-pY59 alone, nor
to the B1/GGG-pY-GGG complex (Figures 1.2A and 1.3A). To select for such a conditional B2
Fab, we utilized a synthetic Fab-phage library extensively used for selection of globular protein
antigens®. We first removed Fabs that bind to Ub-pY59 using a negative selection by incubating
with immobilized Ub-pY59 on SA beads (Figure 1.3A). The B1/Ub-pY59 complex positive

selection bait was generated by mixing SA-immobilized Ub-pY59 with 5 uM of B1-Fab and



incubating for 30 min at room temperature (RT). This B1/Ub-pY59 complex was then incubated
with the Ub-pY59-cleared phage library to pull down complex-specific binders. The B1-Fab (5
uM) was added both to the phage library/beads mixture as well as to the wash buffers to maintain
the formation of the B1/Ub-pY59 complex. Having excess amounts of B1-Fab in solution also
prevented enrichment of binders that interact with B1 alone on the SA beads. Phage titer
experiments showed that binders were specific to the B1/Ub-pY59 complex, as they enriched as a
function of round of selection (Figure 1.3B).

Next, we characterized the binding of 96 phage clones to the B1/Ub-pY59 complex or Ub-
pY59 alone using a phage enzyme-linked immunosorbent assay (ELISA). A group of Fab phage
clones were identified that selectively interact with the complex but not Ub-pY59 alone
(Figure 3C). These Fab-phage clones were recombinantly expressed as Fabs or IgGs for further
characterization. A sequential BLI experiment was performed to identify the tightest binding B2
against the B1/Ub-pY59 complex (Table 1.S2). The B1-Fab bound to both Ub-pY59 and GGG-
pY-GGG, but remarkably the B2 only interacted with the B1/Ub-pY59 complex (Kp = 5 nM for
Fab and 0.6 nM for IgG) and not detectably to the B1/GGG-pY-GGG complex (Figure 1.3D). In
addition, neither B1-Fab nor B2-Fab recognized the nonphosphorylated Ub-Y59 (WT)
(Figure 1.3D). These results demonstrate that the B2 TRAP binder is highly selective to the B1/Ub-
pYS59 complex. In effect, the pY-TRAP is a conditional biparatopic binder that depends on B1
binding the pY protein before B2 can engage it and the native protein.

In the phage ELISA experiment, we also observed a number of nonconditional clones that
interacted with both the Ub-pY59 and the B1/Ub-pY59 complex (Figure 1.3C). The enrichment
of these binders was likely due to the incomplete negative clearance of the library with Ub-pY59.

One of these clones, designated as Bwr, was expressed and characterized in BLI experiments.



Unlike B2, Bwr not only bound to the B1/Ub-pY59 complex but also bound to unmodified Ub-
Y59 (WT) (Figure 1.54).

We further interrogated the specificity of the anti-Ub-pY59 TRAP binders by testing the
binders against a panel of pY protein or peptide antigens in an ELISA assay (Figure 1.3E). The
pY proteins or peptides (100 or 10 nM) were immobilized on an ELISA plate, followed by
incubation with a mixture of anti-Ub-pY59 B1-Fab and B2-IgG. An anti-IgG-HRP secondary Ab
that binds to B2-IgG was used to detect binding of B2-IgG to the pY-antigen in complex with B1-
Fab. We observed the ELISA signal only with the Ub-pY59 antigen, which further highlighted the
specificity and utility of the identified TRAP binders.

The engineered anti-Ub-pY59 B1 binder has a binding affinity of 42 nM to the antigen. Of
note, when we tried to select for a B2 binder against the parental 4G10-G4*P3/Ub-pY59 complex
that interacts with almost 10-fold weaker affinity (Kp = 357 nM), no enrichment in the phage titer
measurement was observed. This suggests that a moderate binding affinity between B1 and pY

antigen is important for the successful enrichment of B2 binders by phage display.

Engineering and Characterization of B1-B2 Fusions

We next explored how a B1 and B2 fusion performs as an anti-Ub-pY59 binder. B1 was
converted to a single-chain variable fragment (B1-scFv) and fused to the C terminus of B2-Fab
heavy chain (HC) with a 26-aa linker (Methods section, Figure 4A). The scFv-HC plasmid was
coexpressed with the B2-Fab light chain (LC) plasmid to generate the B1-B2 fusion. We found
that the B1-B2 fusion bound Ub-pY59 with a very high affinity (Kp = 0.5 nM), while it interacted
with GGG-pY-GGG with a Kp, of 133 nM. We further tuned the linker length and found that a 14-

residue linker resulted in the greatest difference in Kps for Ub-pY59 and GGG-pY-GGG (0.5 vs



147 nM) (Figure 1.4A.,B, Table 1.S1). This fusion protein does not interact with Ub-Y59(WT),
YS59A, or YS9E variants showing strong dependence of pY59 (Figure 1.S5A).

To explore the molecular mechanism driving the enhanced affinity of the B1-B2 fusion to
Ub-pY359, we used negative stain electron-microscopy (NS-EM) to study the structure of the
protein complex. The complex of the 14-residue Bl-scFv/B2-Fab fusion and Ub-pY59 was
prepared by mixing equal molar amounts of the two proteins, which were then purified by size
exclusion high-performance liquid chromatography (HPLC) (Figure 1.4C). The peak of the
protein complex was collected, and a fraction was run on SDS-PAGE gel to validate the formation
of the equal stoichiometric complex (Figure 1.S5B). However, the retention time of the complex
on HPLC indicated that the size of the B1-B2/Ub-pY59 complex was ~150 kDa, which is twice
the size of a 1:1 complex (~88 kDa) (Figure 1.4C). Furthermore, while NS-EM imaging showed
that the B1-scFv/B2-Fab fusion has an expected scFv-Fab monomeric structure (Figure 1.4D.E),
NS-EM 2D averages of the complex showed that it is much bigger than B1-scFv alone. The
structure clearly contains two ‘“donut-shape” Fab structures in each molecule (Figure 1.4F).
Together, these results indicated that B1-B2 and Ub-pY59 formed a 2:2 complex.

To further study the 2:2 complex, we modeled the structures in PyMOL and found that the
B1 and B2 could easily accommodate domain swapping within a single B1-B2 fusion polypeptide
and two different Ub-pY59 molecules to produce a 2:2 complex (Figure 1.4G,H). This 2 on 2
cooperative binding model results in intermolecular avidity contributing to higher affinity

(Figure 1.4B, Table 1.S1). Furthermore, based on this structural model, we estimated that a long

linker (>100 A, approximately 50 residues) would be necessary for Bl and B2 intramolecular
association to simultaneously bind a single Ub-pY59 molecule and form a 1:1 complex (Figure

1.S5C)%. We tried to express a B1-scFv/B2-Fab fusion with longer linkers but obtained very little

10



protein with a linker as long as 40 aa. This result suggested that a long linker fusion is not an ideal
molecular format (Figure 1.S5D). Further studies will explore if a differing fusion design, such as
reversing the order of B1/B2 fusion, using two scFvs instead of a scFv and a Fab, making a
bispecific Fc linked parallel construct, or fusing each of B1 and B2 to an interaction domain, would
lead to a binder that can form a 1:1 complex with Ub-pY59.

The B1-B2 fusion to Ub-pY59 represents one of the tightest synthetic binders (Kp = 0.5
nM) to PTMs to our knowledge (Figure 1.41). It has great selectivity against the GGG-pY-GGG
peptide which is a very stringent off-target control for binding generic pY because of its high
accessibility (Kp = 147 nM). As an additional control that binding depends on surrounding protein
structure, we incorporated pY using the described Uaa approach into E64 which is highly exposed
in Ub, to produce Ub-pY64. The anti-Ub-pY 59 B1-B2 fusion did not show any detectable binding

to Ub-pY 64 further confirming its high specificity for Ub-pY59 (Figure 1.SSE).

Phosphoproteomics with 4G104°* Variants Reveal a Large pY-Target Landscape for pY-

TRAPs

To explore the scope of targetable pY antigens using the 4G10*P° phage library, we
performed phosphoproteomics on lysates of Jurkat cells using WT 4G10,4G10-G6*%, and an SH2
variant, called Src-Superbinder, another broadly used pan-specific anti-pY binding
domain''. Briefly, pY peptides were first immunoprecipitated from trypsin-treated cell lysates
(Figure 1.5A) with Ni-NTA resin-immobilized binders, followed by TiO, enrichment. Using a
standard pY peptide enrichment workflow, we identified 4824 pY-sequences with 4G10, 4775

with 4G10-G6*P5, and 4446 with Src-Superbinder (Figure 1.5A B, Appendix Table 1.S5).
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To further explore the accessibility of pY on folded proteins, we repeated this experiment
with an additional step of immunoprecipitation from Jurkat whole cell lysates (Figure 5A) prior to
trypsinization to capture native pY proteins. Using the pY protein+peptide enrichment workflow,

we identified 2290 pY-sequences with 4G10, 2289 with 4G10-G64D5, and 1746 with Src-

Superbinder (Figure 1.5C, Appendix Table 1.S4). The ~50% fewer pY sequences identified using
the protein+peptide enrichment workflow confirmed that a significant proportion of native pY
motifs are not readily accessible to generic pY binders due to steric hindrance of the folded protein
epitope. However, the thousands of native pY sequences identified from this proteomics
experiment indicated that 4G10 has substantial initial binding affinities to a large number of
candidate proteins suited for pY-TRAP engineering. The Src-Superbinder enriched a fewer set of
pY sequences. There was not complete overlap suggesting that both types of generic pY binders
could allow a better pY sequence coverage®'. These data also suggested candidates for pY-TRAPs

using SH2 domain libraries to generate potential B1 binders.

Generalizing the pY-TRAP Method to ZAP70-pY248

It is not uncommon for proteins to have multiple phosphotyrosine sites, and we wished to
test a protein in this class both for robustness of pY misincorporation and pY-TRAP generation.
Within our Jurkat cell proteomics data set, we identified 11 phosphorylated sites in the ZAP70
kinase known to play a role in T cell activation and feedback signaling mechanisms (Appendix

Tables 1.S4 and 1.S5)%*> 33, Three of these sites (Y178, Y221, Y248) are within the second SH2

domain (residues 167-259). Most of these sites do not have commercially available pY-Abs,
preventing us from gaining a more comprehensive understanding of their functions. Using the

described Uaa approach we achieved robust expression of pY221 and pY248 within the SH2
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domain but not for pY178 (Figure S6)'¢. This is not surprising as it is known that expression of
proteins by unnatural amino acid misincorporation can vary depending on target sequence possibly
due to ribosome stalling and other effects.

We subjected the pY221 and pY248 antigens to phage selection using a 4G10-G6*P> Lib-L1-H1-
H2 phage library to identify B1 binders (Table 1.S3). An anti-ZAP70-pY248 B1 binder was
identified that was ~3-fold tighter (Kp = 21 nM) to ZAP70-pY248 than the parental 4G10-

G6* (Kp = 56 nM) (Figure 1.5D, Table 1.S1). Separately, we selected for Bls to ZAP70-pY221,

but none of the isolated B1s bound significantly tighter. The affinities of B1-Fabs to Ub-pY59 and
ZAP70-pY248 were higher (Kp =42 nM and 21 nM, respectively) than the binding of the B1 for
ZAP70-pY221 (Kp =75 nM).

We further optimized the B2 engineering workflow (Figure 1.S7). Instead of providing a
high concentration of B1-Fab in the previous process (Figure 1.2A), we coimmobilized both pY
protein and B1 on SA beads to create a high local concentration of the two interacting partners.
We hypothesized that this would stabilize the pY protein/B1 complex avoiding the need for high
concentrations of B1 in solution. To test this hypothesis, we performed a B2-IgG pulldown
experiment with biotinylated Ub-pY59 and biotinylated B1 immobilized on SA beads.
Supplementing additional B1-Fab in solution did not result in an increased level of B2 pulldown,
suggesting that immobilizing both Ub-pY59 and B1 on the beads had created a stable complex
(Figure 1.S7A).

Based on this result, we performed B2 selections for the pY ZAP70 antigen-B1 complexes
by immobilizing both biotinylated ZAP70-pY antigens and biotinylated B1 on SA beads (Figure
1.S7B). Briefly, a Fab-phage library was negatively selected against the immobilized ZAP70 pY

antigens, followed by another negative selection against immobilized B1 binders. Next, a positive
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selection was performed with preincubated, SA-immobilized pY protein/B1 complexes. After four
rounds of selection, we identified a B2 binder highly specific to B1/ZAP70-pY248
(Figure 1.5E, Kp = 4 nM). Of note, no complex specific binders were identified for the weaker
B1/ZAP70-pY221 complex. It is possible that there is a threshold affinity to select B2s to this pY
protein-B1 complex. BLI and ELISA experiments demonstrated that the B2 binder is highly

specific to the B1/ZAP70-pY248 complex (Figure 1.5E,F, Figure 1.S8).

1.4 Discussion

Engineering high-affinity recombinant binders using multiple binding arms has been used
extensively to increase affinity and specificity: for example, the generation of bispecific Abs where
two independently selected Abs bind two separate-linked or membrane bound proteins, or
biparatopic Abs where two independent binders with nonoverlapping but neighboring epitopes are
linked together on the same protein®**. The pY-TRAP represents a novel class in that B2 binding
was conditional to the presence of the complex of the pY protein and B1. During our B2 selections,
we did find independent binders (we called Bwr), some of which we could have used as biparatopic
constructs but did not as Bwr could bind independent of phosphorylation. Phosphotyrosine forms
can have a range of stoichiometry, and we deliberately did not want B2 to bind independently to
the pY protein or B1 as this would reduce specificity for the complex.

We specifically chose the 4G10*™ as a broadly specific B1 scaffold because of its exquisite
dependence on pY, ability to bind pY in tertiary epitopes, high level expression in Escherichia
coli, and single selection library to further enhance potency surrounding the pY residue. Although
this starting scaffold will certainly not bind all pY proteins, the pY proteomics here provides a list

of about 2300 pY sites (from Jurkat extracts alone) that were pulled down with the 4G10 Ab which
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could be possible candidate pY targets for pY-TRAP selections. Another limitation is that not all
pY protein domains will be amenable to the unnatural pY incorporation due to large size, acid
sensitivity, or other expression issues. Fortunately, both pY sites in Ub, and two of three sites
tested in ZAP70, did express. An alternative method to generating pY proteins was recently
published using a different Uaa and synthetase which provides another option for generating the
pY antigens®. Also, not all B2 selections worked, and this may be because the B1-pY protein
affinity was not sufficient to present the complex. It is possible that coimmobilizing higher
concentrations of B1 and pY protein will mitigate this by enforcing high complex formation. In
addition, the current B1 library may not be the most optimal for all pY proteins. Further exploration
on how each of the CDRs contribute to binding to a broader panel of pY antigens will promise a
further improved, second-generation library for engineering tighter B1 binders.

The pY-TRAP approach enabled us to generate high-affinity and specific binders against
native Ub-pY59 and ZAP70-pY 248, for which there are no commercially available Ab reagents.
We believe that building pY protein binders to tertiary pY epitopes nicely complements and
expands approaches for linear pY epitopes using diversified SH2 or PTB domains and pY-Clamps
(Figure 5G)!'"13. Although protein kinase substrate specificity is typically defined by linear
consensus motifs, recent evidence suggests that protein-folding creates structure-based motifs for
specific kinase recognition!'*!3- 3538 Consistent with these findings, our bioinformatics analysis
revealed that tyrosine occurs very frequently in rigid tertiary structures. pY-TRAPs serve as vital
reagents for assigning the biological functions, determining the upstream kinases, and studying
signaling regulations of this class of pY modifications.

We envision that this conditional two-binder TRAP method may be generalizable to other

PTMs if generic Bl binding scaffolds are developed to PTMs (Figure SH). In this regard,
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recombinant anti-methylated (Me)-lysine Abs that independently bound two neighboring Me-
lysine sites on histone H3 were recently reported®. Interestingly when the Abs were mixed, they
discovered that they bound cooperatively with higher affinity. Additionally, natural domains that
recognize a different protein PTM could be used as B1, for example, SH2 variants for
sulfotyrosine, and lectins for glycosylation, while B2 domains bind the complex of B1 and PTM-
containing antigen*-**. Overall, there is a great potential to generalize this TRAP platform to
additional protein modifications for making a wide variety of PTM-TRAPs to serve as research

agents, biomarkers, or therapeutics.
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1.5 Materials and Methods
Secondary Structure Analysis
Secondary structures for pY sequences were performed using an in-house informatics

pipeline written in R. Scripts are available for download

from https://github.com/crystaljie/pY 2rd structure solvent accessibility analysis.git. The

protein phosphorylation site information used for this analysis was downloaded from

PhosphoSitePlus (Appendix Table S1). Only the pY sequences in human proteins were used for

analysis. Based on the full-length protein sequences from Uniprot, the GOR algorithm was

applied to predict the secondary structure of the pY sites (6063 pY sites in 2076 proteins) or
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randomly picked sequences from these proteins (Appendix Table 1.S2). For the sequences that
have PDB structures available (1501 pY sites in 527 proteins), DSSP algorithm was used to
obtain the exact secondary structure information for the pY sites or randomly picked sequences

from these proteins (Appendix Table 1.S3)'7-1°.

