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ABSTRACT

The autoimmune disease known as Jo-1 positive anti-synthetase syndrome (ASS) is characterized by circulating
antibody titers to histidyl-tRNA synthetase (HARS), which may play a role in modulating the non-canonical
functions of HARS. Monoclonal antibodies to HARS were isolated by single-cell screening and sequencing from
three Jo-1 positive ASS patients and shown to be of high affinity, covering diverse epitope space. The immune
response was further characterized by repertoire sequencing from the most productive of the donor samples. In
line with previous studies of autoimmune repertoires, these antibodies tended to have long complementarity-
determining region H3 sequences with more positive-charged residues than average. Clones of interest were
clustered into groups with related sequences, allowing us to observe different somatic mutations in related
clones. We postulated that these had found alternate structural solutions for high affinity binding, but that
mutations might be transferable between clones to further enhance binding affinity. Transfer of somatic
mutations between antibodies within the same clonal group was able to enhance binding affinity in
a number of cases, including beneficial transfer of a mutation from a lower affinity clone into one of higher
affinity. Affinity enhancement was seen with mutation transfer both between related single-cell clones, and
directly from related repertoire sequences. To our knowledge, this is the first demonstration of somatic
hypermutation transfer from repertoire sequences to further mature in vivo derived antibodies, and represents
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an additional tool to aid in affinity maturation for the development of antibodies.

Introduction

Various approaches have been successfully applied to identify and
isolate antibodies with high specificity for their target.
Technologies such as hybridoma fusion, transgenic mice, and
phage/yeast/mammalian display have led to the successful devel-
opment of this class of therapeutics.'> While these approaches
have been productive, new technological advances continue to
improve our ability to probe the immune response and isolate
functional antibodies. Single B cell isolation and sequencing®
provide a means to recover paired antibody sequences with
known specificity, while high-throughput repertoire sequencing’
provides a broad sampling of the immune response. The use of
these techniques in a complementary fashion has the potential to
accelerate the development of antibody therapeutics against novel
targets.

Monoclonal antibodies have been selected directly from
human B cells by a number of techniques, and innovative
approaches to prolong the survival of human antibody-
producing cells and to recover immunoglobulin sequences directly
from them have been developed.*'" The ability to obtain paired
immunoglobulin heavy and light chain sequences from single
B cells by reverse transcription-polymerase chain reaction (RT-
PCR) allows antibodies to be recovered from rare B cells.® Cells
with antigen-specific Ig sequences can be isolated by a number of
techniques, including flow cytometry,'*"> microfluidics to isolate

cells followed by high-throughput sequencing,'* or bead-based
screening.15

Antibody repertoire diversity is developed based on initial
variable(diversity)joining (V(D)]) gene rearrangement followed
by somatic hypermutation (SHM) to select for antibodies with
high affinity and specificity for the target antigen. Recent advances
in next-generation sequencing (NGS) and data analysis of immu-
noglobulin gene repertoires (Ig-seq) have enabled investigation of
the natural diversity of antibodies in individual animals or
humans.'®"” This data is leading to new insights into how immune
responses are elicited and developed, for example, in response to
infection and vaccination.'®'” This has aided studies of SHM such
that maturation of antibody sequences can be understood in more
detail than previous methodology allowed.

As part of this analysis, it has become apparent that SHM of
antibodies can take multiple paths to improve the affinity and
properties of rearranged antibody sequences, with parallel
routes resulting in many related antibody sequences observed
in the immune repertoire.”>*' The heavy chain complemen-
tarity-determining region (CDR) 3 sequence is formed at the
junction of the heavy chain V, D, and ] genes in an imprecise
joining event in which nucleotides may be deleted or added in
a non-templated fashion. As such, CDR3 sequences are often
diagnostic of gene rearrangement events and may allow alter-
nately matured antibodies to be identified that come from
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similar, or identical, original rearranged gene sequences. This
can lead to panels of related sequences with different somatic
mutations that result in different molecular solutions to the
generation of high-affinity binding to a particular antigen.*”
The information contained within these different antibody
sequences might allow novel recombination strategies to gen-
erate improved antibodies for high-affinity antigen binding.
We sought to determine whether this was a viable route to
further in vitro antibody maturation.

Histidyl-tRNA synthetase (HARS) is one of a number of ami-
noacyl-tRNA synthetases that have additional functions outside of
protein synthesis, with both intracellular and extracellular non-
canonical functions reported.””** Several aminoacyl-tRNA
synthetases, including HARS as well as splice variants from their
genes, are secreted and have potentially important roles in regula-
tion of the immune system.”* > Monoclonal antibodies to HARS
are, therefore, of interest for their potential ability to regulate the
immune system. The rare human autoimmune disease, Jo-1 posi-
tive anti-synthetase syndrome (ASS), is characterized by the pre-
sence of autoantibodies to HARS.” These autoantibodies remove
free HARS from the circulation and are associated with individuals
exhibiting activated immune pathology.”” The HARS protein can
be divided into three domains: 1) an N-terminal coiled-coil
WHEP domain, 2) a central catalytic domain, and 3)
a C-terminal anticodon binding domain (ABD). Autoantibodies
have been reported to most frequently recognize epitopes within
the N- or C-terminal domains.* In this study, we set out to isolate
human monoclonal antibodies to HARS from Jo-1 positive indi-
viduals, and to investigate the generation of high-affinity antibo-
dies using the information available in related sequences.

