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e We generate a canine scFv monoclonal antibody library
cloned into M13 phage

e We use long-read DNA sequencing to annotate features of

antibody genes

e We use short-read DNA sequencing to measure CDR3
enrichment after biopanning

e Achimeric IgG is developed to the canine immune checkpoint

receptor PD-1
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In brief

Monoclonal antibodies form compelling
medicines for use in cancer treatment.
Spontaneous canine tumors can share
clinical characteristics with
corresponding human diseases.
Lisowska et al. present development of a
canine antibody library for isolating
immunotolerant antibodies. Data from
this approach may help to accelerate and
diversify therapeutic antibody
development.
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MOTIVATION Spontaneous tumors in canines have been shown to share important genetic, clinical, and
immunologic characteristics with their corresponding human equivalents. Naturally occurring canine can-
cers can therefore form the foundation for disease models that take into account whole organism physiology,
while tumor-immune repertoires in canines provide an expanded natural diversity of antibody sequences and
targets. To help enable tumor-immune studies in canines, we develop a robust methodology to clone and
archive a highly diverse naive canine scFv M13 phage display library. This library can be used for isolating
canine immunotolerant monoclonal antibodies that could be tested in preclinical canine diseases and accel-
erate strategies for improving human health management.

SUMMARY

The development of canine immunotolerant monoclonal antibodies can accelerate the invention of new med-
icines for both canine and human diseases. We develop a methodology to clone the naive, somatically
mutated variable domain repertoire from canine B cell MRNA using 5’RACE PCR. A set of degenerate primers
were then designed and used to clone variable domain genes into archival “holding” plasmid libraries. These
archived variable domain genes were then combinatorially ligated to produce a scFv M13 phage library. Next-
generation long-read and short-read DNA sequencing methodologies were developed to annotate features
of the cloned library including CDR diversity and IGHV/IGKV/IGLV subfamily distribution. A synthetic immu-
noglobulin G was developed from this scFv library to the canine immune checkpoint receptor PD-1. This
synthetic platform can be used to clone and annotate archived antibody variable domain genes for use in
perpetuity in order to develop improved preclinical models for the treatment of complex human diseases.

INTRODUCTION and the robustness of the host immune system.’ Developing

more physiologically relevant models to integrate human and
Disease in mammals, including viral infections and cancer, is veterinary medical sciences is emerging as “One World
regulated by the genetic background, environmental agents, Health.”>* This program involves several fields of biological
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sciences that focus on domestic livestock, wildlife, companion
animals, and humans. The knowledge gained would aim to
improve the health of living organisms with diseases, such as
cancer or infections caused by viruses and parasites that use
wildlife as vectors.*

Several animal species can serve as models to reflect a feature
of a normal or diseased state in humans, including; yeast
(Saccharomyces cerevisiae), nematodes (Caenorhabditis ele-
gans), fruit fly (Drosophila melanogaster), zebrafish (Danio rerio),
and mouse (Mus musculus). The main advantage of the murine
model for disease is the ability to create transgenes with an intact
mammalian immune system.*°® However, a deficiency of the mu-
rine model relates to husbandry in relatively pathogen-free envi-
ronments and that models are often genetically driven rather
than spontaneously arising. Immunodeficient xenograft models
do not always predict clinical responses relevant for sponta-
neous diseases.

Millions of domestic dogs develop age-dependent sponta-
neous cancers with overlapping pathological and immunological
features to human cancers.”® The study of canine veterinary pa-
tients therefore has the potential to not only improve the health of
companion animals, but to support novel therapeutic strategies
for the treatment of human cancers.® For example, spontaneous
canine glioma has molecular features similar to human pediatric,
but not adult, glioma.9 The anatomical similarities between the
canine and human brain form a natural cross-species model
for testing agents to be delivered in vivo into spontaneous
mammalian brain tumors.'® A study of hemangiosarcoma in ca-
nines might form another powerful model to improve outcomes
in the rare human equivalent, angiosarcoma.'' Other canine can-
cers that overlap with the human equivalent include osteosar-
coma, urothelial carcinoma, breast, lung, lymphoma, and mela-
noma.? The study of such shared, spontaneously developing
cancers can drive novel therapeutic approaches for improving
both canine and human disease outcomes.

Immunotherapeutics are emerging as the preferred treatment
choice for several human cancers,’®'® and these platforms
could be applied to spontaneous cancers in canine patients.
However, immunotolerant “dogized” antibodies would be bene-
ficial for modeling antibody responses in canine. Apart from the
interchangeable use of mouse and human immunoglobulin (Ig)G
scaffolds for using in creating chimeric or fully humanized thera-
peutic monoclonal antibodies, other animals, including sharks,
camelids, and bovines, have provided unique structural varia-
tions on the mammalian CDR or IG fold."*~'® Thus, the cloning
of the IG genes of several species has provided opportunities
for exploiting antibody diversity in nature.'”~'® Cloning the IG
repertoire from dogs has the unique benefit of creating “non-
immunogenic” species-specific antibodies that are less likely
to induce immune toxicity in dogs. Developing monoclonal anti-
bodies for use in veterinary animals is only in its infancy and pro-
duction of antibodies that are tolerated by the canine immune
system is a key step toward canine immunotherapeutics. The
first set of “dogized” antibodies came from re-engineering ro-
dent hybridoma-derived IgG.?°"?° The next generation of canine
antibodies are “dogized” at inception (i.e., fully canine, not “do-
gized”) and have emerged from phage display libraries.?”**® The
pharmaceutical industry has also invented synthetic canine anti-

2 Cell Reports Methods 5, 101008, March 24, 2025

Cell Reports Methods

body phage display libraries as well as engineered mice ex-
pressing canine immunoglobulin sequences.

Naive antibody libraries have been reported to be a robust
source of biologics that mirror immunized libraries.?® We report
here on a detailed methodology to develop a naive canine
scFv phage library that introduces three notable advances over
contemporary synthetic libraries: (1) The incorporation of 5
RACE-PCR in the methodology allows for the precise capture
of the expressed variable domain repertoire. 5’RACE PCR has
been reported to capture the entire repertoire of variable domain
sequences from expressed TCR genes.*’*" (2) The use of heavy
and light chain gene “holding plasmid libraries” immortalizes the
naive, expressed antibody repertoire for use in perpetuity. (3)
Leveraging next-generation long-read and short-read DNA
sequencing represents a significant advancement in quantifying
cloned diversity of the naive mRNA repertoire, assessing cloning
library efficiency, defining IG subfamily representation, and
measuring CDR3 amplification during biopanning. These ad-
vances allow the implementation of a toolbox that can exploit
the untapped potential of veterinary medicine to create sponta-
neous disease-specific antibody libraries® that is not possible
with the current mouse, rat, camelid, shark, and other animals
used to create antibody libraries.

RESULTS

Development of primers for the amplification of canine
heavy and light chain variable domain genes using
5'RACE PCR

The first-generation canine scFv library®” utilized primers de-
signed from known genomic DNA sequences to amplify the
heavy and light chains, and then these products were PCR
amplified into scFvs. We took an alternative approach to clone
separately the heavy and light chain genes, using primers de-
signed from 5'RACE RNA-derived sequences, into holding vec-
tors prior to cloning into scFv libraries. Both methods have their
advantages and disadvantages; the first method®” has the
advantage of being rapid, while the main disadvantage is that af-
finity matured sequences with mutations near the 5 end or in
FR4 (J-region) of the mRNA will not necessarily be fully captured.
By contrast, while the construction of holding libraries is more
time-consuming, the advantage is that this immortalizes the
naive antibody repertoire into vectors that can be accessed in
perpetuity. The use of holding libraries also allows for future
chain-shuffling to increase diversity, construction of alternate
conformers (such as FAB libraries), developing novel fusion pro-
teins (such as chromobodies that would allow for fluorescent
antibody imaging),*® and directed evolution to increase diversity,
which is an advantage of any in vitro display system where buffer
conditions and bait conformation can be controlled.®*

To obtain heavy and light chain variable genes for cloning into
holding libraries (Figures 1A and 1B), mRNAs representing the
naive somatically mutated repertoire of the canine immune sys-
tem were amplified using 5’RACE PCR. The 5’RACE PCR used
pooled RNA from different spleen tissues (Figure 1C). 5RACE
PCR yielded the dominant 5’ sequences (i.e., FR1) of the naive
mRNA repertoire of the variable domain genes. Using the
cDNA template from total RNA (Figure 1C), 5’RACE PCR yielded
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(legend on next page)
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PCR products (Figure 1D) with primers derived from the canine
genomic constant region (H, A, and k genes; Figures 1A and
1B). Following amplification of these variable regions, the PCR
products were cloned into pGEM-T, and then ~60 plasmids
were sequenced to facilitate primer design from each gene fam-
ily (CH, CA, and Ck). Representative 5’ and 3' DNA sequences
are listed in Figures S1 and S2. Based on these sequences, a
set of degenerate primers were designed for amplification of
the variable domain repertoire (Figures 1E-1H). The oligonucleo-
tides have restriction sites embedded in the 5’ and 3’ primers for
directional cloning of amplicons into holding plasmids. In total,
we could generate up to 12 different PCR product pools for the
heavy chain, 7 PCR product pools for the kappa chain, and 12
PCR product pools for the lambda chain. Once the heavy and
light chain repertoires were cloned into holding vectors, a final
cloning strategy produced a combinatorial fusion protein library
composed of Hv-Lv-glll (Figure 2). This allowed for display of the
scFv canine antibody molecules on the surface of the M13
bacteriophage.

Cloning of the canine framework and variable domains
into separate heavy chain and light antibody holding
libraries

To clone the heavy chain genes, a PCR temperature gradient
was optimized for each VH primer set (Figure S3A). The CadH-
FOR forward primers (1-4;Figure 1Ei) were mixed equally with
each individual reverse primer (CaVH-BACK; numbers 1-12 (Fig-
ure 1Eii) in 36 x 50 pL aliquots for each primer pair to produce
heavy chain products in 12 different pools (Figure S3B). These
amplicons (~400 base pairs [bp]) were purified (Figure S3C),
restricted with Ncol and Ascl, and gel purified (Figure S3D) for
ligation into Ncol and Ascl restricted plHV-1 (Figure S3E). A
representative compilation of one heavy chain is shown in Fig-
ure S3F. The estimated size of each of the 12 heavy chain holding
libraries by phage titering is summarized in Figure S3G, which
gives rise to over 10° total phage particles for all heavy chain
holding libraries. The position of the C-terminal restriction sites

Cell Reports Methods

(Notl, Ascl), as well as the EGKSSGA partial linker sequence
that will fuse with the light chain amplicons to create a longer
linker upon scFv construction is highlighted (Figure S3H). This
heavy chain holding library was also engineered with a stop
codon prior to the glll protein (Figure S3I) to reduce any toxicity
from “leaky” synthesis of the heavy chain-glll fusion protein in
bacteria. The annotated DNA sequence around the Ascl cloning
site (Figure S3l) shows how one heavy chain sequence can be
traced back (Figure S3J) to a primer designed to capture FR4
(from Figure 1Ei). The relative diversity of all 12 holding libraries
was evaluated by Sanger sequencing (Tables STA-S1L). The
relative diversity of FR1 regions were also compared with FR1
sequences derived using primers designed from genomically
derived DNA sequences?’ (Figure S4). After this small-scale vali-
dation of the 12 heavy chain holding libraries by sequencing in-
dividual plasmids (Table S1A-S1L), one arbitrary heavy chain
holding library (VH-11) was subjected to next-generation long-
read DNA sequencing to define the key features, including (1)
percentage insert cloned after electroporation of the ligation
mixture, (2) percentage of plasmids with the N-terminal PelB
leader sequence, and (3) the C-terminal MYC tag present in-
frame (Table 1). This long-read DNA sequencing methodology
provides a proof-of-concept for future users to define molecular
features of cloning outputs.