Plasmid Construction

Plasmids were constructed by standard molecular biology methods, and complete plasmid
sequences are available upon request. The DNA fragment of human Ub or ZAP70 was synthesized
by integrated DNA technologies (IDT). The TAG mutation for pY incorporation was introduced
by overlap-extension PCR. The antigens were subcloned into the inducible bacterial expression
pTak vector with a Tobacco Etch Virus (TEV) protease cleavage site, an AviTag, and a six-
consecutive-histidines tag (His-tag) at the C-terminus!®#. The plasmid pPBK-MmNpYRS encoding
the Uaa-specific synthetase was provided by the Lei Wang lab (University of California, San
Francisco)'. All the Fabs were constructed in a dual-expression vector that expresses the light
chain and the heavy chain with the pelB and the stll signal peptides, respectively, for the periplasm
expression®. A C-terminal 6x His tag was put in the heavy chain for purification. All the IgGs were
constructed in the pFUSE-hIgG1 vector (InvivoGen), with the heavy chain genetically fused to the
hIgG1-Fc on one vector, and the light chain on a separate copy of the vector. The B1-scFv/B2-Fab
fusion was also constructed in the pFUSE-hIgG1 vector (InvivoGen), with B2-Fab light chain on
one vector, and B2 Fab heavy chain fused to the N-terminus of B1-scFv on another copy of the
vector. The sequences of the linker between the heavy chain and scFv are as follows: 26 aa,
GGSGSAGGLNDIFEAQKIEWHESSGS; 19 aa, AGGLNDIFEAQKIEWHEGS; 14 aa,

AGGLNDIFEAQKGS:; 9 aa, AGGLNDIGS.

17



Fab Expression

C43 (DE3) Pro+ E. coli containing Fab expression vectors were grown in 2xYT at 37 °C
to an OD-600 of 0.4-0.8, and then, Fab expression was induced by the addition of 0.5 mM IPTG.
Incubation temperature was subsequently reduced to 30 °C, and the cultures were allowed to shake
for 1620 h. Cells were harvested by centrifugation and lysed using B-PER lysis buffer or
sonication. The lysate was incubated at 60 °C for 20 min and centrifuged to remove the inclusion
body. The Fabs were purified by Ni>*-NTA resin and buffer exchanged in TBS buffer (50 mM

Tris, 150 mM NaCl, pH 7.5) for further characterization.

IgG and B1-scFv/B2-Fab Fusion Expression

The IgGs were expressed by cotransfection of the pFuse-light chain and the pFuse-heavy
chain-Fc vectors. The B1-scFv/B2-Fab fusion proteins were expressed by cotransfection of the
pFUSE vector encoding B2 Fab light chain and another pFUSE vector encoding B2 Fab heavy
chain fused to the N-terminus of Bl-scFv. Expi293 (Life Technologies) cells were transiently
cotransfected with two vectors at a mass ratio of 1:1. The ExpiFectamine 293 transfection kit (Life
Technologies) was used for transfections as per manufacturer’s instructions. Cells were incubated
for 5 days at 37 °C in a 5% CO, environment before the supernatants were harvested by
centrifugation. The IgGs and the B1-scFv/B2-Fab fusion were purified by Protein A and Protein

L affinity chromatography, respectively.
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pY Misincorporation

pY was incorporated into Ub and ZAP70 according to a previous protocol'¢. Briefly, BL21
cells were cotransformed with the pTak-antigen plasmids (chloramphenicol resistant) and pBK-
MmNpYRS (kanamycin resistant). 35 pg/mL chloramphenicol and 50 pg/mL kanamycin were
added to the bacterial culture to select the double transformants. The cells were grown in 2xYT at
37 °C to an OD-600 of 0.4-0.8, and then, 1 mM Uaa 1 (Figure 1.S1) was added. Protein expression
was then induced by the addition of 0.5 mM IPTG. The incubation temperature was subsequently
reduced to 18 °C, and the cultures were allowed to shake for 16-20 h. Cells were harvested by
centrifugation and lysed by sonication. The lysate was centrifuged to remove cell debris and the
inclusion body. The proteins were purified by Ni**-NTA resin and exchanged into TBS buffer.

To cleave the protection group on the Uaa, to a diluted protein solution (0.1-1.0 mg mL")
in TBS buffer, HCI (4 M) was added to reach a final concentration of 0.4 M. The reactions were
incubated at 4 °C for 24-72 h, and the cleavage efficiency was monitored by mass spectrometry

on a Xevo G2-XS mass spectrometer (Waters).

In Vitro Biotinylation

The purified proteins were biotinylated on their AviTags using the standard protocol
provided by Avidity. Biotinylation was monitored by intact protein mass spectrometry on a Xevo
G2-XS mass spectrometer (Waters). The biotinylated proteins were then separated into aliquots,

analyzed by SDS-PAGE, snap-frozen, and stored at —80 °C for later use.
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Phage Library Construction

The phagemids that encode the 4G10"° gene with the stop codon within the CDRs were
used as templates for Kunkel mutagenesis with oligonucleotides designed to correct the stop
codons and introduce the designed mutations at each site”*. The library designs are listed in Table
1.S3. The resulting mutagenesis reactions were electroporated into SS320 electrocompetent cells
(Lucigen). After 1 h of recovery at 37 °C, the cells were expanded into 500 mL of 2xYT cultures
with 50 pg/mL carbenicillin and 10!%/mL M13KO7 helper phage. 50 ug/mL kanamycin was added
to the culture after 1 h of shaking at 37 °C. The culture was grown for approximately 20 h with
250 rpm shaking at 37 °C. The next day, the cells were pelleted by centrifugation. The phage was
precipitated from the supernatant by adding 1/5 volume of 20% PEG8000 and 2.5 M NaCl. The
phage library was resuspended in TBS buffer with 50% glycerol and 2 mM EDTA and stored at
—20 °C. Template phagemid plasmid, mutagenesis oligos, and a small quantity of library stocks
can be shared with the academic community upon request.

Phage Display

All phage selections were done according to previous protocols3#. For B1 selection, the
4G10*™ libraries were incubated with biotinylated pY protein immobilized on SA-coated
magnetic beads (Promega). Empty beads were used for library clearance and enrichment tests. In
total, four rounds of selections were performed with a decreasing concentration of pY-antigen
(300, 100, 30, 10 nM). Starting from round 2, the phage library was first enriched by protein L
magnetic beads to deplete nondisplayed or truncated Fab phage before each round of the selection.
For B2 selection for Ub-pY59, the synthetic phage library was first incubated with pY protein
immobilized on SA beads to deplete any binders to the pY protein alone. Subsequently, the cleared

library was incubated with immobilized pY-antigen with 5 uM B1-Fab in solution to enrich
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binders against the pY protein/B1 complex. In total, four rounds of selections were performed with
500, 500, 500, and 100 nM of pY antigen, respectively. B1-Fab (5 uM) was supplemented to both
the selection reaction and the wash buffers.

For B2 selection for ZAP70-pY221 and pY?248, the synthetic phage library was first incubated
with immobilized pY protein and B1, respectively, to deplete any binders to pY protein or Bl
alone. Subsequently, the cleared library was incubated with the B1/pY-antigen complex (with both
B1 and pY-antigen immobilized on the SA beads) to enrich binders against the pY protein/B1
complex. In total, four rounds of selections were performed with 500, 500, 500, and 100 nM of pY

antigen, respectively.

ELISA

ELISAs were performed according to standard protocols. Briefly, 384-well Maxisorp plates were
coated with NeutrAvidin (10 pg/mL) overnight at 4 °C and subsequently blocked with BSA (2%
w/v) for 1 h at 20 °C. 10-100 nM pY antigens were captured on the NeutrAvidin-coated wells for
30 min followed by the addition of various concentrations of phage or recombinant antibodies for
30 min. The secondary Abs were either a horseradish peroxidase (HRP)-conjugated anti-M13
phage antibody (Sino Biological) for phage ELISA or an antihuman-IgG antibody (Sigma-Aldrich)
for recombinant protein ELISA. The ELISA plates were washed three times after each incubation,

and Ab binding was detected by TMB substrate (VWR) and read at 450 nm.

Binding Kinetics Analysis

BLI experiments were performed at room temperature using an Octet RED384 instrument

(ForteBio). Biotinylated pY antigens were immobilized to an optically transparent SA biosensor
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(ForteBio). Different concentrations of antibodies in kinetics buffer (TBS, pH 7.5,0.05% Tween-
20, 0.2% BSA) were used as the analyte in a 384-well microplate (Greiner Bio-One). Antibody
CDR sequences are listed in Table 1.S2. Affinities (Kps) were calculated from a global fit (1:1) of
the data using the Octet RED384 Data Analysis HT software. Measurements at the single antibody
concentration were first used to estimate binding strengths of different selectants, and
measurements at a series of antibody concentrations (covering concentrations below and above the
estimated Kp) were used to determine Kp values (Table 1.S1). The measurements were performed
at least twice (single- or multiconcentration), and representative Octet traces are shown in Figure
1.59.

Negative Stain Electromicroscopy

The samples B1-scFv/B2-Fab fusion and its complex with Ub-pY59 were negatively stained and
observed on a Tecnai T12 microscope and a Tecnai T20 microscope (FEI Company) using the
discharged continuous carbon grids as previously described, respectively. Images were acquired
at room temperature with a pixel size of 2.21 A/pixel (T12, operated at 120 kV) or 3.319 A/pixel
(T20, operated at 200 kV) on the level of specimen using a 4K x 4K CCD camera (UltraScan 4000,
Gatan Inc.)*48. After all micrographs were visually screened, the contrast transfer function (CTF)
was estimated for each micrograph by Gcetf #°. The particle was selected using the Gautomatch

(https://www.mrc-Imb.cam.ac.uk/kzhang/Gautomatch) without template. Individual particles

were extracted from the raw images with the 100 x 100 pixel window for T12 images or 80 x 80
pixel window for T20 images and were subjected to 25 cycles of 2D classification with a mask

diameter of 200 A for B1-scFv/B2-Fab or 220 A for its complex with Ub-pY59 in Relion 3.0
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0. The output 2D averages after several rounds were analyzed by comparing with the available

protein structures utilized in this design.

pY Phosphoproteomics

The phosphoproteomics experiment was performed according to the standard pY
phosphoproteomics protocol and manufacture protocols 3'. Briefly, Jurkat cells were pretreated
with 0.1 mM freshly activated pervanadate for 15 min at 37 °C. The cells were spun down and
washed with prechilled (4 °C) TBS (20 mM Tris, 150 mM NaCl), and lysed in prechilled (4 °C)
lysis buffer (0.5% Triton-100, 50 mM Tris, 150 mM NaCl) with phosphatase inhibitor cocktail
(Sigma-Aldrich, 1:100) and protease inhibitor cocktail (Sigma-Aldrich, 1:100). After rotating at 4
°C for 15 min, cell lysates were spun at 16000g to remove cell debris. 10 nmol his-tagged 4G10,
4G10-G6*P3, or Src-Superbinder was loaded to 100 pL of prewashed Ni**-NTA resin (Thermo
Fisher Scientific) and washed twice with TBS buffer. For phosphoprotein IP, the cell lysates were
added to the Ni?>*-NTA slurry and rotated for >2 h at 4 °C. For phosphopeptide IP, proteins were
first denatured, reduced, alkylated, digested to peptides by MS-compatible, sequencing grade
trypsin (Promega, 1:50 w/w), and then added to the Ni>*-NTA resin for pulling down pY peptides.
The Ni**-NTA resin was washed 6 times with TBS buffer and eluted with 100 mM phenyl
phosphate in 500 mM ammonium bicarbonate buffer. The elution was desalted using a SOLA
column, and phosphopeptides were further enriched by the TiO, phosphopeptide enrichment kit
(Thermo Fisher Scientific). The elution from TiO, enrichment was resuspended in 2% ACN +

0.1% FA and analyzed by a Q Exactive Plus (Thermo Fisher) mass spectrometer.
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Immunoprecipitation with Anti-Ub-pY59-TRAP Binders

2.5 uM biotinylated B1-Fab and biotinylated Ub-pY59 were incubated for 30 min at RT. This
B1/Ub-pY59 complex or 2.5 uM biotinylated Ub-pY59 only was loaded onto the SA beads. O or
5 uM of B1-Fab was supplied in solution. Subsequently, 5 uM B2-IgG was added to the reaction
mixtures and incubated for 30 min at RT. The beads were washed with TBS buffer or TBS+5 uM

