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Summary

Heavy-chain-only antibodies (HCAbs), which are devoid of light chains, have been found
naturally occurring in various species including camelids and cartilaginous fish. Due to their
high thermostability, refoldability, and capacity for cell permeation, the variable regions of
heavy chain of HCAbs (VHHs) have been widely used in diagnosis, bio-image, food safety,
and therapeutics. Most. immunogenetic and functional studies of HCAbs are based on case
studies or a"limited number of low throughput sequencing data. A complete picture derived
from more abundant'high-throughput sequencing (HTS) data can help us gain deeper insights.
Thus, we cloned and sequenced the full-length coding region of VHHs in Alpaca (Vicugna
pacos) via HTS inrthis study. A new pipeline was developed to conduct an in-depth analysis
of the HCAbs*repertoires. Various critical features, including the length distribution of
complementary determining region 3 (CDR3), V(D)J usage, VJ pairing, germline specific
mutation rate, and germline specific scoring profiles (GSSPs), were systematically
characterized. ‘The _quantitative data show that V(D)J usage and VHHs recombination are
highly biased. nterestingly, we found that the average CDR3 length of classical VHHs is
longer than that'ofimon-classical ones, whereas the mutation rates are similar in both kinds of
VHHs. Finally;, GSSPs were built to quantitatively describe and compare sequences that
originate frome€ach VJ pairs. Overall, this study presents a comprehensive landscape of the
HCADbs repertoire, which can provide useful guidance for the modeling of somatic
hypermutation and the design of novel functional VHHs or VHH repertoires via evolutionary
profiles.

Keywords: High=throughput sequencing; Nanobody; Immune repertoire; Antibody diversity;

Protein design

Introduction

The antigen binding domain of functional heavy-chain-only antibodies (HCAbs) discovered
in camelids and“sharks is composed of a single variable domain.!- 2 The variable regions of
heavy chain of HCAbs (VHHs), also known as nanobodies, have attracted growing interest in
various applications, as they are more soluble and stable than canonical antibodies (VHs).3-
In camels, the ratio of HCAbs to total IgGs can reach more than 80%, which indicates that
HCADs play a significant role in immune protection.” However, it is obvious that the diversity

of HCAbs is dramatically lower than that of canonical antibodies due to the lack of VH-VL

This article is protected by copyright. All rights reserved



67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

combinational diversification. This raises a question of how HCAbs can compete with
canonical antibodies. Several hypotheses and observations have been proposed over the past
decades to address the problem of diversity reduction inherent to HCAbs. One hypothesis is
that the complementary determining region 3 (CDR3) of VHHs contains longer loops than
canonical antibody VHs (18 amino acids versus 13 amino acids), which helps compensate for
the lack of diversity.? Evidently, longer CDR3 length increases the paratope size, as well as
the three-dimensional“structural diversity and contact surface area with antigens.” Another
explanation, inferred from a structural study that compared two independently generated anti-
lysozyme nanobodies, is that the in vivo maturation and selection systems are strong enough
to compensate for the decrease in the VHHs primary repertoire.!?

High-throughput sequencing (HTS) technology enables scientists to evaluate millions of
sequences in parallel, resulting in the collection of more complete and comprehensive
information for target samples. This capability makes HTS suitable for the characterization of
immune repertoires=that are highly plastic and diverse. Although HTS is now routinely
applied in the studies of human adaptive immunity,'! vaccine development,'? and diagnostic
research,'® only \a few studies were tried on VHHs. Fridy et al. developed a pipeline
combining HTS and proteomics to identify specific VHHs.'* Similarly, Turner et al.
demonstrated thatsHTS can be used as a complementary tool for phage-display bio-panning to
rapidly obtain-additional clones from an immune VHH library.!> For the first time, Li et al.
compared the repertoires of classical antibodies and HCAbs of Bactrian camels, with analysis
data including»€DR3 length distribution, mutation rate, characteristic amino acids, the
distribution ofl cysteine codons, and the non-classical VHHs.® Nevertheless, the features of
HCADs, such as the germline usage and mutation preferences, still remain unknown. Like
classical immunoglobulin (Ig) heavy-chains, VHHs are encoded by recombined V(D)J genes
that are formed froni sets of Variable (V), Diversity (D), and Joining (J) genes (IGHV, IGHD,
IGHJ) on the genome. An in-depth analysis of the origination and mutation profiles of VHHs
would help us“to“better understand the diversity of the HCAb repertoire, as well as the
diversity compensation. Furthermore, appropriate interpretation of the information is
important to guide'the design of novel functional VHHs.!6 17

