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ABSTRACT

Here, we describe a new VHH library for therapeutic discovery which optimizes humanness, stability,
affinity, diversity, developability, and facile purification using protein A in the absence of an Fc domain.
Four therapeutic humanized VHHs were used as scaffolds, into which we inserted human HCDRI1s,
HCDR2s and HCDR3s. The HCDR1 and HCDR2 sequences were derived from human VH3 family next-
generation sequencing datasets informatically purged of sequence liabilities, synthesized as array-based
oligonucleotides, cloned as single CDR libraries into each of the parental scaffolds and filtered for protein
A binding by yeast display to ensure correct folding and display. After filtering, the CDR1 and CDR2
libraries were combined with amplified human HCDR3 from human CD19" IgM* B cells. This library was
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further improved by eliminating long consecutive stretches of tyrosines in CDR3 and enriching for
CDR1-2 diversity with elevated tolerance to high temperatures. A broad diversity of high affinity (100
pM-10 nM), developable binders was directly isolated, with developability evaluated for most assays
using the isolated VHHSs, rather than fused to Fc, which is customary. This represents the first systematic

developability assessment of isolated VHH molecules.

Introduction

Antibody therapeutics have witnessed remarkable advances in
recent years, with a substantial expansion of the palette of
therapeutic antibody formats explored, including traditional
antibodies, antibody fragments, various bi- and multi-
specifics, antibody-drug conjugates, and single-domain anti-
bodies known as VHHs (variable domains of Heavy-chain-
only antibodies, also known as nanobodies),'* which may also
be incorporated into any of these formats. VHHs were origin-
ally derived from the heavy chain-only antibodies naturally
found in camelids.” Their V regions are characterized by small
size (~15 kDa) and binding loops similar to variable single-
domain (VNAR) antibodies,’ with unique properties that
include binding epitopes with flat surfaces,” formation of cav-
ities important in anti-hapten binding,® and enzyme
inhibition.” The small size of the molecules facilitates tissue
penetration and access to sterically hindered and cryptic epi-
topes. Together, these desirable properties have sparked
a growing interest in their use as therapeutics, with many
applications in various disease areas, including cancer'®'?
immune disorders'>"* infectious diseases'®** and cardiovas-
cular disorders.** Although fused to Fcs in their natural forms,
most therapeutic VHHs, such as sonelokimab and

vobarilizumab, are composed of humanized VHH domains
connected by short amino acid linkers, with different VHH
domains conferring different properties, such as half-life
extension, without FcRn-dependent recycling.

In addition to their structural versatility, VHH domains
offer several advantages over traditional IgG antibodies in
therapeutic development. Their single-domain nature elimi-
nates the need for heavy and light chain pairing, which is
necessary for Fab and scFv, simplifying library design, allowing
deep next-generation sequencing (NGS), and improving dis-
play efficiency, with more uniform expression and folding in
heterologous systems. Natural VHHs (i.e., those derived from
camelids) exhibit exceptional thermal and chemical stability
under harsh conditions, including elevated temperatures,
extreme pH, high pressure, and protease exposure.”> They
also have enhanced solubility and can be produced at high
yields in microbial expression systems, significantly reducing
production costs.”>>” VHHs are highly amenable to modular
engineering, making them ideal for bispecific or multispecific
antibody formats. Their compact structure allows for tandem
fusion of multiple VHHs or linkage to Fc or Fab domains
without compromising biophysical properties, enabling con-
structs with improved manufacturability, tailored half-lives,
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and reduced steric interference compared to traditional IgG-
based designs.*®

The most common method for generating therapeutic
VHHs involves immunization, followed by humanization
and further optimization to enhance affinity and
developability.”” However, many VHH advantages tend to be
reduced or eliminated when VHHs are humanized by repla-
cing key framework residues with corresponding amino acids
from the most similar human germlines,”’>*" requiring exten-
sive further optimization for VHHs used as therapeutics. As an
alternative approach, naive VHH display libraries have been
created. These fall into two categories: 1) those derived from
naturally occurring, non-immunized camelid VHHs*> %
which also require subsequent humanization, and 2) more
advanced synthetic libraries.>*™*' A primary challenge in
using naturally occurring VHHs for therapeutic applications,
whether from immunization or display libraries, lies in the
need for downstream optimization after discovery. Despite
their similarity to human antibodies, VH3-23 in particular,
camelid VHHs are routinely humanized to ensure their
sequences more closely resemble those of human molecules,
with subsequent optimization to maintain solubility, affinity,
stability, immunogenicity profiles and “VHH-like”
characteristics.**”* In addition to humanization and aggrega-
tion challenges, downstream purification is another significant
obstacle in therapeutic VHH development. Traditional meth-
ods for purifying antibodies, such as protein A affinity chro-
matography, rely on interactions with the Fc domain.
However, these methods cannot be applied directly to isolated
camelid VHHs as they bind to protein A only sporadically in
the absence of an Fc domain, necessitating alternative purifi-
cation strategies.”>”"

Here, we present a new humanized VHH phage display
library designed to develop VHH-based therapeutic antibodies
directly, reducing the need for downstream affinity matura-
tion, developability optimization or humanization. Inspired by
our previously published scFv>> and Fab/scFab> Generation 3
libraries, our approach involves harnessing the potential of
existing clinical-stage humanized VHH scaffolds by introdu-
cing defined HCDR1 and HCDR2 (Note: CDRs are referred to
as HCDRs when they are in, or from, human VH genes; once
they have been inserted into VHHs they are referred to as
CDRs) sequences, purged of sequence liabilities, from human
VH3 germline gene family antibodies and combining them
with a large diversity of human HCDR3 sequences (>10%),
from CD19" IgM B cells, to generate the final library. IgM
cells were chosen as an HCDR3 source since naive IgM B cells
have far greater diversity than IgG B cells, which are immune,
and are far less effective when used as phage antibody library
sources.”

The initial design (V1) was further improved (V2) by redu-
cing poly-tyrosine stretches in the CDR3 and selecting CDR1
and CDR2 sequences with increased thermal stability. We
conducted selections from the V1 and V2 libraries against
interferon a-2 (IFNa2), and a panel of other targets, using
phage and yeast display,” yielding numerous binders with
affinities in the subnanomolar and low nanomolar range,
demonstrating our ability to discover high-affinity (under 10
nM) VHHs directly. The developability properties of isolated

VHH domains generated from the two libraries against IFNa2,
were examined in depth. Both V1 and V2 yielded a significant
number of developable molecules, with the V2 population
showing enhanced properties compared to V1 in several devel-
opability assays. This work demonstrates that carefully
designed VHH libraries can produce liability-free, humanized
VHHs that can be easily purified via protein A without addi-
tional tags.

Results
Scaffold selection

To develop a semisynthetic library for therapeutic VHHs, we
began by choosing suitable therapeutic scaffolds into which
complementary-determining region (CDR) diversity could be
grafted. Key considerations for creating a viable VHH library
included: 1) prioritizing already humanized and optimized
therapeutic VHH sequences to reduce immunogenicity, bio-
physical issues, and the need for downstream humanization; 2)
ensuring selected framework and CDR sequences would allow
binding to Staphylococcus aureus protein A (SpA) without
relying on the Fc domain, simplifying purification without
the need for additional tags; and 3) intentionally avoiding
idiosyncratic sequences to enhance generalizability across the
library, ensuring broader applicability and robustness.