B1-Fab. Proteins were eluted with 0.1 M acidic acid.
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1.6 Main Figures
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Figure 1.1: Secondary structure analyses of pY sequences suggest that pY epitopes are
commonly embedded in 3D epitopes containing a helix or sheet structure. (A) Schematic
illustration of linear and three-dimensional (3D) pY motifs in the receptor proteins in a cell.
(B) Secondary structure analysis of 1501 pY sites using the DSSP algorithm based on
available PDB structures. (C) Secondary structure prediction of 6063 pY sequences using the
GOR algorithm. Position O is the pY residue; positions —7 to —1 or 1 to 7 are the seven residues
upstream or downstream of the pY motif. H, helices (3,4,5-turn helix); E, strand (B-sheet, 3-
bridge); C, loop (bend, turn, coil)
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Figure 1.2: Anti-Ub-pY59 B1 engineering. (A) Four-step process to create pY-TRAPs to pY-
native proteins: first, generate a protein of interest (POI) with the single pY modification; second,
identify B1 that interacts with the pY motif and the surrounding sequence; third, identify B2 that
conditionally binds to the complex of B1 and the POI at a composite site which includes both the
POI and B1, and not either alone; and finally, engineer B1-B2 fusions to further improve binding
affinity. (B) Structure of the 4G10*P scaffold (PDB: 6DF1) showing the CDR loops (blue) and the
pY residue (red). (C) Phage display workflow for anti-Ub-pY59 B1 selection. (D) CDR-walking
approach to engineer anti-Ub-pY59 B1. (E) BLI characterization of 4G10%P%, 4G10-G4*™, and B1
to Ub-pY59 and GGG-pY-GGG. (F) Single library approach where CDRs L1, H1, and H2 are
simultaneously mutated to engineer anti-Ub-pY59 B1 binders. (G) BLI characterization of
4G10*>5, B1,B1-2, and B1-3. The Kps of the interactions are summarized in Table S1.
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Figure 1.3: Anti-Ub-pY59 B2 engineering dramatically enhances affinity and specificity. (A)
Phage display workflow for negative and positive selection for anti-Ub-pY59 B2. (B) Enrichment
phage binders as a function of round by phage titer experiments. Binders that strongly interact with
the B1/Ub-pY59 complex were more enriched than binders against Ub-pY59 as seen by higher
numbers of phagemid colonies. (C) Characterization of binding of Fab-phage to Ub-pY59 or
B1/Ub-pY59 in ELISA revealed clones that interact with both the Ub-pY59 and the B1/Ub-pY59
complex (upper right quadrant), and clones that selectively bind to the B1/Ub-pY59 complex
(upper left quadrant). (D) Sequential BLI experiments show that B1 binds both Ub-pY59 (solid
curve) and the GGG-pY-GGG control (dashed curve), while B2 added subsequently only
recognizes the B1/Ub-pY59 complex (solid curve) but not the B1/GGG-pY-GGG complex
(dashed curve); neither B1 nor B2 binds to the WT Ub-Y59 protein (dotted curve). (E) ELISA
experiment showing that the anti-Ub-pY59 TRAP binders are highly selective toward Ub-pY59
and not other pY proteins or peptides such as the human ZAP70 SH-2 domain modified at two
sites, CD3C modified at two sites, and TLR2 and murine SiglecF (mSiglecF) modified at one site.
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Figure 1.4: B1-scFv/B2-Fab fusion engineering. (A) Cartoon illustration of the B1-scFv/B2-Fab
fusion. Various linker lengths (9, 14, 19, and 26 residues) were tested in the fusion protein between
B1 and B2. (B) BLI experiments show that B1-scFv/B2-Fab with a 14-aa linker has the biggest
difference in binding affinity for Ub-pY59 and GGG-pY-GGG. (C) The SEC analysis of the
complex of B1-scFv/B2-Fab and Ub-pY59 shows that the complex has a molecular weight ~150
kDa. The peak (highlighted in gray background) is collected for SDS-PAGE and NS-EM analysis.
(D) Representative 2D class averages of NS-EM data for the B1-scFv/B2-Fab fusion alone. (E)
Structural models of the B1-scFv/B2-Fab fusion. Light orange, Fab, PDB 1N8Z; gray, scFv,
PDB 6DF]1. (F) Representative 2D class averages of NS-EM data for B1-scFv/B2-Fab in complex
with Ub-pY59. (G) Structure models of a 2:2 dimer of B1-scFv/B2-Fab and Ub-pY59. B1-scFv
and B2-Fab in one polypeptide chain interact with two different Ub-pY59 molecules. Light orange,
Fab, PDB 1N8Z; gray, scFv, PDB 6DF1; purple, Ub, PDB 5XKS5. (H) Cartoon illustration of the
formation of a 2:2 dimer of B1-scFv/B2-Fab and Ub-pY59. (I) Summary of Ky, values for B1-Fab,
B2-Fab, and B1-scFv/B2-Fab to Ub-pY59 and the GGG-pY-GGG peptide.
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Figure 1.5: The TRAP platform has the potential to generate binders to thousands of other
pY sequences and different protein PTMs. (A) Phosphoproteomics workflow to globally
identify pY sequences from Jurkat cell lysates by pY peptide immunoprecipitation (IP) or pY
protein+peptide IP. (B) Number of pY sequences identified in LC/MS/MS following peptide IP
and TiO, enrichment by 4G10, 4G10-G6*P>, or Src-Superbinder SH2 domain. (C) Number of pY
sequences identified in LC/MS/MS following protein IP, peptide IP, and TiO, enrichment by
4G10, 4G10-G6*%3, or Src-Superbinder SH2 domain. (D) The BLI characterization shows that
ZAP70-pY248 binds tighter with the identified B1 than with parental 4G10-G6*". (E) Sequential
BLI experiments show that B1 binds ZAP70-pY248 (solid curve) but not ZAP70-Y248 (WT)
(dotted curve), and B2-IgG added subsequently recognizes the B1/ZAP70-pY248 complex (solid
curve) but not the ZAP70-Y248 (WT) (dotted curve). (F) The ELISA experiment showed that the
anti-ZAP70-pY248 TRAP binders are highly selective against ZAP70-pY248 and not other pY
proteins/peptides. (G) Comparison of methods for engineering sequence-specific pY binders. pY-
TRAPs can be used in two formats. The B1 plus B2 format provided the highest selectivity while
the B1-B2 fusion format resulted in a tighter binder. Except for pY-TRAPs, the other methods
generated binders against the linear form of a pY antigen. (H) Proposed workflow to engineer
TRAP binders against other protein PTMs.
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1.7 Extended and Supplemental Figures
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Figure 1.S1: Bioinformatics analysis of secondary structures for tyrosine kinase substrate
sequences suggests high proportion of pY sites are in classic regions of secondary structure.
(A) The process of secondary structure analysis for pY sequences banked at PhosphoSitePlus. In
total, 1501 human pY sequences in 527 proteins which have available parental protein PDB
structures were analyzed using the DSSP algorithm, and 6063 human pY sequences in 2076
proteins were analyzed using the GOR algorithm. (B) Secondary structure prediction of randomly
selected 15-residue sequences from proteins analyzed in Figure 1B using the DSSP algorithm. (C)
Secondary structure analysis of randomly selected 15-residue sequences from proteins analyzed in
Figure 1C using the GOR algorithm.
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Figure 1.S2: Generation of Ub-pY59 used for phage selections. (A) The workflow to generate
biotinylated Ub-pY59 using an unnatural amino acid method. (B) Constructs for expressing Ub-
Y59 (WT) and Ub-pY59. (C) SDS-PAGE analysis of Ub-pY59 in the absence (lane 2) or presence
(lane 3) of neutravidin (NAV) confirmed Ub-pY59 was fully biotinylated. (D) LC-MS validation
of the biotinylated Ub-pY59 protein. The Ub protein with the protected pY Uaa incorporated at
site 59: 12813 Da; the deprotected Ub-pY59: 12760 Da.
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Figure 1.S3: Engineering of anti-Ub-pY59 B1. (A) The CDR L3 sequences in the 4G104D5
selectants. (B) BLI experiments show 4G10-G44D5 binds the tightest to Ub-pY59 among the
4G104DS5 variants tested. (C) Direct and competition ELISA intensities comparing parental clone
and the best variants identified from each library. (D)(E) Amino acid sequences are highly
conserved for site ¢, d, and ¢ in CDR H2.
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Figure 1.S4: Sequential BLI experiments shows a non-conditional binder BWT that interacts
with both the Ub-Y59 (WT) and Ub-pY59 in complex with B1. The solid curve shows binding
of B1-Fab to Ub-pY59, followed by binding of BWT-IgG. The dashed curve shows binding of the
B1-Fab to the immobilized GGG-pY-GGG, but no binding of BWT-IgG when added
subsequently. The dotted curve shows no binding of B1-Fab to Ub-Y59 (WT) but binding of BWT
to Ub-Y59 (WT) in the subsequent step.
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Figure 1.S5: Characterization of B1-scFv/B2-Fab fusions. (A) B1-scFv/B2-Fab (14aa) does not
interact with Ub-Y59 (WT), Ub-A59, Ub-E59. (B) SDS-PAGE gel analysis of the peak fraction in
collected from SEC experiment described in Figure 4C. (C) Structure models of a 1:1 dimer of
B1-scFv/B2-Fab and Ub-pY59. A long-linker is required for Bl-scFv and B2-Fab in one
polypeptide chain to interact with a single Ub-pY59 molecule. Light orange: Fab, PDB 1N8Z;
grey: scFv, PDB 6DF1; purple: Ub, PDB 5XKS5. (D) SDS-Page analysis of the same volume of
purified B1/B2 fusion proteins containing various linker lengths showed that the yield of proteins

decreased significantly with longer linkers. (F) B1-scFv/B2-Fab (14aa) does not interact with Ub-
pY64.
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Figure 1.S6: Generation of ZAP70-C-SH2 (aa 167-259) pY antigens. (A) Schematics of the
ZAP70 protein domains. (B) SDS-PAGE gel shows expression of ZAP70-C-SH2 (aa 167-259)-
pY221 and pY248 at the correct molecular weight (~17 kDa). Gel analysis in the absence (lane 3
and 5) or presence (lane 4 and 6) of NAV confirmed ZAP70-pY221 and 248 were fully
biotinylated.
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Figure 1.S7: Optimization of the B2 engineering workflow. (A) Immunoprecipitation
experiment shows immobilizing both B1-Fab and pY protein on SA beads generated a stable
B1/pY antigen complex for interacting with B2-IgG. Adding extra B1-Fab in solution did not pull
down more B2-IgG. (B) Diagram of the optimized phage selection strategy for B2 engineering. A
recombinant Fab-phage library is first cleared with immobilized pY-protein (purple), and then
cleared with immobilized B1 (grey), followed by selection against B1/pY-antigen complex with
both B1 and pY-antigen co-immobilized on the SA beads to pull down complex-specific binders.
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Figure 1.S8: Sequential BLI characterization of anti-ZAP70-pY248 binders on GGG-pY-
GGG control peptide shows B2 does not bind reflecting its selectivity. The dashed curve shows
binding of the B1-Fab to the immobilized GGG-pY-GGG, but no binding of B2-IgG when added
subsequently.
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Figure 1.S9: BLI measurements for the pY-TRAP antibodies binding to the pY-antigens.
Dotted lines show calculated fits. The KD values and the error of fits are summarized in Table

S1.
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Table 1.S1: Summary of KDs determined by BLI measurements *

Binder Antigen 1 Kb (nM) for Antigen 1 Antigen 2 Kp (nM) for Antigen 2
4G10°7s Ub-pY59 1767+ 139 GGG-pY-GGG 297+13
4G10-G4*3 Ub-pY59 3577 GGG-pY-GGG 160£5
Anti-Ub-pY59 B1-Fab Ub-pY59 2+l GGG-pY-GGG 1275
Ant-Ub pYSYBI-2- Ub-pYs9 631 GGG-pY-GGG 794
A““'Ub'F"i” B1-3- Ub-pY59 7942 GGG-pY-GGG 62+3
Anti-Ub-pY59 B2-Fab B1/Ub-pY59 4.7+0.2° B1/GGG-pY-GGG Undetectable
Anti-Ub-pY59 B2-IgG B1/Ub-pY59 0.6+0.1 B1/GGG-pY-GGG Undetectable
Anti-Ub-pY59
Ub-pY59 05+0.0 GGG-pY-GGG 147 £ 4
B1-scFv/B2-Fab-14aa
Anti-Ub-pY59
Ub-pY59 0500 GGG-pY-GGG 133£3
B1-scFv/B2-Fab-26aa
4G10-G6*P3 ZAP70-pY221 73 £4° GGG-pY-GGG Not determined
Anti-ZAP ;‘;}S’YZZI Bl Ap70py221 7544 GGG-pY-GGG Not determined
4G10-G6* ZAP70-pY248 56+ 1° GGG-pY-GGG Not determined
Anti-ZAP ;‘;}E’YZ"S Bl AP70-pY248 2042 GGG-pY-GGG Not determined
AnG-ZAPTOPY248 B2- b7 Ap70-py248 41201 GGG-pY-GGG Undetectable

1gG

“Table S1 lists the Ko values with errors of the fits for titration curves shown in Figure S9. All Kb values were determined by
multi-concentration BLI measurements excepted for those noted.

bThese Kps were estimated based on single-concentration BLI measurement.



Table 1.S 2. Sequences of CDRs »P

Name CDRLI CDR L2 CDR L3 CDR HI CDR H2 CDR H3

4G10%D3 RASSEI\{’SSS STSNLAS YSYR (YDFTENTV  (IG)GINPYYGGSI(FSPKF)  RAGAY(YF)
4G10-Gaos - RASSSVSSS gToNIAS  YSRPYGYR  (YDFTENTV  (IGIGINPYYGGSI (FSPKF) — RAGAY(YF)
4G10-G6*0s RASEEI\{’SSS STSNLAS ~ YSRPWGYR  (YT)FTENTV  (IG)GINPYYGGSI(FSPKF)  RAGAY(YF)
4G10-85%0s RASSEKSSS STSNLAS  YSRRTSYR  (YT)FTENTV  (IG)GINPYYGGSI(FSPKF) ~ RAGAY(YF)

Anti-Ub- RASSSVEPS  gro\pas  YSRPYGYR  (YT)FDRHTV  (IG)GINPYWGGTI(FSPKF)  RAGAY(YF)

pY59 BI VLH

Anti-Ub- RASQSVGSA  guqq1vs  ASGYLF LSYYYI SIYPSYSSTY AYYFGSGL

pY59 B2 LA

Anti-Ub  RASQSVGSA  gxqq1vs  SRAYSLF IYSYSM YISPYYGSTS YFSWGWDA

Bwr LA F

Anti- RASSSV

ZAP70- STSNLAS ~ YSRPWGYR  (YDFINNTV  (IG)GINPYYGGSI(FSPKF)  RAGAY(YF)
RFKWLH

pY248 B

Anti-

zap70-  RASQSVGSA ) qqivs  YYHRPF LSYSSI SISSYYGSTS PEYGSYFYA
LA I

Y248 B2

*Amino acids denoted in brackets of CDR HI1, H2, and H3 are flanking constant regions that differ from canonical “Her-
ceptin” 4D5 scaffold. This was a design consideration during CDR grafting from 4G10 to “Herceptin” 4D5 scaffold detailed

in work by Mou ez al.’

®Amino acids in blue: sites randomized in phage library described in Table S3.



Table 1.S3. Library designs ?

Name Parental CDRLI CDRL2 CDRL3 CDRHI CDRH2  CDRH3  \heoretical  Actual
diversity diversity
NNK
VVC
Lib-H2 “G(i}g; - - - - NNK -
3x10° 2x 107
\ale
NNK
KHT
KHT
Lib-L1- 4G10- vve
HI Ga#s - - NNK - -
KHT 6.4x107 3x 10°
NNK
NNK
Lib-H3 o - - - - - (NNK)y;  3.5x100  5x10°
NNK
NNK
Lib-L1- K NNK NNK
HI-H2-1 )
‘gﬂ& - - NNK NNK -
NNK 1x10® 5x 10°
NNK NNK
NNK
NNK
NNK
NNK
Lib-L1- 4G10- NNK NNK
HI-H2-2  G6% - - NNK -
NNK NNK 3.5x 10" 5x10°
NNK
NNK

2Mixed bases code for DNA: N (A,C,G,T); K (G,T); V (A,C,G); K (G,T); H (A,C,T).
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Chapter 2

Development of Bi-paratopic and multivalent
VH domains to block ACE2 binding and
neutralize SARS-CoV-2

2.1 Abstract

Neutralizing agents against SARS-CoV-2 are urgently needed for the treatment and
prophylaxis of COVID-19. Here, we present a strategy to rapidly identify and assemble synthetic
human variable heavy (VH) domains toward neutralizing epitopes. We constructed a VH-phage
library and targeted the angiotensin-converting enzyme 2 (ACE2) binding interface of the SARS-
CoV-2 Spike receptor-binding domain (Spike-RBD). Using a masked selection approach, we
identified VH binders to two non-overlapping epitopes and further assembled these into
multivalent and bi-paratopic formats. These VH constructs showed increased affinity to Spike (up
to 600-fold) and neutralization potency (up to 1400-fold) on pseudotyped SARS-CoV-2 virus
when compared to standalone VH domains. The most potent binder, a trivalent VH, neutralized
authentic SARS-CoV-2 with half-maximal inhibitory concentration (ICsy) of 4.0 nM (180 ng/mL.).
A cryo-EM structure of the trivalent VH bound to Spike shows each VH domain engaging an RBD

at the ACE2 binding site, confirming our original design strategy.
2.2 Introduction

The emergence of SARS-CoV-2 and the associated COVID-19 disease has emphasized the

need to rapidly generate therapeutics against novel pathogens. SARS-CoV-2 enters cells through
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the interaction of the viral Spike receptor-binding domain (Spike-RBD) and host angiotensin-
converting enzyme-2 (ACE2) on the surface of lung epithelial cells.! Antibody and antibody-like
biologics that can block this interaction are promising therapeutic candidates because of their high
specificity and neutralization potency.? The majority of antibodies isolated so far against SARS-
CoV-2, SARS-CoV-1, and MERS are derived from screening B-cells of infected patients or
repurposed from animal immunizations.>” These approaches, though effective, can be time-
consuming and may not necessarily yield neutralizing antibodies. Given the pressing nature of this
pandemic, there is a need for multiple parallel strategies to rapidly produce potent, recombinant,
and neutralizing biologics.

In vitro display technologies using yeast or phage are well-established approaches for
generating high-affinity binders from large naive libraries.® In vitro selection can be done without
infected individuals and only requires the recombinant protein target. One of the recently
developed modalities are small single domain antibodies derived from variable heavy homodimer
(VHH) domains of antibodies from camels or llamas, often referred to as nanobodies, and are
usually obtained by camelid immunization and B-cell cloning.*!? Nanobodies have some
advantages. Their single-chain and small size (11 to 15 kDa) allow them to bind epitopes or
penetrate tissues that may not be accessible to monoclonal antibodies (mAbs) (150 kDa), and
nanobodies can be rapidly produced in E. coli.*'* However, nanobodies derived from animal
immunization can also suffer from long-turnaround times. Although this can be overcome with
synthetic nanobody libraries,>!® nanobody scaffolds that are animal-derived raise significant
concerns regarding immunogenicity. More recently, variable heavy (VH) domains derived from

human scaffolds have been produced and tested against a number of targets.!”-!
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Thus, we and others have been interested in developing VH binders to SARS-CoV-2 for the
present pandemic, and as a test case for future ones.?*->* However, one limitation of synthetic single
domain binders is that as monomers, they often lack the strong binding affinity necessary for
therapeutic application. Affinity maturation can improve this, although this extends the
development timeline. Instead, generating linked multivalent or multi-paratopic VH binders could
be a more rapid approach to utilize avidity to boost affinity and efficacy.** Linking VH domains
into such homo- and hetero-bifunctional formats is more straightforward than preparing similar
multifunctional antibodies because the latter requires correct heavy and light chain pairing to
maintain binding affinity, whereas multifunctional VH domains have no such requirements.!!

Here, we constructed a human VH-phage library derived from the clinically approved
trastuzumab scaffold and validated its use on multiple antigens. By utilizing a masked phage
selection strategy, we rapidly identified VH domains at two non-overlapping epitopes within the
ACE2 binding site of the SARS-CoV-2 Spike-RBD. By linking these VH domains with a strategic
linker into bi-paratopic and multivalent binders, we improved affinity from mid-nM to ~100 pM
without any additional high-resolution structural information. These high-affinity binders are
capable of potently neutralizing pseudotyped and live SARS-CoV-2. A cryo-electron microscopy
(cryo-EM) structure of the most potent trivalent VH bound to Spike shows that each VH domain
precisely targets the ACE2 binding interface on all three RBDs of Spike. We believe our VH-
phage library and this multivalent and multi-paratopic approach is highly advantageous to target
distinct epitopes within an antigen and can be broadly applied to other viral and non-viral targets

to leverage avidity for increased potency.
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2.3 Results

Construction of a synthetic human VH-phage library

To enable the generation of single-domain antibodies against targets such as SARS-CoV-
2 Spike, we designed a synthetic VH-phage library using the VH domain (4D5) from the highly
stable and clinically successful trastuzumab antibody (Fig. 2.1a).2>?° The VH scaffold was
modified to include five amino acid changes predicted to reduce aggregation (Supplementary
Table 2.1).2” To bias toward colloidal stability, aspartate and arginine or glutamate residues were
inserted at the beginning and at two or three terminal positions of CDR H1, as these have been
previously used to improve aggregation resistance of VH and scFv fragments from the VH3

germline.!%?