This study is mainly focused on the HCAb repertoire. First, the coding sequences of
VHHs from long-hinge HCADbs (IgG;) and short-hinge HCAbs (IgG;) are amplified from the
non-immunized and the antigen immunized antibody repertoires of Vicugna pacos, where

full-length coding sequences of VHHs are obtained by an Illumina MiSeq System (2x300)
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under the paired-end module. Next, a new pipeline combined with multiple software tools is
developed to characterize the diversity and evolutionary features of the VHHs, including
CDR3 length distribution, V(D)J usage, VJ pairing, DJ pairing, germline specific mutation
rate, and germline specific scoring profiles (GSSPs) (Fig. 1). Considering that the diversity of
antibody repertoires’is position, chain, and species-dependent,'8-20 comparative studies are
also made on aminoyacid sequences derived from different germline genes.

Materials and'methods

RNA extractiofi and reverse transcription

Peripheral blood menonuclear cells (PBMCs) were separated from peripheral blood by Ficoll-
1.077 (Sangon;=Shanghai, China) gradient centrifugation, separately. Three naive blood
samples were collected from three non-immunized healthy male Alpaca (Vicugna pacos). To
collect immunized blood samples, one donor was immunized by subcutaneous, lower-back
injections every,twe weeks. Samples of fresh blood were collected 1 week after the fifth and
seventh immunization. For each blood sample, RNA was purified from approximately 2x107
PBMCs using RNAprep Kit (Tiangen, Beijing, China), following the manufacturer’s
instruction. First-strand complementary DNA (cDNA) was synthesized with random hexamer
primers using PrimeScript™ RT-PCR Kit (TAKARA, Dalian, China), and then stored at -
80 °C.?!

Library construetion' and Illumina sequencing

The VHH coding region was amplified from cDNA by a nested polymerase chain reaction
(PCR) as described before.?> 23 In brief, the variable region was first amplified by primers
AlpVh-LD and AlpVHH, which anneal to the conserved region of the leading sequence and
CH2 region, respectively. Next, the PCR products were diluted as a template for the second
round of RCRy, which employed primer pairs AlpVHH-F/AlpVHH-R1 and AlpVHH-
F/AlpVHH-R2 tovamplify coding sequences of short and long hinge heavy chain antibodies,
respectively. The PCR products that encoded VHHs (~450 bp) were purified using TAKARA
gel extraction kits (Dalian, China), and then subjected to Next-Generation Sequencing by the
Beijing Genomics Institute (BGI) sequencing center. Sequences were generated with a MiSeq
System using a 2x300 paired-end module.

Basic data processing

Adapter sequences were first checked and removed from the reads. Then, the reads that bases

of “N” were greater than 10% or have > 50% bases with quality values < 5 were discarded,
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resulting in 14.13%2 million paired-end reads. The pairwise reads were joined using the fastq-
join tool (version 1.3.1).2* The main parameters were the maximum difference percentage
(8%) and the minimum base overlap (6 bp). Phylogenetic trees of V germline genes were built
using MEGA version X.»

V(D)J assignnient aiid numbering

The V(D)J germline gene sequences were obtained from the international ImMunoGeneTics
information system (IMGT) antibody repertoire database.?® The out-frame bases in the 3° end
of J gene sequences were manually deleted, where the elaborated germline gene sequences
were used to build,an IgBLAST database. The resulting 5.85 million joined sequences were
subjected to IgBLAST1.8.0 with default parameters.?” The origin of each sequence, either
from long-hinge or short-hinge 1gGs, was identified by BLAST 2.7.1+ according to the E-
value and sequence identity of the alignments.?® The V(D)J germline genes on the top of the
resulting list of I[gBLAST were assigned to the sequences. An in-house Python script was
used to analyze»VHHs length distribution, CDR3 length distribution, V/D/J germline gene
usage, VI pairinggDJ pairing, and amino acid substitution. The IMGT numbering system was
adopted for the coding sequences of VHHs.