For the VH-11 holding library, the total DNA sequencing read
was 2,087,704 (Table 1). The number of reads containing both
the N-terminal PelB leader sequence and the C-terminal MYC
tag ranged from 479,006 to 485,770 (Table 1). Thus, we esti-
mated that the VH-11 holding library had a ligation efficiency of
~25% in terms of plasmids with a “complete” heavy chain.
Because the long-read DNA sequencing was derived from
plasmid preparations that were themselves derived from the
ligated and electroporated cells; this might have underestimated
the cloning efficiency of this heavy chain holding library because
“empty” plasmids might have a growth advantage when the ma-
terial was scaled up for plasmid isolation. As the long-read DNA
sequencing was derived from only 1 of 12 heavy chain holding

Figure 1. Strategy for cloning the naive repertoire of canine heavy and light chain variable genes into a phage display library

(A) Structure of canine heavy chains and the location of the primers for the 1st round cDNA production and for the second round 5’'RACE PCR ampilification. () The
heavy chain locus (chromosome 8) is depicted along with VH (FR1, CDR1, FR2, CDR2, FR3), DH(CDRS3), JH(FR4), and Fc regions. cDNA production uses a primer
hybridizing to the CH1/CH2 domain producing a product of ~720 bp. (i) The 5’RACE PCR uses 5 SMART oligonucleotide primers with a GGG tail and the
antisense primer hybridizing to the CH1 domain producing a product of ~560 bp. The 5’RACE amplicons were cloned into pGEM-T with subsequent DNA
sequencing (Figures S2) to allow for the design of degenerate primers.

(B) The kappa chain (chromosome 17) and the lambda chain (chromosome 26) are depicted along with their respective exonic domains. The principle is the same,
including first round cDNA production and second round 5’RACE PCR ampilification using primers that result in final PCR products of ~480 bp for the kappa chain
and ~490 bp for the lambda chain.

(C) Purification of total RNA from pooled anonymized canine spleen tissue.

(D) Reverse primers from the canine constant heavy, lambda light, or kappa light chain (CH, Ci, and Ck) genomic sequences were used to amplify the cDNA using
5'RACE PCR.

(E-H). Degenerate primer sets used to clone antibody fragments from canine splenic cDNA.

(E) Heavy chain. (i) FR4 primers. Based on the 5’RACE-derived sequences (Figures S2A and S2B), the CaJy-forward primer captures FR4. The primers have an
Ascl site (blue) adjacent to a “Linker 1” region that would form half of the linker fusing the heavy and light chains in a scFv fusion protein, which is in turn adjacent to
the 23 bp FR4-specific sequences derived from 5’'RACE sequencing. (i) FR1 primers. Based on the 5’ RACE-derived sequences (Figures S2A and S2B), the CaVy,-
BACK primer captures FR1. The primer has a Sfil and Ncol site adjacent to 22-bp FR1 specific sequences.

(F and G) Lambda and kappa light chains. (i) FR4 primers. Based on the 5’ RACE sequences from the kappa or lambda chain data (Figure S1 and Figures S2C and
S2D), the CaJr-forward or Cadk-forward primers capture FR4. The primer has a Notl site and the adjacent sequence highlights the 24-bp framework FR4-specific
sequences. (i) FR1 primers. Based on the 5’RACE sequences from the kappa and light chain sequences, the CaJA-BACK or CaJk-BACK primer captures FR1.
The primer has a Mlul site adjacent to the 25- to 26-bp FR1-specific sequences.

(H). The sequences highlight the degeneracy code within the primers.

4 Cell Reports Methods 5, 101008, March 24, 2025
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libraries, we do not know the ligation efficiency of all 12 heavy
chain holding libraries with full-length in-frame sequences. The
consensus sites of CDR1, CDR2, CDR3, FR1, FR2, and FR3
from the long-read DNA sequencing were defined (Figure S3K).
A recent study using 5’RACE PCR to evaluate the BCR diversity
in canine patient samples®® gave rise to consensus sequences
similar to our heavy chain holding libraries (Figure S3K).

The same cloning strategy used for the heavy chain library
archive was used for light and kappa chain variable domain clon-
ing (Figure S5); (1) a temperature gradient was used to optimize
the PCR (data not shown); (2) a scale up of the PCR ampilification
was performed to acquire as much material as possible (1.8 mL
pot for each VA or Vk primer pair); and (3) Mlul and Notl restriction
and repurification of the amplicons to estimate the yield (Fig-
ure S5A). For the lambda chain primers, 11 out of 12 primer
sets generated a PCR amplicon and for the kappa chain, 6 of 7
PCR primer sets generated an amplicon (Figure S5A). The gel
purified, Notl and Mlul restricted light chain amplicons were indi-
vidually ligated into one fixed VH-12 heavy chain containing vec-
tor restricted with Notl and Ascl (Figures S5B and S5C), creating
17 light chain holding plasmid libraries. Plasmids from the liga-
tion were restricted to estimate cloning success based on the re-
covery of the ~800-bp fragment containing a fusion of a fixed
heavy chain and variable light chains (Figure S5B). The estimated
size of each of the lambda and kappa light chain holding libraries
by phage titering is summarized in Figures S5D and S5E, respec-
tively, which gave rise to over 10° total phage particles for both
pooled light chain holding libraries. A compilation (Figure S5F)
of a heavy chain fusion to light chain library is shown, including
(1) FR4 sequences from the heavy chain; (2) the full in-frame
linker (linker | and linker Il) between the heavy chain and light
chain (EGKSSGA-SGESKVDD); and (3) fusion of the linker to
the FR1 of the light chain. The ligation of the Notl and Miul
restricted light chain amplicons into the VH-12 heavy chain
containing vector restricted with Notl and Ascl results in loss of
both Ascl and Mlul sites upstream of the Notl site in the C termi-
nus of the fusion protein (Figure S5G). Consensus sites from
long-read DNA sequencing of the light chains is summarized in
Figures S5H and S5I.

Preparation of scFv-phage libraries

To generate an scFv-phage library we combined equally the
DNA from each of the 12 Ascl and Notl restricted heavy chain
holding plasmid libraries (Figure 2A) and then ligated in a mixture
of kappa light chain and lambda light chain amplified PCR prod-
ucts from the light chain holding libraries, which were restricted
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with Mlul and Notl (Figure 2A). Cloning of the heavy chain and
light chains together generates the 15 amino acid linker fusing
the heavy and light chains with Ascl/Mlul restriction site loss (Fig-
ure 2B). This one-pot ligation had each of the 12 heavy chain
holding libraries mixed with all 17 light chain amplicons to create
12 ligation reactions that were then all pooled into one electropo-
ration reaction. It is highly likely that the cloning efficiency of the
scFv library would have been improved if we individually opti-
mized the ligation of all 12 heavy chain holding libraries to each
light chain amplicon, creating 204 separate ligations and electro-
porations yielding 204 separate phage libraries. However, for
general ease of use and transferability, we focused on a
representative example of the one-pot shotgun ligation and
electroporation. Several aliquots of the pooled shotgun
ligations were electroporated into TG1 cells and frozen pellets
stored at —80°C; one of these electroporated pellets was pro-
cessed for long-read DNA sequencing (Table 1) and another
two electroporated pellets were used for functional characteriza-
tions (below).

Next-generation long-read DNA sequencing was performed
on one aliquot of the scFv library. For the scFv library, the total
sequencing read number was 1,677,094 (Table 1). The number
of reads containing both the N-terminal PelB leader sequence
and the C-terminal MYC tag ranged from 61,078 to 62,072 (Ta-
ble 1). Thus, we estimate that this scFv library aliquot had a liga-
tion efficiency of 3.6% in terms of plasmids with a “complete”
scFv in-frame chain. A consensus site was acquired for the
heavy chain and the lambda light chain domains (Figure 2C).
As the kappa chain composed less than 5% of this scFv library
(Table 2), we did not develop a consensus site for kappa chains.
The long-read DNA sequencing data were used to examine
domain features of the scFv molecules (Table 2). The length
range of CDR and FR domains from the lambda, kappa,
and heavy chains were evaluated (Table 2). The number of
sequencing reads in the variable domains as a function of the
length in amino acids were tabulated (Table 2). The data demon-
strated that the kappa light chains were under-represented by
~10-fold compared with the lambda light chains, similar to
natural distributions ~90% to ~10%.%° The representation of
the different IGH, IGK, and IGL subfamilies is summarized in
Figures 3A-3C. Comparing these data to the 5’RACE-PCR
derived IG family representation,®® there is a general concor-
dance between the two datasets, suggesting that the primer
sets used for cloning variable domain genes (Figures 1E-1H)
do not introduce a significant bias into the IG family alleles
cloned.

Figure 2. Strategy for assembling the full scFv library from holding libraries

(A) The heavy chain holding library pPGEMP17 (as in Figure S3) was restricted with Ascl and Notl. Each light chain holding library from pGEMP18 (Figure S5) was
used to PCR amplify the 11 lambda and six kappa light chain genes using the Miul/Notl primer sets, then restricted with Miul and Notl, followed by gel purification
and then ligated into the Ascl and Notl site of the heavy chain libraries. Every individual heavy chain holding library (1-12, pPGEMP17) restricted with Ascl and Notl
was ligated to the total pool of each lambda and kappa light chain holding library Mlul and Notl restricted amplicons creating 12 total “one-pot” scFv library
ligations.

(B) The flow diagram depicts the detailed DNA sequence structure of the (i) pPGEMP17 heavy chain holding vector; (ii) the Ascl-Notl restricted pPGEMP17 libraries;
(iii) the Mlul-Notl light chain amplicons; and (iv) after ligation, the structure of the linker fusion in-between the heavy chain and light chain scFV sequences
(PGEMP19).

(C) The consensus sites from heavy chain and lambda light chain domains were extracted from long-read DNA sequencing reactions from one scFv library, as
summarized from Table 2. Table S2 contains the number of reads in common between the heavy and lambda chain primer sequences used (Figures 1E and 1G)
and the scFv sequences.
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Figure 3. IG family distribution in the cloned scFV or holding chain libraries

(A and B) IGHV subfamily distribution using long-read DNA sequencing from (A) the VH-11 holding library or the (B) scFV library. Fifty-three different IGHV

subfamilies were identified in the VH-11 holding library from ~480,000 DNA sequencing reads. Fifty-two different IGHV subfamilies were identified in the scFv
library out of ~60,000 DNA sequencing reads. IGHV repertoire coverage using 5'-RACE PCR®* identified 52 IGHV subfamilies. The red arrows highlight the top 6

(legend continued on next page)
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The use of next-generation short-read DNA sequencing
to quantify CDR3 domain enrichment during biopanning
To screen the scFv library for antibodies, we used EGFP and
mCHERRY as model proteins to determine the ability of the
scFv library to discriminate between proteins of different se-
quences but related overall structure. After six rounds of bio-
panning, all pools were evaluated using next-generation
short-read DNA sequencing of CDR3s (Figure 4) and ELISA
(Figure S6). scFv-phage activity was observed using ELISA
for EGFP or mCHERRY starting in round 4 (Figure S6A). The
round 5 and round 6 pools were infected into bacterial cells
to acquire individual colonies and monoclonals were identified
that were EGFP or mCHERRY specific (data not shown). One
representative scFv specific for mCHERRY (clone 5G) and
one specific for EGFP (clone 3B) were purified from bacteria
and shown to be specific for mMCHERRY or EGFP, using a
dot-blot (Figure S6B). The 5G anti-CHERRY scFv could detect
the mCHERRY protein in an immunoblot (Figure S6C). The
sequence of the mCHERRY scFv is shown in Figure S6D and
the comparison of the 5G anti-CHERRY scFv with the 3B
anti-EGFP is in Figure S6E.

To estimate the diversity of the scFv library and the enrich-
ment of specific antibodies throughout the screening proced-
ure, a methodology was developed that subjected the parental
library and biopanned phage pools to next-generation short-
read DNA sequencing (Figure 4A). The bar-coded primers are
listed in Table S3. The reverse primers hybridized to conserved
elements in FR4 of the heavy and light chains and were bar-
coded with base triplets to select out tagged DNA sequences.
Amplicons from all six rounds (Figures 4C and 4D) were gel pu-
rified, pooled (Figure 4E), and subjected to lllumina platforms
that generate 100-bp DNA sequencing reads that are bar-
coded. The two next-generation sequencing reactions (heavy
or light chain pools) contained pooled PCR products with the
CDR3s of (1) the naive parental scFv library (using bar codes
of AAA); (2) heavy or light chains from the EGFP screen rounds
1-6 (bar codes of AAT, AAC, AAG, TAT, CAT, and GAT); and (3)
heavy and light chains from the mCHERRY screen rounds 1-6
(bar codes of ACT, AGT, ATT, TTT, TTA, and TTC). A total of
4,925,748 FR3-CDR3 sequences were obtained with
3,041,316 sequences acquired from the heavy chain amplicons
and 1,884,432 sequences selected derived from the light chain
amplicons.