We hypothesized that analyzing therapeutic VHHs, either
approved for human therapy or in clinical trials, could help us
refine our selection process, as these were expected to be
already optimized for desired traits and we had successfully
used this approach in our previous scFv>* and Fab™ libraries.
We focused on a set of nine different VHHs: caplacizumab,
envafolimab, gontivimab, isecarosmab_1, ozoralizumab_1,
ozoralizumab_2, sonelokimab_1, sonelokimab_3, and vobari-
lizumab_1. We first analyzed the sequences for the presence or
absence of amino acid residues required for VH3-mediated
SpA interaction as described previously in the literature
(Supplementary Figure S1).°>>" Of the nine VHH analyzed,
seven were expected to bind SpA, likely due to intentional
engineering for improved manufacturability or as
a consequence of the humanization process, which closely
resembles human VH3s known to bind SpA (Table 1). The
two VHHs not binding SpA were excluded from further
examination.

Next, we searched for non-canonical cysteine pairs often
found in camelid VHH between CDR3 and either CDR1 or
CDR2.°°7® Since the grafted CDRs were designed to exclude
cysteines (see next section on diversity design), we reasoned we
should exclude scaffolds containing these additional stabilizing
disulfide bridges, particularly since unpaired cysteines would
likely compromise the CDR filtering process (as described in
Figure 2a, see below). Notably, among the analyzed set, only
envafolimab exhibited a non-canonical disulfide bond between
CDR1 and CDR3 (Table 1; Supplementary Figure S1). As our
plan was to obtain framework 4 sequences from human B cells
(see the following section on diversity design), we ruled out
VHHs with non-canonical sequences in this region (for
instance, the ozoralizumab VHHs). Finally, we noted that all
of these therapeutic VHHs, except envafolimab (which was
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Table 1. List of therapeutic VHH domains analyzed for clinical status, sequence-based protein a binding prediction, presence of canonical cysteines only (upstream of
CDR1 and CDR3), canonical framework 2 (arginine replaced for leucine to abolish light chain binding), and canonical framework 4 (presence of tryptophan at the first

position).

Canonical Canonical
Name Target Status Protein A binding Canonical Cysteines FWK2 FWK4
caplacizumab* vWF Approved Yes Yes Yes Yes
envafolimab PD-L1 Phase-lll - active Yes No Yes No
gontivimab F protein (RSV) Phase Il - abandoned No Yes Yes Yes
isecarosmab_1* ADAMTSL5 Phase | - active Yes Yes Yes Yes
ozoralizumab_1 TNFa Phase lll - active Yes Yes No No
ozoralizumab_2 HSA Phase Il - active Yes Yes No No
sonelokimab_1 IL17F Phase Il - active No Yes Yes Yes
sonelokimab_3* IL17A/F Phase Il - active Yes Yes Yes Yes
vobarilizumab_1* IL6R Phase Il - active Yes Yes Yes Yes

Domains isecarosmab (2), sonelokimab (2), and vobarilizumab (2) have identical sequences to domain ozoralizumab (2) and have been omitted from the table.

Asterisks mark the domains chosen to serve as scaffolds.

excluded because of the non-canonical cysteine) had between
zero and three amino acids corresponding to the classic “hall-
mark residues” (V37F, G44E, L45R and W47A) considered to
enhance VHH stability in the absence of a light chain®>*%>!
(Supplementary Figure S1). The four therapeutic VHH
domains with the greatest number of hallmark residues (capla-
cizumab, isecarosmab_1, sonelokimab_3, and vobarilizu-
mab_1) were consequently selected as scaffolds for the

library. For ease of reference, we will call these Libl, Lib2,
Lib3, and Lib4, respectively. Framework regions 1-3 of these
VHHs exhibited an identity of 83.8% to 91.3% to one another,
and 82.5% to 91.3% (Figure la) to the human VH3-23 germ-
line, which is comparable to the 85% identity noted between
VH3-23 and alpaca VH3-3.

To check the ability to display these VHH scaffolds in
phage, their genes were inserted into pDAN5,” and phage
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Figure 1. Scaffolds. (a) Percent identity comparisons between frameworks 1-4 across the four therapeutic VHH, human germline VH3-23, and alpaca germline VH3-3.
(b) An immunoblot (anti-SV5) detecting display of the four selected therapeutic VHH on phage particles. The upper band corresponds to the phage plll linked to the
VHH domain, while the lower band represents a degradation product comprising plll alone. 1-caplacizumab, 2-isecarosmab, 3-sonelokimab, 4-vobarilizumab. (c)
Results from a direct ELISA where the four therapeutic phage-VHH were probed against their corresponding immobilized antigens. (d) Flow cytometric analysis of yeast
displaying two control scFv, binding (VH3-7) and not binding (VH4-30) SpA, and the four therapeutic VHHs. Yeast cells (blue: induced for display; pink: not induced)
were incubated with protein a conjugated to the APC fluorophore. A right shift in fluorescence along the X-axis reflects protein a binding.
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particles generated using M13KO7 helper phage. Remarkably
high display levels were detected in Western blots of the phage
particles when probed with anti-SV5 tag antibodies
(Figure 1b). Proper folding and functionality on phage were
validated by confirming binding against the four targets recog-
nized by the parental VHHs (Figure 1c). Lastly, we displayed
the four VHH molecules in yeast and confirmed SpA binding
(Figure 1d).

CDR1 and CDR2 replicated diversity from the human VH3
family

To develop therapeutic VHHs, we aimed to enhance “human-
ness” while minimizing the number of poorly behaved VHHs
caused by biophysical liabilities or CDRs incompatible with the
VHH structure. Based on the high similarity between the VHH
therapeutic frameworks (82.5% to 91.3%) and human
VH3-23, we reasoned that inserting HCDR1 and HCDR2
sequences from the VH3 family repertoire into the VHH
CDR1 and CDR2 sites should provide structural compatibility
and maximize humanness, while eliminating CDR sequences
with sequence liabilities (Table 2; Supplementary Figure S2)
should minimize biophysical liabilities. Figure 2a illustrates the
design strategy: liability-free, human VH3 family, HCDR1s
and HCDR2s were inserted into the four clinical VHH frame-
works, while HCDR3 was sourced directly from CDI19+
B-cells, extracted from donor LeukoPaks via PCR using IgM-
specific primers.

The CDR1 and CDR2 sequences originated from an inter-
nal NGS database of the naive and memory B cells of 40
individuals, split into four datasets of 10 each. Each CDR
used in the library had to be found in one of the four datasets,
and two additional datasets, which could be either one of the
remaining three internal datasets, or public datasets such as
OAS.*” This ensured the library was composed of commonly
used CDRs, and excluded rare CDRs. We also discarded CDRs
containing a known set of sequence liabilities (Table 2) which
included arginines, because of their tendency to increase
polyreactivity,®"%* except at the last position of HCDR2
which facilitates protein A binding. CDR sequences were also
removed if they exhibited high hydrophobic scores according
to a previously published index®’ or contained three consecu-
tive aromatic residues, to minimize the presence of exposed
hydrophobic areas®®® (Table 2).

The final counts of HCDR1s and HCDR2s were 22,062 and
16,704, respectively. Logo plots (Figure 2b) displaying the
IGHV3 diversity before (Figure 2b, top) and after liability
removal (Figure 2b, middle) revealed notable similarities
between these CDRs and the circulating repertoire of alpaca
VHH>® (Figure 2b, bottom). In most positions, the dominant
amino acid in the alpaca repertoire aligned with the dominant
amino acid found in the human CDRs. At positions 3 and 6 of
CDR2, the most common alpaca amino acid ranked as
the second most frequent in the designed CDRs. Some differ-
ences stemmed from the elimination of sequence liabilities,"
including the absence of arginines at position 2 of CDR1 and
tandem aspartates at positions 5 and 6 (relating to the aspartate
isomerization motif).