Diversity was introduced into CDR H1 and CDR H2 using a minimalistic approach
where variability was largely restricted to tyrosine and serine residues (Extended Data Fig. 2.1).%
We introduced high-diversity mixtures of amino acids into CDR H3 because it is usually critical
to antigen recognition (Extended Data Fig. 2.1), and Fab-phage libraries with highly diverse CDR
H3 sequences have successfully yielded high-affinity antibodies to a variety of target antigens.?%3!
Furthermore, charged polar residues such as aspartate were introduced at 10% frequency to
decrease net surface hydrophobicity to mitigate aggregation and decrease the propensity for non-
specific binders in the library.

Based on previous designs, we chose loop length variations of 5 to 7 residues in CDR H1
and 6 to 20 residues in CDR H3 while CDR H2 was kept constant at 17 residues (Kabat definitions)
(Extended Data Fig. 2.1, Supplementary Table 2.2).3%32 To cover this large sequence space with
a minimal bias towards different length variants, five separate sub-libraries were constructed by

binning CDR H3 loop length insertions (X2-16) in incremental sets of three and combined to yield

a final library of ~5 x 10!° transformants (Supplementary Figure 2.1). Analysis of the unique
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CDR H3 sequences by next-generation sequencing (NGS) showed that observed amino acid
frequencies closely matched our designs and all CDR H3 length variants were represented in the
final library (Fig. 2.1b-d, Supplementary Figure 2.2). Finally, to test the performance of the
library, several rounds of panning were performed on representative antigens including both
cytosolic and membrane proteins. These panning experiments were done in parallel with an in-
house Fab-phage library. For all target antigens, high levels of enrichment were observed
(Supplementary Figure 2.3). For the majority of antigens, enrichment levels were comparable or

substantially higher for the VH-phage library compared to the Fab-phage library.

Identification of VHs that target multiple epitopes

To date, most neutralizing mAbs against SARS-CoV-2 target Spike, and not surprisingly
many of the most potent target the ACE2 binding interface.?>” While cryo-EM structures show that
the ACE2 binding interface remains largely solvent-accessible in both the RBD “up” and “down”
conformations,* simultaneous intra-molecular engagement by both binding arms of mAbs may be
challenging as they are not geometrically arranged to engage multiple RBDs on a single Spike
trimer. Thus, our goal was to target this highly neutralizing epitope with VHs and subsequently
link them together to utilize avidity beyond that of a homo-bivalent mAb.

We first expressed the Spike-RBD (residues 328-533) and the ACE2 peptidase domain
(residues 1-640) as biotinylated Fc-fusions for VH-phage selections.** To specifically enrich for
VH-phage that bind the ACE2 binding site on Spike-RBD, the library was first cleared with the
Spike-RBD-Fc/ACE2-Fc complex to remove phage that bound outside the ACE2 binding
interface. This was followed by selection on Spike-RBD-Fc alone to enrich for phage that bound

the unmasked ACE2 binding site (Fig. 2.2a). By rounds 3 and 4, significant enrichments for phage
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that bound Spike-RBD-Fc but not to Spike-RBD-Fc/ACE2-Fc complex were observed
Supplementary Figure 2.4a). Single clones were isolated and characterized for their ability to
bind Spike-RBD-Fc by phage enzyme-linked immunosorbent assays (ELISA) (Supplementary
Figure 2.4b). Nearly all VH-phage showed enhanced binding to Spike-RBD-Fc over the Spike-
RBD-Fc/ACE2-Fc complex, suggesting they bound the same epitope as ACE2 and could
potentially block this interaction (Supplementary Figure 2.4¢). In total, 85 unique VH-phage
sequences were identified, and a subset was characterized as recombinant VH domains. We
identified three lead VH candidates that bound Spike-RBD with Kp values ranging from 23-113
nM (Fig. 2.2b-d). These VH were specific to Spike-RBD and did not recognize other in-house
antigens (Extended Data Fig. 2.2). Epitope binning demonstrated that the three VH domains
mapped to two non-overlapping epitopes we call Site A and Site B within the larger ACE2 binding
site (Supplementary Figure 2.5). The VH domain that recognizes Site A (AOl) binds

independently from the VHs that recognize Site B (BO1 and B02) (Fig. 2.2e-2h).

Bi-paratopic and multivalent linkage increases affinity

We chose two parallel approaches to increase the affinity of the VH binders to Spike
through avidity. First, we reasoned that VHs targeting Site A or Site B are in close proximity
because they are non-overlapping but compete for the larger ACE2 binding site. Therefore, these
VHs could be linked together to engage the same RBD simultaneously and improve affinity
through intra-RBD avidity. Using the three VH monomers (A01, BO1, B02) as modular units, we
generated two bi-paratopic linked dimers (VH>) by fusing A01 with BO1 or B02 (Fig. 2.3a). In a
parallel approach, we aimed to leverage the trimeric nature of Spike and engage multiple RBDs

on the same Spike simultaneously to improve affinity through inter-RBD avidity. To that end, we
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generated mono-paratopic Fc fusions (VH-Fc), linked dimers (VHz), and linked trimers (VH3)
(Fig. 2.3a). The VH; and VHj; consisted of a C-to-N terminal fusion of two or three VH monomers
via a 20-amino acid Gly-Ser linker (~70 A) while the VH-Fc consisted of a fusion of VH to the
human IgG1 Fc domain via a flexible Fc hinge (~100 A). The structure of the SARS-CoV-2 Spike
trimer suggests the linked VH domains could bridge the distance between RBDs on an individual
Spike (<55 A), but are unlikely to span RBDs between discrete Spike proteins based on the inter-
Spike distance on the viral envelope (150-180 A) (Extended Data Fig. 2.3).333°

ELISA and BLI binding assays to Spike-RBD show that the VH-Fc, VHz, and VH3 have
2.7 to 600-fold higher affinity to Spike-RBD (Kp = 0.1-8.4 nM) compared to the standalone VH
monomers (Fig. 2.3b-d, Extended Data Fig. 2.4, Supplementary Table 2.3 and 2.4,
Supplementary Figure 2.6). Interestingly, fold-increases in affinity were greater for binders that
target Site B or both Site A and Site B combined. The most potent constructs bound trimeric Spike
ectodomain (Secto) with Kps in the hundreds of picomolar range and all utilized VH BO1 (Fig. 2.3b-
d). Next, we examined whether these multivalent VH can block ACE2 binding to Spike by testing
several high-affinity constructs (VH-Fcs; VH> A01-B01, VH2 A01, and VH2 B02) in a sequential
BLI binding assay. Secto Wwas immobilized on the biosensor, pre-blocked with each VH binder, and
then assayed for binding to ACE2-Fc (Fig. 2.3e). We found that all binders tested substantially
blocked binding of ACE2-Fc to Secto. Similarly, we examined whether these engineered VH-Fcs
can compete with SARS-CoV-2 Spike-reactive antibodies in convalescent patient serum. Using a
competition ELISA format previously developed by our group,*® we found that VH-Fcs reduced
the binding of patient antibodies to SARS-CoV-2 Spike-RBD (Fig. 2.3f). Taken together these
data show that modular reformatting of these VH domains can significantly increase the affinity

to Spike and block the same immunogenic epitopes as patient-derived Abs.
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Lastly, we characterized the biophysical properties of these engineered VH by differential
scanning fluorimetry (DSF), size exclusion chromatography (SEC), and reconstitution after
lyophilization. The VH binders can be expressed in E. coli at high yields (i.e. VH2 A01-BO1 and
VH3 BO1 express at ~1 g/L in shake flask culture) and have good stabilities (Tm = 56-65 °C)
(Supplementary Figure 2.7). The most potent binders elute as a single monodisperse peak via
SEC (Supplementary Figure 2.8), and VH; B0l retains binding to Spike-RBD and a
monodisperse SEC profile after lyophilization and reconstitution suggesting it could be suitable

for lyophilized formulation (Supplementary Figure 2.9).

Bi-paratopic and multivalent VH neutralize virus

SARS-CoV2 is a biosafety level 3 (BSL3) pathogen. To facilitate studies under routine
laboratory conditions, we utilized a pseudotyped lentiviral (HIV) particle that has been previously
reported.®” These pseudotyped particles are generated from a three-plasmid system containing non-
Env proteins from HIV, a luciferase reporter, and the SARS-CoV-2 spike protein. Entry of this
viral particle into ACE2-expressing target cells and neutralization by anti-Spike antibodies have
previously been shown to faithfully recapitulate features of the authentic pathogen without the
need for working under BSL3 conditions. This pseudotyped virus was used to determine the half-
maximal inhibitory concentration (ICso) of neutralization for each construct.

The VH monomers neutralized pseudotyped virus weakly (ICso > 50 nM), and cocktails of
unlinked monomers did not improve potency. In contrast, the multivalent binders (VHz2, VH3, and
VH-Fc) neutralized ~10-1000 fold more potently compared to their respective monomeric units

(Fig. 2.4a, Supplementary Table 2.5, Extended Data Fig. 2.5). There was a linear correlation
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between the in vitro binding affinity (Kp) to Spike-RBD and the pseudotyped neutralization
potency (ICso) across the different binders (R? = 0.72) (Fig. 2.4b).

In particular, we observed that bi-paratopic VH2 A01-B0O1 and VH2 A01-B02 were stronger
neutralizers than unlinked monomer cocktails. Additionally, the neutralization curves of the bi-
paratopic (multi-site) VH> differed from the homodimeric (single-site) VH; binding to either Site
A or B. That is, the bi-paratopic VH: exhibited a more cooperative transition and fully neutralized
virus, while the homodimeric VH> showed a more linear transition and did not fully block viral
entry even at high concentrations (Fig. 2.4¢). This may reflect mechanistic differences; the bi-
paratopic VHz can theoretically engage a single RBD using both VH domains simultaneously
(intra-RBD avidity) and more fully occlude the ACE2 binding site, while the homodimeric VH»
must bridge separate RBDs within the trimer (inter-RBD avidity).

Furthermore, the increase in neutralization potency as we increase the number of tandem
VH units is exemplified by the VH BO1-derived binders, as the ICsos of VH2 BO1 and VH3 B01
are two to three orders of magnitude lower than the ICso of the VH BO1 monomer (Fig. 2.4d). This
is also observed for VH-Fc B0O1, which also neutralizes two orders of magnitude more potently
than the monomer. Interestingly, although the neutralization potency of VH2 A01 is better than
VH A01, the potency does not improve further when a third domain is added (VH3 AO1), indicating
that epitope-specific geometries can affect the extent to which increasing valency improves
potency. The pseudotyped virus neutralization assays demonstrate that the top predicted binders
from in vitro affinity data, VH, A01-BO1, VH> A01-B02, VH3 B0O1, and VH-Fc B01 are indeed
the most potent with ICsos of 0.74 nM, 1.08 nM, 0.156 nM, and 1.86 nM, respectively.

Lastly, we tested the ability of the most potent VH binders to neutralize authentic SARS-

CoV-2 virus. As predicted, VH3-BO1 neutralized most potently. The VH-Fc BO1, VH> A01-BO1,
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and VH> A01-B02 followed trends consistent with both the in vitro binding Kp an d pseudotyped
virus ICso. VH; BO1, VH-Fc BO1, VH> A01-B01, and VH> A01-B02 blocked authentic SARS-
CoV-2 viral entry with ICses of 3.98 nM, 33.5 nM, 12.0 nM, and 26.2 nM, respectively (Fig. 2.4e,

Supplementary Table 2.6).

Cryo-EM confirms multivalent binding of VH3 B01 to Spike

To confirm whether our linking strategy could successfully engage multiple RBDs on
Spike, we obtained a 3.2 A global resolution cryo-EM 3D reconstruction of SARS-CoV-2 Secto in
complex with VH3; BO1, the most potent neutralizer (Fig. 2.5a, Extended Data Fig. 2.6,
Supplementary Figure 2.10, Supplementary Table 2.7). Although the S2 region of Secio Was
resolved at the reported resolution, the RBDs with the bound VH domains were resolved at about
6 A resolution. However, even at this resolution the structure unambiguously revealed the three
RBDs on Spike are in a two “up” and one “down” conformation. Densities corresponding to each
VH domain are present on all three RBDs, indicating that VH B01 can bind both “up” and “down”
conformations of RBD. SARS-CoV-2 Spike is rarely observed in this conformation with most
structures being in all RBD “down” state or one RBD “up” state.*%3338 The binding epitope of VH
BO1 overlaps with the known ACE2 binding site (Fig. 2.5b), confirming the intended mechanism
of neutralization and validating the ability of the masked selection strategy to precisely direct a
binder toward the intended surface on a target protein. To further investigate the dependence of
binding on Spike conformation, we performed BLI experiments with Seco at pH 4.5, which has
been recently reported to lock Spike in an “all-down” RBD conformation.*® Binding of both VH3

BO1 and VH: A01-BO1 to Sccto were greatly diminished (Extended Data Fig. 2.7). This
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observation suggests that one or more RBDs in the “up” conformation may be required for VH

B01 to access multiple RBDs on Spike.

2.4 Discussion

Here we describe a straightforward strategy to rapidly generate linked single-domain
binders that potently neutralize SARS-CoV-2. We began by creating and validating a diverse
human VH-phage library and generating VH binders to the ACE2 binding interface of Spike-RBD
by a masked selection approach. From a panel of 85 unique VH binders, three were identified that
recognized two separate epitopes within the ACE2 binding interface with nM affinity. In order to
engage multiple epitopes simultaneously within an RBD or across RBDs on Spike, these VH
monomers were linked into multivalent and bi-paratopic formats by Gly-Ser linkers or Fc domains
without any further high-resolution structural information. This linkage approach not only
significantly enhanced affinity, but also substantially improved the viral neutralization potency.
We confirmed the basis of this increase by obtaining a cryo-EM structure of the most potent
trivalent VH bound to Spike. Consistent with our original design, the trivalent VH simultaneously
blocked the ACE2 binding site on all three RBDs of Spike.

We show that in vitro binding affinities and neutralization potencies against this oligomeric
target can be dramatically increased with valency. This is exemplified by VH BO1, which shows a
460-fold increase in binding affinity and 1400-fold increase in pseudotyped virus neutralization
from VH BOI to VH; BO1 to VH3 BO1. The cryo-EM structure of VH3 BO1 shows this binder
neutralizes SARS-CoV-2 by blocking the ACE2 binding site on all three RBDs on Spike. Although
there could be other contributing neutralization mechanisms such as viral aggregation induced by

inter-Spike or inter-virion binding by the multivalent VH, the relatively short linker length (20
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amino acids) between the VH domains would make these long-distance interactions significantly
less likely. Additionally, no aggregates or Secto multimers induced by VH; B0O1 were observed
during cryo-EM sample preparation and data collection, which further suggests that inter-Spike or
inter-virion binding effects, if present, are minimal.

A similar relationship between valency and potency is observed for VH B02, which also
targets the same epitope (Site B). However, VH A01, which targets Site A, is mechanistically
distinct as there is no change in potency between a bivalent (VH>) and a trivalent (VH3) format.
This suggests that unlike Site B binders, the trivalent Site A binder may not be able to fully engage
all 3 RBDs. This could be due to the specific binding mechanism and epitope of VH AO01,
conformational differences of the RBDs within the Spike trimer, or spatial constraints of the linker.
Structure determination of Site A binders in complex with Spike can elucidate the mechanistic and
geometric difference between Site A and Site B epitopes. Additionally, structure-guided
approaches to optimize linker lengths and orientations, coupled with an affinity maturation
campaign may enable further increases in potency beyond what is demonstrated in this study.

Interestingly, we observed a difference in the cooperativity of the pseudotyped virus
neutralization curves between bivalent VHb that target both Site A and Site B (bi-paratopic) versus
VH; that target only Site A or Site B (mono-paratopic). Despite similar I1Csos, the ICoss for bi-
paratopic VH2 (VH2 A01-BO1, VH> A01-B02) were much lower than mono-paratopic VH;
binders. This could indicate a mechanistic difference between these two types of bi-valent binders.
Bi-valent VH> can engage multiple RBD, but only 2 of the 3 RBDs can be efficiently occluded,
leaving one RBD accessible to ACE2. This could underlie why the neutralization of mono-
paratopic VHz does not reach 100% compared to say, a trivalent VHs. Curiously, however, the bi-

paratopic VH; can fully neutralize virus, despite also having only two VH domains. We reason
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that intra-RBD avidity may play an important and unique role in the neutralization mechanism of
bi-paratopic VHz. Mono-paratopic binders are limited to inter-RBD avidity and regardless of
valency are limited to up to 3 binding sites on Spike. In contrast, bi-paratopic VH> can utilize up
to 6 binding epitopes on Spike and utilize both inter-RBD and intra-RBD avidity. Additionally, a
more complete occlusion of the ACE2 binding interface (~864 A2)*° on RBD by the bi-paratopic
VH; could also underlie this difference in neutralization profiles. Although we do not have a
structure of VH2 A01-BO1, we know both AO1 and BO1 can bind simultaneously within the ACE2
binding site. The cryo-EM structure for BO1 shows good coverage of the ACE2 binding site (Fig.
2.5B) while leaving open adjacent space for VH A01 to occupy a non-overlapping epitope. A
better understanding of the binding and neutralization mechanisms of bi-paratopic binders remain
a current area of investigation and could lead to the engineering of more potent, multi-specific
binders.