Results

Isolation of monoclonal antibody sequences from
individual B cells

Peripheral blood mononuclear cells (PBMC) were collected
from individuals with Jo-1 positive ASS. B cells were enriched,

and single antibody-secreting cells were isolated using
AbCellera’s microfluidic screening system. Single-cell isolation
for antibody discovery via related approaches has been
reviewed (see ref>!) and is widely available.

Serum from these individuals demonstrated that each one
had a positive titer to HARS, including antibodies to the
WHEP domain as well as other regions of the protein (data
not shown). Single cells secreting antibodies specific to HARS
were identified using beads coated with protein A to select for
both IgG and IgA antibodies and detected with fluorescently
labeled HARS. It has been reported that the N-terminal WHEP
domain may be an immuno-dominant epitope in the ASS anti-
HARS response,26 and therefore three different recombinant
HARS proteins were used for screening: Antigen 1, a full-
length protein (lacking a C-terminal CIC motif to improve
expression yields); Antigen 2, the isolated WHEP domain
fused to maltose-binding protein (WHEP-MBP); and Antigen
3, an N-terminal WHEP deletion mutant. Antibody-secreting
cells were selected based on their ability to bind full-length
HARS, and further characterized by their ability to bind the
WHEP domain as shown in Figure 1. WHEP domain-specific
binders were defined as being able to bind full-length HARS
and not the WHEP domain deletion mutant. Not all of these
were able to bind to the WHEP-MBP fusion protein, likely
because of an altered conformation of the WHEP domain in
this protein, but also possibly due to an epitope that spanned
the deletion. Unexpectedly, WHEP domain-specific binders
were in the minority in these selected clones (Table 1). Cells
secreting antibodies with the desired properties were recovered
from the screening device, and single-cell RT-PCR followed by
NGS was used to identify the corresponding paired antibody
heavy and light chain sequences.

In this study, single-cell-derived antibodies were obtained
from screening three donors with Jo-1 positive ASS. Due to
the rarity of patients’>> and the difficult logistics of timely
sample delivery, the quality of each sample at screening varied
drastically, resulting in only three of six samples showing anti-
body secretion, as well as variable single-cell recovery from each
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Figure 1. Assay format used for single-cell antibody discovery. A two-step screening assay was performed. In step 1, antibody-secreting cells were co-incubated
with protein A beads to capture secreted antibodies and were detected using fluorescently labeled WHEP domain-MBP and WHEP domain-deleted HARS (left). In step 2,
fluorescently labeled full-length HARS was added to confirm binding to the full-length protein (right). The two phenotypes observed during screening are depicted in
the schematic: specificity to the WHEP domain (top panel, Phenotype 1) and specificity outside the WHEP domain of HARS (bottom panel, Phenotype 2).



Table 1. Summary of isolated clone sequences. Analysis of SHM, CDR charge, and
length, was performed on all 195 light and heavy chains. Characterization of
WHEP binding was as determined by the initial screening paradigm outlined in

Figure 1.

Donor ID 1 2 3
Donor Age 53 67 29
Selected clones 131 4 60
WHEP-specific 16 2 3
IgG/IgA 117/14 2/2 58/2
Kappa/lambda 121/10 4/0 47/13
Most frequent VH3-23(54%)/  VH3-53(50%)/  VH3-23(33%)/
germline genes used VK4-1(56%) VK4-1(75%) VK4-1(33%)
% nt SHM (mean) 7% (HC), 42% 8% (HC), 1.8%  6.4% (HC), 4%
(LO) (@) (LO
% aa SHM (mean) 11% (HQC), 7.9%  11% (HC), 3.8% 10.6% (HQ),
(LO) (Lo 7.8% (LC)
CDRH3 length 8-20 13-16 8-23
distribution AVG 15.9aa AVG 14.3aa AVG 15.9aa
CDR-H3 (+) distribution 0-5 1-3 0-4
AVG 2.76 AVG 1.5 AVG 2.03
CDR-H3 (-) distribution 0-4 1-2 0-3
AVG 1.79 AVG 1.25 AVG 1.43