The designed CDR1 and CDR2s were synthesized as array-
based oligo pools, and single-CDR yeast display libraries were
created for each scaffold at the corresponding CDR position
(Figure 2c). In these libraries, the scaffold and two CDRs are
parental, while diversity is introduced at only one site (see
Figure 2c). Each library had >10° transformants, providing
extensive over-representation of the intended diversity. After
induction, cells were purified using magnetic-assisted cell sort-
ing (MACS) with SpA microbeads. Proper folding is necessary
for SpA binding, as this interaction relies on conformational
epitopes. This process helps eliminate poorly folded molecules
and those with frameshifts, stop codons, or other deleterious
mutations which may occur in oligo synthesis.

As anticipated, filtering the single-CDR libraries
resulted in increased SpA binding relative to pre-SpA fil-
tering, indicating enhanced protein A binding functionality
for the repertoire (Figure 2d-g), in line with the therapeu-
tic parental displayed on the yeast surface. To determine if
filtering led to a loss or significant bias of diversity, we
sequenced libraries 1 and 3 at the single CDR level.
Representative plots of their behaviors are reported in
Figure 2h-k. Notably, for Libl CDR1 (Figure 2h) and
Lib3 CDRI1-2 (Figure 2j-k), limited loss of diversity or
bias was detected between pre- and post-filtering, and the
filtering effectively removed nonfunctional molecules (fra-
meshifted/stop codon). In contrast, for CDR2 of Libl,
a significant frequency drop was noted after approximately
13,000 CDRs, suggesting that roughly 3,000 designed CDRs
were incompatible with this scaffold (Figure 2i). The diver-
sity from each filtered library was recovered by PCR and
used to assemble the final library along with HCDR3 for
the CDR3. CDR1 and CDR2 diversities in the final com-
bined library for this “V1” design (more on “V2” design
below) can be seen in Supplementary Table S1.

CDR3 diversity and library assembly

HCDR3 is the primary locus of antibody diversity and binding
activity.®® While it is possible to utilize array-based oligo
synthesis to generate specific sequences®" for HCDRI and
HCDR2, HCDR3 diversity far exceeds the current limit of
~10° unique sequences in this technology. Therefore, we
opted to utilize natural human HCDR3 sequences including
the IGH] gene diversity of framework 4, obtained directly
from >10° CD19" IgM* B cells collected from 10 donors.
This approach maintains the benefits of being human-
derived, offers a large diversity surpassing 10%, and signifi-
cantly reduces the number of cysteines (see below) and other
nonfunctional sequences.®’

Differences exist between human HCDR3s and camelid
CDR3s (Figure 2b,]). Notably, alpaca CDR3s exhibit
a broader length distribution, with a peak at 19 amino
acids, whereas human HCDR3s display a narrower distribu-
tion, peaking at 15 amino acids (see Figure 21). The core of
the sequences in both species primarily consists of polar
amino acids. Over 50% of alpaca CDR3s contain a single
cysteine that forms a disulfide bridge with external cysteines,
mainly in other CDRs, a feature we aimed to exclude from
our library. Additionally, an alanine in alpacas substitutes for
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lengths analyzed in the work are indicated with arrows. (m) Species accumulation plot from NovaSeq analysis reveals the diversity of HCDR3 in the cloned library.
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Table 2. Liabilities purged from CDR1-2 oligo sets during gene synthesis.
Liability
Glycosylation

Asn Deamidation
Asp Isomerization

Rule

NxS or NxT, where x is not P
NG, NN, NS, NT, GNF, GNY
DG, DS, DD

Cysteine Presence of Cys
Hydrolysis DP
GIn deamidation QG

Aromatic Trimer
Polyreactivity
Positive Charge
Arginine
Hydrophobic
Protein A Affinity

Three aromatics in tandem (His, Phe, Trp, Tyr)
GGG, RR, W, VG, WW, WxW, YY

Charge >1 at pH 7

Presence of Arg (except R57)

Hydropathy <0 (Parker scale)

Position 57 is not T, K, or R

Table 3. Number of transformants for each VHH sublibrary.

Sublibrary #Transformants
Library 1 (caplacizumab) 45 x10°
Library 2 (isecarosmab) 6.4 x 10°
Library 3 (sonelokimab) 6.6 x 10°
Library 4 (vobarilizumab) 5.4 x 10°
Total 2.3 x10"°

the typical arginine at position 2 in humans (as shown in
Figure 2b). There is also a higher frequency of negatively
charged amino acids at positions 3 and 12. While the pre-
sence of the extra disulfide contributes to structural integrity,
it remains uncertain what additional roles, if any, these
differences have in VHH structure and function.”® Finally,
some human antibody HCDR3s have long strings of con-
secutive tyrosines, encoded by JH6, which are absent from
alpaca CDR3s.

The HCDR3 fragments from 10 donors were combined
with the filtered CDR1 and CDR2 fragments by overlap PCR.
These were then digested with BssHII and Nhel, ligated into
the phagemid vector pDANS5 digested with the same enzymes,
and transformed into E. coli TG1 cells, resulting in a total of
2.3x 10" transformants (see Table 3). Using NovaSeq we
extracted CDR3 sequences using consensus matching and
determined a total unique CDR3 diversity of 1.6 x 10° from
1.3 x 10° usable reads (refer to Figure 2m).

V2 design - tyrosine removal and thermal enhancement

Reducing poly-tyrosine motifs in CDR3

One striking difference between human antibody HCDR3s and
VHH CDR3s is the presence of strings of consecutive tyrosines
in some antibody HCDR3s encoded by antibodies using the JH6
gene (Figure 2b). It has been proposed that high numbers of
tyrosines may cause unwanted polyreactivity in VHH®® and
antibodies,”” although high numbers of tyrosines are also
found in specific antibodies.®>*” To understand whether redu-
cing consecutive tyrosines may improve polyreactivity, we
developed a method (Figures 3a,b) to deplete HCDR3s contain-
ing poly-tyrosines encoded by the JH6 gene, based on annealing
of JH6-specific oligo probes to HCDR3 mRNAs encoding poly-
tyrosine and cleavage of the RNA/DNA hybrids with RNase
H (see Supplementary Table S2). CHI1 reverse transcription
primers were subsequently used to generate cDNA from the

remaining poly-tyrosine-depleted HCDR3 diversity for subse-
quent PCR using framework 3 and JH primers. The method
successfully reduced poly-tyrosines in the treated population as
demonstrated by NGS (Figure 3c,d).

Filtering for heat tolerant HCDR1-2 diversity

To create libraries with enhanced heat tolerance, the single-
CDR libraries containing CDR1 and CDR2 diversity under-
went heat shock for 20 minutes (Figure 2c) at temperatures
between 60°C and 80°C to evaluate their fold stability
(Figure 3e and Supplementary Figure S3). Binding to protein
A was used to select correctly folded molecules, reflecting the
conformational epitope recognized. We determined optimal
heat shock to be 76°C, which yielded the greatest SpA-binding
diversity post-filtering, and conducted five rounds of filtering
using protein A magnetic beads (MACS). A notable increase in
thermal stability was observed at the end of the process
(Figure 3f and Supplementary Figures S4, S5 for each of the
sub-libraries), though with a sizable decline in CDR1-2 diver-
sity (Supplementary Table S1, rightmost column).