In Figure 4F, the total amplicons from each bar-coded heavy
chain pool were plotted alongside the unique FR3-CDR3s
(e.g., FR3-CDR3 sequences occurring just once). The naive
parental library (bar code AAA; Figure 4F) yielded 256,513
FR3-CDR3 heavy chain DNA sequences, and of these, 85,649
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DNA sequences were unique (Figure 4F). Based on this, we
extrapolated and estimated that a library of 1 x 10° heavy chain
sequences would have 3.3 x 108 unique FR3-CDR3s. Similarly,
in Figure 4F, the total amplicons from each bar-coded light chain
pool were plotted alongside the unique FR3-CDRS3s. In this case,
the naive parental library yielded 140,335 DNA sequences of
which 48,038 were unique (Figure 4F) with the unique FR3-
CDRS frequency being ~30%. Further combinatorial diversity
of above ~3 x 10® unique FR3-CDR3s would be acquired
through combinatorial mixing of the heavy and light chain se-
quences into a scFv fusion protein.

As one example of how the next-generation short DNA
sequencing data can be analyzed, the top 50,000 sequences
from the parental library, EGFP round 1-6, and mCHERRY
rounds 1-6 were tabulated (data not shown). The top seven
heavy chain amplicons from the mCHERRY and the EGFP
screens are segregated based on those with the highest
numbers in the mMCHERRY screen round 6 (Figure 4G). The
most enriched sequence in round 6 of the mMCHERRY screen
(clone 1I; CDR3 sequence ARIDWLYGTLEY) was identified
9,181 times in the DNA reads from the parental library and was
identified 191,532 times in round 6, with enrichment generally
seen by round 4 (137,415 sequences). This FR3-CDR3 sequence
(AEDTAVYYC-ARIDWLYGTLEY) was identical to the mCHERRY
specific heavy chain characterized in Figure S6D. A similar anno-
tation of the light chain FR3-CDR3s from the mMCHERRY screen
is summarized in Figure 4H. In summary, next-generation short-
read DNA sequencing provided a methodology to measure (1)
extent of CDRS3 diversity in any given library and (2) CDR3 anti-
body sequences enriched during biopanning.

Miniaturization of screening the scFv library against
cancer associated targets

We next applied the scFv library to more physiologically rele-
vant proteins, the pro-oncogenic receptor EGFR® (Figure S7)
and the immune checkpoint receptor, canine PD-1 (Figure 5),
to determine whether an scFv can be acquired to clinically
relevant targets. In addition, we vastly reduced the amount
of parental scFv-phage library used by developing miniatur-
ized screens. In terms of volume of parental phage library
used, the traditional methods might dilute ~2 mL of high-titer
parental phage antibody library in a 4-mL final volume using
immunotubes (Figure S6), while 20 pL of parental phage li-
brary was used in the miniaturization screens. The miniatur-
ized method used ~5-10 x 10'° input phage units (in 20 pL)
of the parental library (~5-10 x 10'2 per mL phage titer).
The first miniaturization protocol used synthetic peptides as
antigens derived from the canine EGFR and demonstrated

IGHV subfamilies identified using 5'-RACE PCR.*® The concordance between these two datasets suggests that our cloning primers do not introduce a significant

bias into the cloning of the most dominant canine IGH gene subfamilies.

(C and D) IGLV and IGKV subfamily coverage using long-read DNA sequencing reads from pooled light chain libraries or the scFV library. IGLV1-55, IGLV1-58,
IGLV1-138, IGLV1-136, and IGLV1-141 are the most dominant lambda chain alleles detected using 5’RACE PCR.% These same five subfamilies dominate in the
scFv library DNA reads (red arrows). Thus, there is a general overlap in the lambda chain representation, with IGLV1 subfamily dominating, using either the
5-RACE PCR data or the cloned genes used with our primer sets (Figures 1E-1H). We observed high representation of IGLV1-48 and IGLV4-10 (green arrows).
Altogether, ~70 IGLV subfamilies were detected using 5’RACE PCR,* while 58 IGLV subfamilies were detected in the scFv library from ~60,000 reads.
Dominance of IGKV2-16 > IGKV2-5 > IGKV2-11 > IGKV2-4 is observed using 5’ RACE PCR* and these same subfamilies form the top dominant genes in the light
chain library but in the order of IGKV2-11 > IGKV2-16 > IGKV2-5 > IGKV2-4 (red arrows). Altogether, 13 IGKV subfamilies were detected using 5’RACE PCR.*> We
observe 14 IGKV subfamilies in the light chain holding library from ~116,000 reads. The data are plotted as the number of reads as a function of allele.
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that the scFv library is able to yield antibodies with reasonable
CDRB3 diversity (Figure S7G).

A different miniaturization approach was used to acquire
monoclonal antibodies to canine PD-1 (Figure 5). In this protocol,
the antigen levels remained low for each round of screening
(200 ng), and high pH was used for elution of scFv-phage bound
to the antigen, but we changed the solid phase from the immu-
noplate well to an antigen capture on-beads. Using his-tagged
PD-1 or Fc-tagged canine PD-1, we alternately incubated these
two proteins (bound to nickel beads or Protein G beads, respec-
tively) with the scFv library through four rounds to minimize the
enrichment of scFv toward the tags. The scFv-bound material
was eluted from the beads with triethylamine. As the scFv was
selected on a bead, there was no guarantee that scFv-phage
thus acquired would bind to antigenic material adsorbed onto
immunoplate wells. Nevertheless, eight bioactive monoclonals
were analyzed by ELISA and shown to be PD-1 specific (Fig-
ure 5A). The scFv-phage that bound canine PD-1 did not bind
human PD-1 (data not shown). The active phages had the
same sequence (data not shown). It is possible that different
scFv sequences would be acquired if we deconvoluted round
three. The sequence of one of the scFvs, scFv-29, is shown in
Figures 5B and is compared with other anti-canine PD-1 scFvs®
(Figure 5C). We next tested whether scFv-29 could be converted
into an active IgG.

A limitation of using scFv or FAB libraries selected in bacterial
systems is that recombinant biologics might not be active when
assembled into IgG due to problems such as antibody aggrega-
tion in mammalian cells®® and/or post-translational modification
of CDR domains that would inactivate the antibody. For this
reason, yeast and mammalian antibody display have been devel-
oped to overcome the limitations of IgG production using bacte-
rially selected biologics.*® For example, a report®® has shown
that one scFv, from bacterial phage antibody libraries, targeting
canine PD-1, required new mutations in FR domains to gain
expression and activity of the IgG from mammalian cells. As
such, it was important to ask whether the scFv we acquired
could in fact be converted into an IgG after expression in
mammalian cells (using ExpiCHO).

We fused the variable domains from PD1-29 scFv to mouse
constant domain (IgG2a) so that we could characterize the
chimeric IgG using robust anti-mouse secondary antibody re-
agents. In addition, the antibody expression plasmid was
created into one cistron in which the heavy and light chain genes
were linked using the viral “self-cleavage” amino acid 2A pep-

Cell Reports Methods

tide®"*® (Figure 5D). This results in production of heavy and light
chain proteins that can assemble and be secreted into the
supernatant of ExpiCHO cells (Figure 5E). This IgG was bioactive
in an ELISA against canine PD-1 protein (Figure 5F). We finally
asked whether the PD1-29 IgG binds canine PD-1 protein via a
linear epitope. An overlapping array of biotinylated canine
PD-1 peptides were synthesized using an N-terminal biotin tag
(Figure S8A) that allowed the capture of the peptides on strepta-
vidin-coated immunoplate wells. One peptide bound the PD1-29
IgG (peptide 18), which shows divergence with the human
sequence at R > S and Q > P (Figure S8D). This presumably
explains why the PD1-29 scFv does not bind human PD-1
(data not shown). Mapping of the epitope on the structure of
PD-1 localized its positioning on the surface of the protein,
with divergent amino acids flanking the beta-sheet (Figure S8C).
Consensus site analysis of the PD1-29 IgG epitope using
peptide-phage display identified the sequence Kx(s/T/A/V)AF
(Figure S8D and S8E), which is present in peptide 18 (KLAAF)
and is shown docked in Figure 5G.

DISCUSSION

The purpose of constructing a massively diverse naive scFv
library from canine species was first to provide contemporary
details for the veterinary and medical community to generate
their own resource from which dog-tolerated antibodies to
almost any canine antigen can be acquired to facilitate
research in veterinary (companion animal) medicine. This could
facilitate development of spontaneous cancer models in canine
animals that form immunotolerant models for some human can-
cers.® The details provided in this methodological study define
a blueprint as a community resource: (1) we define the degen-
erate primers that can used to capture the canine B cell mRNA
repertoire based on 5’RACE PCR; (2) we detail protocols on
how to directionally clone and archive amplified variable heavy
and light chain genes into holding libraries for use in perpetuity;
and (3) we detail next-generation long-read and short-read
DNA sequencing protocols that can be used to measure
cloning efficiency, define IG family distribution, identify ineffi-
ciencies in amplicon ligation or cloning steps, and identify
CDRS3 diversity and the enriched CDR3 domain sequences
upon biopanning.

A recent report using 5’RACE PCR to amplify the B cell mRNA
repertoire, and annotation of the IG family distribution using
next-generation DNA sequencing, has defined the baseline

Figure 4. Next-generation short-read DNA sequencing of antibody library pools to measure enrichment of CDR3 sequences

(A) General strategy to implement next-generation DNA sequencing of the FR3-CDR3 region in a scFv gene. The forward primers hybridize to the pelB sequence
or the linker region and the bar-coded reverse primers hybridize to FR4 (Table S3).

(B) Schematic: The forward primers for the heavy and light chains are in blue and the forward adapter is in orange. The four reverse “bar-coded” primers for the
light and heavy chains are listed (in red) with the adaptor (in green) flanked to the bar code (in purple). The heavy chain forward primer targets the PelB leader and
the light chain forward primer targets the linker.

(C-E) The PCR reaction generated a ~479-bp PCR fragment with heavy chain primers and a ~399-bp fragment using the light chain primers. The pooled
amplicons (E) were subjected to paired-end next-generation short-read DNA sequencing (Otogenetics, USA) that created 100 bp reads.

(F-H) The data are plotted as the number of FR3-CDR3 unique and total reads from next-generation short-read DNA sequencing for each individual bar-coded
amplicons. The top seven most abundant (G) heavy and (H) light chain sequences that were isolated in round 6 were sorted. The bar code is also listed as a
function of the round of screening or pool (naive parental library, AAA; R1 EGFP, AAT; etc). The Clone | FR3-CDR3 sequence in the (G) heavy and (H) light chain
screen is identical to the mMCHERRY clone selected in Figure S6D. There is an increase in this enriched clone by round 3 (bracketed by the gray box), relative to the
parental library and the remaining pools.
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A Focused ELISA on selected positive clones
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diversity in variable domain sequences in various canine
breeds.®® When we compare the heavy chain variable domain
subfamilies derived from 5’RACE PCR®® with our long-read
DNA sequencing data from cloned |G genes, there is a general
overlap (Figure 3). Interestingly, Cullen et al.®® report that there
was a bimodal distribution between two IGHV alleles, with
IGHV3-38 being negatively correlated with IGHV4-1. The
“lower” representation of the IGHV4-1 allele in our scFv library
(Figure 3B), relative to the high coverage of the IGHV3-38 allele
(Figure 3B), suggests that IGHV4-1 under-representation in our
cloned library might be a function of this physiological bimodal
exclusion. A similar analysis of the cloned IGKV and IGLV light
chain subfamily distribution, in relation to the distribution identi-
fied using 5’RACE PCR,* is reviewed in Figures 3C and 3D.
There is a general concordance between the 5RACE PCR
derived data®® and our cloned alleles, with IGKV2 being domi-
nant for kappa chains and IGLV1 being dominant for lambda
chains.