Construction and comparison of GSSPs

The sequences were, translated and aligned to all alleles of the gene. Sequences with more
than one stop codon,or no amino acid substitution were discarded. Sequences belonging to the
same VJ germline gene were parsed from IgBLAST output to build multiple sequence
alignments (MSAs); redundant amino acid sequences were removed in each MSAs. To
improve the accuracy of sequence alignment, the V and J segments of each amino acid
sequence in an MSA were re-aligned with corresponding IMGT numbered germline
sequences using an in-house NW-align program (Y. Zhang,
https://zhanglab.ccnib.med.umich.edu/NW-align/) before GSSP construction. The GSSPs
were built and*éompared as described in previous work.?? In brief, the MSAs whose number
of sequences was greater than a given threshold (e.g. 100, 500, and 1000) were used to build
GSSPs. werestised to build GSSPs, respectively. A divergence matrix between GSSPs was
calculated; each elément in the matrix was the Jensen-Shannon divergence calculated between
each pair of sequences from the MSAs. The R function cmdscale was used for
multidimensional scaling and generating coordinates for plotting. The logo plot of MSA was
drawn using a stand-alone version of WebLogo 3.6. %°

Calculation of substitution frequencies for the 20 AAs
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The GSSPs were used to calculate the substitution frequencies. The substitution rate (SR)

from each GSSP is calculated by

N

Zi:lfi
SR =T % 100% 1)

where f; is the mutation frequency of sequence i to the corresponding germline genes. L is the
length of the GSSP, and N is the total sequences in the MSA. The average substitution rate
(ASR) for the 20 AAs of a GSSP is calculated by

L .
i=1f i)

ASR(a’b) = W X 100% 2)

where ASR , »)1s thé average substitution rate of amino acid a in germline gene substituted by
observed amino acid b in MSA, fi, ; is the frequency of amino acid a in germline gene
substituted by lamino acid b at the position i of an MSA, f, is the frequency of amino acid a
in germline sequence, L is the length of the MSA, and N is the total sequences in the MSA.
Statistical analysis

To investigate'the likelihood of pairing preference between germline segments, we used an in
silico simulation protocol as described in a previous study.’® Briefly, in each simulation, an
equal number of teal data sequences were constructed using the same individual frequencies
of V, D, andJssegments observed in the real data. After 2,000 simulation steps, the DJ and VJ
pairing that appearéd in each simulation were counted. The relative deviation (RD) of

minimum, maximum, and real frequencies of each kind of pairing were calculated by

xX—X

RD ==~ x 100% 3)

where x is thesminimum or maximum frequencies of simulation, or frequencies of real

sequence data, and.¥ is the average frequency of each pairing in the 2,000 simulation steps.
We used the function spearmanr in the Python module scipy to calculate the Spearman’s

Rank Correlation Coefficient to evaluate the statistical dependence of the germline usage, VJ

and DJ pairings, and the substitution preference between samples.
Results

Sequence datafiltration and formation

A summary of the:sequencing datasets processed in this study is shown in Table 1. The MiSeq
sequencing of the non-immune and antigen-experienced HCAb repertoires yielded a total of
38.25%2 million reads. Since the sample Naive-1 generated the most sequencing reads
(14.13%2 million reads), it was used to build and test the pipeline. A number of 2,550,856

unique DNA sequences were subjected to IgBLAST to identify the germline gene origination
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of each sequence, after the redundant DNA sequences of the joined paired-end reads were
removed. Both V and J germline genes are found in more than 97% of the non-redundant
DNA sequences. Following these filtrations, a total of 2,490,298 unique DNA sequences with
V] assignment hits were used to determine the coding sequence (CDS) distribution, V(D)J
usage, VJ pairing, aiid DJ pairing. Briefly, the CDS length distribution centers around 375 bp
and follows and@ppreximately normal distribution, where the maximum CDS length is 438 bp
in the dataset (Fig:"S1#in Supplementary Material). A number of 1,973,186 unique amino acid
sequences deduced from this dataset were used to construct multiple sequence alignments
(MSAs), to analyze, CDR3 length distribution, and to calculate substitution rates and construct
GSSPs. VHHs\from long-hinge and short-hinge HCAbs were identified and analyzed for
comparison.