successful sample. A total of 574 paired heavy and light chain
sequences were obtained, resulting in 195 unique pairs (Table 1
and supplementary Table 1). Of these, the majority (131) were
obtained from a single individual, with only four from
the second subject and 60 from the third. As expected from
the detection methodology, the majority of recovered clones
were IgG (177/195), and the remainder IgA (18/195), with
most having kappa light chains (172/195), and four of the 23
lambda chains paired with IgA heavy chains. Within the 195
clones, there were 191 unique heavy chain sequences and 194
unique light chain sequences. Sequences were derived from
a broad range of V-gene segments covering six variable heavy
(VH) subgroups, four variable kappa (VK) groups, and five
variable lambda (VL) groups, with a distribution of germline
gene usage. The most frequently observed V genes in this data
set, VH3-23 and VK4-1, were used in almost half of the
sequences (47% and 50%, respectively) and were paired 31% of
the time, suggesting some preferential pairing in this response.
SHM of the selected antibodies was apparent, suggesting active
maturation of the auto-antibody response to HARS. The num-
ber of VH-gene residues that had undergone somatic mutation
ranged up to 28% with a mean of 10.9% (supplementary Table 2
and Table 1), consistent with reports of the degree of somatic
mutation in responses to infection.”*** By subdivision of anti-
bodies by V-gene, J-gene, and CDRH3 or CDRL3 length, 91
heavy chain clusters and 63 light chain clusters are formed; these
are arranged into 130 clonal families schematically represented
by their heavy/light chain pairing, and antigen specificity
(Fig. S1).

Comparison of auto-antigen specific clones to
immunoglobulin repertoire in the same donor

In parallel to single-cell screening, immunoglobulin repertoire
sequencing was carried out on Donor 1, from which the
majority of paired chain sequences were identified. In two
rounds of NGS, 5887 unique, productive heavy chain
V-regions were obtained, aligning to 49 different V genes.

MABS (&) 18367183

After initial clonal grouping by shared V gene, ] gene, and
CDR3 length, 38 trees were constructed that contained both
repertoire and single-cell heavy chain sequences. In total, these
trees contained 469 repertoire chains and 103 single-cell
chains, five of which were an exact match between the two
datasets. Further clustering on CDR3 distance reduced the
clonal groups to 14 trees containing 20 repertoire sequences
and 39 single-cell sequences. Several representative trees show-
ing the relationship of individual isolated clones to sequences
retrieved from the repertoire are shown schematically (Fig. S2).
While these trees are based on V/J pairing and CDRH3 length,
further characterization by CDRH3 homology forms distinct
branches (subclones) and are detailed in Supplemental Table 2.

As selection of self-reactive clones from the individual is
non-exhaustive, the repertoire itself likely includes many other
self-reactive antibodies, both clonally related to the identified
single-cell clones, and other independent antibodies for which
no single-cell clone was identified. While it was possible to
filter the repertoire data from single cell-related clones based
on the clonal trees described above, it is impossible to remove
with certainty all self-reactive clones. In this case, it was
deemed most appropriate to perform the analysis against the
unfiltered repertoire, with the assumption that any significance
seen would be muted by the presence of the self-reactive clones
within the repertoire. We compared the repertoire to all unique
heavy chains recovered from the single cells of Donor 1. The
collapse to unique sequences changed the values slightly as
compared to Table 1.

Relative usage and pairing of VH and V] genes for both
repertoire (Figure 2a) and single-cell sequences (Figure 2b)
are shown as a Sankey plot. Within the repertoire, there was
a bias for pairing of IGHV3-23 with IGHJ4 (6%), but not as
pronounced as that seen in single cells (48%). Percent usage of
IGHV3-23 within the repertoire was 10% compared to the
54% seen within single cells. Within the single cells, usage of
all IGHJ4s was 72% compared to the repertoire usage of
IGHJ4 of 53%. The degree of SHM was lower in the isolated
clones than in the general repertoire, with relative average
nucleotide mutation frequency in the heavy chain V-gene of
7% for isolated clones and 7.9% in the repertoire (Figure 3a).
This is despite the presumed extended exposure to antigen in
the autoimmune patients, and the extended period of time for
affinity maturation. It is possible that some of this observed
difference is due to error intrinsic to NGS.”® However, we
followed best practices, as has been reviewed (see ref.’’), to
mitigate NGS error, and a recent study of NGS error in Ig-
seq’® showed error rates that would not change our interpre-
tation. Average CDRH3 length was slightly longer in the
single-cell clones, 15.9 amino acids vs 15.2 from the repertoire
(Figure 3b). An analysis of charged residues contained within
CDRH3 showed that, in agreement with prior observations,>®
positively charged lysine and arginine residues are seen at
a much higher frequency within the self-reactive clones,
with an average per H3 of 1.56 in repertoire vs 2.41 in single
cells (Figure 3c). In contrast, little change was seen in the
presence of negatively charged aspartate and glutamate, with
an average per H3 of 1.98 in repertoire vs 1.82 in single cells
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A.

Figure 2. Frequency and pairing of V and J genes within single cell (b) and repertoire (a) heavy chains. V genes are shown on the left and J genes are shown on the right
of each diagram. V/J pairing is represented by a horizontal-colored line joining the respective V and J gene. Single-cell data was collapsed to unique chains. (A) V/J gene
frequency and pairing in repertoire heavy chains from Donor 1, including both self-reactive, and non-self-reactive clones. (B) V/J gene frequency and pairing in heavy

chains from recovered self-reactive single-cell clones from Donor 1.

(Figure 3d). Analysis of samples from the other two Donors
showed similar trends in Donor 3, while the number of
recovered events from Donor 2 were too low to draw any
conclusions (Figure 3a-d).