A question can be raised about how the diversity we define in
the library using next-generation short-read and long-read DNA
sequencing technologies translates into acquisition of different,
unique scFv sequences to other antigens. In addition to the tar-
gets in this report (EGFP, mCHERRY, canine EGFR peptides,
and canine PD1), we have also provided aliquots of the scFv li-
brary to additional users for testing, and the output scFv
sequence data from those screens are available online in the
form of theses, including the ubiquitin ligase CHIP*' and the on-
coprotein AGR2.%? Using either of these two target antigens,
active phage pools emerged by round 2 using the high pH trie-
thylamine elution. The scFv derived from these two screens
have now been converted into IgG scaffolds and they remain
active; there were eight unique scFv antibody sequences iso-
lated toward CHIP*" and five unique antibody sequences target-
ing AGR2%? (manuscripts in preparation). Thus, in our experi-
ence, the number of unique antibody sequences depends on
the target antigen, the number of monoclonals sequenced
from pools, the pools from which the antibodies are derived,
washing time frames,** and the method of solid-phase
screening. In addition, we also have isolated scFv toward other
cancer-relevant proteins including TIM3, EGFR protein, SARS-
COV-2 antigens, GPA33, UPF1, EPCAM, IFITM1, canine CD20
(data not shown; manuscripts in preparation), and other proprie-

Cell Reports Methods

tary targets under current investigation. Because the primers
(Figures 1E-1H) also capture the dominant IG alleles (Figure 3)
as that defined by 5’'RACE PCR,* we think that future users
would likely be able to capture representative IG genes to create
bespoke scFv libraries.

Another compelling rationale for developing naive canine
antibody libraries tools is that canine is perhaps the only spe-
cies (apart from humans) where millions of cancer patients
can be treated through veterinary medicine. Why might this
be useful? A recent report has highlighted the existence of hu-
man cancer auto-antibodies toward an antigen within an
ovarian cancer subtype.’* This is pointing to the possibility
that canine cancer patients might have their own auto-cancer
antigen repertoires to add to their individual or breed-specific
B cell transcriptomes. By cloning and pooling different “naive”
variable domain repertoires from dogs with different cancers,
phage antibody diversity might cover a different spectra of an-
tigen-binders. By contrast, other animals that are used to
develop phage antibody libraries, such as camelid, rat, mouse,
sheep, or shark do not offer the equivalent possibility of
capturing mRNA from diseased states. Thus, key future studies
could involve defining how disease-specific B cell repertoires
can be captured to enhance the development of synthetic an-
tibodies for use to improve outcomes in canine patients and to
provide more physiological spontaneous models for human
cancers.

Limitations of the study

The main limitation of the study relates to the diversity of the
naive antibody genes cloned, which depends in part upon the
canine breed and/or disease state of the animals that can
impact on the diversity of the naive B cell receptor repertoire.
However, this can be addressed by choosing appropriate
donor B cell material at the outset or pooling RNA from multiple
animals. A second limitation of the study is the relatively low ef-
ficiency of shotgun cloning of pooled heavy and light chain am-
plicons into single fusion proteins. This can be improved by
carrying out ~>200 separate combinatorial ligations. In addi-
tion, the efficiency of cloning can also be quantified using
next-generation short or long-read DNA sequencing whereby
inefficiencies in any one amplicon cloning can be optimized
separately.

Figure 5. Miniaturization of the scFv library screen on a physiologically relevant antigen, canine PD-1

(A) After four rounds of biopanning against alternating His-tagged and Fc-tagged canine PD-1 protein on nickel or protein G beads, respectively, colonies were
chosen from round 4 phage plating and individual scFv-phage were assayed for binding to PD-1. An ELISA highlighted the activity of eight scFv-phage screened
against, as indicated, Fc-tagged canine PD-1, His-tagged canine PD-1, Fc-tagged canine PD-L1, and his-tagged human IFNA.

(B) The sequence of MCHERRY scFv is compared with the scFv-PD-1-clone-29.

(C) The sequence of the scFv-PD-1-clone 29 sequence was compared with two anti-PD-1 scFvs reported from scFV canine phage display libraries generated
using the genomic-derived FR1 and FR4 cloning primers.*® Although the heavy chain CDR2 and CDR3 sequences are distinct between the two studies, the
lambda light chain CDR3 sequences are very similar (compare clone PD1-29 with P4B1). IGHV3-38*-01 might form the genomic origin of the P4B1 scFV, and to an
equivalent extent, clone PD1-29.

(D) Conversion of the anti-PD-1 scFv to an IgG expression plasmid using a single cistron containing the self-cleavage sequence from the 2A virus.
(E) After transfection of the plasmid into Expi-CHO cells, the media was immunoblotted using day 10 and 12 media to detect heavy and light chains.

(F) An ELISA using PD1-29 IgG from (E) was used to quantify IgG activity. The data are depicted as IgG binding as a function of changes in PD-1 protein levels. An
IgG made from the same scFv library toward GPA33 (data not shown) was used as the negative control.

(G) Epitope mapping of the PD1-29 IgG to “peptide-18” is summarized in Figure S8. Molecular docking of “peptide-18” identified potential CDR-antigen amino
acid contacts. CHARMM27 force field homology modeling and molecular docking was performed using the Molecular Operating Environment (MOE; Chemical
Computing Group Inc., Montreal, QC, Canada) package.

37,38
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Table 1. Long-read DNA sequencing annotation of holding chain and scFv libraries

1 Input reads
A Row 1 )
™ e
Forward Reverse complement
M13fw sequence M13rw sequence
Row 2 Row 3
J 3
I_I_I I_I_l
[ PelB sequence J [ Myc sequence ] [ PelB sequence ] [ Myc sequence ]
Row 4 Row 5 Row 6 Row 7
Full cluster with PelB and Full cluster with PelB and
Myc Myc
Row 8 Row 9
D HCH LCH scFv
1 Number of reads 2 087 704 1 460 826 1 677094
2 Number of reads with m13_fw 1019 705 515 965 387 390
3 Number of reads with m13_rc 998 234 518 330 394 635
4 Number of reads with PelB_fw (M13fw) 1004 480 134130 234634
5 Number of reads with Myc_fw (M13fw) 492 263 121 407 64 030
6 Number of reads with PelB_rc (M13rc) 981 979 133574 228 120
7 Number of reads with Myc_fw (M13rc) 485446 121 516 63 104
8 Number of reads with CLUSTER_PelB-Myc_fw (M13fw) 485 770 116 665 62072
9  Number of reads with CLUSTER_PelB-Myc_rc (M13rc) 479 006 116 685 61078

The flow chart explains the process by which long-read DNA samples were analyzed including converting input reads to clustering reads that have the
full sequence including the PelB and Myc Tag. HCH = heavy chain holding library; LCH = Light chain holding library; and scFV = full library. Long-read
DNA sequencing data read number from the scFV library, from HCH(VH-11), and LCH pooled libraries that fulfill the selected parameters. M13fw
represents the forward primer and M13rc represents the reverse primer.

RESOURCE AVAILABILITY canine single-chain antibody library https://doi.org/10.5281/zenodo.
14512819, which includes six files all highlighted in the STAR Methods
Lead contact section). Any further information required to re-analyze the data re-
Requests for further information and resources should be directed to and will ported in this paper is available from the lead contact upon request.
be fulfilled by Matgorzata Lisowska, gosia.nus@gmail.com. o Any further information required to re-analyze the data reported in this

paper is available from the lead contact upon request.

Materials availability
The scFv-phage antibody library is available upon request (gosia.nus@gmail.
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Table 2. Long-read DNA sequencing annotation of the FR and

CDR domain length and diversity from one scFv library

Length range of regions: FR1-CDR1-FR2-CDR2-FR3-CDR3-FR4 in

light lambda, light kappa and heavy chain (scFv library)

AA position
scFv Fragment Length in chain
Light lambda chain FR1 25-26 163-188

CDR1 4-7 189-197
FR2 16-17 198-214
CDR2 2-3 215-217
FR3 36 218-253
CDR3 8-12 254-265
FR4 10 266-275
Light kappa chain FR1 26 161-188
CDR1 4-7 189-197
FR2 16-17 198-214
CDR2 S 215-217
FR3 36 218-253
CDR3 8-12 254-265
FR4 9 266-275
Heavy chain FR1 25 23-47
CDR1 8 48-55
FR2 17 56-72
CDR2 8-9 73-81
FR3 36-37 82-118
CDR3 5-18 119-136
FR4 11 137-147
ScFv library regions of different length in number of sequences
Number of
scFv Library fragment Fragment Length SEQs
Light lambda chain FR1 25 2144
26 18745
CDR1 1472
2404
11145
5781
FR2 16 2044
17 18841
CDR2 2 1393
3 19497
CDRS3 8 452
9 1187
10 4675
11 13471
12 1075
Light kappa chain CDR1 4 24
5 157
6 439
7 92
FR2 16 134
17 582
14 Cell Reports Methods 5, 101008, March 24, 2025

Table 2. Continued

ScFv library regions of different length in number of sequences

Number of
scFv Library fragment Fragment Length SEQs
CDR3 8 22
9 47
10 161
11 433
12 43
Heavy chain CDR2 8 6552
14355
FR3 36 80
37 21054
CDR3 5 200
6 647
7 3425
8 1532
9 1817
10 2423
11 2804
12 3093
13 2512
14 1591
15 734
16 268
17 80
18 3

Long-read DNA sequencing data from Table 1 was annotated into length
range and number of sequences of a specific length and provides infor-
mation on the approximate length and distribution of CDRs as compared
with the data acquired using 5RACE PCR.*® In this latter study,* the
peak distribution of heavy chain CDR3 length was ~13-15 amino acids.
By contrast, in our study, the distribution of heavy chain CDR3 lengths
were broader from seven to 14 amino acids. The most common CDR3
length for the lambda chain using 5’RACE PCR was 11 amino acids,*
which is similar to what we see in our scFv library. The most common
CDR3 length for the kappa chain using 5’RACE PCR was nine amino
acids,*® whereas we see the most common kappa chain length being
11 amino acids.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat Anti-Dog IgG H&L (HRP) Abcam ab112852; RRID:AB_2927648
HRP-conjugated rabbit anti-mouse secondary antibody DAKO/AGILENT P0260; RRID:AB_2636929
Anti-M13 antibody conjugated to HRP Santa Cruz sc-53004HRP; RRID:AB_673750
Bacterial and virus strains

XL1-Blue bacterial cells Agilent 200249

DH5a bacterial cells Thermo Fisher EC0112

Ph.D.™-12 Phage Display Peptide Library New England Biolabs E8110

TG1 bacterial cells Lucigen 60502-2

Chemicals, peptides, and recombinant proteins

MPAGE® 4X LDS Sample Buffer Merck MPSB-10ML

All restriction enzymes New England Biolabs

Trypsin Sigma T1426-50MG

PEG8000 VWR 0159-500G

Streptavidin Cambridge Bioscience ANAB0659

All biotinylated synthetic peptides Mimotopes, Australia N/A

PD-1 protein (his, Fc tagged) Sino Biologics 70109-D08H, 70109-D02H
Glycogen Roche 109013930010

Critical commercial assays

RNAeasy mini-kit Qiagen 74704

RNaseZap solution Sigma R2020

Omniscript reverse transcription kit Qiagen 205113

SMARTer RACE amplification kit Clontech NC0734706

HF Phusion mix (NEB Cat No: 531L) New England Biolabs MO0531L

Qiagen PCR purification kit Qiagen 28104

Deposited data

Next generation short and long read data This paper SUB14919825; BioProject ID: PRINA1196821,

Files are saved in sequence read archive under
accession numbers SRX27039641, SRX27039642,
SRX27039643 and SRX27039644

ExpiCHO Expression System Kit Thermo Scientific A29133
Oligonucleotides

All primers are listed in figures (Figure 1), tables Sigma N/A
(Tables S3A and S3B), and STAR Methods.