In summary, the final library designs for versions 1 (V1)
and 2 (V2) combined human VH3 germline matched CDR1-2
sequences free of sequence liabilities, with native human
CDR3s. V2 was designed to reduce polyreactivity and improve
thermostability by the depletion of HCDR3 poly-tyrosine
stretches and enrichment of thermostable HCDRI1-2
sequences.

Library performance

To assess the performance of the two VHH libraries from V1
and V2 iterations, we applied a selection strategy comprising
two rounds of phage display followed by yeast display. Using
a fixed amount of magnetic streptavidin beads coated with
biotinylated antigen, we aimed to favor binder diversity over
affinity in the phage display step, while fine-tuning of affinity
was achieved during yeast sorting with decreasing amounts of
target (100, 20, and 5 nM of biotinylated antigen). One target,
IFNa2, was examined in depth, while performance against an
additional 10 masked targets was limited to affinity. For the
IFNa2 selection each of the eight sub-libraries was maintained
separately and incubated with antigen-coated beads. After
washing, the phage that remained bound to the beads were
eluted using HCl and rescued with E. coli. Following two
rounds of phage selection, VHH were PCR amplified and
cloned into the yeast display system by homologous recombi-
nation. Yeast cells displaying VHH underwent selection
rounds against gradually decreasing concentrations of biotiny-
lated target. After the final yeast sorting round, we examined
the population by flow cytometry for display (anti-SV5-tag PE)
and antigen binding (streptavidin-Alexa 633) at different anti-
gen concentrations (0, 5, 20, and 100 nM) for both the V1 and
V2 final populations (Figure 4a). Binding was observed down
to the lowest concentration tested (5nM) and no signal was
observed against the secondary reagents (0nM). Sanger
sequencing of the final sorted populations revealed the



MABS (&) 7

a b
X Y Y Y YG/YM D V W G Q
IGHJ6*01 attactactactactacggtatggacgtctgggggcaa Polv-tvr oli e Mismatches prevent
IGHJ6*02 attactactactactacggtatggacgtctggggccaa oly-tyr oligo A
IGHJ6*04 attactactactactacggtatggacgtctggggcaaa  MRNA s X Rybridization
IGHJ6*03 attactactactactactacatggacgtctggggcaaa Tyrosine-rich HCDR3 Non-tyrosine-rich HCDR3
******************..************** * * ‘
ST ) T RNAse H cleaves mRNA RNAse H unable to cleave
poly-tyrosine region in JH6 targeted with
oligos corresponding to bolded seq 3 3
3
Cc cDNA synthesis cDNA synthesis
35 g V 4 3
Vi 3 3
g g HCDR3 cDNA not made: HCDR3 intact:

2 = no amplification can be amplified
== == { =54 Ex === b -
o= = % E=r B = oo ]

d Libl Lib2 Lib3 Lib4
- 100
5 Vi
5 o
v 60 mv2
g
5
| I I
I e - _ Il Mes - _ I e - _ I s - _
0 1 2 3 4 5 7 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6
longest stretch of contiguous tyrosines
e CDR1
20°C 64°C 67.4°C 71.8°C 76°C 78.6°C 80°C
1007 47.7 523 49.7 503 807 532 46.8 65.9 341 12071 823 177 150 91.0 899 1
z” | .
° 100 10° 10° 100 10° 10° 10t 10  10° ’ 10t 10° 10° ’ 100 100 10°
protein A binding (APC)
f 20°C 76°C
CDR1 100 i60]
library 807 a0
€ )
3 60 60
40 40
207 N 20
o Y e . L
v T v T v v T v T v 1 Round 1
10t 10?2 103 10t 10° 10t 10?2 103 10* 10° Round 5
1004
CDR2 80
library ./\ 80
604
§ 604
8 404

R
10

T T
104 10 101 1()2

protein A binding (APC)

5 10

Figure 3. Iterative improvement of the Gen3 VHH design. (a) Poly-tyrosine regions in different human JH6 alleles. The highlighted area was targeted for degradation
during cDNA synthesis. (b) A schematic illustration of targeted degradation for poly-tyrosine regions employing specific primers during HCDR3 retrieval from CD19+
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Figure 4. Discovery and affinity characterization of a broad panel of VHH-Fc from V1 and V2 libraries. (a) Flow cytometry analysis of the final sorted population of V1
(top panel) and V2 (bottom panel) binding to varying concentrations of IFNa2 (top to bottom) for each of the different sublibraries (left to right). Display is detected
using anti-SV5 conjugated to PE, while binding is detected with biotinylated IFNa2 and streptavidin-alexa-633. (b) Sanger sequencing of clones selected against IFNa2
plotting the number of contiguous tyrosines in the V2 library (orange) compared to V1 (blue). (c) An isoaffinity plot showing on-rate (M-1 s-1) on the y-axis and off-rate
(s-1) on the x-axis, with affinities on the diagonal, indicating the wide range of affinities against IFNa2 for VHH-Fc in both v1 (blue) and v2 (orange) populations. (d)
Levenshtein distance of the HCDR3 amino acid sequence among the different binders of v1 (blue) and v2 (orange) populations. (e) Summary of binding statistics and
affinities for v1 and v2 selected populations. (f) Affinity plots for IFNa2 and ten other undisclosed targets.



decreased consecutive tyrosines trend in the V2 population
(Figure 4b).

We examined the binding kinetics of VHHs selected against
IFNa2 from the V1 and V2 libraries using surface plasmon
resonance (SPR) with the Biacore 8k+ system. We randomly
picked 48 colonies from each sublibrary and population (V1/
V2) and produced all VHHs with unique CDR3 sequences (see
Supplementary Table S3 for population breakdown) based on
100% identity at amino acid level (84 unique CDR3 from
a total of 84 unique full-length VHH in V1; 88 unique CDR3
from 88 total unique full-length VHH in V2) for biophysical
characterization as dimeric VHH-Fcs or monomeric isolated
VHH domains. The VHH-Fcs were immobilized on the SPR
CMS5 chip, which had a polyclonal anti-human Fc linked to its
gold nanolayer. Then, IFNa2 was injected over the VHH-Fc.
We calculated the on-rate and off-rate constants via a first-
order kinetic model for “one-to-one binding”. The isoaffinity
plot (Figure 4c) indicates that the majority of VHH-Fcs from
the V1 and V2 populations exhibited similar kinetics (2.8 nM
vs. 2.0 nM median affinity, respectively). The V2 population
yielded antibodies with the slowest off-rates and the highest
affinity binders. Both populations resulted in 72 highly diverse
(Figure 4d) binders (<1 uM), amounting to 82-86% of all
tested VHH-Fc, with affinities ranging from 97 pM to 15.6
nM, as shown in Figure 4e. All four sublibraries produced
binders, but their performance varied (see Supplementary
Table $3-S5; and Supplementary Figures S6-S7 for SPR sensor-
grams). VHHs were also selected against an additional 10
undisclosed targets, comprising soluble proteins or the exter-
nal domains of membrane proteins. Results in Figure 4f show
a broad range of affinities, with 90% of campaigns yielding at
least one high affinity binder (<10 nM), and 50% at least one
subnanomolar binder.