Previous studies that utilized designed ankyrin repeat proteins (DARPins), llama derived
nanobodies, computationally designed proteins, and bivalent Fabs inspired our engineering
strategy.*'*" We believe our human-derived VH domains offer distinct advantages. Foremost,
they would not require the time-consuming structure-guided humanization process that would be
necessary for therapeutic nanobody development. Additionally, the VH domains derived from our
library have favorable biophysical properties derived from a shared well-behaved scaffold. Our
most potent construct, VH3 BO1, retains high-affinity binding after lyophilization cycles. This
factor coupled with scalable production in bacterial systems may enable lung delivery via
inhalation and could facilitate rapid deployment in response to a pandemic. Despite these
advantages, single-domain binders have comparatively lower stability and in vivo half-life than

mAbs, and due to their novelty, pharmacodynamic properties, such as the prevalence of anti-drug
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antibodies, have not been as extensively tested in the clinic. Despite these challenges, the
engineering potential of these single-domain binders is immense and provides an exciting avenue
for the next generation of therapeutic antibody engineering and development. Our results illustrate
this potential through a straightforward and rapid strategy to improve the efficacy of single-domain
binders and could be applied to other protein interfaces of interest, including future viral proteins

and other antigens associated with human disease.
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2.5 Materials and Methods

VH Library Construction and Validation by NGS

The VH-phage library was created through bivalent display of VH on the surface of M13
bacteriophage as has been previously described.?**%4° In brief, the DNA phagemid library was
created through oligonucleotide mutagenesis. First, the human VH-4D5 sequence was modified
with five mutations (35G/39R/45E/47L/50R) in the framework and with restriction sites in each
of the CDRs: Agel in CDR H1, Ncol in CDR H2, and Xhol in CDR H3 (Supplementary Table
2.1). Oligonucleotides were synthesized by a custom Trimer Phosphoramidite mix for CDR H1
and CDR H2 (Twist Bioscience) and CDR H3 (Trilink Biotechnologies, Inc.) (Supplementary
Table 2.2). After mutagenesis DNA sublibrary pools were digested with appropriate restriction
enzymes to remove the phagemid template before transformation into SS320 electrocompetent cell
(Lucigen) for phage production. NGS of the CDR H3 was performed on the pooled library by
amplifying the phagemid from boiled phage with in-house primers. Samples were submitted for

analysis on a HiSeq4000 (Illumina) with a custom primer:

TGAGGACACTGCCGTCTATTATTGTGCTCGC (Tm = 67 °C, GC% = 52). NGS analysis of
output was performed using an in-house informatics pipeline written in R. In brief, the raw NGS
data sequencing file (*.fastq.gz) was converted into a table comprised of the DNA sequences, the
amino acid sequences (CDR H3), and the counts/frequency as columns and then saved as a *.csv
file for further analysis (e.g., calculation of: amino acid abundancy, sequence logo, H3 length
distribution, etc.). Several filters were applied: 1) low-quality sequences containing “N” were
removed, ii) sequences with any stop codon were removed; iii) only the sequences that were in-
frame were kept. Scripts are available for download at:

https://github.com/crystaljie/VH library CDR_H3 NGS analysis Cole.Bracken.git.
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Cloning, Protein Expression, and Purification

Spike-RBD-monomer, Spike-RBD-Fc, Spike ectodomain (Secto), and ACE2-Fc were
produced as biotinylated proteins as previously described.** VH were subcloned from the VH-
phagemid into an E. coli expression vector pBL347. VH; and VH3 were cloned into pBL347 with
a 20-amino acid Gly-Ser linker. VH-Fc were cloned into a pFUSE (InvivoGen) vector with a
human IgG1 Fc domain. All constructs were sequence verified by Sanger sequencing. VH, VHa,
and VH3 constructs were expressed in E. coli C43(DE3) Pro + using an optimized autoinduction
media and purified by protein A affinity chromatography similarly to Fabs (Supplementary
Figure 2.11).3° VH-Fc¢ were expressed in Expi293 BirA cells using transient transfection
(Expifectamine, Thermo Fisher Scientific). Four days after transfection, the media was harvested,
and VH-Fc were purified using protein A affinity chromatography. All proteins were buffer
exchanged into PBS by spin concentration and stored in aliquots at -80°C. The purity and integrity
of proteins were assessed by SDS-PAGE. All proteins were endotoxin removed using an endotoxin

removal kit (Thermo Fischer) prior to use in neutralization assays.

Phage selection with VH-phage library

Phage selections were done according to previously established protocols.*® Selections
were performed using biotinylated antigens captured with streptavidin-coated magnetic beads
(Promega). In each round, the phage pool was first cleared by incubation with beads loaded with
500 nM ACE2-Fc/Spike-RBD-Fc complex. The unbound phage were then incubated with beads
loaded with Spike-RBD-Fc. After washing, the bound phage was eluted by the addition of 2 pg/mL

of TEV protease. In total, four rounds of selection were performed with decreasing amounts of
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Spike-RBD-Fc as indicated in Figure 2A. All steps were done in PBS buffer + 0.02% Tween-20
+0.2% BSA (PBSTB). Individual phage clones from the third and fourth round of selections were

analyzed by phage ELISA.

Phage ELISA

For each phage clone, 4 different conditions were tested—Direct: Spike-RBD-Fc,
Competition: Spike-RBD-Fc with an equal concentration of Spike-RBD-Fc in solution, Negative
selection: ACE2-Fc/Spike-RBD-Fc complex, and Control: Fec. 384-well Nunc Maxisorp flat-
bottom clear plates (Thermo Fisher Scientific) were coated with 0.5 png/mL of NeutrAvidin in PBS
overnight at 4°C and subsequently blocked with PBS + 0.02% Tween-20 + 2% BSA for 1 hr at
room temperature. Plates were washed 3X with PBS containing 0.05% Tween-20 (PBST) and
were washed similarly between each of the steps. 20 nM of biotinylated Spike-RBD-Fc, ACE2-
Fc/Spike-RBD-Fc complex, or Fc diluted in PBSTB was captured on the NeutrAvidin-coated wells
for 30 min, then blocked with PBSTB + 10 uM biotin for 30 min. Phage supernatant diluted 1:5
in PBSTB were added for 20 min. For the competition samples, the phage supernatant was diluted
into PBSTB with 20 nM Spike-RBD-Fc. Bound phage were detected by incubation with anti-M13-
HRP conjugate (Sino Biological)(1:5000) for 30 min, followed by the addition of TMB substrate
(VWR International). The reaction was quenched with the addition of 1 M phosphoric acid and

the absorbance at 450 nm was measured using a Tecan M200 Pro spectrophotometer.

ELISA ECS50 with Spike-RBD-monomer

384-well Nunc Maxisorp flat-bottom clear plates were prepared similarly to the phage

ELISA protocol (above) by coating with neutravidin, followed by blocking with PBST + 2% BSA,

64



incubation with 20 nM Spike-RBD-monomer, and blocking by PBSTB + 10 uM biotin. VH
binders in 4-fold dilutions ranging from 500 nM to 2.8 pM were added for 1 hour. Bound VH was
detected by incubation with Protein A HRP conjugate (Thermo Fischer Scientific) (1:10,000) for
30 min, followed by the addition of TMB substrate for 5 min, quenching by 1 M phosphoric acid,
and detection of absorbance at 450 nm. Each concentration was tested in duplicate, and the assay

was repeated three times.

Bio-layer interferometry (BLI) Experiments

Bio-layer interferometry data (BLI) were measured using an Octet RED384 (ForteBio)
instrument. Spike-RBD or Secto were immobilized on a streptavidin or Ni-NTA biosensor and
loaded until a 0.4 nm signal was achieved. After blocking with 10 uM biotin, purified binders in
solution was used as the analyte. PBSTB was used for all buffers for BLI at pH 7.4. For BLI at pH
4.5, 10 mM sodium acetate pH 4.5, 150 mM NaCl, 0.2 mg/mL BSA and 0.01% (w/v) Tween-20
was used. Data were analyzed using the ForteBio Octet analysis software and kinetic parameters

were determined using a 1:1 monovalent binding model.

Competition ELISA with COVID-19 convalescent patient sera

Competition ELISA with convalescent patient sera was conducted with the same patient
sera as previously reported.’® Samples were collected in accordance with the Declaration of
Helsinki using protocols approved by the UCSF Institutional Review Board (Protocol 20-30338).
Patients were voluntarily recruited based on their history of prior SARS-CoV-2 infection. All
patients provided written consent. Patient sera were de-identified prior to delivery to the Wells

Lab, where all experiments presented here were performed. Briefly, sera were obtained as
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described from patients with a history of positive nasopharyngeal SARS-CoV-2 RT-PCR test and
at least 14 days after the resolution of their COVID-19 symptoms. Healthy control serum was
obtained prior to the emergence of SARS-CoV-2. Sera were heat-inactivated (56°C for 60 min)
prior to use. Competitive serology using biotinylated SARS-CoV-2 Spike-RBD as the capture
antigen was performed as previously reported with slight modifications.*® Instead of
supplementing sera diluted 1:50 in 1% nonfat milk with 100 nM ACE2-Fc, 100 nM of each of the
indicated VH-Fc fusions was used. Bound patient antibodies were then detected using Protein L-
HRP (Thermo Fisher Scientific 32420, [1:5000]). Background from the raw ELISA signal in
serum-treated wells was removed by first subtracting the signal measured in NeutrAvidin-alone
coated wells then subtracting the signal detected in antigen-coated wells incubated with 1% nonfat

milk + 100 nM competitor.

Differential Scanning Fluorimetry (DSF)

DSF was conducted as previously described.’ Briefly, purified protein was diluted to 0.5
uM or 0.25 puM in buffer containing Sypro Orange 4x (Invitrogen) and PBS and assayed in a 384-
well white PCR plate. All samples were tested in duplicate. In a Roche LC480 LightCycler, the
sample was heated from 30°C to 95°C with a ramp rate of 0.3°C per 30 sec and fluorescence signal
at 490 nm and 575 nm were continuously collected. T, was calculated using the Roche LC480

LightCycler software.

Size Exclusion Chromatography (SEC)

SEC analysis was performed using an Akta Pure system (GE Healthcare) using a Superdex

200 Increase 10/300 GL column. 100 pL of 2-3 mg/mL of each analyte was injected and run with
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a constant mobile phase of degassed 10 mM Tris pH 8.0 200 mM NaCl. Absorbance at 280 nm
was measured. The post-lyophilization and reconstitution SEC was performed using an Agilent
HPLC 1260 Infinity II LC System using an AdvanceBio SEC column (300 A, 2.7 um, Agilent).

Fluorescence (excitation 285 nm, emission 340 nm) was measured.

Preparation of SARS-CoV-2 pseudotyped virus and HEK-ACE?2 overexpression cell line
HEK293T-ACE2 cells were a gift from Arun Wiita’s laboratory at the University of
California, San Francisco. Cells are cultured in D10 media (DMEM + 1% Pen/Strep + 10% heat-
inactivated FBS). Plasmids to generate pseudotyped virus were a gift from Peter Kim’s lab at
Stanford University and SARS-Cov-2 pseudotyped virus was prepared as previously described.?’
Briefly, plasmids at the designated concentrations were added to OptiMEM media with FuGENE
HD Transfection Reagent (Promega) at a 3:1 FuGENE:DNA ratio, incubated for 30 min, and
subsequently transfected into HEK-293T cells. After 24 hrs, the supernatant was removed and
replaced with D10 culture media. Virus was propagated for an additional 48 hrs, and the

supernatant was harvested and filtered. Virus was stored at 4°C for up to 10 days.

HEK-ACE2 were seeded at 10,000 cells/well on 96-well white plates (Corning, cat.
354620). After 24 hrs, pseudotyped virus stocks were titered via a two-fold dilution series in D10
media, and 40 pL were added to cells. After 60 hrs, infection and intracellular luciferase signal
was determined using Bright-Glo™ Luciferase Assay (Promega), and the dilution achieving
maximal luminescent signal within the linear range, ~3-5 x 10° luminescence units, was chosen as
the working concentration for neutralization assays. Pseudovirus stocks were flash-frozen in

aliquots and stored at -80°C and thawed on ice just prior to use in a neutralization assay.
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Pseudotyped viral neutralization assays

HEK-ACE2 were seeded at 10,000 cells/well in 40 pL of D10 on 96-well white plates
(Corning, cat. 354620) 24 hours prior to infection. To determine ICso for pseudotyped virus, dose
series of each VH binder were prepared at 3x concentration in D10 media and 50 pL were aliquoted
into each well in 96-well plate format. Next, 50 puL of virus diluted in D10 media were added to
each well and the virus and blocker solution was allowed to incubate for 1 hr at 37°C.
Subsequently, 80 pL of the virus and blocker solution were transferred to wells seeded with HEK-
ACE2. After 60 hrs of infection at 37°C, intracellular luciferase signal was measured using the
Bright-Glo™ Luciferase Assay. 80 puL of reconstituted Bright-Glo™ luciferase reagent was added
to each well, incubated at room temperature with gentle shaking for 5 min, before the luminescence
was measured on a Tecan M200 pro spectrophotometer. The half-maximal inhibitory

concentration (ICso) was determined using a 4-parameter nonlinear regression (GraphPad Prism).

Authentic Viral Neutralization Assays

Authentic virus neutralization assays were done as previously described.** All handling
and experiments using live SARS-CoV-2 virus clinical isolate 2019-nCoV/USA-WA1/2020 (BEI
Resources) was conducted under Biosafety Level 3 containment with approved BUA and
protocols. VeroE6 cells were cultured in Minimal Essential Media (MEM), 10% FBS, 1% Pen-
Strep. For neutralization assays, VeroE6 cells were seeded on 6-well culture plates at 3.8E5
cells/well the day prior. Infection with SARS-CoV-2 was performed using MOI of 0.1. Virus was
incubated in infection media (EMEM 0% FBS) containing different concentrations of binders for

1 hr at 37°C. Culture media was removed from VeroE6 cells and 300 pL of the blocker/virus
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inoculum was added to cells for 1 hr at 37°C. After this step, 1 mL of EMEM with 10% FBS was
added to the cells, and the cells were incubated 37°C for an additional 16 hrs before RNA harvest.
Viral entry into cells and cellular transcription of viral genes was measured by qPCR using the N
gene and host GUSB and host ACTB as controls. RNAeasy RNA extraction kit (Qiagen) was used
for RNA extraction and Quantitect Reverse-transcriptase kit (Qiagen) was used to generate cDNA.
qPCR reactions were prepared using SYBR Select Master Mix (Thermo). N gene and hGUSB
gene primer concentration was 400 nM and annealing temperature was 58°C. Primer sequences
(IDT) were the following — viral N gene: N F = CACATTGGCACCCGCAATC; N R =
GAGGAACGAGAAGAGGCTTG,; host gene: hGUSB_F = CTCATCTGGAATTTTGCCGATT;
hGUSB_R =CCGAGTGAAGACCCCCTTTTTA. Relative copy number (RCN) of viral transcript
level compared to host transcript was determined using the AACT method. The half-maximal
inhibitory concentration (ICso) was determined using a 4-parameter nonlinear regression

(GraphPad Prism).

Expression and purification of Spike ectodomain for cryo-EM

To obtain pre-fusion spike ectodomain, methods similar to the previous reports were
used.**® The expression plasmid, provided by the McLellan lab, was used in a transient
transfection with 100 mL, high-density Chinese Hamster Ovary (ExpiCHO, Thermo Fisher)
culture following the “High Titer” protocol provided by Thermo Fisher. Six to nine days post-
transfection, the supernatant was collected with centrifugation at 4,000xg at room temperature.
The clarified supernatant was then incubated with Ni-Sepharose Excel resin (Cytiva Life Sciences)
for ninety minutes at room temperature. After incubation, the nickel resin was washed with 20 mM

Tris (pH 8), 200 mM NacCl, and 20 mM imidazole with ten column volumes. Protein was eluted
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from the nickel resin with 20 mM Tris (pH 8), 200 mM NacCl, and 500 mM imidazole. Eluate was
then concentrated with a 50 MWCO Amicon Ultra-15 centrifugal unit by centrifugation at 2500xg,
room temperature. The eluate was concentrated, filtered with a 0.2 um filter, and injected onto a
Superose6 10/300 GL column equilibrated with 10 mM Tris (pH 8), 200 mM NaCl. The fractions
corresponding to monodisperse spike were collected and the concentration was determined using

a nanodrop.