Recombinant DNA

pGEM-T easy vector Promega A1360
Software and algorithms

Custom analysis scripts This paper https://doi.org/10.5281/zenodo.14512819
SNAPGENE N/A
Other

Electroporation cuvette BIORAD 1652809
MicroPulser Electroporator BIORAD 1652100
Immunotubes Greiner 115071
Protein A Resin - Amintra® Abcam ab270308
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
96-well White Flat Bottom Polystyrene High Corning 3922

Bind Microplate

Deep 96 well plates MASTERBLOCK® Greiner 780261
1ML, PP, U-BOTTOM

Nickel NTA Agarose Beads Qiagen 30210
Protein G Sepharose beads Cytiva 17061801
HRP conjugated Protein A Thermo Fisher 101023

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Antibody production from plasmid DNA was carried out using the ExpiCHO Mammalian Expression System (Thermo Fisher) accord-
ing to the manufacturer’s instructions. M13K07 helper phage were obtained from New England Biolabs. A Ph.D.-12 Phage Display
Peptide Library for use in epitope mapping was from New England Biolabs. Electrocompetent TG1 bacteria were obtained from Lu-
cigen. ER2738 bacteria were obtained from New England Biolabs. XL1 Blue bacterial cells were from Agilent. DH5a bacterial cells
were from Thermo Fisher. Total RNA was extracted from frozen, archived dog spleen tissue, obtained from 5 anonymized animals
that had undergone treatment in the University of Edinburgh Veterinary hospital and had been euthanized for clinical reasons with
owner consent according to standard agreements in place at the University of Edinburgh School of Veterinary Studies. Under stan-
dard consent forms, owners agree that any tissues donated can be used for clinical research.

METHOD DETAILS

RNA isolation

Total RNA was extracted using the Qiagen fibrous RNAeasy mini-kit. Total splenic tissue (~30 mg) was broken up using a disposable
mini homogeniser in 300 pl RLT buffer containing B-Mercaptoethanol and a small gauge needle was then used to pipette up and down
the mix to further break up the tissue. RNAse free water was added (590 pL) followed by 10 uL of proteinase K and incubated at 55°C
for 10 min. The samples were centrifuged at 10,000 x g for 3 min, the supernatant was transferred to a new tube, and 0.5 volumes of
100% ethanol was added and mixed. The solution was transferred to a RNeasy column and centrifuged for 15 s at 8,000 x g and the
flow through was discarded. Buffer RW1 was added (350 pL), the samples were centrifuged for 15 s at 8,000 x g, and the flow through
was discarded. DNase stock (10 uL) was mixed with 70 puL of buffer RDD and the solution was added directly to the membrane and
incubated for 15-20 min at RT. RW1 buffer (350 uL) was added and then the samples were centrifuged at 8,000 x g for 15 s and the
flow through was discarded. RPE buffer (500 uL) was added and the samples were centrifuged at 8,000 x g for 15 s and the flow
through was discarded. RPE buffer (500 plL) was added and the samples were centrifuged at 8,000 x g for 2 min and the flow through
was discarded. RNase free water was added (30 uL), the samples were incubated for 1 min and then centrifuged at 8,000 x g for 1 min
to collect the eluted RNA in the flow through. Pipettes, gel tank, gel tray, and relevant combs were pre-treated with RNaseZap so-
lution (Sigma Cat No R2020).

cDNA synthesis from total RNA

An Omniscript reverse transcription kit (Qiagen) was used to produce a cDNA template using the following reverse primers for CH,
Ck, and C}, constant domains from genomic sequences, respectively. (See Figure 1 to describe the relative location of these primers
on the genomic regions): CaHc1 5'-GACCACGTTGCAGGTGAAGGTCTC-3', Cakc1 5-CGCTCCTTTGGAAGCTCTTGATGAG-3,
and Caic1 5’GTGCTCCCCTCGTGTGTGACCAG-3'. The cDNA was prepared using the Omniscript RT kit (Qiagen) by diluting the
RNase inhibitor (Roche) to a final concentration of 10 units/ul in ice-cold 1x buffer RT and mixed. The master mix (20 pL) contained
RT buffer, dNTPs, Oligo-dt primer, Omniscript RT, RNase-free water, and 2ug of RNA template and then incubated at 37°C for
60 min.

5'RACE amplification of framework 1 and 4 sequences using splenic RNA

An amplification of the 5’RACE PCR derived cDNA reaction was performed with the SMARTer RACE ampilification kit (CloneTech)
using reverse primers from the canine constant (CH, CA, and Ck) genomic sequences listed in Figure 1 (to observe the relative loca-
tion of the 5’RACE primer locations on the genomic region in the second round of amplification) to capture sequence diversity in naive
somatic mutations from Frameworks 1 and 4. The Hyperladders (1 kb and 0.1 kb) were from Biorad.

Race primers were

Canine-Hc-2a 5-TCCAGGACACAGTTACAGGCTCG, Canine-Cakc-2 5-CAGCAAGCACACAACAGAGGCACT, Canine-Caic-2
5'-CACTGGGGTAGAAGTCGCTGATGAG.
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Development of degenerate PCR primers to amplify heavy and light chains from the canine splenic RNA

Following amplification of the variable regions using 5’RACE PCR, the products were then cloned into a pGEM-T easy vector and
transformed into XL1-Blue cells for blue-white colony screening. To gain enough sequence information to facilitate primer design,
approximately 60 white colonies were chosen from each canine constant region (CH, C2, and Ck) for DNA sequencing (Figure S1
(for Ck) and Figure S2 (for CH and C))). Using the intact DNA sequences, combined with the genomic data available on the canine
variable regions, a set of degenerate primers were designed which would theoretically amplify a majority of the dogs’ naive mRNA
repertoire (Figures 1E-1H). The cloned distribution of the IGHV, IGLV, and IGKV sub-families in the scFv library is summarized in
Figure 3.

Cloning of the VH, V2, and Vk regions by producing pools from each of the primer sets

Step 1: A gradient PCR reaction was set up to determine the optimum annealing temperature for each primer pair. Primers for VH
Amplification (See Figure 1 for sequences) included the Back primers (individual primers from the heavy chain (CaVH-BACK-Sfil
numbered 1-12) and Forward primers (all four of the CaJH-FOR-Ascl primers pooled with each individual Reverse primer) that gener-
ated 12 total heavy chain reaction pots. Similarly, the light chains were amplified by including the Back primers (Figure 1) individually
(CaVk-BACK-MIul numbered 1-7 and CaVA-BACK-MIul numbered 1-12) with all Forward primers (all four of the CaJk-FOR-Notl
or CaiJ-FOR-Notl primers pooled with each individual Reverse primer) that generated 12 reaction pots for the lambda light chains
and 7 reaction pots for the kappa light chains.

For the gradient PCRs, the reaction mix included 2 x HF Phusion mix (NEB Cat No: 531L) — 25 puL (x 13 reactions), 25 uM heavy or
light chain BACK primer (1 pL (x 13 reactions)), 25 uM VH J -region mix FOR primer (1L (x 13 reactions)), cDNA (1 uL (x12 reactions),
and sterile H,O (22 pL (x 13)). A master mix was prepared with all the reagents except cDNA, and one of the mixes was added into one
of the wells of a PCR plate as a negative control. The cDNA was added to the rest of the master mix, mixed, and 50 pL of the mix was
added into wells of a 96 well PCR plate. The reaction mix was prepared for the rest of the BACK primers as above.

The PCR cycle was as follows:

98°C — 30sec
98°C — 10sec
62°C — 30sec )
79°C — 30 sec 30 cycles Gradient
72°C - 10 min

4°C - hold

5 uL PCR products (expected size - ~400 bp) were separated on a 1.5% agarose gel alongside 5 pL of Hyperladder | and the op-
timum annealing temperature was determined for each primer pair. The best annealing temperature should give the maximum prod-
uct (~400 bp for heavy and light chain sizes) with minimum nonspecific bands.

Step 2: 36 x 50 uL PCR reactions were set up (more reactions were performed if the yield was poor) for each primer pair with the
best PCR conditions. The PCR products were pooled and purified using a Qiagen PCR purification kit taking into account the pre-
dicted amount of DNA and using the number of columns accordingly.

Construction of heavy chain and light chain holding libraries
Insert preparation. Restriction ligation of Heavy chain amplicons into the pIHV-1 vector created the plasmid pPGEMP17 (See Figure S3
for the outline).

Step 1.The VH PCR product was digested with Ncol and Ascl. From the reaction mixture:

a.amplicon:

VH DNA ~10 ng (500 pL)

Ascl - 10 uL (150 U)

10 x Buffer 4-60 pL

Sterile ddH,0 - 30 uL

b. vector

pIHV DNA ~100ug (200uL)

Ascl - 1000U.

10 x Buffer 4 - 500pL.

Sterile ddH,0 - 4200uL

This material was incubated at 37°C for 3 h.

Step 2.The material was subjected to heat inactivation at 65°C for 20 min and then 150U (1000U - for Vector) of Nco1 was added,
followed by an incubation at 37°C for 3 h.

Step 3. The material was separated in an agarose gel and the amplicons were extracted using a Qiagen gel extraction kit.

Note: The light chain amplicons were not cloned into pIHV-1 (See below). The strategy was that the light chain amplicons (Figure S5)
were digested and ligated into one pGEMP17 plasmid derived from one heavy chain holding library (from library 12; so that the light
chain amplicons (restricted with Mlul-Notl) were ligated into the plHV-12.1 heavy chain holding vector restricted with Ascl-Notl.
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Ligation of the MIul-Notl light chain amplicons into the Ascl-Notl site of the pPGEMP17 vector results in loss of the Mlul and Ascl sites
(shown by the red bar in Figure S5C).

Phage display vector preparation
Step 1. A supplementary snapgene file with the original pIHV-1 plasmid can be provided on request. The pIHV-1 plasmid was pro-
vided by Keith Charlton (University of Aberdeen). The pIHV-1 plasmid has a sheep heavy chain gene cloned into the backbone and
the pGEMP17 plasmids containing heavy chains partially recapitulate this construct.
Step 2. A glycerol stock (5 L) of a single scFv clone (pIHV-1 in DH5a) was grown overnight in *LB medium containing Amp at 37°C.
Step 3. The next day, 1 uL of the overnight culture was streaked onto *LB Amp/Glu plates and incubated overnight at 37°C. A single
colony was chosen from the plate and plasmid DNA was isolated using a Maxi-prep kit (Qiagen) following the manufacturer’s
instructions.

Vector & insert digestion
The heavy chain holding amplicons and the pIHV-1 vector were digested using Nco1 and Asc1 enzymes, were gel purified, and
ligated together using the T4 ligase enzyme.

Vector and insert ligation
The amount of vector and insert to be used for setting up a ligation reaction at a ~1:10 ratio.

Small scale ligation VH Library.

Restricted Vector — 1000 ng (5 pL)

Restricted VH Insert — 500 ng (33 pL) (or light chain amplicon)

10 x Ligase Buffer — 1 x final concentration.

T4 Ligase — 2 pL (800U, New England Biolabs)

This material was incubated at 16°C overnight. (A test ligation reaction was sometimes set up with both 1:6 and 1:10 Vector: Insert
ratio, if required).