VHH and VHH-Fc developability for the V1 and V2
populations

To ensure a comprehensive assessment of developability prop-
erties, we chose experimental assays that span a wide array of
distinct (uncorrelated) characteristics (Supplementary Figure
S$8), including polyreactivity, thermal stability, hydrophobicity,
and expression yield. While developability assessments usually
focus on the VHH-Fc format, we reasoned the presence of the
Fc domain may “buffer” intrinsic VHH developability proper-
ties, making them appear more developable than they would
otherwise be as isolated VHH domains. Since most therapeutic
VHHs to date do not have Fc domains, developability of the
VHH alone, where possible, may be more clinically relevant.
While many of the assays are amenable to isolated VHH
domain testing, testing polyreactivity requires the detection
of VHH binding, and the only way to detect binding of (pro-
tein A binding) VHH domains lacking a tag or Fc domain is
with protein A. While protein A does not appear to prevent
antigen binding by Fab domains, it is not clear whether this is
also true of the interaction with VHHs, particularly the huma-
nized versions used here. Supplementary Figure S9 shows that
protein A appears to interfere with specific binding (at least to
IFNa2) and so cannot be used to detect VHH polyreactive
binding as it is expected to inhibit the interaction.
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When IFNa2 was immobilized, protein A-HRP failed to
detect VHH binding, despite confirmed interaction in the
VHH-Fc format by SPR. In contrast, an anti-IFNa2 IgG con-
trol was detected, likely due to stronger Fc-mediated protein
A-HRP binding compared to the VH region (Supplementary
Figure S9A). Similarly, anti-VHH secondary antibodies
showed limited detection (Supplementary Figure S9B).
ELISA detection of specific binding was restored when using
anti-Fc  secondary probes in the VHH-Fc format
(Supplementary Figure S9B, right side), as well as polyreactive
signals for positive controls (C10, IgG controls; Supplementary
Figure S10), while non-polyreactive antibodies (e.g.,
Ibalizumab) remained negative. Due to the challenges with
detection using protein A or anti-VHH, we used the VHH-
Fc fusion format with anti-Fc secondaries, to test polyreactivity
(e.g., PLE, cardiolipin, BVP, dsDNA) covering a range of
physicochemical properties,’””" but not those other develop-
ability assays that could be directly assessed on the isolated
VHH domains.

Given the scarcity of established reference thresholds for
VHH developability in existing literature, we formulated our
own thresholds (Figure 5a) and utilized various statistical
methods to compare selected VHHs to their therapeutic par-
ental scaffolds, as well as VHHs from the V1 and V2 designs.
The methods employed included: 1) the lowest 10% threshold
based on the V1 design population, 2) +2 standard deviations
of the parental mean (parental range), 3) Gaussian mixture
model (GMM) for binary (e.g., “favorable” vs. “unfavorable”
developability) classification, and 4) Mann-Whitney
U significance test.

The thresholds outlined above allowed us to assess per-
formance between the two design strategies and set cutoffs
based on population distributions. Figure 5b-j (see
Supplementary Figure S11 for individual libraries) shows
the performance of VHHs from both V1 and V2 popula-
tions using the GMM model threshold and the parental
range (mean +2 SD) across all developability assays. Using
the bottom 10% of the V1 population to define an assay
threshold we find VHHs from the V2 population have
equal or better developability values than VHHs from the
V1 population for all assays (Supplementary Figure S12A).
For both populations, the majority of VHHs were within or
better than the parental (therapeutic) range for expression
titers and across the polyreactivity assays (Supplementary
Figure S12B). A larger proportion of VHHs from the V2
population were within the parental range relative to V1
across most assays.

Most VHHs surpassed the GMM threshold across all the
developability assays (Supplementary Figure S13A) with
60-97% of VHHs surpassing this threshold for both popula-
tions. The V2 population VHHs showed an elevated propor-
tion of antibodies improved relative to V1 population for the
GMM thresholds. The Mann-Whitney U test revealed signifi-
cant improvement of V2 over V1 in 4 of 9 assays
(Supplementary Figure S13B), including % main peak purity
by HPLC-SEC, retention time with SMAC, polyreactivity with
Poly-L-Glutamic acid and polyreactivity with cardiolipin.
None of the significance tests showed improvements of V1
over the V2 population.
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It is notable that we observed aberrant thermal profiles
(Supplementary Figure S14A) for many of the VHHs for
which we assigned a Tm value of 40°C. We speculated that
these VHHs were highly aggregated; however, HPLC-SEC
profiles showed no correlation between the fraction main
peak and melting temperature (Supplementary Figure S14B).
Further, many VHHs with aberrant profiles showed strong
binding profiles with no correlation of aberrant thermal pro-
files to affinity (see Supplementary Figure S14C-D).

To evaluate whether V2 design improved over V1 across the
assay, we incorporated a score which uses the four criteria
outlined above: 1) 10% threshold; 2) parental range; 3) GMM
threshold; and 4) statistical Mann-Whitney U test. For criteria
1-3, we provided a score of “1” if the proportion of antibodies
in V2 outperformed the proportion of antibodies in V1 by
a percentage of 5%, and “0” if the percent difference was <5%.
For criterion 4, we provided a “1” if V2 was statistically
improved in each developability metric over V1 and “0” if
there was no significant difference (V1 was not better than
V2 in any full comparison). As shown in Figure 5k, V2 out-
performed V1 (score >2) across 6 of 9 assays, with the remain-
ing 3 assays showing no clear differences between the two
versions. Finally, to assess the proportion and total number
of therapeutic leads (i.e., those that were developable and
bound specifically to the target) that could be selected from
each population, we created a score which assigns a “1” if the
assay was at or above the GMM thresholds or “0” if it was
below the GMM threshold. Individual assay scores along with
the summed score are shown in Figure 51 for each population.
We observed that 43 of 72 (60%) V1 and 53 of 72 (74%) V2
VHHs exhibited 2 or fewer flags, respectively. This perfor-
mance trend held even when including non-binding antibo-
dies (Supplementary Figure S15A). Due to differences in the
performance of the individual sublibraries (Supplementary
Figure S15B) from the V1 and V2 populations, with sublibrary
3 from V2 showing greater polyreactivity than the V1 version,
we also included an “optimal combination” library composed
of sublibraries 1, 2, 4 from V2 and sublibrary 3 from V1
(Figure 51, right panel; Supplementary Figure S15A, right
panel). This optimal combination of the four sublibraries
(using the best performing sublibraries from V1 and V2)
showed the highest percentage (77%) of antibodies that exhib-
ited strong specific binding and developability profiles.

Discussion

Antibody candidates from discovery campaigns for therapeu-
tic purposes should typically have: 1) reasonable affinities
(typically stronger is better, except for agonists, where lower
affinity may be more effective than higher affinity);’* 2) broad
diversity to engage different epitopes with potentially different
biological activities; and 3) good developability properties. We
recently described a novel scFv library design®> which incor-
porates liability-free natural human CDR diversity directly
into therapeutic scaffolds. This new design fulfilled the criteria
above, with direct selection of antibodies with affinities as low
as 13pM,”” up to hundreds of different NGS identified
clusters,’*”> and excellent developability properties,”®
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reducing the need to optimize antibodies after selection. This
concept was also successfully applied to development of a Fab/
scFab library format,” and here we describe its application to
a new semi-synthetic library design for therapeutic VHH
development, which similarly produces a broad diversity of
developable VHH leads with significantly higher affinities
compared to those from other in vitro libraries.”>>*

Our approach used optimal therapeutic VHH scaffolds and
curated, human liability-free HCDR1-2 diversity”* from the
VH3 germline gene family, to boost the clinical potential of
selected VHHs. By incorporating a filtration step to eliminate
sequences that prevent the binding of protein A, the library
provides well-folded, protein A binding molecules that can be
directly purified using the same manufacturing techniques
used for standard antibodies with an Fc domain, thus simplify-
ing downstream development. We verified this binding was
effectively preserved at the individual CDR level (Figures 2d-
g) and in the final populations (Figure 3f, red), even following
the iterative enhancements of poly-tyrosine removal and heat
shock (Figure 3f, blue).