Expression and characterization of selected antibodies

Antibodies were selected for expression and characterization
based on IgG sequence frequency in the dataset and degree of
SHM as an indication of antibodies that had likely undergone
affinity maturation, with a preference to include WHEP domain-
specific binders. Sequences that potentially had certain poor
developability characteristics were excluded, including those
with free cysteines, N-glycosylation sites, and high likelihood
deamidation or cleavage sites in CDRs (unless germline
encoded). This resulted in the selection of 40 antibody sequences
that were expressed and tested via biolayer interferometry (BLI)
(Supplementary Table 3A). Based on V/J chain gene usage, H3
length and homology, there was some clonal overlap, with the 40
antibodies representing 28 clonotypes. In some instances, anti-
bodies differed only in their SHM content. 35/40 were positive
for binding to full-length HARS, with affinities that ranged from
low nM to low pM Kp which was also confirmed by enzyme-
linked immunosorbent assay (ELISA) (Fig. S3). Of the antibo-
dies with binding to HARS, 7/35 were demonstrated to be able to
bind the WHEP domain by ELISA with his-tagged WHEP
domain,”” although only 4 of these bound to the WHEP-MBP
fusion protein, possibly due to an altered conformation or poor
accessibility of the WHEP domain when presented as a fusion
protein with MBP. Five of the antibodies bound a HARS variant
with a deleted catalytic domain,* but not to the WHEP, and are
therefore likely to bind to the anticodon binding domain (amino
acids 399-506), and the remainder are presumed to bind the
central catalytic domain. A high proportion of the catalytic and
anticodon domain binders had very high affinity (low pM) when
screened against full-length HARS, or the WHEP-deletion
mutant (20/28). As the WHEP domain is known to be
disordered, it is possible that the antibodies that bind in this
region have lower overall affinity to the full-length protein.

Generation of high-affinity monoclonal antibodies by
recombination of independent somatic variant sequences

Two WHEP domain-specific antibodies, clones 14 and 92 (Ab14
and Ab92) from Donor 1, were identified as candidates for
testing SHM recombination. Ab14 was included in the initial
analysis of 40 antibodies, while Ab92 was chosen as a potentially
related clone. Sequence analysis of the heavy chain (Figure 4a)
and light chain (Figure 4b) showed these antibodies used the
same germline V-genes (IGHV3-11*06, IGKV1D-12*01) and
J-genes (IGHJ4*02, IGK]J2*01). While the two antibodies share
no SHM events in either the light or heavy chain V-gene at the
amino acid level, they do share eight nucleotide substitutions in
the heavy chain V gene (Fig. S4A, B). Sequence differences in the
heavy chain were restricted to residues in CDRs and the frame-
work (FW) 3 region that is often important for antigen binding
specificity (Figure 4 and S4). In the light chain, differences were
mostly in FW2 and CDR2, with one in FW3 and CDR3, respec-
tively. The CDRH3 sequences of these two antibodies are both
11 residues in length and have five residues in common.
A nucleotide alignment of the V(D)] junction shows both anti-
body heavy chains may have used the D-19*01 gene segment
during rearrangement, while 7/13 consecutive nucleotides
match within the VD non-homologous end joining (NHE])
(Fig. $4C). By surface plasmon resonance (SPR), Abl4 had
a lower affinity than Ab92 (Kp 371 nM vs 2.1 nM) (Figure 5a,
b, e) even though it was more somatically mutated (10 V-gene
amino acid replacements compared to 8). No additional clones
in this V(D)] lineage were isolated from the repertoire sequen-
cing, so it is impossible to elucidate their relationship further.
These antibodies were confirmed to compete with each
other via indirect ELISA against full-length HARS, suggesting
similar or overlapping epitopes (Fig. S5A, B). Recombination
of heavy and light chains from each antibody resulted in func-
tional binders with intermediate affinities (Fig. S6). On the
basis that these antibodies may have found similar, yet inde-
pendent, molecular solutions to binding, and that the sites of
SHM may indicate residues of importance in the binding inter-
face, we transferred a number of residues between antibodies,
concentrating on those that were most different in charge or
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Figure 3. Comparison of heavy chain features from single cells, collapsed to unique sequences, to 5887 unique sequences recovered in the repertoire. Significance
between Donor 1 repertoire and Donor 1 single cells calculated by Kolmogorov Smirnov test. * = p < .05, ** = p < .005, ns = not significant. Comparison of: (a)
nucleotide SHM, (b) heavy chain CDR3 length, (c) heavy chain positive residues per CDR3 (lysine and arginine), (d) heavy chain negative residues per CDR3 (glutamate

and aspartate).