Calculations into the heavy chain holding and light chain holding library ligation efficiency

Using long-read next-generation DNA sequencing, we quantified the ligation reaction efficiency of one out of the twelve heavy chain
holding library (number VH-11; See Table 1); the ligation efficiency was approximately 25% (see Table 1; parameter column: “number
of reads with cluster_pelB-Myc and M13 sequence”), in terms of heavy chains being cloned in-frame with the correct tags in
place. This under-estimates actual genes cloned because we discard reads, for example, that have a pelB N-terminal sequence
and C-terminal M13 sequence, but no Myc tag (Table 1; parameter column: “number of reads with pelB and M13 signal sequence”).
Including these reads with bona-fide scFv sequences comprise~48% ligation efficiency. A challenge in the future to improve library
heavy chain holding library construction will be to re-optimize ligations of all heavy chain amplicons to improve heavy chain in-frame
capture. In addition, we do not know the ligation efficiency of the other 11 heavy chain holding libraries because these were not sub-
jected to long-read DNA sequencing. Even though the long-read DNA sequencing methodology provides a deeper insight into a key
stage of library construction, and ideally all holding libraries would be deep-sequenced, a limitation of this method is that one long-
read DNA sequencing reaction is relatively expensive and we only subjected one arbitrary library (number VH-11) to long-read DNA
sequencing. We also quantified the ligation reaction of some of the light chain holding libraries using long-read DNA sequencing, but
in this case we pooled three libraries of kappa and lambda into the same reaction (See Table 1; kappa primer sets were 1, 2, 7; and the
lambda primer sets were 3, 4, 7). The ligation efficiency was approximately 8% (see Table 1; “number of reads with cluster_pelB-Myc
and M13 sequence”); in terms of light chains being cloned in-frame with the correct tags. The apparent lower ligation efficiency, rela-
tive to the heavy chain holding reactions, pinpoints a stage that would benefit from improvement of ligation efficiency-it could be that
the light chain amplicon restriction was relatively inefficient and this stage could be optimized in the future. However, the efficiency of
ligation into holding vectors does not necessarily impact on capturing diverse sequences in a full scFv library given that the number of
unique light chain CDR3 domains present in the final scFv library was ~30% based on short-read DNA sequencing (Figure 4F). In
addition, as this “ligation efficiency” is a composite of 6 pooled light chain holding libraries, it might be that any one library within
the pool of 6 dominates or is under-represented. As above, a limitation of this method is that one long-read DNA sequencing reaction
is relatively expensive so in this case we pooled 6 light chain holding libraries into one sequencing reaction.

Cloning of heavy and light chains into a single chain library

As stated in Figure 2, the heavy chain holding library pPGEMP17 (Figure S3) was restricted with Ascl and Notl and gel purified to re-
move the insert. Each light chain holding library from pGEMP18 (Figure S5) was used to PCR amplify the 11 lambda and 6 kappa light
chain genes using the MIul-Notl primer sets (from Figure 1), then restricted with Mlul and Notl, followed by gel purification and then
ligated into the Ascl and Notl site of the heavy chain libraries. Every individual heavy chain holding library (1-12, pPGEMP17) restricted
with Ascl-Notl was ligated to the total pool of each lambda and kappa light chain holding library Mlul-Notl restricted amplicons
creating 12 total ‘one-pot’ scFv library ligations. The electroporation (see below) was performed in one single (‘one-pot’) reaction
pooling all (204) possible heavy and light chain library combinations (12 heavy chains x 17 light chains). A more diverse library would
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have optimized all 204 ligations and electroporations, individually, to create 204 separate scFv libraries that could then be pooled into
one final library. However, the methodology we used in this study aimed to strike a balance between time and utility. We focused
mainly on the relatively time-consuming step of creating the heavy and light chain holding libraries as a key methodological option,
as this would allow the return to these original holding libraries to optimize any future individual library improvements. For example, as
stated in the results, we now know, based on long-read DNA sequencing, that the kappa light chain amplicons, though equivalently
cloned into holding libraries (Figure S5H) are under-represented in the final scFv library (Table 2). We interpret this to mean that in the
one-pot ligation reactions, in which all pooled lambda and kappa light chain Mlul-Notl restricted amplicons compete for ligation into
each Ascl-Notl restricted heavy chain library, the kappa chains have not been incorporated efficiently. Having the kappa chain hold-
ing libraries as a resource, we could return to this and re-optimize kappa chain restriction and ligation into each heavy chain holding
library to increase kappa chain diversity. We also now know, based on long-read DNA sequencing, that two heavy chain FR1 primer
sequences (from Figure 1) are under-represented in the final library (Table S2), highlighting the illumination offered using long-read
DNA sequencing to improve future diversity. The in-frame ligations produce the scFv (pGEMP19) with a heavy chain in the
N-terminus, a linker region formed by ligation (EGKSSGASGESKVDD), and in frame with the glll protein of M13 (Figure 2). The
consensus sites from heavy chain and light chain domains were extracted from long-read DNA sequencing reactions from one
scFv library, as summarized in Figure 2. Following long-read next-generation DNA sequencing we were able to quantify the ligation
reaction at all stages; one aliquot of the electroporated ligation mixture of a scFV library generated a ligation frequency of 3.6% (see
Table 1; in terms of scFV being cloned in frame with all tags in place. Given the short read DNA sequencing estimated that unique light
chain or heavy chain CDR3s comprised ~30% of the parental library (Figure 4F), this would suggest altogether that a phage library of
1 x 10"%/mL titer would have 3.6 x 10" in-frame scFv genes (3.6% of the total), or ~1 x 10" unique in-frame scFv genes (~30%
unique CDR3 reads).

Phenol: Chloroform extraction and ethanol precipitation of vector & insert
Phenol: Chloroform extraction was performed to remove contaminating protein which might inhibit efficient transformation:

Step 1. An equal volume of buffer-saturated phenol: chloroform (1:1) was added to the DNA solution. (Phenol; Sigma Cat No:
B5658)

Step 2. The solution was mixed well and centrifuged in a 1.5 mL microfuge tube at 13,000 rpm for 3 min.

Step 3. The aqueous layer was carefully removed into a new tube, with care to avoid the interface. (The steps above were repeated
until an interface was no longer visible)

Step 4. To remove traces of phenol, an equal volume of chloroform was added to the aqueous layer.

Step 5. The samples were centrifuged as before and the aqueous layer was removed to a new tube.

The extracted DNA is concentrated by ethanol precipitation
Step 1. To the phenol: chloroform extracted DNA the following buffer was added: 1/10th volume of 3 M NaCl (pH 5.2), 3 x DNA vol-
umes of 100% HPLC-grade ethanol, and 1 uL of glycogen.

(Note: if the solution did not go cloudy after adding glycogen then few more microlitres of glycogen was added)

Step 2. The material was mixed thoroughly and incubated at —20°C for 1 h.

Step 3. The sample was centrifuged at 13,000 rpm for 15 min.

Step 4. The supernatant was carefully removed and the pellets were resuspended in 500 pL 70% HPLC-grade ethanol in steri-
pack H20.

Step 5. The DNA was pelleted as previously and the supernatant was removed.

Step 6. The pellets were air-dried before they were resuspended in 10 plL steripack ddH,O (100-200 ng/pL).

Step 7. The DNA was quantified by running 2 L of samples on a 1% agarose gel containing ethidium bromide alongside 5 pL
of DNA Molecular Weight Marker Hyperladder | and the relative densities of the bands were evaluated visually to estimate
concentrations.

Transformation of electro competent E. coli lucigen TG1 cells
High transformation efficiency (>2 x 10'° cfu/pg of DNA) electrocompetent TG1 cells (Lucigen) were used for library construction.

Step 1. Cells were thawed on ice and 2 ulL of purified ligated DNA (from heavy chain holding, light chain holding, or scFv,
respectively) was mixed with 30 pL thawed TG1 cells in a chilled 0.6 mL microfuge tube (provided that the DNA concentration
was 100-200 ng/uL).

Step 2. The mix was transferred to a pre-chilled electroporation cuvette (1 mm gap) and electroporated at 1.8 kV, 200 Q, and 25 uF
(expected time constant 4.2).

Step 3. Immediately after electroporation, 1 mL recovery medium was added to a pre-warmed to 37°C into the cuvette and the cells
were recovered by shaking at 37°C for 1 h.

Step 4. Multiple electroporations on ligation reactions were all performed separately.

Step 5. After bacterial recovery, the cells were pooled together for each library being constructed.

Step 6. 10-fold serial dilutions were performed using 100 pL of the cells from each pool in LB medium and plated onto *TYE Amp-
Glu plates followed by an incubation at 37°C overnight.
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Step 7. The rest of the cells were plated onto large square *TYE Amp —Glu bioassay dish and incubated overnight at 37°C.

Step 8. After overnight incubation, the cells were scraped from the large bioassay dishes using 2 x TY media containing 15% glyc-
erol and 5% glucose and stored at - 80°C as 1 mL aliquots.

note: *TYE Amp/Glu, Amp — 100 pg/mL Glu - 1-2%

Step 9. The size of the phage display library was calculated from the titer obtained from serial dilution plates taking into consid-
eration the amount of ligated DNA used for transformation. (Accordingly, using the optimization listed above, large scale ligation re-
actions were set up and large-scale transformations were performed to obtain a heavy chain holding or light chain library size of at
least 1 x 108).

EGFP and mCHERRY biopanning procedures

When we first screened the library for functional antibodies, EGFP and mCHERRY proteins were used as bait globular proteins to
determine the ability of the scFv library to discriminate between proteins of different sequences but related overall structure. The orig-
inal coding sequences were from Clontech (Clontech pEGFP-N1 and Clontech pmCherry-N1) which were subcloned into vectors
with histidine and GST tags to allow for affinity purification from bacteria*® and the proteins were a gift of Professor Rory Duncan,
Heriot Watt University, UK. According to classic biopanning protocols that use polystyrene immunotubes in relatively large volumes
(4 mL of aqueous solution), and relatively large amounts of antigen coating (15 pg/mL or 90 pg total protein per screen for six rounds
total), the EGFP and mCHERRY proteins were adsorbed onto the solid phase of an immunotube. This procedure uses relatively large
amounts of phage library (2 mL or ~5 x 10"% to 2 x 10'® phage total). Recombinant EGFP or mCHERRY proteins were screened
through 6 rounds of biopanning with immunotubes as the solid phase using trypsin elution at each stage. We subsequently found
that the use of low pH and trypsin was relatively inefficient in the elution stage of the biopanning process (data not shown). We
switched to a high pH elution of bound scFV-phage particles, and bioactive scFv-phage pools emerged by Rounds 2-3 upon bio-
panning against other targets (Figures 5 and S7 and Santos*' and Mohtar*?) rather than Rounds 4-6 as observed using the fluores-
cent proteins in combination with low pH/trypsin elution (Figures 4G and 4H and SG6A).

The starting scFv library was prepared by making a 500 mL culture of LB-Amp (LB containing ampicillin (100 pg/mL)), inoculated
with TG1 cells containing the canine scFv antibody phage library, was grown at 37°C with shaking until OD 0.6 was reached, was
followed by the addition of M13K07 helper phage (500 pL), then incubated static for 30 min, and finally incubated with shaking for
a further 2 h. After this time kanamycin was added (50 pg/mL) and the culture was incubated overnight with shaking at 30°C. The
following day the culture was centrifuged at 10,000 rpm for 10 min to pellet the bacteria and the supernatant was collected. Phage
were then precipitated from the supernatant by the addition of PEG 8000 (13.3 g) and NaCl (5 g), the suspension was mixed to
dissolve the solids, and then the solution was incubated on ice for 1 h, followed by centrifugation at 10,000 rpm for 15 min. The su-
pernatant was discarded and the resulting phage pellet was resuspended in PBS (from ~1 to 10 mL, depending on the concentration
of phage required). A final centrifugation step was performed in microcentrifuge tubes at 7,000 x g to remove any residual bacterial
debris.