Germline gene usage

Studies of canonical antibody repertoires have demonstrated that specific V, D, and J
germline genesshave very different frequencies in humans and mice.30-33 Meanwhile, HCAbs
and canonical IgGswin Alpaca (Vicugna pacos) genome have been shown to originate from the
same IgH locus, which is composed of 88 V genes (including 4 pseudogenes), 8 D genes, and
7 J genes.** Here, we utilized the tool IgBLAST to determine the origination of V, D, and J of
each clone. The"84, functional V genes, 8 D genes, and 7 J genes were employed to create a
reference database for [ BLAST. The IgBLAST results showed that the V, D, and J segment
usages have strong preferences for specific germline genes (Fig. 2).

The V segments of all clones were generated from the subgroups of IgHV3. The V
segments IGHV3S65*01, IGHV3S3-3*01, and IGHV3S53*01 are used by more than 10% of
all the clones, while the top 11 V germline genes are used by more than 95% of all the clones
(Fig. 2A). All the 17 V germline genes, which contain at least two framework region 2 (FR2)
hallmark residues, F37, E44, R45, and G47 in the Kabat numbering system,> are in a sub-
cluster of [gHV3“(Fig. S2 in Supplementary Material). Germline genes from this sub-cluster
contribute more‘than 85% of V gene usage (Fig. 2A). These hallmark residues are considered
to be importantfor the solubility and stability of VHHs, as well as the VH-VL association of
conventional VHS™A novel promiscuous class of VHHs that do not have any FR2 imprints
was reported in Sanger sequencing studies.’% 37 It is now clear that sequences that lack FR2
imprints are generated from other V germline genes, in which IGHV3S39*01,
IGHV3S41*01, IGHV3S25*01, IGHV3-1*01, IGHV3S9*01, and IGHV3S1*01 constitute
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the top 6 contributors. These hallmark-free V segments are responsible for about 10% of V
gene usage in the dataset.

The usage of D segments was relatively evenly distributed across the germline genes,
where six out of eight D germline genes have above 10% usage (Fig. 2B). Similar to the V
gene usage, the J gérmline gene usage was also highly biased (Fig. 2C). For instance, the
germline genes/IGHJ4*01 was used by two-thirds of the J segments. Since only a few
sequences were assigned to IGHJ5*01 and IGHJ1*01 (0.15% and 0.09%, respectively), we
manually checked the DNA and corresponding amino acid sequences. The IGHJ5*01 hits of J
segments were,correctly assigned by IgBLAST. However, due to the defects in the 3’
sequences, all ‘the JGHJ1*01 assignments were false positives, indicating that VHHs never
use IGHJ1*01/ These sequences were therefore discarded in the subsequent analyses.

V(D)J recombination preferences

VI pairing data showed that more than 90% of the VJ pairs are composed of genes from the
top 21 most used=VJ] germline gene combinations (Fig. 3A), indicating that VJ pairing is
biased. Theoretically, the combination of VJ pairing should be much greater than 21, even
though the V/and J usage are highly biased toward specific germline genes. To evaluate
whether V(D)J pairing exhibits bias, simulated antibody repertoires were employed to test
statistical preferénee. As the V(D)J recombination occurs in two steps to assemble a complete
variable region.invivo, we firstly analyzed the DJ pairing, and then the VJ pairing. Although
most relative deviation of the real data was less than 100%, DJ pairing showed a preference
(Fig. 3B). The-Vispairing results indicated a stronger bias, as the relative deviations of the 6
types of VJ combination were more than 200% (Fig. 3C). Notably, all the highly biased VJ
pairing were from FR2 hallmark free V germline genes, which were IGHV3-1*01,
IGHV3S1*01,IGHV3S25*01, and IGHV3S39*01.

CDR3 length.and diStribution

The CDR3 lefigth“of VHHs from the HTS data mainly ranged from 4 to 34 amino acids
(AAs), according™to the IMGT numbering system (Fig. 4). The overall average length of
HCAbs CDR37is 18 AAs, consistent with previous studies.® We found that the shortest and
longest CDR3 lengths were 2 and 39 AAs, respectively, although they were quite rare.
Interestingly, VHHs derived from various germline genes showed different CDR3 length
distributions (Table S1 in Supplementary Material), indicating a bias of insertion during the
process of in vivo V(D)J recombination. Hence, we further compared the sequences derived

from the top 11 V germline genes (Fig. 4). Notably, the results showed that the average CDR3
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length of clones derived from hallmark germline genes is longer than that of hallmark free
germline genes, except IGV3S9*01.