A similar strategy, in which immune camelid CDR3s are
combined with humanized VHH scaffolds containing limited
developable camelid CDR1 and CDR2 diversity, has been
successfully used to generate human-like VHH from immu-
nized animals.”” The key differences here are that we con-
structed a naive library using human HCDR3s from naive,
rather than immune sources, and combined this with extensive
human HCDR1 and HCDR?2 diversity. This allowed us to build
a universal naive library with VHH sequences as close to
human as possible, including within the CDRs. Given the
strong resemblance of therapeutic VHHs to the human
IGHV3-23 family (Figure 1a), we determined that incorporat-
ing CDR diversity from human germline families directly into
these effective humanized therapeutics would be feasible. This
approach avoids the need for specialized techniques, such as in
silico humanness predictions on camelid diversity, by utilizing
HCDRI and HCDR?2 from human VH3 germline family genes,
which have been shown to be well-tolerated in humanized
VH3 family VHH therapeutic scaffolds. Additionally, the simi-
lar sequence patterns of VH3 family and alpaca CDR1-2
(Figure 2b) bolster the argument that CDRs sourced from
humans can be effectively integrated into these scaffolds. By
carefully selecting individual CDR populations (Figure 2b,c)
displayed in yeast while maintaining protein A binding
(Figure 2c), we were able to filter out any CDRs preventing
correct folding as detected by SpA.

While a commonly used rationale for using VHHs, parti-
cularly camelid-based, relates to their longer HCDR3s, confer-
ring unique properties in binding different surfaces (convex,
concave, and flat),?> we have found this length characteristic is
not typical for therapeutic VHHs (Figure 2I). Importantly,
because it is known longer HCDR3s elevate the risk of poly-
reactivity, the use of longer camelid CDR3s may complicate
the development of therapeutic VHHs. Furthermore, longer
CDR3s often require disulfide stabilization®” to other CDRs
(e.g., CDR1/2, from which we have removed cysteines), and
are more relevant in the context of camelid immune systems,
not VHH therapeutics, which must be manufactured, stored,
and produced for in-patient delivery. While the use of shorter
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human HCDR3s may theoretically reduce the potential for
broader epitope coverage, this remains unproven and is
balanced by reducing developability risks related to long
CDR3s and inter/intra-CDR (e.g., CDR1/3) disulfide bonds.
Optimal developability is crucial to the successful development
of therapeutic VHHs, where developability, specificity, manu-
facturing, and storage requirements are essential.

Previous studies have shown stretches of poly-tyrosines
may lead to unfavorable polyreactive properties in
nanobodies®® and antibodies,”” although they may also con-
tribute to specificity.®>®” In the V2 library poly-tyrosine
stretches > 3 were significantly reduced compared to the V1
library. This was combined with the application of heat shock
and protein A binding at the individual CDR level, to create
final populations that displayed well on the yeast surface and
maintained protein A binding capabilities at higher tempera-
tures, allowing a comparison between the two designs.

VHHs isolated from both libraries showed protein
A binding, high diversity, and broad affinity ranges against
[FNa2 and other targets. It was important to confirm that
integrating liability-free human HCDRs into germline
family-matched therapeutic VHH scaffolds maintained
favorable binding and developability properties. For both
design strategies strong affinity (<10 nM) binders could be
directly selected, with the highest affinity binder from the
V2 cohort exhibiting a binding affinity of 97 pM. We vali-
dated the libraries against a broad range of antigens
(Figure 4f), which showed a broad range of affinities not
only for IFNa2 but against 10 additional target campaigns,
with over 50% of campaigns yielding subnanomolar binders
and almost all producing at least one single digit nanomolar
binder. Finally, testing the VHH for developability revealed
that most fell within the parental range and/or above the
established GMM threshold, which differentiates between
acceptable and unacceptable ranges. Due to the limited
available published developability data for isolated VHHs
(with VHH-Fc format being more commonly assessed), we
developed four criteria to establish baseline cutoffs for favor-
able or unfavorable developability properties. First, the low-
est 10% threshold for the V1 design was based on its
theoretical “less optimal” status relative to V2. Second, we
used developability values from the parental mean +2 stan-
dard deviations, considering parental molecules are presum-
ably well behaved as they’ve achieved clinical-grade status
(Phase 2 to Approved). Third, a GMM was used for binary
classification, setting thresholds at the boundary between
favorable and unfavorable distributions. Finally, the Mann-
Whitney U significance test compared developability metrics
between V1 and V2 populations, providing non-parametric
validation of our observations.

It is notable that the overall expression yields are relatively
low for VHH, including for the parental therapeutic constructs
(Figure 5a,b). This may be attributed to the high-throughput
expression system used, which is not specifically optimized for
yield or VHH expression. Therefore, these results should be
interpreted on the basis of relative comparisons rather than
absolute yields.

Given that the developability assessment derived from
a single target (IFNa2), it was crucial that the outputs exhibited

broad diversity across the four different scaffolds in both V1
and V2 designs. The outputs showed highly distinct CDR3
distributions (Figure 4d) with 84 unique sequences in V1 and
88 in V2, with a median Levenshtein distance of 10. This
diversity was expanded when considering the high diversity
in CDR1 and CDR2 (83 in V1 and V2 for CDR1, and 74 in V1
and 72 in V2 for CDR2).

While we showed that VHH derived from our initial design
(V1) population exhibited a strong performance (60% of bin-
ders with <2 developability flags) in both affinity and devel-
opability, subsequent enhancements, including poly-tyrosine
removal and heat shock tolerance, resulted in an even better
performance in binding and developability (74% binders
with <2 developability flags), validating these library modifi-
cations. Surprisingly, we found that sublibrary 3 (based on
sonelokimab) exhibited reduced developability in the V2
design. Whether this was target related, or more generally
applicable will be investigated in future studies. By combining
the best sublibraries (1, 2 and 4 from V2 and 3 from V1), we
find that 77% of antibodies show therapeutic lead potential in
terms of affinity and developability properties, at least for
VHH selected against IFNa2.

In line with the philosophy guiding the construction of our
libraries, we used the four therapeutic VHH scaffolds without
modification, none of which contained the four hallmark
“camelizing” residues. It was recently shown’® that incorpora-
tion of some of these camelizing residues into isolated human
VHs selected from an in vitro library, and subsequently affinity
matured, was able to improve the developability properties of
some of the VHs with a tendency to aggregate. Whether the
post-selection introduction of these mutations into VHHs with
developability issues, or the creation of new libraries based on
the same scaffolds, but containing these mutations, will further
improve VHH developability properties remains to be
explored.