Bio-panning against target proteins: All incubations in immunotubes were carried out on a rotating wheel at 4°C unless otherwise
stated. Immunotubes were coated with either EGFP or mCherry proteins in PBS (4 mL @ 15 pg/mL) by incubating overnight. The
following day the coating solution was poured away, the tubes were washed x3 with PBS and a blocking step was carried out
with 3% BSA in PBS. At the same time, blank immunotubes were also blocked with BSA to use for pre-clearing. After the immuno-
tubes were blocked, the phage library (~2.5 x 10'?/mL to 1 x 10'®/mL) was diluted 1:1 with 3% BSA in PBS and added to the blank
pre-cleared tubes and incubated for 1 h. After this time, the pre-cleared phage was transferred to the immunotubes containing the
target protein and incubated for 1 h. Following this, the unbound phage was discarded and the tubes were washed with PBS con-
taining 0.1% (v/v) Tween 20 (x10 for round 1, x20 for subsequent rounds) before bound phage were eluted by incubating with trypsin
(500 pL @ 5 pg/mL in PBS) for 15 min at room temperature. After this time, to ensure maximum recovery of phage, the solution was
pipetted up-and-down repeatedly against the tube walls before collection. To amplify the eluted phage, they were added to 5 mL of
log-phase TG1 cell culture and incubated at 37°C with shaking for 30 min. After this time the infected cells were added to 100 mL of
LB-Amp and incubated at 37°C with shaking for a further 2 h before the addition of helper phage (100 pL). The solution was incubated
static for 30 min, followed by 2 h with shaking 37°C, and then followed by the addition of kanamycin (50 pg/mL) and incubation over-
night at 30°C. The following day, the phage was precipitated as above for the starting library (1/5 volume) and each pellet was re-
suspended in 1 mL of PBS. For subsequent rounds, 500 pL of phage from the previous round was added to 3.5 mL of 3% BSA in
PBS and the process repeated; in this case 6 rounds in total were carried out. As stated in the text, although we used the trypsin
elution method in this experiment utilizing immunotubes, due to the variability in the enzymatic efficiency of trypsin, we switched
to non-enzymatic high pH elution using triethylamine buffer in all subsequent screens (Figures 5 and S7). The change in the elution
method does not alter the methodological concept used for next-generation short-read DNA sequencing to measure CDRS diversity,
as summarized in Figure 4.

Isolation of individual phage clones and expression of secreted scFV protein: phage pools were titered (diluted ~10 to 10°), added
to TG1 cells and plated on LB-agar-Amp plates. Individual colonies were picked and grown in 100 pl LB-Amp in 96 well culture plates
to provide starter cultures, which were subsequently grown for 4 h at 37°C with shaking. These starter cultures were then diluted
1:100 into 800 pL of LB-Amp with 0.1% w/v glucose in 96 deep well plates, grown for 2 h at 37°C and then expression of the
scFv-glll fusion protein was induced by the addition of 200 uL of LB-Amp with 0.1% w/v glucose containing 5 mM IPTG (final
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concentration 1 mM) and grown overnight at 30°C. Note: glycerol stocks of starter cultures were made so that positive binding scFvs
could be recovered later. After overnight induction, the plates were centrifuged at 4,000 rpm for 10 min and the resulting supernatant
containing secreted scFvs was collected. The cells can also be subjected to several freeze thaw cycles prior to centrifugation if a
particular scFV yield is low. Scale up and purification of scFv (Figures S6 and S7): Using the glycerol stocks prepared from individual
phage clone starter cultures from 100 mL were prepared. Supernatants were directly added to protein A Sepharose beads (250 pL;
Protein A Resin - Amintra and incubated overnight at 4°C. Although Protein A might not bind equally to all scFv sequences, with a
dominant target of the D domain of Protein-A being the VH3 class of heavy chain,*® one study suggested that all individual domains
of Protein A can bind all Fabs.*” We do not know the relative binding affinity of Protein A for canine heavy chain domains, but our
experience using this library is that scFvs targeting fluorescent proteins and EGFR peptides (Figures S6 and S7), as well as scFvs
targeting the ubiquitin ligase CHIP (manuscript in preparation®') can be purified using this method. The following day beads were
washed with PBST (5 x 1 mL) and eluted with 0.2 M glycine-HCI, pH 2.2 (250 pL), followed by neutralisation with 1 M Tris-HCI,
pH 8.8 (50 uL). A representative SDS polyacrylamide gel (Figure S7D) shows the purity of the scFV-glll fusion protein, and the
scFV only, presumably resulting from inefficient readthrough of the amber termination codon at the scFv-glll protein junction in
TG1 cells.

Following 6 rounds of screening, each phage pool was assayed on EGFP and mCHERRY by ELISA to define specificity of the scFv
for each fluorescent protein (Figure S6A). The indicated target protein was added to the wells of a 96 well immunoplate in
PBS (100 ng/well, 100 uL/well) and incubated at 4°C overnight. The following day the wells were washed with PBS containing
0.1% (v/v) Tween 20 (x6) and blocked with 3% BSA in PBS for 1 h. Phage pools were diluted 1:10 in 3% BSA in PBS and added
to wells for 1 h. Washing with PBS containing 0.1% (v/v) Tween 20 (x6) was followed by incubating with anti-M13 antibody conjugated
to HRP diluted 1:5000 in 3% BSA in PBS for 1 h. After washing with PBS containing 0.1% (v/v) Tween 20 (x6), and the addition of the
ECL reagent, luminescence was measured on a Fluoroscan plate reader (PerkinElmer). Forimmunoblotting (Figure S6), GST (data not
shown), GST-HIS-EGFP, and/or GST-HIS-mCherry, the proteins were processed by Coomassie gel staining to define mobility and
relative abundance. The proteins were in parallel blotted onto High Bond-C nitrocellulose membrane, and probed with either an anti-
HIS antibody, an anti-GST antibody (data not shown), or crude bacterial growth media containing the secreted scFv specific to
mCHERRY by ELISA. scFv expression was induced in TG1 cells by the addition of IPTG after which time bacterial cells were pelleted
and the supernatant containing secreted scFv was collected. Binding to scFv was detected using HRP-conjugated protein A followed
by ECL detection.

Canine EGFR peptide and canine PD-1 protein miniaturization procedures using immunoplate wells or on-bead
biopanning

A. EGFR peptide antigen screen: The scFV library was screened against biotinylated epitope | or Il from the canine EGFR (Figure S7A)
for up to 3 rounds. The protocol was similar to the that using polystyrene immunotubes except reduced volumes were used; from ~1
to 4 mL with the immunotubes down to 100-200 pL using wells of a polystyrene immunoplate. A High Protein Binding microtiter plate,
was coated with streptavidin (1 pg) in 100 or 200 uL of water overnight at 37°C to allow evaporation of the liquid. The wells were
blocked with 100 or 200 pL of a buffer containing PBS with 0.1% (v/v) Tween 20 and 3% BSA for 1 h at room temperature. After
washing three times with PBS containing 0.1% (v/v) Tween 20, 100 ng of biotinylated EGFR peptides were added (epitope | or Il)
diluted from 1 mg/mL stocks in DMSO into 100 or 200 L of a buffer containing PBS with 0.1% (v/v) Tween 20 and 3% BSA and incu-
bated for 1 h at room temperature. After washing to remove unbound peptide, the parental phage (~2-20 uL in a 100-200 pL final
volume) or subsequent phage pools were added into a buffer (100 or 200 pL) containing PBS with 0.1% (v/v) Tween 20 and 3% BSA to
allow the phage to bind to the target. High pH elution was performed by incubating the wells for 15 min at room temperature with 100
or 200 pL of the 0.1 M triethylamine buffer, neutralization using 35 pL or 70 uL of a buffer containing Tris-HCI, pH 7.4 (1M), and then
amplification and propagating the phage as above. Upon our evaluation of elution conditions on the phage library selection during the
biopanning screening rounds, we found that the high pH elution using triethylamine (~pH 10, 0.1M) substantially improved yield of
phage, relative to the more commonly used trypsin (data not shown). As such, we employed the high pH elution as a modification of
the original protocol from this point onwards in our studies. In addition, two theses that used this scFv library also used the high
pH triethylamine elution methodology.*'*** The phage pools were assayed for bioactivity against the indicated-blank (black bars),
streptavidin only (orange bars), epitope | (green bars) or epitope Il (purple bars) biotinylated synthetic peptides derived from canine
EGFR.

B. PD-1 on bead screening. PD-1 was acquired in his-tagged or human Fc-tagged format from Sino Biologics (70109-D08H, or
70109-D02H, respectively). For on-bead screening using his-tagged PD-1 protein, 10 uL of nickel beads in 500 pL of PBS with
0.1% (v/v) Tween 20 and 3% BSA was used to capture 1 pg of his tagged PD-1 or 10 pL of Protein G beads in 500 uL of PBS
with 0.1% (v/v) Tween 20 and 3% BSA was used to capture 1 ng of Fc tagged PD-1. The scFv-phage was eluted from the beads
using 200 pL of the high pH 0.1 M triethylamine buffer. The phage eluted was neutralized with 70 pL of 1M Tris buffer (pH7.4) and
immediately added to 1 mL of a bacterial culture to allow phage infection as per protocol above. A detailed description is given below;
Four rounds of screening were performed against alternating His-tagged and Fc-tagged canine PD-1 protein using on-bead incuba-
tions, with either nickel beads or Protein G beads, respectively. The individual pools from rounds 1-4 were tested by ELISA against
PD-1 showing that by Round 3 there was specificity (data not shown). 32 Colonies were then chosen from Round 4 phage plating and
scFv-phage were assayed for binding to PD-1 tagged proteins (Figure 5A). If our aim was to optimize the diversity scFv-phage
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targeting PD-1, we would have de-convoluted the round 3 phage pools and sequenced a larger number of clones. For example, in
other miniaturized screening projects using the ubiquitin ligase CHIP*' or the chaperone AGR2,** there were 8 and 5 unique scFv
were obtained respectively (manuscripts in preparation), thus highlighting the capability to acquire diverse sequences to the
same target. After incubating the purified scFv phage libraries in the immunoplate wells, binding was detected using an anti-M13
antibody conjugated to HRP. An ELISA highlighted the activity of 8 bioactive scFv-phage screened against, Fc-tagged canine
PD-1, His-tagged canine PD-1, Fc-tagged canine PD-L1, and his-tagged human IFNA (Figure 5A). After incubating the purified
scFv phage in the immunoplate wells, binding was detected using an anti-M13 antibody conjugated to HRP.

Methodology for measuring CDR3 sequence diversity

A bespoke program was developed using Java to define amino acid sequences obtained from DNA reads obtained from PCR am-
plicons. Triplet barcoded DNA sequencing reads (Figures 4A and 4B) that passed quality control (Barcoded primers from Table S3)
were extracted. The first three nucleotides from the reverse read contained the barcodes. Only reverse reads were processed (as
forward reads do not capture the bar code, see Figures 4A and 4B). For an example of the heavy chain set, the sequence
TGAGGAGACGGTGACCAGGGT after the 4th position of the DNA sequencing bar code read-mapped the heavy chain. Barcoded
DNA sequences were extracted from reads based on a precise match to the border sequences. For an example of the light chain
set, the sequence ACCGAGGACGGTCAGATGGGTGC mapped the light chain. The nucleotide sequence of CDR3 was extracted
from read positions 25-99 (heavy chain) and from positions 28-99 (light chain). The total number of unique and total FR3-CDR3
sequences, as a function of parental library and rounds 1-6, are plotted in Figure 4F. The reverse complement sequence of the
FR3-CDR3 read from rounds 1-6 was translated into an amino acid sequence as summarized in Figures 4G and 4H. However,
we do not know the true diversity of the scFv library since we pooled and ligated a heavy chain library of ~>10° titer with light chain
libraries of ~>10° titer that would give a theoretically higher combinatorial diversity than that which is physically possible to clone. The
overall library diversity would then be limited by the number of bacteria subjected to the original electroporation using the shotgun
ligation mixture and the number of plasmid molecules electroporated per bacterial cell. This was not estimated due to the fact that
this method only generates short sequencing reads that do not comprise a full length scFv gene. Additionally, since these data are not
composed of long-read DNA sequences (as in Table 1), we do not know the proportion of these “non-unique” CDR3s containing
different CDR2s, etc, that represent in-frame full length scFv genes. We finally compared the total sequencing reads from each round
to the total unique sequences acquired in each round.

A general flow is as follows for each read in.fastq file:

1) check quality (no "N" signs for unknown nucleotides etc.). Discard reads with low quality.

2) read the first 3 nucleotides. This is the indexed barcode.

3) if nucleotides 4 to 24 are exactly TGAGGAGACGGTGACCAGGGT (from Figure 4B), this is a heavy chain sequence. Nucle-
otides 25 to 99 are taken as CDR3 sequence, reversed and translated to ~25 AAs. If nucleotides 4 to 27 are exactly
ACCGAGGACGGTCAGATGGGTGC (from Figure 4B), this is a light chain sequence. Nucleotides 28 to 99 are taken as CDR3
sequence, reversed and translated to ~24 AAs. If none of these two conditions is satisfied, the read is discarded.