Substitution and insertion analysis

Since CDR3 contains random insertions and is highly diverse, only the VJ paired segments
were used for Ssubstitution analysis. The substitution rate (SR), which represents the mutation
strength of a Vdpair lineage, ranged from 12% to 22% (Table S2 in Supplementary Material).
To analyze thewsubstitution preference of each amino acid, we calculated the average
substitution rate (ASR) of the VJ pairing that is comprised of more than 1000 lineages, and
then overall ASR. The results demonstrated that partial substitutions tend to be biased and
most types of mutations are rare (Fig. 5). As to the overall ASR, 79 out of 441 substitution
types are highér than 1%. Insertion of glycine (20.78%) and alanine (12.18%) are preferred at
the tip of CDR1 and CDR2 loop. Meanwhile, we found that each germline VJ pair showed
various substitution patterns. Therefore, we further calculated the germline specific
substitution profiles: (GSSPs) to quantify and compare the diversity clustered by each
germline V] pair

Construction and comparison of VHH profiles

A GSSP which captures the frequency at which each amino acid appears at every position in
an MSA is an N'by. L. matrix, where N is the number of residue types and L is the alignment
length. The“weighted average of the Jensen-Shannon divergence between GSSPs was
calculated to quantitatively compare different profiles and then visualized using
multidimensionalssealing. In order to test the robustness of this quantification method for
GSSPs, we calculated Jensen-Shannon divergence of VJ pairing types that have more than
100, 500, or 1000 Tineages, respectively. The results confirmed that lineages from common V
genes tend to'be clustered, no matter what cutoff values were used (Fig. 6). Moreover,
plotting Jensefi-Shafinon divergence of the top 11 V germline family showed that some
classes are close*to'€ach other, indicating that mutation patterns are similar between clustered
families (Fig. 6'B;D, and F).

Comparisoneflong-hinge and short-hinge HACbs

Specific primers were designed to amplify IgG, and IgG;, which enabled the identification of
each clone type. The IgG specific primer sequences were found in 5,674,954 sequences (97%
of all unique sequences). Comparison of IgG, and IgG; showed that the ranks of J gene usage
are the same, but ranks of V and D usage are different, indicating a different preference of V

and D segments (Fig. 7). Notably, a bias of gene rearrangement was observed for these two
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types of HCAbs. The top 5 hallmark V germline genes contribute 90.91% of long-hinge
(IgG,) clones, but only 75.30% of short-hinge (IgG3).

Comparison of VHHs from different donors

To test the robustness of the pipeline, the HTS sequences from four other peripheral blood
samples (Naive-2, Naive-3, Immune-1, and Immune-2), which were collected from the non-
immunized and“immunized donors (Table 1), were processed following the same pipeline
respectively. The®V=and J germline usage, VJ pairing, DJ pairing, and the substitution
preference are, highly correlated between the five samples (Table S3 in Supplementary
Material). Interestingly, the correlations of the D germline usage are low between samples
(Table S3 in Supplementary Material), especially between the naive and the immunized
samples (Spearman rank correlation coefficients: Immune-1 and Naive-1, p = 0.683, P =
0.042; Immune-1 and Naive-3, p = 0.467, P = 0.205).

Discussion

HCADbs naturally occur in various species such as camelids (e.g., camels and llamas) and
cartilaginous fish (€.g., sharks).?® This remarkable evolutionary convergence implies the
advantages of functional HCAbs. Thus, systematically investigation of HCAb repertoires is
important to_reveal the mystery of evolutionary conservation as well as to understand the
compensation for the lack of diversity in HCAbs. In this study, we developed a novel pipeline
to analyze thesfull*coding sequences of variable domains. In order to automatically process
data and maintain its reliability, we tried to avoid using arbitrary filters in the workflow when
possible and checked the intermediate results from each step. Since MSAs are crucial for
calculating substitution rates and building GSSPs, a classic NW-align algorithm was
employed to re-align MSAs from IgBLAST. In order to mitigate effects from noise in the
data, we set_ 1000 as the minimum number of lineages to calculate ASR. The pipeline can be
easily extended-toranalyze the HTS data of antibody repertoires from other species.