The nonhuman origin of VHHs might carry an elevated
risk of eliciting undesired immune responses when used as
therapeutics. However, this risk can be mitigated by the inher-
ent sequence identity of VHHs to the human germline VH3
family,® particularly in humanized VHH therapeutics
(Figure la). In our library design, immunogenicity is poten-
tially further reduced by incorporating human-derived CDRs
from VH3 germline genes directly into these humanized fra-
meworks. Many of these VHH therapeutic scaffolds are cur-
rently undergoing clinical trials or have already attained
approval status in some countries, such as caplacizumab,
which provides a high degree of confidence in their robust
safety assessment profiles. For instance, studies have demon-
strated that caplacizumab (Libl scaffold) exhibits favorable
immunogenicity profiles, with only 8.3% (3/36) of patients
testing positive for anti-drug antibody (ADA) responses.” It
is noteworthy that vobarilizumab does show an elevated inci-
dence of ADAs (31%) in Phase 2b studies.”” However, this did
not impact pharmacokinetics, efficacy, or safety. These find-
ings highlight the potential of humanized VHH therapeutics to
maintain low immunogenicity while retaining therapeutic
efficacy.

Over the years, numerous innovative VHH library designs
have been proposed.*®*****-% Qur method focused on using



already humanized well-behaved therapeutic scaffolds, elimi-
nating sequence liabilities during initial construction, and
ensuring protein A binding. This approach is expected to
optimize and speed up the downstream selection process,
resulting in a greater number of lead candidates with favorable
biophysical characteristics and a more straightforward manu-
facturing process. Consequently, the resulting library aims to
balance diversity (CDR3) and functionality (CDR1-2 and scaf-
folds), to enable the development of high-affinity developable
binders for therapeutic applications.

Materials and methods
Recombinant proteins

Protein A (Thermo Scientific, #21184), von Willebrand Factor
(Sino Biological, # 10973-H08C), IL17A/IL17F (Sino Biological,
# CT047-HO8H), ADAMTS5 (R&D systems, # 2198-AD), IFN-
a2 (Genscript, # 203002), IL6R (Sino Biological, # 10398-
HO2H).

Single-CDR library construction and heat shock filtering

The libraries were built and filtered by MACS, as described
before’® but using magnetic beads functionalized with protein
A (Miltenyi Biotec). For the heat shocks, 4 ml of the induced
yeast cells were washed, then resuspended in 500 pl of phos-
phate-buffered saline (PBS). They were incubated for 20
minutes at various temperatures (20°C, 60°C, 61.5°C, 64°C,
67.4°C, 71.8°C, 76°C, 78.6°C, and 80°C) in a thermocycler and
subsequently chilled on ice for 2 minutes. Following this, cells
were purified using protein A beads, and plasmid DNA was
extracted using the Zymo yeast mini-prep II kit. Lastly, the
region encoding the VHHs was amplified and transformed
into EBY100 cells for further rounds.

HCDR3 recovery and targeted degradation

HCDR3 was retrieved from CD19" IgM"* B cells from 10
leukopaks from human donors, as previously described.”
For targeted degradations, the Yblock primers
(Supplementary Table S2), targeting the bolded portion of
the JH6 gene shown in Figure 3a, were annealed to mRNA
prior to cDNA synthesis and treated with RNase H to degrade
mRNA containing these sequences (or parts of them). Reverse
transcription was performed using SuperScript IV First-Strand
Synthesis System (Invitrogen) with IgM RT primer
(Supplementary Table S2), which hybridizes to the CHI1
regions of human IgM, followed by PCR amplification using
the F-L-HCDR3 and JH-Nhel-universal primers
(Supplementary Table S2).”

NGS preparation & analysis of human repertoire
sequences

Sequences were prepared*"’® and processed as described

previously.””> Both MiSeq (single-CDR libraries) and NovaSeq
6000 (HCDR3 diversity) were performed at the genomics core
facility at the University of Illinois.
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NGS analysis of alpaca repertoire sequences

Raw sequences were retrieved from Tu et al.’® and annotated
with our internal pipeline.”®

Vector preparation

The phagemid vector, pDANS5,”® was purified from E. coli
Omnimax 2 cells (Invitrogen, # C854003) by standard alkaline
lysis followed by cesium chloride/ethidium bromide gradient
centrifugation. The product was linearized using BssHII and
Nhel restriction enzymes (NEB, #R0199 and #R3131) and gel
purified.

Phage display sublibrary assembly and transformation

CDR1 and CDR2 from the protein A-filtered sublibraries were
PCR-amplified along with adjacent framework areas and
assembled with HCDR3 retrieved from the B cells.”® The
pieces were assembled in an overlap extension PCR using Q5
polymerase (NEB, #M0493) and inserted into the previously
cut pDAN5 phagemid vector. The ligation mixture was then
used to transform E. coli TG1 cells (Lucigen, catalog #60502-2)
through electroporation. The transformed cells were spread on
2xYT agar plates, which included 3% glucose, 1.5% sucrose,
and 100 mg/ml carbenicillin, and incubated at 30°C overnight.
The following day, the colonies were collected, and the bacter-
ial cells from each sublibrary were preserved separately in
2xYT containing 16% glycerol and stored at —80°C.

Phage-display selection

For the phage selections, we utilized 10 uL of streptavidin-
conjugated  magnetic  beads  (Dynabeads  M-280,
ThermoFisher, Cat # 11205D), coating the beads with an
excess of biotinylated antigen to ensure complete coverage.
The automated Kingfisher magnetic bead system (Thermo
Fisher Scientific) was used to conduct the actual selection
process, with a series of washing steps performed to remove
non-binding phage from the beads. Remaining phage were
recovered from the beads by acid elution and used to infect
F pilus-carrying bacteria (Ominmax-2, Thermo Fisher
Scientific). After propagation of the eluted phage the selection
cycle was repeated.

Yeast display and sorting of VHH

After one or 2 rounds of phage selection, the enriched VHH
antibodies were subcloned into the yeast display vector as
previously described.”’®*° The selected VHH genes were
amplified with specific primers that introduced an overlap
with the yeast display vector pDNL6. The vector and the
fragments were co-transformed into yeast cells to allow clon-
ing by homologous recombination.”’**° The yeast mini-
libraries obtained were further enriched for binders using
flow cytometry according to previously published
protocols.”>’®%" After induction, 2 x 10° yeast cells were
stained with 100, 20, and 5nM of biotinylated antigen. Cells
were labeled with streptavidin-AlexaFluor633 to detect
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binding of biotinylated target antigens and anti-SV5-PE to
assess VHH display levels. Yeast clones showing both antigen
binding (AlexaFluor633 positives) and display (PE positives)
were sorted. The collected cells were grown at 30°C for 2 days
and induced for the next round of sorting at 20°C for 16 h.

Soluble expression as VHH and VHH-Fc

Monomeric VHH and dimeric VHH-Fc (human IgGl Fc
domain, C220S mutation to eliminate unpaired cysteine)
fusions were expressed by Biolntron using their high-
throughput 4 m1/100 ug scale expression system.