hydrophobicity. We saw the greatest improvements from
transfer of CDR3 residues. The most significant improvement
in Ab92 affinity came from the transfer of a CDRH3 residue
from Abl4 (H97Y), which resulted in a greater than 10-fold
increase to a Kp of 0.19 nM (Figure 5c, e), while the reverse
transfer from Ab92 to Abl4 (Y97H) resulted in a substantial
loss in affinity (not shown). It was unexpected to see such
a large improvement of affinity of Ab92 by transferring
a substitution from a lower affinity antibody with sub-
optimal binding. A transfer from Ab92 to Ab14 at residue 99
(T99V) resulted in over a 60-fold increase in affinity for Ab14
to a Kp of 5.6 nM (Figure 5d, e). Transfers in other regions had
lesser impact. A transfer from light chain FW2, from Abl4 to
Ab92 (Y49F) was found to increase the on-rate by twofold, but

with a loss of off-rate, and inconsistent overall affinity gain.
Reversion of other SHM events in the light chain at positions
42 and 70 did not improve the affinity of Ab92, nor did those in
the V-gene of the heavy chain (Figure 5f). Our principal focus
was to improve the higher affinity antibody, so only limited
Ab92 to Ab14 transfers were made, which we assume would be
more likely to be beneficial.

While it appears obvious that the mutation transfers per-
formed here between isolated antibody clones could also be
applied to transfers from related sequences identified from
repertoire sequencing, we attempted to show this directly.
Based on the assembled clonal grouping, epitope mapping,
and affinity testing of the set of 40 isolated antibodies, we
chose four candidate molecules with varied affinity that had
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Figure 4. (a) Alignment of Ab14 and Ab92 heavy chain V region to germline sequences IGHV3-11*06 and IGHJ4*02. Identities are represented as dots, SHM substitutions
are shown. V(D)J junction represented as Xs. (b) Alignment of Ab14 and Ab92 light chain V region to germline IGKV1D-12*01 and IGKJ2*01.

related heavy chain sequences in the repertoire to perform
affinity maturation. Sequences were considered clonally related
if they used the same V and J genes and had similar CDR3
sequences (see Methods). Two antibodies defined as anticodon
binding (Ab31 and Ab54), and two catalytic domain binding
antibodies (Ab62 and Ab77) were selected. Each heavy chain
was paired and aligned to at least one clonally related heavy
chain from the repertoire, Ab31 with rep-3352, Ab54 with rep-
3401, Ab62 with rep-3497, and 3498, and Ab77 with rep-3300
and 3303 (Fig. S7A-D). While no affinity information exists for
these related clones, the transfer of affinity from Ab14 to Ab92
described previously demonstrates that the affinity of the
source antibody is not a limitation on its utility as a donor
sequence, so we were confident that there would be valuable
binding information within the matching repertoire sequences.
Thirty-four mutations within CDRs or otherwise predicted to
be in close proximity to the antigen were chosen for transfer
from the repertoire sequences to the isolated clones, to be
expressed at small scale, and screened for affinity to full-
length HARS via SPR. Thirty-three of these mutations were
single substitutions, with a single double substitution contain-
ing a reversion to germline to avoid a glycosylation site.

Within the set of substitutions chosen, we found six possibly
beneficial substitutions (Figure 6 and Supplementary Table 3B).
Two mutations, Ab62-S74P and Ab62-D100dG, had unmeasur-
able off rates in this experiment, and were artificially limited to
1x107%s ™" for the purposes of comparison. These two mutations,
and a T28I mutation in Ab77, showed benefits of approximately
threefold. Other beneficial substitutions in Ab77 and Ab3l
improved affinities twofold or less. While the affinity benefit of
individual substitutions was modest, there is likely sufficient
information to mature Ab62 at least an order of magnitude if
improving mutations were recombined. Mutations showing
benefit covered various regions, including CDRs, FW3, and the
N terminus of the heavy chain. Interestingly, beneficial muta-
tions were found in regions outside the CDRs that would not
typically be included in targeted mutagenesis.

Discussion

This study analyzed the immune response and antibodies iso-
lated from three human donors with Jo-1 positive ASS.
Although only a limited fraction of the anti-HARS immune
response was analyzed in each PBMC sample, it was apparent
that anti-HARS antibody sequences isolated were diverse and
affinity matured toward the HARS auto-antigen. Previous stu-
dies on auto-antibody development have suggested that self-
reactive antibodies from early B cells, which are usually
removed through checkpoints in development, tend to have
long and highly positively charged heavy chain CDR3
regions.” Highly positively charged CDR sequences have also
been linked to antibody self-association;*' consequently, anti-
bodies screened/isolated from autoimmune patients might
require additional optimization should they be used to gener-
ate therapeutic candidates. Here, we observed increased posi-
tive charge and sequence length within the CDRH3 region of
self-reactive clones isolated from single cells compared to
repertoire sequences from the same individual. It is unknown
if this is an effect of naive B-cells with charged CDRs escaping
selective mechanisms, or antigen-driven selection of specific
characteristics; a more extensive analysis of matured self-
reactive antibodies to various antigens would need to be per-
formed to draw broader conclusions.