4) Sequences with barcodes are sorted so that for each unique sequence, there is just one line containing counts with all barcodes.
The lines are sorted and top the 50,000 sequences (in terms of sum of all barcodes) formed the output file (data not shown). The
source codes to extract the CDR3 sequences can be found at Source codes for analysis CDR and FR in Canine single-chain antibody
library https://doi.org/10.5281/zenodo.14512819, ParseCDR.zip.

Preparation of DNA from scFv libraries for long-read DNA sequencing

Step 1. A frozen bacterial pellet of electroporated cells from one scFV ligation reaction (Figure 2) was thawed by the addition of 1 mL
of room temperature LB; (i) this was then transferred into a flask containing 200 mL of LB + tetracycline and ampicillin. This was
grown at 37°C with shaking at 200 rpm until OD600 reached 0.5, at which point 100 uL of M13K07 helper phage was added. This
culture was incubated at room temperature for 15 min, before being returned to the incubator. After 90 min, kanamycin was added
to the culture which was then returned to an incubator at 30°C, 200 rpm, and was allowed to express phage overnight.

Step 2. ER2738 cells were inoculated into 5 mL of LB + Tet and grown overnight at 37°C with shaking at 200 rpm. On the following
day, 2 mL of this culture was diluted into 200 mL of LB + Tet and grown as before until OD600 = 0.2. This corresponds to ~2x10'°
cells, so ~4x10'° phage was added for an MOI of 2. These cells were incubated for 15 min at room temperature without shaking,
before the addition of ampicillin. The culture was grown at 37°C with shaking at 200 rpm, overnight. On the following day, plasmids
were isolated by Maxiprep and dissolved in ddH,O. Plasmid concentration was measured by Nanodrop. Long-read (Pacbio) DNA
sequencing was provided by Rolf Vossen from the University of Leiden, Leiden Genome Technology Center. Holding library plasmid
concentrations were estimated by nanodrop and then the University of Leiden confirmed the concentration with Qubit, then linearized
the plasmids using BamHI (data not shown).

The flow chart (Table 1) explains the process by which long read DNA samples were first analyzed. The source code to create data
in Table 1 can be found at Source codes for analysis CDR and FR in Canine single-chain antibody library https://doi.org/10.5281/
zenodo.14512819, https://zenodo.org/records/14330847/files/Cluster_extraction_and_statistics.py?download=1. Cluster_extrac-
tion_and_statistics.py. DNA reads were checked for quality (N nucleotides, GC distribution) and low-quality reads were discarded.
Specific sequences, such as M13, pelB and MYC sequence, were localized in the sequence of each read. Reads without pelB and
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MYC sequences were excluded from the analysis (Table 1). The removal of these inefficient ligation products also removes sequence
information on CDR diversity so that users of this method in future might want to include all sequences in order to better define CDR
diversity regardless of ligation efficiency. The sequence between PelB and MYC was translated into protein and analyzed by custom
tools implemented in Perl and Python programming languages. Details include the following; Both chains (reverse and forward) were
analyzed via custom made R scripts with implemented R libraries seqinr, ggplot2, ggseglogo and plyr*® (https://ggplot2.tidyverse.
org). Sequences were analyzed separately for heavy chain and light chain. As an example, the sequences of the FR1 in the heavy
chain reads were extracted from amino acid position 23-55 if the first amino acid represents the start of the PelB signal sequence.
Sequences coding light chain for library CCS_FCH and CCS_scFv, were separated based on Kappa and Lambda chain via specific
amino acids which were highly conserved. Those sequences were analyzed separately for Kappa and Lambda chains for specific
motifs. Results were visualized as web logos (bits) and as tables. Source codes for analysis CDR and FR from heavy chains and light
chains in the single-chain antibody library can be found at https://doi.org/10.5281/zenodo.14512819, Cluster_analysis_final.R and
Cluster_Lch_Kappa_Lambda.R. Statistics of the PacBio long read DNA sequencing data of the scFV final library and chosen HCH
and LCH libraries are shown in Table 1. The table describes the number of reads or sequences which fulfill the selected parameters.
The number of sequences contains; the full sequence of the PelB-Myc cluster is characterized by the presence of the N-terminal PelB
and also the C-terminal Myc-tag sequence. In the pool of input sequences, the reads that contain only one of them (PelB or Myc
sequence) can also be included. The sequences suitable for finding the PelB or Myc sequences must also contain the M13 sequence.
Sequences can be presented in the forward and reverse orientations (M13fw and M13rc, Table 1). These data can also be used to
estimate the ligation efficiency in the indicated samples: heavy chain library 11, for heavy chain holding; light chain kappa, primer sets
were 1, 2, 7; and the lambda primer sets were 3, 4, 7, for the light chain holding library data; and scFv for the ligation that emerged
from the one pot ligation that involved mixing of all 12 heavy chain holding vectors with 11 light chain amplicons and 6 kappa chain
amplicons. The “one-pot” ligation method may be relatively inefficient compared to carrying out 204 separate ligations with each
heavy chain library in combination with each light chain amplicon. When we cross references the FR1 and FR4 DNA sequences in
the scFV library (from Table 1) to the FR1 and FR4 capture primer sequences used (from Figures 1E-1H), we can quantitate differ-
ences in the efficiency of FR1 or FR4 primer representation in the final scFv library (Table S2). This highlights the utility of applying the
long-read DNA sequencing methodology to various variable domain antibody gene libraries to quantify relative efficiencies and use
such information for future optimizations of individual sets, as required. The source codes for generating Table S2 data are found at
Source codes for analysis CDR and FR in Canine single-chain antibody library https://doi.org/10.5281/zenodo.14512819:
Degenerate_primer_sets_statistics.py.

Note. upon long-read DNA sequencing we found that the kappa chain contribution to the final scFv was relatively low (Table 2). Why
might the kappa chain representation be so low in the final scFv library when equivalent molar amounts of all light chain amplicons
were spiked into the one-pot ligation reaction with each heavy chain? Since all 6 kappa chain amplicons and all 11 lambda chain
amplicons were pooled into 12 different one-pot shotgun ligations, combined with each of 12 heavy chain holding plasmids, these
data suggest that all 6 kappa chain amplicons were inefficiently ligated. This could be due to inefficient restriction digestion of the
PCR amplified kappa chain products that were then spiked into the one-pot ligation reactions. It is interesting to note that the kappa
chain FR4 primers have an unusually high amount of T rich bases adjacent to the Notl site (Figure 1F) that might alter the rate of Notl
cleavage of the amplicon prior to ligation. Data exists showing that a string of T bases adjacent to the Notl site can result in inefficient
cleavage (~10%, from information on restriction enzyme cleavage efficiency named “Cleavage Close to the End of DNA Fragments”
from New England Biolabs website). In addition, if the amplicons were efficiently restricted, then the possible inhibitory structures of
the T rich amplicon might impact on the rate of ligation in the one-pot ligation reaction. However, because a key methodological strat-
egy in this study was the creation of holding libraries, we would be able to return to the kappa chain holding library to capture more
information if required, such as individually optimizing ligation of each heavy chain holding library to all 6 kappa light chain amplicons.
For example, we would intend to re-engineer the kappa chain primers to change the TTT stretch (whose complement AAA encodes a
Kamino acid within the KLEIK motif of the kappa chain FR4, see Figure S5H for the kappa chain consensus of FR4) to other K encod-
ing codons that might reduce the presumed inefficiencies in the Notl cleavage. A limitation therefore of this one-pot shot-gun
approach is that all 17 amplicons are essentially in competition with each other to ligate into each of the 12 heavy chain plasmid li-
braries and the low amount of kappa chain representation suggests a low rate of incorporation into the ligation products. However,
since the natural ratio of canine light chain to kappa chain is ~90%-~10%," the final scFV library reflects the lambda light chain
dominance.

Methodology for the analysis of IG family representation

The representation of the different IGH, IGK, and IGL subfamilies cloned is summarized in Figure 3. The raw long-read DNA
sequencing data (Table 1) were quality controlled using FastQC.”° MiXCR®" was used to align sequences to IGH genes against
the reference sequences from the IMGT database (released in August 2024°?). Comparing these data to the 5’RACE-PCR derived
canine IG family representation,®® there is a general concordance between the two datasets, suggesting that the primer sets
used for cloning variable domain genes (Figures 1E-1H) do not introduce a significant bias into the |G family alleles cloned. IGHV
subfamily distribution using long-read DNA sequencing reads is defined for the VH-11 holding library (Figure 3A) or the scFV library
(Figure 3B). The cloned lambda light chain gene distribution is plotted in Figure 3C and the cloned kappa chain distribution is plotted
in Figure 3D. The light chain sequencing data was from 6 pools of the cloned light chain libraries including; light chain kappa, primer
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sets 1, 2, 7; and lambda primer sets 3, 4, 7. Thus, we do not report the lambda and kappa chain gene distribution for the remaining
light chain holding libraries. The obtained clonotype tables were collapsed on the genes and the data are plotted as the number of
reads against the gene/allele subfamily. The script for generating the subfamily comparisons in Figure 3 are found at Source codes for
analysis CDR and FR in Canine single-chain antibody library https://doi.org/10.5281/zenodo.14512819, Parsing_MIXCR_results.R.

Production of IgG in CHO cells

The anti-PD-1 IgG antibody was produced using ExpiCHO Expression System (Thermo Fisher) according to the manufacturer’s in-
structions. Briefly, ExpiCHO-S cells (250 mL) were cultivated in a vented flask on a shaker in a standard cell culture incubator (37°C,
8% CO,) until they reached the desired culture density. After that, the cells were transfected using the ExpiFectamine reagent (part of
ExpiFectamine CHO Transfection Kit by Thermo Fisher) with the anti-PD-1 IgG expression plasmid (with the core structure in Fig-
ure 5D encoding a single cistronic mRNA), and ExpichoCHO Max Titer protocol was then followed. On day 10 and 12 post-transfec-
tion, the supernatant was harvested by centrifugation, supplemented with sodium azide to 0.05% final concentration and stored at
4°C until used in an ELISA format to measure activity (Figure 5) and epitope mapping (Figure S8).

ELISA and pepscan to localize the epitope of the anti-EGFR scFv and the anti-PD-1 IgG

Peptide binding assays (Figures S7 and S8) were performed using a white 96-well High Protein Binding microtiter immunoplate,
which was coated with 1 nug of streptavidin in 100 puL of water overnight at 37°C. The wells were then blocked with 200 pL of PBS
containing 0.1% (v/v) Tween 20 and 3% BSA overnight at 4°C. After washing three times with PBS containing 0.1% (v/v) Tween
20 to remove any residual streptavidin, 100 ng of EGFR peptides including alanine scan libraries or PD-1 biotinylated peptides
including the overlapping PD-1 peptide libraries (Figures S7 and S8), diluted from 1 mg/mL stocks (from Mimotopes, Australia) in
DMSO into 100 uL of a buffer containing PBS with 0.1% (v/v) Tween 20 and 3% BSA, were added and incubated for 1 h at room
temperature. After washing three times with PBS containing 0.1% (v/v) Tween 20 to remove unbound peptide, fixed amounts of
CHO cell supernatants expressing the anti-PD-1-29 IgG (from Figure 5) or fixed amounts of Protein A purified anti-EGFR scFv (Fig-
ure S7) in 100 pL of a buffer containing PBS with 0.1% (v/v) Tween 20 and 3% BSA were added and incubated for 1 h at room tem-
perature. After washing three times with PBS containing 0.1% (v/v) Tween 20 to remove free IgG (to PD-1 in Figure S8) or scFv (to
EGFR peptides in Figure S7), HRP-conjugated rabbit anti-mouse secondary antibody (DAKO) was added in 100 pL of a buffer con-
taining PBS with 0.1% (v/v) Tween 20 and 3% BSA and incubated for 1 h at room temperature (for PD-1 detection) or the scFv from
Figure S7 was detected using HRP-conjugated protein A. After washing three times with PBS containing 0.1% (v/v) Tween 20, chem-
iluminescence solution was added and light was measured using a Fluoroskan plate reader (PerkinElmer).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of next-generation DNA sequencing reads (Figures 2, 3, and 4) was performed according to the scripts summarized in
https://doi.org/10.5281/zenodo.14512819.
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