Size-exclusion (SEC) HPLC for fraction monomer content
and expression yield measurement

Samples were evaluated for aggregation, degradation and main
peak using the retention time of 20 pL of sample of the
expressed and purified material (undiluted) into a TSKgel
G3000SWxl column (60cm x 7.5mm, CAT# 0008541) at
flow rate of 1 mL/min with 100 mm phosphate buffer (pH
6.8) using the Shimadzu LC-20AT. The fraction main peak
was evaluated for the area under the curve (AUC) at 280 and
214 nm detection at retention time of known monomer peak
and calculated as a fraction of total peak mass from aggregate
and degradant peaks. Expression yield is calculated on the
purified material according to concentration and volume,
with concentration determined by the Nanodrop A280.
Affinity evaluation with the Biacore 8K. A Biacore 8K+
(Cytiva) SPR system equipped with CM5 sensor chips
(Cytiva) was used to estimate the kinetic parameters of the
VHH-Fc captured by an anti-Fc antibody. Briefly, goat Anti-
Human IgG Fc (Southern Biotech #2014-01) was amine-
coupled in CM5 Series S chips under standard conditions at
a flow rate of 10 uL/min. Flow cells 1 and 2 were activated with
a freshly prepared 1:1v/v mixture of aqueous stocks of
75 mg/mL 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) + 11.5mg/mL N-hydroxysuccinimide (NHS) for
7min. The goat anti-human IgG Fc (same as above) was
diluted to 12 ug/mL in 10 mm sodium acetate pH 4.5 and
coupled for 7 min. The unreacted esters were blocked with 1
M ethanolamine-HCI at pH 8.5 for 7 min. The coupling level
was around 2,000 RU (Response Units). For the affinity esti-
mations, runs were performed with HBSP (10 mm HEPES, pH
7.4, 150 mm NaCl, 0.05% Tween-20) as running buffer at
a standard 25°C flow cell temperature. The VHH-Fc antibo-
dies were captured at a flow rate 5 uL/min for 90 seconds over
flow cell 2. Capture level was approximately 100 RU.
Recombinant purified human IFNa was injected at concentra-
tions of 2 and 20 nM over flow cells 1 and 2 for 2 min (flow rate
of 30 uL/min); dissociation time set to 5 min. Two buffer blank
injections were run per interaction. The chip surface was
regenerated with two injections of 10 mm glycine pH 1.5 (10
s) at a flow rate of 30 uL/min. The data was processed and
analyzed with Biacore Insight Evaluation Software Version
(Cytiva Life Sciences). Responses from flow cell 1 (reference)
were subtracted from the responses from flow cell 2 (sample).
Data was fit to a 1:1 Langmuir binding model to determine the
apparent association rate constant (ka) and dissociation rate

constants (kd). Their ratio provided the apparent equilibrium
dissociation constant or affinity constant (KD = kd/ka).
Standup monolayer adsorption chromatography (SMAC) for
Hydrophobicity & Aggregation Potential. The SMAC assay was
performed on an Agilent 1260 Infinity II instrument equipped
with an auto sampler. 0.5 ug (10 uL at 50 pg/mL) of each VHH
sample was injected into a Zenix SEC-300 column (Sepax
Technologies). A flow rate of 0.50 mL/min with the running
buffer containing 1X PBS at pH 7.4 was used. The running time
for each sample was 30 minutes after column pre- equilibration.
The collected data was analyzed using Agilent HPLC - data
analysis software. Retention time for each sample was assigned
based on the major elution peak, which is inversely related to their
colloidal stability that antibodies prone to precipitation or aggre-
gation retain longer on the column with even broader peaks.

Melting temperature & T,g4447; determination with the
UNCLE

Differential scanning fluorescence assay was performed using
Uncle Instrument (Unchained Labs). 6 pL of stock antibody
solution (0.5 mg/mL) was mixed with 4 uL of SYPRO Orange
dye solution (The original dye in dimethylsulfoxide was 80-
fold diluted in the Protein Thermal Shift Buffer, Applied
Biosystems by Therma Fisher Scientific). The final VHH con-
centration was 0.3 mg/mL. 9 uL of the mixture was loaded into
the Unis (Unchained Labs). The Unis was heated from 25°C to
95°C at a ramp rate of 1°C/min. The data were collected by
Uncle Client V6.0 software and analyzed by Uncle Analysis
V6.0 software. The resulting fluorescence data (Integrated in
Counts.nm) and static light scattering data (SLS473 in Counts.
nm) plots against temperature were used to calculate melting
temperature Tm and aggregation temperature Tagg at 473 nm
at 50% transition based on the two- state model.

Polyreactivity Enzyme Linked Imnmunosorbent Assay
(ELISA)

Polyreactivity probes (50 pL) identified in previous studies”*”"

were immobilized overnight in Maxisorp ELISA plates (31050;
ThermoFisher) by incubation at 4°C. Concentration of the
probes for immobilization was: Poly-L-Glutamic acid sodium
salt (26247-79-0; Alamanda polymers) at 20 pg/mL in PBS;
Cardiolipin (50 pg/mL, C0563; Sigma) at 50 ug/mL in Absolute
Ethanol, double-strand DNA (dsDNA) (1 ug/mL, D4522;
Sigma) at 1pg/mL in PBS. IFNa2 (target, Genescript;
703002) was immobilized in PBS (6 ug/mL) on the same time-
temperature conditions as the probes. After adsorption, wells
were washed three times with 300 pL PBS and blocked with 3%
bovine serum albumin (BSA) at room temperature for 1 h
30 min. The testing VHH-Fc (50 uL) were added to the wells
at a concentration of 8 ug/mL (~100 nM) in PBS and incubated
for 2 h. Wells were washed three times with PBS and 50 pL of
anti-human IgG (1:2000 in PBS 0.5% BSA, 109-035-008;
Jackson ImmunoResearch) were added per well. After 1 hour
incubation at room temperature, wells were washed three
times with PBS and 50 pL of 3,3%, 5,5 tetramethylbenzidine
(TMB) substrate (T8665-1 L; Sigma) were added per well and
incubated for 2-5 min until the reaction started saturating for



positive polyreactivity controls (C-10 VHH-Fc, Gantenerumab
IgG, Bococizumab IgG). To stop the reactions, 25 uL of 1M
sulfuric acid (H2SO4) were added per well. Absorbance was
read at 450 nm. For analysis, data was blanked against the anti-
Fc secondary-only values. All previously listed incubation/
washing PBS steps were performed in PBS pH 7.4.

Baculovirus particle (BVP) binding assay

Immobilization of BVP particles (LakePharma; #25690) was
performed by overnight incubation (4°C) at 30 ng/pL (in 50 L
sodium carbonate buffer 50 nM pH 9.6) in Maxisorp ELISA
plates (31050; ThermoFisher). Next day, unbound particles
were removed by six washing steps with 300 uL PBS.”’ PBS
BSA 0.5% (200 pL) was added for blocking and incubated for
1h 30 min. Wells were washed three times with 300 uL PBS
and the testing VHH-Fcs added at 8 ug/mL (~100 nM) and
incubated for 2 h. Wells were washed six times with 300 pL
PBS and 50 pL of anti-Fc (1:2000 in PBS 0.5% BSA, 109-035-
008; Jackson ImmunoResearch) secondary antibody added per
well. After 1h incubation, wells were washed three times with
PBS and 50 pL of TMB added. Reaction was developed for
2-5min and stopped when polyreactivity controls (C-10
VHH-Fc, Gantenerumab IgG, Bococizumab IgG) saturated
by using 25 uL ofIM H2SO4 per well. Absorbance was read
at 450 nM. For analysis, data was blanked against the anti-Fc
secondary-only values. All listed incubation/washing PBS steps
were performed in PBS pH 7.4.

Bioinformatics processing of developability data

We established four separate thresholds to compare the V1 and
V2 populations including 1) use of non-parametric Mann-
Whitney U statistical test (also known as the Wilcoxon rank-
sum test) using the wilcox.test R function, 2) parental (therapeu-
tic) mean +2 standard deviations, 3) Gaussian Mixture Model
based on combined V1 and V2 from the normalmixEM, part of
the mixtools R package and 4) worst 10% threshold based on V1
population rank ordered in direction of worst to most favorable.
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