It has been proposed that there is rarely enough selective
pressure in vivo to drive affinity maturation of antibodies to
extremely high affinities, as antibody Kp, values in the nM-pM
range are usually sufficient to clear the relevant antigen.*>*’
For example, observations in humans hyper-vaccinated with
tetanus toxoid have shown that antibodies can reach maximum
Kp values between 0.34-1.0 nM.** In contrast, clones recov-
ered in this study were frequently measured with low pM Kps,
with several exhibiting off-rates too low to measure accurately.
In this case, we have no information as to the onset, and thus
the duration, of the immune response to HARS in each indi-
vidual; however, auto-antibodies have likely matured over
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Figure 5. Affinity of parent antibodies to recombinant dimeric HARS(aa1-506) at 150, 50, 16.67, 5.56, and 1.85 nM, fit to bivalent analyte model. Fit lines are displayed in
red, experimental data in gray scale. Representative SPR trace of: (a) Ab92, (b) Ab14, (c) Ab92 with H97Y mutation sourced from Ab14, (d) Ab14 with T99V mutation
sourced from Ab92. (e) Table of kinetic constants. (f) Summary table of sites of SHM in Ab14 and resulting affinities when transferred to Ab92. Mutations numbered

according to Kabat numbering scheme.

prolonged exposure to self-antigen. While it is possible that the
extended exposure to antigen in these donors resulted in
extensive affinity maturation, SHM rates in the isolated single
clones are in fact lower than the general repertoire. It is possi-
ble to envision that breaking of immune tolerance in these
auto-immune patients results in the generation of highly
charged antibodies, escaping traditional checks and balances,
and that these are predisposed toward higher affinity without
the need for extensive SHM. A third possibility is that high
affinity is epitope-dependent, as antibodies to the N- and
C-terminal domains were of lower affinity, but those directed
to the catalytic domain were frequently of high affinity.
Nevertheless, in the analysis of anti-HARS responses, we
found sufficient information within the discovered sequences
to target further affinity maturation of selected antibodies.

Previous studies looking at responses to vaccination with
complex antigens in humans have demonstrated that in some
cases, clonal diversity can increase during maturation rather
than decrease as a result of clonal competition.**>** To utilize
this diversity, we recovered a number of related clones from
high-throughput single-cell isolation and complementary
repertoire sequencing. Initial identification of related clones
will, by necessity, be centered on CDR3 homology. However,
care must be taken to allow for substitutions maintaining
similar characteristics, as the sequence identity of two related
clones screened here was quite low (5 of 11 amino acids). It is
also possible that the shuffling of light chains and heavy chains
done here could also have limitations, as combinations of
mutations could potentially sterically compete. Once related
clones are identified, it is assumed that at least some of the
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Figure 6. Iso-affinity plot of SHM variants tested for four selected antibodies: Ab31, Ab54, Ab62 and Ab77. Indicated affinities to recombinant dimeric HARS(aa1-506) at
150, 50, 16.67, 5.56, and 1.85 nM, fit to bivalent analyte model. Parent antibodies are displayed as colored crosses, while individual mutants are shown as colored blue
circles (Ab31 variants), red squares (Ab54 variants), up green arrows (Ab62 variants) and down purple arrows (Ab77 variants).

affinity-enhancing SHM events in each sequence could high-
light residues of importance that present molecular solutions to
improved antigen binding, either through direct antigen con-
tact or indirect effects. Given sufficient sequence coverage,
analysis of aligned sequences can inform bias for individual
substitutions. Convergent mutations would presumably pro-
vide strong evidence that a particular pattern is beneficial,
whereas highly divergent mutations would suggest the
opposite.

It has recently been shown in immunized mice that reper-
toire derived heavy and light chains can be shuffled into
selected antibodies for rapid affinity optimization.** In the
case of the Ab14/Ab92 transfer, we saw benefit of mutation
transfer from an antibody with sub-optimal heavy and light
chains, suggesting that divergent branches can independently
discover significant partial solutions, which can be combined
to maximize antibody affinity. The two approaches could be
used together to further improve affinities beyond that seen
with just optimal heavy/light chain pairing, and in fact our
initial analysis included chain shuffling between the related
recovered clones. The initial mutation transfers between the
pair of clonally related WHEP domain binders gave confidence
that the direct transfer of mutations from related repertoire
sequences would be a viable approach to further the affinity
maturation of isolated antigen-specific clones. Computational
methods were successful in identifying related sequences that
could be used as a source of affinity-enhancing mutations,
these mutations were transferred, and showed modest indivi-
dual benefits. As expected, the lack of preexisting affinity
information for these in silico isolated sequences did not limit
their utility. With minimal effort, equipment, and time, using
simple site-directed mutagenesis, a candidate antibody can be

paired with clonally related sequences and at least modestly
affinity matured.