V(D)J recombination is one of the mechanisms of antibody diversity. Previous study
confirmed that the V germline genes of HCAbs and conventional IgGs were located in the
same IgH loetis on the genome.?* The hallmark residues in FR2 regions have been known as a
characteristic of VHHs. A previous study reported the presence of novel hallmark-free
variable domains that can be rearranged to both camelid classical antibodies and HCAbs.3¢
Here, we found that more than 10% of hallmark-free sequences are in the non-immunized

HCADbs repertoire, indicating an increase in the HCAbs diversity by sharing V germline genes
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with tetrameric IgGs. Interestingly, the germline gene IGHV3S39*01 contributes about 60%
of V segment usage among all non-hallmark V germline. The biological mechanism of how
hallmark-free HCAbs are developed is still unknown. It is well accepted that Ig heavy chains
(HC) are selected at the pre-B cell receptor (pre-BCR) checkpoint. Martin ef al. found specific
structural requirements (CDR3 length and amino composition) to select Ig p heavy-chains
during maturation of the pre-B stage.?® In our dataset, the hallmark residues (F37, E44, and
G47), which uswally*forming a contact interface with the CDR3 to stabilize the structure,
show greater diversity than the others in FR2 except for the ones near CDR regions (Fig. S3
in Supplementary Material). Based on our observations, we infer that partial VH germline
genes, if not ally.are capable of rearranging to HCAbs, but only a small portion (~10%) pass
the pre-B checkpoint. Nevertheless, our data confirm that germline gene usage shows a high
preference for specific genes. Five out of 17 hallmark-containing germline V segments are
responsible for 85.54% of V gene usage in the dataset (Fig.2A).

Studies of antibody repertoires from humans and mice demonstrated that germline gene
usage is dynamiesduring vaccination or infection. Hence, we investigated non-immunized
samples from fthree individuals and two samples from one antigen injected animal with two
weeks interval. The results show that the V and J germline usage, VJ pairing, DJ pairing, and
the amino acid Substitution preference are highly correlated whether antigen immunized or
not (Table S3 in.Supplementary Material). This high similarity is in accordance with a recent
work that revealed the high prevalence of shared clonotypes in human B cell repertoires.*
Contrarily, the-Dsgermline usage shows poor correlations especially between the naive and
immunized samples, indicating the D fragment seems to be the main driving force for in vivo
antibody maturation.

The CDR3.is the most polymorphic region of IgGs and the main contributor to antigen
binding.*!> 42 The CDR3 loop in VHHs of dromedary is longer than the loop in VHs from
humans or miée"(average of 14 or 13 AAs, respectively).*® Longer loop lengths increase the
paratope size and“¢onsequently help compensate for the diversity loss that occurs when light
chains are absent.” Analysis of 114 conventional camel antibodies showed that CDR3 length
is dependent on thesgermline gene family.** Our HTS data demonstrated that the distribution
of CDR3 length various on V germline families, indicating the length of CDR3 loops is
determined by the usage of the germline gene. This finding is in accordance with studies of T
cell receptor (TCR), whose repertoire distribution patterns depend on the use of the germline

genes. 46
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Somatic hypermutation (SHM) has long been known as a key process for increasing
diversity and improving affinity of antibodies. Comparative analysis of the immune repertoire
between the conventional antibodies and the HCAbs from the Bactrian camel showed that the
nucleotide mutation rate of HCADbs is higher than that of canonical antibodies.® In contrast,
the calculation_of the amino acid mutation rate shows no significant difference in the
substitution rate”between hallmark and non-hallmark germline gene families (Table S2 in
Supplementary ‘Material). However, the substitution patterns of each VJ family did not
converge (Figs6). Quantitative analysis of GSSPs also confirmed the diversity of the linecages
that originated from various VJ germline genes.

A recent study.on antibody maturation showed that antibodies that respond to the same
antigen to a large/extent share similar amino acid substitutions.*’ It appears that the conserved
antibody structures that drive adaptive immune responses are highly limited and selected.’!
This is consistent with the results of dominant mutations in HCAbs, suggesting the existence
of some preferredsmutation patterns. For the result of overall ASR, we observed that non-
polar amino residues tend to mutate to non-polar AAs; polar and charged residues are more
likely to be substituted by polar and charged AAs (Fig.5, a boxed region in heat-map).
Phenylalanine (F), alanine (A), serine (S), and aspartic acid (D) are the germline residues that
are most preferredsto be substituted (Fig.5, upper histogram), while alanine (A), serine (S),
glycine (G)jaspattic, acid (D) are the residues to which are most likely to be mutated (Fig.5,
right histogram).