Cryo-EM sample preparation, data collection and processing

2 uM Spike ectodomain was mixed with 5-fold excess VH; B0O1 and applied (3 pL) to
holey carbon Au 200 mesh 1.2/1.3 Quantifoil grids. Grids were blotted and plunge frozen using
Mark 4 Vitrobot (ThermoFisher) at 4°C and 100% humidity, utilizing blot force 0 and blot time of
4 sec. 1656 images were collected on Titan Krios (ThermoFisher) equipped with K3 direct detector
operated in CDS mode (Gatan Ametek) and an energy filter (Gatan Ametek) at nominal
magnification of 105000x (0.834 A/physical pixel). Dose fractionated movies were collected with
a total exposure of 6 seconds and 0.04 seconds per frame at a dose rate of 9 electrons per physical
pixel per second. Movies were corrected for motion and filtered to account for electron damage
utilizing MotionCor2.’! Drift corrected sums were imported into cryoSPARC2 processing
package.? Micrographs were manually curated, CTF was estimated utilizing patches and particles
were picked with a Gaussian blob. Previous Spike ectodomain structure was imported as an initial
model (low pass filtered to 30 A) and multiple rounds of 3D and 2D classification were performed.
Images were re-picked with the best looking 2D class averages low pass filtered to 30 A, and
multiple rounds of 3D classification were performed again to obtain a homogeneous stack of Spike

trimer particles. Majority of the particles went into classes putatively representing excess unbound
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VH; BO1 and the final Spike like particle stack only contained ~21000 particles. Non-uniform
homogeneous refinement of the particle stack resulted in global resolution of 3.2 A (masked)
utilizing 0.143 FSC cut off.> PDB:6X2B was rigid body fit into the resulting reconstruction in
UCSF Chimera.>* The RBDs of two Spike trimers were moved as a rigid body to accommodate
the cryo-EM density. The cryo-EM reconstruction was low pass filtered to 6 A to better visualize
the VH densities. Homology model was built based on the PDB:4G80 for the VH domains and the
resulting and individual VH domains were rigid body fit into the 6 A cryo-EM density as depicted
in Fig. SA. The resulting model was relaxed into the cryo-EM map low pass filtered to 6 A with
Rosetta FastRelax protocol. For Fig. S13 the local resolution was estimated using ResMap.> The

final figures were prepared using ChimeraX.>®

Data availability

Cryo-EM structural data have been deposited in the Protein Data Bank and Electron
Microscopy Data Bank, (PDB 7JWB and EMD-22514). The cryo-EM structure of Spike trimer
from PDB:6VSB and ACE2 from PDB: 6M17 and PDB:6M0J were used to for distance estimates.
The cryo-EM structure of Spike trimer from PDB: 6X2B and crystal structure of a VH domain
from PDB: 3P9W were used for cryo-EM data processing. Source data for Figures 1-4 and
Extended Data Figures (2,4,5, and 7) are provided with this paper. Any additional information is

available upon request.

Code availability
Code used to analyze NGS data has been deposited onto Github and is available for download at:

https://github.com/crystaljie/VH library CDR_H3 NGS_analysis_Cole.Bracken.git.
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2.6 Main Figures
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Figure 2.1: Design and validation of VH-phage library

(A) 3D surface representation (left) of the VH-4D5 parental scaffold (PDB:1FVC) and a cartoon
diagram (right) where individual CDRs are annotated in color with the designed loop length
variations according to Kabat nomenclature.’? (B) NGS analysis of the longest H3 loop (X=16)
shows that expected global amino acid frequencies are comparable to designed frequencies. Gray
region denotes the 95% confidence interval. (C) Representative NGS analysis of the longest H3
loop (X=16) shows positional frequency distribution matches designed frequencies. Position 1
refers to residue 95 (Kabat definition). Data for the other CDR H3 lengths are reported in Fig. S2.
(D) NGS analysis of unique clones shows that all H3 lengths are represented in the pooled VH-
phage library.
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Figure 2.2: Identification of VH domains that bind Spike-RBD at two unique epitopes by
phage display

(A) Diagram illustrating phage selection strategy to isolate VH-phage that bind at the ACE2
binding interface. Red indicates clearance of the phage pool by Spike-RBD-Fc/ACE2-Fc complex,
green indicates positive selection against Spike-RBD-Fc alone. To increase stringency,
successively lower concentrations of Spike-RBD-Fc were used, and after 4 rounds of selection,
individual phage clones were analyzed by phage ELISA. BLI of (B) VH A01 (C) VH B0O1 and (D)
VH BO02 against Spike-RBD. (E) BLI-based epitope binning of VH A01 and VH BO1, (F) VH A01
and VH B02, (G) VH B01 and VH BO02. The antigen loaded onto the sensor tip was Spike-RBD.
(H) Diagram of the two different epitope bins targeted by VH domains.
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Figure 2.3: In vitro characterization of multivalent and bi-paratopic VH binders

I|n. -- 0000
| J J
P8 P9 c1 c2

(A) Cartoon depiction of engineered VH binders generated by linking VH domains via Fec-fusion

or a 20-aa Gly-Ser linker. BLI traces of lead VH binders, (B) VH-Fc B01, (C) VH> A01-B01, (D)
VH; BO1 against RBD (upper panel) or Secto (lower panel). (E) Sequential BLI binding

experiments that measured binding of ACE2-Fc to Secto pre-blocked with our VH binders show

that multivalent VH binders can block ACE2-Fc¢ binding to Secto. (F) Competition serology ELISA

with convalescent patient sera indicates that VH-Fc binders can compete with patient antibodies.
P1-P9 are sera from patients with a history of prior SARS-CoV-2 infection. C1-C2 are two donor

sera collected before the SARS-CoV-2 outbreak. Individual data points represent technical

replicates (n=2) from the serum of the same patient and are shown as black circles.
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Figure 2.4: Multivalent and bi-paratopic VH binders neutralize pseudotyped and authentic
SARS-CoV-2
(A) Pseudotyped virus ICso of VH binders. Neutralization potency improves when VH domains
are engineered into multivalent and bi-paratopic constructs. (B) Correlation of in vitro binding
affinity (Kp) and pseudotyped virus neutralization (ICso) of VH binders. Data were fit to a log-log
linear extrapolation. (C) Pseudotyped virus neutralization curves of multi-site VH2 in comparison
to single-site VH> demonstrate that the multi-site VH2 have a more cooperative neutralization
curve. (D) Pseudotyped virus neutralization curves of mono-, bi-, and tri-valent formats of VH
BO1 demonstrate potency gains driven by valency. (E) Authentic SARS-CoV-2 neutralization
curves for the most potent VH formats were determined via qPCR of viral genome in cellular
RNA. All pseudoviral neutralization data were repeated as n=2 independent replicates. Authentic
virus neutralization data were repeated as n=2 independent replicates. Data represent the average

and standard deviation of replicates.
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% ReDUp  RBD Down

RBD

Figure 2.5: Cryo-EM reveals trivalent VH binding at the ACE2 binding interface of RBD
(A) Side and top views of cryo-EM 3D reconstructions of VH; BO1 + S, (PDB: 7JWB) are shown
with individual VH domain densities of VH; BO1 fit with PDB: 3POW (VH scaffold; orange
cartoon). A total of three VH domains, each bound to an RBD of the Spike trimer, are resolved.
3D model of S.., was fit with reference structure (PDB:6X2B with additional rigid body fit of the
individual RBDs; blue cartoon) and shows RBDs in a distinct two “up”, one “down” conformation.
Cryo-EM map was low-pass filtered to 6 A. (B) View of the epitope (Site B) of one VH domain
from VH; BO1. Site B overlays directly with the ACE2 binding site (yellow surface; contacts
defined as RBD residues within 8 A of an ACE2 residue from PDB:6MO0J ).
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2.7 Extended and Supplemental Figures

Template:

Library:

Template:

Library:

Template:

Library:

Figure 2.ED1

CDR H1
28 29 30 31 35 36
N I K D G W
IF YS YS G W
IF YS YS G W
IF YS YS G W
CDR H2
49 50 51 52 52a 53 54 55 56 57 58 59
A R I Y P T N G Y T R Y
A R I YS PS YS YS SG YS T YS Y
CDR H3
94 95 96 97 98 99 100 100a 100b 100c 101 102
R W G G D G F Y A M D Y
R AG  FLIM 'D Y

X=_

Schematic of CDR amino acid composition as compared to parental template. Positions in pink
highlight CDR H1 charged amino acid insertions. Positions in blue highlight the insertion of ‘X’
synthetic amino acid mixture. Positions in gray remain unchanged from template.
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Figure 2.ED2

Bio-layer interferometry (BLI) binding traces of VH domains at 150 nM to RBD and two decoy
antigens expressed as biotinylated Fc-fusions: programmed cell death protein 1 (PD-1), and
platelet glycoprotein 4 (CD36). Respective VH show successful binding to RBD, but not to either
of the decoy antigens.

Viral Membrane

Figure 2.ED3
Structure of SARS-CoV-2 Spike trimer (PDB: 6VSB)32. RBD colored in blue is in the ‘up’
position while RBDs colored in green and pink are in the ‘down’ position. Distance between the

mid-points of the ACE2 binding interface (PDB: 6M17)1 on respective RBDs was measured in
Pymol.
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Figure 2.ED4

ELISA of VH binders against Spike-RBD. Data presented show the average and standard deviation
from three independent experiments. Data were fit to a non-linear, four-parameter variable slope
regression model using Prism 8 to obtain EC50 values for each binder.
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Pseudotyped virus neutralization assays of VH binders. Data represent average and standard
deviation of two biological replicates. Data were fit to a non-linear, four-parameter variable slope
regression model using Prism 8 to obtain IC50 values.
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Low threshold High threshold

Figure 2.ED6

The SARS-CoV-2 Spike trimer + VH3 BO1 cryo-EM reconstruction from non-uniform refinement
in cryoSPARC at two different thresholds colored by resolution in the range from 3 A to 10 A. At
high threshold the core S2 clearly displays high resolution features but the periphery of the
molecule is closer to 6-7 A.
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Figure 2.ED7
BLI assay of lead constructs at 25 nM to Secto and RBD at pH 7.4 or pH 4.5. Binding of VH leads
is only observed with Secto at pH 7.4 and RBD at pH 4.5.
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Table 2.S1: Modified VH-4DS5 template sequence used for phagemid construction

Green codons represent amino acid changes (35G/39R/45E/47L/50R) in the framework.
Restriction sites in each of the CDRs: Agel in CDR H1 (blue), Ncol in CDR H2 (purple), and Xhol
in CDR H3 (red).

VH-4D5 5’-gaggttcagctggtggagtctggeggtggectggtgcageccagggggctcactecgtttgteetgtgeagcettctg
template | gcttcAACATCaccggtACTTATATCggetgggtgcgtegegecccgggtaagggecgaggaactggttgcacgtatce
TACCCCACGE8aIgg TATACCCGCtatgccgatagegtcaagggcecgtttcactataagegcagacacatccaaa
aacacagcctacctacaaatgaacagcttaagagctgaggacactgccgtctattattgtgctcgc TGGGGAGGGGA
CGGATTCTACHBEE8oactactggggtcaaggaaccetggtcaccegtetecteg-3’
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Table 2.S2: Oligonucleotides used for VH library construction denoted by their length

XXX and ZZZ are representative codons that correspond to different amino acid frequencies
previously specified in Extended Data Fig. 1. S=C/G, W = A/T, K= G/T.

H1-5 5’—cctgtgcagctictggcetic 2727 777 777 777 777 777 atcggcetgggtgegtcg-3’

H1-6 5’—cctgtgcagctictggcetic 2727 777 777 777 777 777 777 atcggcetgggtgegtcg-3’

H1-7 5’—cctgtgcagctictggcetic 2727 777 777 777 777 777 777 777 atcggctgggtgegtcg-3’

H2 5’—gcgaggaactggttgcacgtatc ZZZ ZZZ 777 777 777 777 777 777
tatgccgatagegtcaagggcece-3’
H3-4 | 5 c gtc tat tat tgt gct cgc XXX XXX gSt WtK gac tac tgg ggt caa gg -3’

H3-5 5'— c gtc tat tat tgt gct cge XXX XXX XXX gSt WtK gac tac tgg ggt caa gg -3’

H3-6 5'— ¢ gtc tat tat tgt gct cge XXX XXX XXX XXX gSt WK gac tac tgg ggt caa gg -3’

H3-7 5’ ¢ gtc tat tat tgt gct cge XXX XXX XXX XXX XXX gSt WtK gac tac tgg ggt caa gg -3’

H3-8 5'— ¢ gtc tat tat tgt gct cge XXX XXX XXX XXX XXX XXX gSt WiK gac tac tgg ggt caa gg

-3’

H3-9 5'— ¢ gtc tat tat tgt gct cge XXX XXX XXX XXX XXX XXX XXX gSt WK gac tac tgg ggt
caagg-3

H3-10 | 5— c gtc tat tat tgt gct cge XXX XXX XXX XXX XXX XXX XXX XXX gSt WtK gac tac tgg
ggt caa gg -8’

H3-11 | 5= ¢ gtc tat tat tgt gct cge XXX XXX XXX XXX XXX XXX XXX XXX XXX gSt WK gac tac
tgg ggt caa gg -3’

H3-12 | 5- ¢ gtc tat tat tgt gct cge XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX gSt WtK
gac tac tgg ggt caa gg -3’

H3-13 | 5- ¢ gtc tat tat tgt gct cge XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX gSt
WK gac tac tgg ggt caa gg -3’

H3-14 | 5’- ¢ gtc tat tat tgt gct cge XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX
gSt WiK gac tac tgg ggt caa gg -3’

H3-15 | 5’- ¢ gtc tat tat tgt gct cge XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX
XXX gSt WtK gac tac tgg ggt caa gg -3’

H3-16 | 5'- ¢ gtc tat tat tgt gct cge XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX
XXX XXX gSt WiK gac tac tgg ggt caa gg -3’

H3-17 | 5’- ¢ gtc tat tat tgt gct cge XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX
XXX XXX XXX gSt WiK gac tac tgg ggt caa gg -3’

H3-18 | 5'- ¢ gtc tat tat tgt gct cge XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX
XXX XXX XXX XXX gSt WK gac tac tgg ggt caa gg -3’
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H3 Sublibrary SS320 Electroporation Titers

H3 Loop Length (X):  2-4 5-7 8-10 1113 14-16 Sublibrary

Transformants (cfu)

Transformation #:
ransformation 24

10x Dilution

Figure 2.S1: VH-phage sublibrary construction

5-7

8-10

1113

14-16
Total:

1.33x 10"
8.33 x 10°
1.16 x 10"
4.99 x 10°
1.16 x 10"

4.98 x 10"

Titers of transformed SS320 competent cells for each H3 length sublibrary are shown. The final

number of transformants (cfu) was calculated as the sum from each sublibrary.
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2-16) for unique clones.

Plots show positional frequency distribution matches designed frequencies. Position 1 refers to

residue 95 (Kabat definition).

Position

Figure 2.S2: Positional amino acid composition of all CDR H3 loops
NGS analysis shows the amino acid composition of the H3 loops (X



Round 3 Enrichment

Fab-Phage Library VH-Phage Library
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PD-1+
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ENPEP5 4
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Target Antigen

100 50 0 50 100 150 200
Fold Enrichment

Figure 2.S3: Enrichment comparison between Fab-phage library and VH-phage library
Phage-selections were performed at the same time on a representative group of antigens. Antigens
included both cytosolic and membrane proteins. Individual fold enrichment values were calculated
by comparing phage titers at round three to, Fc-biotin, which was used to clear the phage pool
prior to each round of selection. Phosphate buffered saline (PBS) was included as a control.
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Figure 2.S4: Phage selection with VH-phage library and characterization of unique clones

(A) Titer of VH-phage after 3 or 4 rounds of selection show significant enrichment for VH-phage
that bind Spike-RBD-Fc over VH-phage that bind Spike-RBD-Fc/ACE2-Fc complex. (B) ELISA
of unique VH-phage against Spike-RBD-Fc, competition with soluble Spike-RBD-Fc, Spike-
RBD-Fc/ACE2-Fc complex, or Fc antigen. (C) Plot of ELISA data for Spike-RBD-Fc alone vs
Spike-RBD-Fc/ACE2-Fc complex shows that most of the unique VH-phage recognize the
unmasked Spike-RBD-Fc antigen, suggesting they bind the same epitope as ACE2.
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Figure 2.S5: Epitope binning of lead VH domain binders with ACE2-Fc on Spike-RBD
Sequential bio-layer interferometry (BLI) binding traces. Spike-RBD was loaded onto sensor tip
and preblocked with ACE2-Fc, followed by adding either VH AO1, VH B01, or VH B02. These
association data indicate that ACE2-Fc prevents binding of either of the three VH domains,
suggesting they share the same binding epitope on Spike-RBD.