While debate continues as to the liabilities of in vivo- versus
in vitro-derived antibodies,*”** developability of protein ther-
apeutics is clearly a current concern in the antibody
landscape.” ' As demonstrated in this study, the transfer of
selected mutations between isolated B cell clones and from
complementary repertoire sequencing data can be used to
improve affinity while maintaining in-vivo selection. One
would assume that this method of affinity maturation can be
applied to a number of different approaches, such as antibodies
discovered from immunized animals, including transgenic spe-
cies, as well as from infected, auto-immune, and cancer
patients. We have seen similar results transferring mutations
between clones from immunized mice (data not shown). While
it may be possible to discover pM binders from these platforms,
they can be of relatively low frequency compared to the major-
ity of antibodies retrieved,***’ and the best binders may not
possess required characteristics such as ligand blocking. In this
case, the remainder will often be subjected to some form of
in vitro affinity maturation. Instead, these selected antibodies
can be pooled with related clones from both the initial selection
and parallel repertoire sequencing, and matured to higher
affinity through a combination of chain swapping and muta-
tion transfer. For those concerned with in vitro methods for
maturation, these approaches can present an alternative meth-
odology. Such a strategy might be more likely to preserve the
desirable characteristics inherent to in vivo-derived antibodies.
An additional benefit of this method is that residues that would
typically be ignored in other rational design approaches (e.g.,
residues outside CDRs) can be used to further affinity mature
antibodies. Two examples in this study are the Ab77-V2E and



the Ab62-S74P mutations. Exploitation of natural SHM events
can expand the pool of candidate antibodies while limiting the
risks associated with random mutagenesis. Additionally, muta-
tion transfers can be screened for additional desirable proper-
ties such as improved developability characteristics.”*

The rise of next-generation high-throughput single-cell
screening technologies in combination with repertoire sequen-
cing presents a new paradigm for the identification of naturally
generated antibodies against any target of interest. Beyond
even the approaches discussed here, new approaches enabling
massively parallel B-cell sequencing™ as well as connection to
antigen reactivity”® will continue to increase accessibility to
information that can be used to further inform and engineer
antibodies of interest.

Materials and methods
Patient selection

Patients were selected based on the following criteria: willing
and able to provide written informed consent, between the ages
of 18 and 73, with a confirmed clinical diagnosis of any form of
myositis, and a confirmed history of a positive anti-Jo-1 anti-
body titer via medical record review. Patients were excluded
due to recent excessive blood loss; known history of HIV, or
hepatitis B or C virus infection; pregnancy; history of malig-
nancy; and known positive levels of confounding antibodies.
Research protocol was reviewed and approved by the internal
institutional review board of Sanguine Biosciences, Study #:
SAN-BB-01.

Single-cell isolation

Whole blood was collected from individuals with Jo-1
positive anti-synthetase syndrome under ethical consent.
Blood samples were shipped overnight to AbCellera.
PBMC isolation and enrichment for plasma cells and
B cells using standard protocols (SepMate PBMC isolation
protocol, STEMCELL, used as per manufacturer’s recom-
mendations) was performed prior to injection into
AbCellera’s microfluidic screening devices. Single anti-
body-secreting cells were identified and isolated using
AbCellera’s microfluidic screening system (U.S. Patent
Application No. 14/773,244.)

Single-cell amplification and sequencing

Single-cell PCR and NGS (MiSeq, Illumina) was per-
formed using automated workstations (Bravo, Agilent)
and custom molecular biology protocols for the recovery
of paired heavy and light chains. Analysis was performed
using a custom bioinformatics pipeline to generate a list of
paired heavy and light chain antibody sequences. Each
sequence was annotated with the closest germline V(D)]J
gene and degree of SHM. Antibody pairs were considered
members of the same clonal group if they shared the same
heavy and light V and J genes and had the same CDR3
length.

MABS (&) 18367189

Repertoire library generation and sequencing

An aliquot of the PBMCs from Donor 1 used in the single-cell
screening underwent lysis and PCR to generate a library of
repertoire heavy chain sequences. The library was sequenced
using two MiSeq 2x300bp runs, generating a total of approxi-
mately 37 M paired-end reads. Sequencing data were analyzed
using a custom bioinformatics pipeline to generate a list of
heavy chain antibody sequences, each annotated with the clo-
sest germline V/D/] gene and degree of SHM.

To assemble clonal groups, heavy chain sequences were first
clustered according to shared V and J genes and CDR3 length.
Single linkage agglomerative hierarchical clustering was then
performed using the pairwise “post-normalized Levenshtein”
distances between the nucleotide CDR3 sequences within each
group.” Next, a fixed distance threshold was determined auto-
matically by analyzing the distance-to-nearest profile for the
entire dataset. For each sequence, the distance to its nearest
non-identical junction was taken from the complete distance
matrix on which the clustering was actually performed. The
ideal bandwidth for the kernel density estimate of these dis-
tances was then estimated by threefold cross-validation using
scikit-learn’s model selection package (version 0.21.2). This
bandwidth was then used to calculate a binned kernel density
estimate of the distances with a Gaussian kernel using scikit-
learn’s kernel density module. The minima between the two
modes of the resulting bimodal distribution was taken as the
fixed distance threshold, which was subsequently used to sub-
divide the distance hierarchies into clonal groups using SciPy’s
cluster hierarchy package (version 1.3.0).”°