The new pipeline developed in this work has revealed novel and detailed features of the
HACDbs repertoire, which is important for VHH engineering or design. The GSSPs built in this
work can describe the mutation sequence space of variable domains of antibodies.?? In
previous studies, we have shown that coupling with appropriate evolutionary profile
information,0ur.eVolution-based protein design protocol, EvoDesign, exhibits a high
accuracy in designifig protein folds 4% 4% and protein-protein interactions.!® 7 The preference
of germline usage'and mutation of HCAbs can be very useful to reduce the effective searching

space of amino"acid sequences and increase the accuracy of protein design.
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539 Table 1. Summary of sequencing datasets in this work.

Unique DNA  Unique AA

Data ® Joined Data ©
Sample ? Data Data
(counts) (counts)
(counts) (counts)
Naive-1 14,130,770 x 2 5,850,191 2,550,586 1,973,186
Naive-2 9,783,739 x 2 6,381,831 2,317,312 1,717,133
Naive-3 7,939,987 x 2 5,285,912 1,763,675 1,271,695
Immune-1 2,935,298 x 2 1,841,952 1,270,186 782,529
Immune-=2 3,459,366 x 2 2,270,196 1,653,673 1,149,386

540 a. Naive-1, Naive-2, and Naive-3 were collected from three healthy donors; Immune-1
541 and Immune-2 were collected from one donor after fifth and seventh immunization,
542  respectively.

543 b. Data is the totalisequences of paired-end reads after filter and quality control;

544  c. Joined Data.is the number of sequences that were generated from paired-end reads.

545
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Figure Legends

Figure 1. Workflow for the analysis of HCAbs repertoire. The coding sequences of VHHs
are amplified from#long and short hinge HCAbs, respectively, where the next-generation
sequencing (NGS)"data are processed using fastq-join to merge paired-end sequences after
discarding the“low-quality reads. Next, [gBLAST is used to assign V(D)J genes for each
transcript. Coding sequence (CDS) length distribution, V(D)J usage, VJ pairing, and DJ
pairing usage are based on DNA sequences, while other analyses are based on amino acid

sequences.

Figure 2. V, D, and J germline gene usage of VHHs repertoire is highly biased. (A) Usage
of V germline genes. (B) Usage of D germline genes. (C) Usage of J germline genes.

Figure 3. V(D)J=pairing of VHHs is biased. (A) VIJ pairing of germline genes in naive
VHHs repertoire is highly biased to pairs of certain germline genes. The top 21 VJ pair made
up > 90% of the clones in the repertoire. (B) and (C) are the in silico simulation of DJ and VJ
combination. Thewerror bars illustrate the relative deviation of the 2,000 steps of simulation,

while the columastepresent the relative deviation of the VHHS repertoire.

Figure 4. Distribution of CDR3 amino acid length is depending on germline gene
families. The @average CDR3 lengths of the top 11 V germline genes are presented in the
upper right panel. Hallmark and non-hallmark residue V genes are shown in red or blue bars,

respectively.

Figure 5. Most substitutions are rare and partial mutations are preferred. Due to
mutation bias,"most observed types of substitution occur rarely. The histogram in the upper
and right aresthe sum of the cases in the corresponding column or row, respectively. The
asterisk in mutatiofistype means stop codon. Dashes mean gaps in both germline residues and

mutation types.

Figure 6. The similarity of GSSPs between VJ germline gene families. The Jensen-

Shannon divergence was used to compare GSSPs, and the distance matrix was visualized
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using multidimensional scaling. The VI pair types that have more than 100 (A and B), 500 (C
and D), or 1000 (E and F) lineages were calculated and plotted respectively. GSSPs of the
same V gene tend to be clustered together. Meanwhile, the distance of partial VJ pair is close,
which indicates sharing similar mutation patterns. VJ pairs from the top 11 V genes are shown

in the right column (B, D, and F).

Figure 7. Comparison of V(D)J usage of long-hinge (IgG2) and short-hinge (IgG3)
HCADbs. Sequences belonging to IgG2 or IgG3 were identified using specific primers for
BLAST. (A), (B)g.and (C) are the V, D, and J gene usage of both types of HCAbs,

respectively.
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