Table 2.S3: ELISA EC50 of VH Binders

VH ID EC50 (nM)
VH A01 3.55+0.67
VH BO1 12.0+1.6
VH B02 145+43
VH-Fc A01 0.0738 + 0.011
VH-Fc BO1 0.265 £ 0.042
VH-Fc B02 0.0415 + 0.002
VH? A01-B0O1 0.139 + 0.027
VH? A01-B02 0.208 £ 0.014
VH? B01-B02 0.295 £ 0.049
VH? AO1 0.280 £ 0.067
VH? BO1 0.230 £ 0.053
VH? B02 0.217 £ 0.001
VH?3 AO1 0.323 £ 0.023
VH?3 B0O1 0.135 £ 0.011
VH? B02 0.328 £ 0.032
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Table 2.S4: BLI binding affinity of VH binders to Spike-RBD

Spike-RBD

VHID Kp (nM)

VH VH-Fc VH, VH,
A01 23 8.40 1.89 4.00
BO1 46 0.12 0.19 0.11
B02 113 0.19 0.46 5.18
A01-B01 0.10
A01-B02 0.48
B01-B02 0.23
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Figure 2.S6: Multipoint Biolayer Interferometry (BLI) of VH Binders to Spike-RBD
Multipoint BLI experiments for each VH binder. The data were fit to a 1:1 binding model using
the Octet ForteBio software to determine the binding affinity for the measured interaction.
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Figure 2.S 7: Differential Scanning Fluorimetry (DSF) of VH Binders
The melting temperature (Tm) of each VH binder was determined by differential scanning
fluorimetry. Data and Tw presented are an average of two replicates.
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Figure 2.S8: Size Exclusion Chromatography of VH Binders
Size exclusion chromatography (SEC) traces of VH-Fc B01, VH> A01-B01, VH> A01-B02, and
VH;3 B01 on a Superdex 200 Increase 10/300 GL column.
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Figure 2.S9: Lyophilization and reconstitution of VH; B01
(A) SEC trace of VH3 BO1 on an AdvanceBio 300 A column before and after lyophilization shows
that the elution profile of VH3 BO1 is unchanged. (B) Multipoint BLI of VH3 B01 binding to Spike-

RBD before and after lyophilization and resolubilization show that the binding affinity of VH3
BO1 is largely unchanged.
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Table 2.S5: Pseudotyped virus neutralization 1C50

Pseudotyped virus

IC nM
VH ID 50 (ng/mL)
VH VH-Fc VH, VH,
AO1 551+3.3 2.67+0.85 1.75 £ 0.77 4.76+2.28
(763 + 46) (209 * 66) (50.7  22.3) (210 £ 101)
BO1 21870 1.86 £ 0.24 1.55+1.45  0.156 £0.048
(3032  978) (145 £ 19) (45.0 £42.2)  (6.90%2.12)
B02 156 + 28 5.93 + 1.95 14.0£16.8 0.396 + 0.176
(2065+378)  (462:152) (388 % 466) (16.7  7.46)
28.9%155
A01+BO0T (400 £ 215)
35.3%34.7
A01+B02 (491 1 482)
423 193
B01+B02 (5608 + 2554)
0.74 +0.28
A01-B01 (21.48.1)
1.08 £ 0.67
A01-B02 (30.6  18.9)
2.90 +0.79
B01-B02 (82.4 + 22.4)

94



Table 2.S6: Live SARS-CoV-2 Neutralization IC50

SARS-CoV-2
VH ID "
n
IC50 (ng/mL)
12.0 £3.0
VH2 A01-B01 (347 £ 87)
26.2%6.5
VH, A01-B02 (743 + 184)
33.5+8.3
VH-Fc BO1 (2613 £ 647)
3.98 + 1.56
VH, BO1 (176 + 69)
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Figure 2.S10: Gold standard FSC curves from final iteration of non-uniform refinement in
cryoSPARC for masked and unmasked reconstructions.
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Table 2.S7: Cryo-EM data collection, refinement and validation statistics

(EMDB ID: EMD-
22514)
(PDB ID: 7JWB)

Data collection and processing

Magnification 105,000
Voltage (kV) 300
Electron exposure (e—/A?) 78
Defocus range (um) 0.7-2.8
Pixel size (A) 0.834
Symmetry imposed Cl
Initial particle images (no.) 317000
Final particle images (no.) 20831
Map resolution (A) 32

FSC threshold 0.143
Map resolution range (A) 3.2-10
Refinement
Initial model used (PDB code) 6X2B, 4G80
Model resolution (A) 7.05

FSC threshold 0.5
Model resolution range (A) 4-8
Map sharpening B factor (A?) 50
Model composition

Non-hydrogen atoms 25657

Protein residues 3289

Ligands 0
B factors (A?)

Protein N/A

Ligand N/A
R.m.s. deviations

Bond lengths (A) 0.019

Bond angles (°) 1.703
Validation

MolProbity score 0.72

Clashscore 0.67

Poor rotamers (%) 0
Ramachandran plot

Favored (%) 98.19

Allowed (%) 1.65

Disallowed (%) 0.16
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Figure 2.S11: SDS-PAGE gel image of Protein A purified VH constructs
SDS-PAGE analysis of expressed VH constructs. The two separate gel images are representative
for the Protein A purified VH constructs used in this study.
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Chapter 3

Single domains antibodies provide small-
molecule switches for CAR T-Cell Therapy

3.1 Abstract

Minimizing the frequent toxic side-effects associated with immunotherapies is necessary
to broaden their application to solid tumors. While a host of chemically inducible and chemical
genetic off-switches have been applied to these therapies, there is no routine method for
generating small intracellular switches to multiple clinically validated small-molecules. Here we
utilize a phage display strategy to generate multiple single-domain antibodies (sdAbs) capable of
recognizing several E3-ligase-small molecule complexes, thus turning the ligand into dimerizer
molecules. Simultaneously, we find sdAbs that can do the opposite. Recognize E3-ligase small
molecule binding pocket thus turning the ligand into disrupter molecule. We further engineer one
of these dimerizers and demonstrate its ability to degrade chimeric antigen receptors (CARs) in

primary human T-cells.

3.2 Introduction

T cells engineered to express CARs have been transformative for patients with relapsed
and refractory B-cell malignancies. The excitement surrounding this modality is warranted by a
durable and a high overall response, however the substantial clinical benefit of these therapies is
frequently hindered by life-threatening side effects, such as cytokine release syndrome,

neurotoxicity, and B cell aplasia . While the most severe of these adverse events are manageable
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in a clinical setting, safety remains a barrier for CAR-T cells targeting antigens on solid tumors as
the likelihood of on-target off-tumor toxicities is higher. Therefore, the ability to switch or control
CAR-T cell activity on command can hasten the development of these immunotherapies and
expand their clinical benefit.

A substantial number of strategies to chemically control CAR-T cell response have been
reported outside of clinical studies. These include strategies to induce apoptosis, either by small-
molecule or antibodies targeting CAR-T cell antigens °¢. Some strategies offer a split system of
dissociated recognition domains and signaling domains, while others have used multi-specific
antibodies or proteins to conditionally potentiate CAR-T cells 7#. Most recently, chemical genetic
control systems have been applied to regulate the degradation of CARs. These ligand-induced
degradation systems include proteolysis targeting chimeras (PROTACS), destabilized domains or
dTags, and the CRBN/IMiD-binding degron of IKZFI-IKZF3 °!°. While these systems
demonstrate varied level of success, there is a need for multiple chemical genetic control system
that are controlled by clinically validated small molecules that are derived from human scaffolds.

Using these parameters, we demonstrate an approach for turning multiple ligands of E3
ubiquitin ligases into dimerizer molecules capable of inducing proximity of the E3 ligase and CAR
(Fig 3.1a). To do this, we use phage display to generate highly specific sdAbs to the ligand-E3
complex (Fig 3.1b). Serendipitously, we also generate sdAbs to E3 ligand binding site. Thus,
turning the ligand into a disrupter molecule capable of disrupting the proximity between an E3
ligase and sdAb (Fig 3.1c¢). We further engineer one of these dimerizers into an off-switch capable

of inducibly degrading CARs in primary T-cells.
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3.3 Results

Generation of chemical-epitope-selective sd Abs

We first selected two sets of E3-ligase ligands that are well-tolerated in humans and have
been previously utilized to degrade non-substrate proteins. The first set consists of thalidomide
and its immunomodulatory drug (IMiD) derivatives that bind the E3 ligase cereblon (CRBN) (Fig
3.2a-b). The IMiDs are approved by the U.S. Food and Drug Administration (FDA) as proven
therapies for multiple myeloma and other indications. Their mechanism of action involves
ubiquitination and subsequent degradation of neo-substrates ''''*. Additionally, they have been
used in hetero-bifunctional degraders to degrade non-substrate proteins. Ideally, a large portion of
the small molecule needs to remain solvent exposed when bound to generate highly specific
antibodies for the chemical epitope '°. Conversely, IMiDs have a very small solvent exposed area,
however, IMiD binding to CRBN drastically alters substrate specificity, presumably by a
conformational change ''. We reasoned that this structural difference between bound and unbound
could be leveraged to generate highly specific sdAbs. The second set of molecules consists of the
SMAC mimetics that bind the E3 ligase cellular inhibitor of apoptosis protein 1 (cIAP1) (Fig 3.2
e-f). These molecules are based on a conserved tetra-peptide IAP-binding motif and have good
solvent accessibility when bound to cIAP1. Additionally, they have been utilized as hetero-
bifunctional degraders. While the SMAC mimetics are not FDA approved due to lack of efficacy
as a cIAP1 antagonist, they were tolerated in clinical trials '°.

To identify unique chemical-epitope-selective antibodies, we expressed and purified the
ligand binding domain and the BIR3 domain of cIAP. Utilizing a high diversity sdAb library we
performed phage-display selections on the protein-ligand complex '>. To specifically enrich for

epitope-specific binders to the complex we first cleared the library with E3-ligase alone as was
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previously described . By rounds 3 and 4, significant enrichments for phage that bound the
protein-ligand but not the protein alone were observed. Single clones were isolated and
characterized for their ability to bind the E3-Ligase-ligand complex by phage enzyme-linked
immunosorbent assays. In total, 53 unique clones were identified. Thirteen sdAbs passed the
threshold of acceptable two-fold specificity to the SMAC-cIAP1 complex. Only one unique clone
was found for lenalidomide-CRBN selection, however it showed a very high six-fold specificity
for the lenalidomide-CRBN complex (Supplemental Figure 3.1). The dominance of this clone
suggests that the selection was bottle-necked by round 4, and that potentially more unique clones

could be identified in the outputs of earlier rounds.

Characterization of dimerizers and disrupters

To further profile the best sdAbs we expressed and characterized the kinetics of binding.
The sdAb (VH107) targeting lenalidomide-CRBN bound with moderate affinity (Kp=350nM) and
had no detectable binding to CRBN in the absence of lenalidomide (Fig 3.2¢) even in
concentrations up to 5000nM VH107 (data not shown). Thus, demonstrating VH107 as a highly
specific dimerizer. We next tested binding as a function of lenalidomide concentration given
saturating amounts of VH107 and observed an ECs, of 167nM (Fig 3.2d). This observation was
encouraging as a lenalidomide concentration of hundreds of nanomolar can be achieved unbound
in plasma using a single oral dose of 30mg/kg in mice for 15-20 hours, suggesting VH107 could
be utilized as a switch in mouse models °. Notably, this ECs, differs greatly from the reported
affinities of Lenalidomide for CRBN (~3uM) 8. This suggested cooperative binding indicates that
VHI107 could be stabilizing an IMiD binding conformation of CRBN and not directly interacting

with the small molecule. We reasoned that if this were the case VH107 would recognize all three
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IMiDs even though VH107 was identified in a selection with lenalidomide. As predicted, we
observed comparable binding between VH107 and all three IMiD-CRBN complexes (Fig 3.2i)
suggesting VH107 binds an IMiD binding conformation of CRBN.

Next, we tested sdAbs isolated from SMAC-cIAP1selections. While several clones bound
with moderate specificity and affinity to AT406-cIAP1 over cIAP1 alone, we were surprised to
find several sdAbs that bound cIAP1 but not SMAC-cIAP1 complex (Supplemental Figure 3.2).
The highest affinity of these sdAbs (VH108) had a moderate binding affinity of 144nM for cIAP1
(Fig 3.2g). This specificity suggests that VH108 is binding in the small molecule binding pocket
of cIAP1. A dose response of binding at varying concentrations of birinapant show an ICs, of 2nM,
which tracks well with the single-digit nanomolar affinity reported for birinapant (Fig 3.2h).
These data suggest that birinapant can be used as a chemical disrupter to break apart VH108-
cIAPI.

To develop these dimerizers and disrupters as control switches for CAR T cells we next
wanted to test their ability to bind reversibly in mammalian cells. To visualize dimerization or
disruption of sdAb-E3 ligase partners we utilized a fluorophore phase transition-based assay called
separation of phases-based protein interaction reporter (SPPIER) 1°%°. The system consists of three
domains, the sdAB or E3 ligase of interest, enhanced GFP (EGFP), and a homo-oligomeric tag
(HOTag) (Fig 3.3a). Cells were transfected with both sdAB and E3 ligase constructs and treated
with 2.5uM IMiD or birinapant after 24hrs. Immediately after adding drug cells were imaged 60x
30-second intervals apart. Gratifyingly, the VH107-CRBN construct phase separated and formed
bright EGFP droplets (Fig 3.3b). Validating VH107 functionality in an intracellular environment.
Unfortunately, VH108-cIAP1 did not show inducible disruption, and no EGFP droplets were

observed after transfection. Upon increasing the expression levels of the VHI108 construct
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nonspecific aggregation of EGFP was observed (Supplemental Fig 3.3b). This suggests that

VHI108 is misfolding in the intracellular environment and nonfunctional in cells.

Engineering of VH107 degron for primary CAR-T cells

We next sought to use VH107 to regulate the surface expression of a CAR. We utilized the
CAR of the clinically approved tisagenlicleucel, which is approved for B cell-precursor acute
lymphoblastic leukemia. This construct comprised of a single polypeptide with a humanized anti-
CD19 single-chain variable fragment (scFv) linked to a CD8 transmembrane domain, a 4-1BB
costimulatory domain, and a CD3( signaling domain. To make VH107 into an off-switch for the
CAR the sdAb was fused to the C-term of the CD3( to recruit endogenous CRBN and associated
degradation machinery to the CAR. Two additional modifications were made to the CAR, a thosea
asigna virus 2A (T2A) self-cleavage site and EGFP were appended to the C-term of VH107 so that
total CAR expression could be monitored, and an extracellular c-Myc-tag was appended to the N-
term of the scFv to measure cell-surface levels of CAR. Primary human T cells were then
transduced with lentivirus containing either the CD19-VH107 CAR, CD19 CAR, or a CD19-
IKZF3 CAR as a positive control. The CD19-IKZF3 CAR contains a miniaturized IKZF3 zinc
finger motif and has been reported to degrade CARs upon addition of lenalidomide through
recruitment of CRBN °. Crucially, upon a dose titration of lenolidomide to CD19-VH107 CAR
surface levels of the CAR decrease in a dose-dependent way, with the highest dosage completely
reducing expression levels to background as compared to untransduced cells (UTD) (Fig 3.4a).
This result demonstrates that CAR expression levels can be tuned with varying amounts of
lenalidomide. Notably, the magnitude of degradation by CD19-VH107 is comparable to the

positive control IKZF3-degron at the maximal dose of lenalidomide (Fig 3.4c¢).
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Overall transduction efficiency was comparable between unmodified CAR and both
degrons, however, the surface levels of CAR were several-fold lower in both degron constructs as
compared to unmodified (Fig 3.4b). This result could suggest several possibilities: a basal level of
degradation by both CAR-degrons; c-terminal fusions destabilize the CAR; or instability of
VHI107, caused by the absence of the intrachain disulfide bond in the reducing cytosol, could
contribute to this lower surface expression. To assess the stability of VH107 in absence of the
disulfide, recombinant VH107 was resuspended in a mild reducing condition through the addition
of B-mercaptoethanol (BME) and subjected to differential scanning fluorimetry (DSF). A ~11°C
decrease in melting temperature (Tm) was observed (Supplemental Table 3.1) suggesting
instability in the cytosol. Simultaneously, we made a disulfide scrubbed mutant (C22A, C95A) of
VHI107 and attempted expression in E.coli and as an Aga2 surface fusion in Saccharomyces
cerevisiae, however no expression was detected during purification or via flow cytometry (data
not shown).

We reasoned that an affinity maturation campaign using yeast surface display and
fluorescence activated cell sorting (FACS) could enable the discovery of a variant with improved
stability and affinity. To create mutations across the entire VH domain we utilized autonomous
hypermutation yeast surface display (AHEAD), which enables continuous hypermutation of the
gene of interest at a rate 100,000-fold higher than yeast’s genomic mutation rate 2!. After
successful integration of VH107 into the AHEAD yeast strain, 8 rounds of FACS were performed
incrementally decreasing CRBN concentration (with 5SuM lenalidomide) until a final of 250pM at
R8. Gratifyingly, output yeast showed stronger binding and expression by flow cytometry
compared to the parental clone (Fig5a). Amplicon sequencing was performed to track clone

abundance round to round and showed that R8 clones had mutations in both the CDRs and the
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scaffold, suggesting possible stabilizing mutations (Fig 3.5b-c). Indeed, recombinant expression
of the R8 winner (VH107mR94) showed an increase in yield as compared to the parental clone.
Kinetic analysis of VH107mR94 revealed a roughly 100-fold increase in affinity over VH107,
while still maintaining lenalidomide-CRBN specificity, suggesting this optimized VH107mR94

could improve degradation of a CAR upon fusion (Fig 3.5d-e).