Plasmid generation and mutagenesis

Antibodies were cloned into expression vectors for heavy chain
and light chain (Invivogen, pFUSE-CHIg-hG1 and pFUSE2-
CLIg-hk). Nucleotide sequences of variable regions of antibo-
dies defined by single-cell sequencing were synthesized at
GENEWIZ, Inc, and cloned into either pFUSE (heavy chain)
using enzyme sites EcoRI and Nhel, or pFUSE2 (light chain)
using enzyme sites Agel and BsiWI. Mutations were intro-
duced into plasmids using standard site-directed mutagenesis
strategies, using primers with either defined mutations, or
NNK oligos targeting individual codons ordered from
Integrated DNA Technologies. Primers for mutagenesis were
designed using the web-tool available at https://www.chem.
agilent.com/store/primerDesignProgram.jsp

Transient expression of antibodies

Vectors expressing light chain and heavy chain were co-
transfected, typically at a 2:1 mass ratio, into Expi293 cells
(ThermoFisher, A14527), grown at 37°C and 8% CO,. Scale
ranged from 400 pl cultures grown in deep-well plates at
350 rpm, to 5 mL cultures grown in 50 mL bioreactors at
215 rpm, to 1 L+ cultures at 125 rpm. 4-5 days post-
transfection, when viabilities typically reached <75%, cultures
were spun down to remove cell debris and live cells, and
supernatants were titered via protein A UPLC, at 215 nm
absorbance on an Waters Acquity H Class UPLC against
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a standard curve of human IgG (Jackson ImmunoResearch,
009-000-003).

Competition ELISA

Control antibody was biotinylated using EZ-link NSH-PEG,-
Biotin (ThermoFisher, 21363) with a 20-fold molar excess of
biotin to IgG. Via an indirect ELISA, biotinylated antibody was
titrated against the protein of interest coated at 2 pg/mL in 1x
phosphate-buffered saline (PBS) pH 7.4 to determine an appro-
priate EC50. Competing antibody was diluted by three- or twofold
dilutions against control antibody at EC50. All plates were blocked
with Casein Blocker (ThermoFisher, 37528), washed with PBST
pH 7.4, detected with Streptavidin-HRP (ThermoFisher,
SA10001), and developed with TMB Ultra (ThermoFisher,
37574). Data analysis was performed using GraphPad Prism.

Indirect ELISA

Mesoscale Discovery ELISA plates (MSD, L15XA) were coated
with target proteins in 1xPBS at 2ug/mL. Antibodies of interest
were titrated threefold in 1% BSA/PBS. Plates were blocked
with Casein Blocker, washed with PBST pH 7.4, detected with
anti-Human-SULFO (MSD, R32A]J) and read in 1x Read buffer
(MSD, R92TC) on an MSD QuickPlex. Data analysis was
performed using GraphPad Prism.

Binding via Octet-BLI

Binding kinetics of the antibodies were measured on a ForteBio
Octet QK 384 instrument using the manufacturer’s recom-
mended protocols. Binding assay was performed in ForteBio
1X kinetic buffer. Antibodies were captured on ForteBio
kinetic AHC biosensors (ForteBio, 18-5060) at 1 ug/mL and
were evaluated for association and dissociation of 100 nM
antigen (full-length HARS, WHEP domain-MBP and WHEP
domain-deleted HARS). Kinetic binding ranges were derived
using ForteBio Octet analysis software.

Binding via ProteOn-SPR

Binding kinetics of the antibodies were measured on a Bio-Rad
ProteOn XPR36 Protein Interaction Array instrument. The run-
ning buffer for binding experiments was 1x PBS pH 7.4, 0.005%
Tween20, and the chip temperature was 25°C. CaptureSelect
Human Fab-kappa Kinetics Biotin Conjugate antibody
(ThermoFisher, 7103302100) was diluted in running buffer to
15 pg/mL and immobilized on ProteOn NLC sensor chips (Bio-
Rad, 1765021). Purified antibody or antibody-containing super-
natants were diluted to 0.5 pg/mL antibody concentration in
running buffer and captured on the sensor chip by flowing over
the anti-human Fab-kappa chip surfaces. Recombinant dimeric
HARS (aal-506) was then flowed in the perpendicular direction,
at 150, 50, 16.67, 5.56, and 1.85 nM concentrations. The sensor
chip surface was regenerated between each set of antibody super-
natants by injections of 10 mM glycine pH 2.0 in both directions.
Kinetic binding constants were derived by globally fitting sen-
sorgrams to a bivalent analyte model (due to the dimeric antigen
in use) in the ProteOn Manager software.

Abbreviations
ABD Anti-codon binding domain
ASS anti-synthetase syndrome
BLI biolayer interferometry
CDR complementarity determining region
ELISA enzyme-linked immunosorbent assay
FwW framework
HARS histidyl-tRNA synthetase
lg Immunoglobulin
MBP maltose binding protein
NGS next generation sequencing
PBMC peripheral blood mononuclear cells
RT-PCR reverse transcription polymerase chain reaction
SHM somatic hypermutation
SPR surface plasmon resonance
V(D)J variable(diversity)joining
VH variable heavy
VK variable kappa
VL variable lambda
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