3.4 Discussion and Future Directions

Here, we demonstrate a strategy to use chemo-epitope specific sdAbs to degrade CARs in
T cells. We began by generating these sdAbs against E3-ligases and small molecules complexes
using a synthetic phage display library. From the top hits, several show remarkable specificities to
the ternary complex. VH107, was the most specific clone by ELISA, but it was the only clone
isolated against IMiD-CRBN. This is despite being able to bind all three IMiD moleucle,
suggesting this clone should be present in the other two IMiD selections. Taken together these
results suggest a bottlenecking of the selection and in the future deep sequencing of earlier round
should be used to find other potential unique clones. Additionally, the small solvent accessible
surface area of IMiDs in the ternary complex and the pan-IMiD recognition of VH107 suggest it
is a conformational binder. Epitope binning with recombinant IKZF3, one of the known binders
for IMiD-CRBN, would further validate this. Through these selections we also identified VH108
and several other binders to the small molecule binding pocket of cIAP, which were competitive
with all SMAC mimetics tested. Interestingly, none of the CDR sequences share a similarity with
the tetra-peptide motif for which the SMAC mimetics are based. We are uncertain how these sdAb
binders came out of the selection, as small molecules were preincubated with E3 ligases before
selections and kept in excess in buffer solutions. Additionally, ELISA signal ratios were not

predictive of disrupter or dimerizer activity. In the future, a screening methodology like FACS and
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sdAb yeast display could be used for more certainty during selections. This serendipitous
discovery reinforces the pocket binding ability of sdAbs, to specifically enrich for disrupters sdAbs
during the selection we envision elution of sdAb-phage from E3 ligase using a small molecule.
While this would require high-affinity small molecules it would yield pocket-directed binders.

We subsequently tested VH107 and VH108 binding in cells using the SPPIER assay. While
VH108 showed poor expression and no reversible binding, this tracks with the poor size-exclusion
(SEC) profile and low thermostability (data not shown), suggesting further optimization of the
molecule is needed for it to fold in the intracellular environment. VH107 showed binding in the
SPPIER assay and was successfully fused to the CD19 CAR. Lenalidomide addition induced dose-
dependent degradation of surface CAR, thus showing functional recruitment of endogenous CRBN
and degradation machinery. Indeed, an exciting result, however, the dynamic range of CAR
expression is relatively low. Coculture killing experiments are necessary to determine if
lenalidomide-induced “ON” and “OFF” states can produce robust cytotoxicity in the former and
no cytotoxicity in the latter. The dynamic range of CD19-IKZF3 was also low, c-terminal fusions
to the CAR could generally destabilize the construct. Switching the extracellular anti-CD19 scfv
to a different clone or sdAb could improve expression.

To improve the dynamic range of the CD19-VH107 CAR we attempted to improve the
stability and affinity of VH107 through affinity maturation with yeast display. Excitingly, we
identified an improved binder with better affinity and expression than the parental. Further
replicates of kinetic characterization for this clone are needed to verify affinity constants. While
the affinity increase of VH107mR94 is 100-fold greater than wt during this replicate, we observed
much lower affinities of the parental VH107 than previous replicates (Fig 3.5d compared to Fig

3.2¢). Despite this, we have confidence that VH107mR94 has improved affinity VH107 based on
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our yeast flow cytometry comparisons (Fig 3.5a). VHI07mR94 was the fourth most abundant
clone in R8 but had the best affinity. The more abundant clones contained the same mutations in
CDR H3 however had fewer or less mutations in H2 and the scaffold. The most abundant clone
represented ~42% read abundance suggesting a jackpotting effect. Further maturation could be
performed via AHEAD with VH107mR94 as a starting sequence. VH107mR94 will need to be
tested as a CAR fusion to show that increase in affinity and expression will improve degradation
of the CAR.

While numerous ways of regulating CAR T cell toxicities have been proposed, we believe
our approach offers an additional benefit. Through our approach, multiple “ON” and “OFF”
switches can be generated for the small molecule E3-ligase pairs of choice. These pairings are no
longer limited to co-opted bacterial systems or repurposed E3-ligase substrates and can be derived
from a human scaffold. Concerning limitations, the current CD19-VH107 needs to be fully
validated in cytotoxicity assays and in mouse models to definitively prove degradation of CAR
can abrogate toxic side effects. Overall, we hope this system is a step towards safer more accessible

immunotherapies.
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3.5 Materials and Methods

Cloning, Protein Expression, and Purification

The cereblon domain of unknown activity, binding cellular ligands and thalidomide
(CULT), and the BIR3 domain of ciap were purchased as gblock fragments (IDT). These gene
fragments contained N-terminal fusion of an AviTag and Tobacco Etch Virus (TEV) cut site. Gene
fragments were then cloned into pMCSG7 vector 22. Sequence verified plasmids were transformed
into BL21 (ADE3) pBirA E. coli cells (Amid Biosciences). Single colonies were used to inoculate
1 L of 2xYT in carbenicillin (100pg/mL). Cultures were grown overnight at 37°C to an optical
density of 0.8 at 600nm (ODyy) cooled to 18°C, induced with a final concentration of 0.5mM
IPTG, and grown for ~16hrs. Cells were pelleted and stored at -80°C or purified directly.
Cell pellets were resuspended in 10mL of ice-cold lysis buffer (50 mM Tris, pH 8.0, 200 mM
NaCl, 20 mM imidazole) supplemented with PMSF (100 ug/mL) and 10mL of B-PER (Thermo
Fisher Scientific). Resuspended lysate was allowed to sit for 10 minutes on ice and cleared by
centrifucation (20,000g, 20 min) at 4 °C. Cleared lysate were added to 200 puL of Ni-NTA
Superflow resin (Qiagen) and rotated at 4 °C for 1 h. The resin was washed 3 times with lysis
buffer and then transferred to a spin column. The purified protein was eluted with elution buffer
(50 mM Tris, pH 8.0, 200 mM NaCl, 600 mM imidazole). Fractions were analyzed by SDS—
PAGE, and exchanged into storage buffer (25 mM Tris, pH 8.0, 150 mM NaCl, 1 mM DTT).

VH domains were subcloned from the VH-phagemid into E. coli expression vector
pBL347. Constructs were expressed in E. coli C43(DE3) Pro+ using optimized autoinduction

medium and purified by protein A affinity chromatography as previously described 7.
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Phage selection with VH-phage library

Phage selections were done according to previously established protocols 7. Selections
were performed using biotinylated CRBN or cIAP captured with streptavidin-coated magnetic
beads (Promega). In each round, the phage pool was first cleared by incubation with beads loaded
with 500 nM of the apoprotein. A second set of loaded beads were incubated with 2uM small
molecule. The cleared phage were then incubated with this second set of beads containing the
protein small molecule complex. After washing, the bound phage was eluted by the addition of 2
pg/mL of TEV protease. In total, four rounds of selection were performed with decreasing amounts
of target protein. Steps for phage clearance were done in PBS buffer + 0.02% Tween-20 + 0.2%
BSA (PBSTB). Steps for the positive selection were done in PBSTB + 2 uM small molecule.
Individual phage clones from the third and fourth round of selections were analyzed by phage

ELISA.

Phage ELISA

For each phage clone, four different conditions were tested —direct: protein with 2 uM
small molecule; competition: protein with 2 uM small molecule with an equal concentration of
protein in solution; negative selection: apoprotein; control: BSA. Flat-bottomed clear plates (Nunc
MaxiSorp 384-well, Thermo Fisher Scientific) were coated with 0.5 pg ml~' of NeutrAvidin in
PBS overnight at 4 °C and subsequently blocked with PBS +0.02% Tween-20 + 2% BSA for 1 h
at room temperature. Plates were washed three times with PBS containing 0.05% Tween-20
(PBST) and were washed similarly between each of the steps, then 20 nM biotinylated protein was
captured on the NeutrAvidin-coated wells for 30 min, then blocked with PBSTB + 10 uM biotin

for 30 min. Phage supernatant diluted 1:5 in PBSTB was added for 20 min. For the competition
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samples, the phage supernatant was diluted into PBSTB with 20 nM protein and small molecule.
Bound phage were detected by incubation with anti-M13 antibody conjugated to horseradish-
peroxidase (HRP) (Sino Biological; 1:5,000) for 30 min, followed by the addition of 3, 3', 5, 5'
tetramethyl benzidine (TMB) substrate (VWR International). The reaction was quenched with the
addition of 1 M phosphoric acid, then absorbance at 450 nm was measured using a Tecan M200

Pro spectrophotometer.

Biolayer interferometry

Bio-layer interferometry data (BLI) were measured using an Octet RED384 (ForteBio)
instrument. Protein with small molecule or apoprotein were immobilized on a streptavidin and
loaded until a 0.4 nm signal was achieved. After blocking with 10 uM biotin, purified binders in
solution was used as the analyte. PBSTB was used for all buffers for BLI at pH 7.4. Small molecule
was supplemented to a final concentration of 2 uM when appropriate. Data were analyzed using
the ForteBio Octet analysis software and kinetic parameters were determined using a 1:1
monovalent binding model. Dose responses for Lenalidomide and Birinapant were performed
using saturating concentrations of VH (VH107 at 900nM and VH108 at 450nM) and normalized

to the maximum binding signals at 60 seconds during the association phase.

SPPIER assay

SdAbs and E3 ligases were incorporated into HOTag fusions as previously descried . In
brief, CRBN or cIAP1were first cloned into pcDNA3 containing EGFP. HOTag3 was then cloned
into the pcDNA3 E3 ligase-EGFP construct, resulting in pcDNA3 E3-EGFP-HOTag3. Similar

procedures were carried out to produce sdAb fusions. HEK2937/17 cells were passaged and
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transiently transfected with the plasmids using lipofectamine. Cells were imaged 24 h after
transient transfection. Time-lapse imaging was performed with the aid of an environmental control
unit incubation chamber (InVivo Scientific). Fluorescence images were acquired with an exposure
time of 50 ms for EGFP. Chemical reagents were carefully added to the cells in the incubation
chamber when the time-lapse imaging started. Image acquisition was controlled by the NIS-
Elements Ar Microscope Imaging Software (Nikon). Images were processed using NIS-Elements

and ImageJ (NIH).

CAR Constructs All CAR constructs were of identical composition aside from the fusion
of the intracellular degron. Overall, the fixed components are identical to the clinically approved
CD-19 directed CAR construct tisangenlecleucel. Specifically, it is made up of an extracellular
anti-CD19 scFv, a CD8 hinge and transmembrane domain, 4-1BB co-stimulatory domain, a CD3(
signaling domain, and the degron. A T2A self-cleaving sequence and enhanced green fluorescent
protein (eGFP) was inserted C-terminally to the degron, or CD3C( domain in the degron-free
construct, to identify CAR-positive cells. Similarly, a N-termial c-myc-tag was inserted on the

anti-CD19 scFv for CAR-positive cell detection.

Transduction of Culture of Human T Cells

Primary human T cells were isolated from leukoreduction chamber residuals following
Trima Apheresis (Blood Centers of the Pacific) using established protocols . In brief, peripheral
blood mononuclear cells (PBMCs) were isolated using Ficoll separation in SepMate tubes
(STEMCELL Technologies) in accordance with the manufacturer’s protocol. CD8* T cells were
isolated from PBMC:s using either the EasySep Human CD8* T cell Isolation Kit or the RosetteSep

Human CD8*T Cell Enrichment Cocktail (STEMCELL), following the manufacturer’s
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protocol. T cells were cultured in ImmunoCult-XF T Cell Expansion media. (STEMCELL) and
were passaged after 2-3 days. T cells were stimulated with CD3/CD28 Dynabeads (Thermo Fisher
Scientific) according to the manufacturer's instructions for 5 days and supplemented with 30 U/mL
recombinant interleukin 2 (ProSpec-Tany Technogene). Transduction with CAR lentivirus was
performed 1 day after the start of bead stimulation. After the removal of activation beads, cells
were optionally enriched by magnetic activated cell sorting and then expanded for another 4 days.
CAR positivity was assessed by flow cytometry (GFP*) and staining with anti-c-myc-647 (Cell
Signaling). During CAR degradation experiments, media was supplemented with Lenalidomide or

DMSO and incubated for 24hrs before CAR positivity was evaluated.

Affinity Maturation via Autonomous Hypermutation Yeast Surface Display

VH107 was integrated into the AHEAD yeast strain (yAW301) as previously described 2!
In brief, VH107 was subcloned into the pAW240 integration plasmid, linearized via restriction
digest, and transformed into chemically competent yAW301 using Frozen-EZ Yeast
Transformation II kit (Zymo). After 3 days of growth on selective SC-HLUWMC dropout media
(US Biologics) single colonies were grown to saturation SC-HLUWMC supplemented with 2%
glucose. Successful VH107 incorporation was validated by sanger sequencing and further
diversified by 2-3 1000x fold dilutions into SC-HLUW with 2% glucose. For FACS, VH107
expression was first induced in yeast by switching to SC-HLUW with 2% galactose for 48hrs.
Yeast were labeled with biotinylated CRBN for 1-4hr, with round 1 starting at 50nM and every
subsequent round at half the previous concentration. Yeast cell counts, incubation volumes, and
times were further adjusted to prevent ligand depletion and allow binding to reach equilibrium.

After washing, yeast were stained with 1000x dilution of anti-HA-AF488 (Thermo cat. no. 26183),
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washed again and subjected to FACS. During each round ~2e7 cells were stained and used to sort
out 200-2,000 cells. To prevent mutants with HA-tag mutations from passing a strict floor on HA
signal was set to include only the top ~15% of clones on HA signal axis. Cells were sorted into
3mL of SC-HLUW with 2% glucose and allowed to grow to saturation (~3 days), whereby they

were subjected to the next round.
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3.6 Main Figures
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Figure 3.1: Design strategy and application of sdAb based switchs

(A) Schematic of degron based OFF-switch for CAR-T cells (B) Phage selection strategy for
creating chemically inducible dimerizers (CIDs) between sdAbs and E3 ligases (C) Schematic for
chemically inducible disrupters that were discovered. The small molecule (blue) is capable of
disrupting interaction between sdAbs and E3 ligase.
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Figure 3.2: Characterization of top sdAb binders

(A) CULT domain of CRBN shown with pomalidomide bound, PDB: 6HOF (B) Chemical
structure of IMiDs used in phage selection, represented as green cartoon (C) Biolayer
Interferometry (BLI) of VH107 +lenalidomide (left) and -lenalidomide (right) (D) BLI dose
titration of lenalidomide using saturating VH107 (900nM) (E) BIR domain of cIAP1 shown with
GDC-0152 bound, PDB: 3UW4 (F) Chemical structure of SMAC mimetics, represented as blue
cartoon (G) BLI of VH108 +birinapant (left) and -biriniapant (right) (H) BLI dose titration of
birinapant using saturating VH107 (450nM) (I) BLI of VH107 against all IMiDs shows productive
binding only in the presence of small molecule.
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Figure 3.3: SPPIER assay reveals ternary complex formation

Schematic detailing monomeric HOTag3 and HOTag6 fusions to VH107 and CRBN in
monomeric and oligomeric form (A) Microscopy image shows cells before lenalidomide addition
with low EGFP fluorescence. (B) Microscopy image shows cells at final time point after
lenalidomide addition with phase separated puncta of high EGFP fluorescence.
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Figure 3.5: Affinity maturation of VH107

(A) FACs plots show for the VH107 parental clone (left) and for R8 output library (right) both
stained at 250pM CRBN. (B) Next-generation sequencing (NGS) read abundance of VH107
parental and R8 top clones tracked over R1-R3 and R6-R8. (C) Structural positions of mutations
in 4 locations (orange) of VH107mR94. Positions in light grey denote scaffold mutations that were
present in most abundant clone. (D) Multipoint BLI of VH107 (starting at 450nM with subsequent
2x dilutions) with and without lenalidomide (5uM). (E) BLI of VH107mR94 with and without
lenalidomide.
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3.7 Extended and Supplemental Figures

Table 3.S1: Differential Scanning Fluorimetry (DSF) of VH107
The melting temperature (Tm) of each VH binder was determined by differential scanning

fluorimetry.
VHI107 58.8
VHI107 47.9
+2.5% BME
AbCID Selectivity ELISA
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Figure 3.S1: Characterization of unique clones from sdAb library

Plot of ELISA signal as a ratio between E3-ligase +SM and E3-ligase -SM. Intensity of signal is
average of all unique clones from sequencing ~400 total clones. A cutoff ratio of two was used to
triage hits specific to E3-ligase +SM. Passing clones reach the blue threshold.
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Figure 3.S2: Biolayer Interferometry (BLI) of select sdAbs clones

Multipoint and singlepoint BLI experiments for top clones binding to cIAP1 with two SMAC
mimetics. Two binders, to GDC-0152 and AT406, bind only in absence of small molecule and
were classified as chemically inducible disrupters. Overall, affinities were not determined.
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Figure 3.S3: Optimization of SPPIER assay
Representative micrographs of SPPIER assay at increasing levels of (A) VH107-eGFP-HT6 and
(B) VH108-eGFP-HT6. VH108 shows poor expression as fusion.
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