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Camelid immunoglobulin variable (IGV) regions were found homologous to their human counterparts; however, the
germline V repertoires of camelid heavy and light chains are still incomplete and their therapeutic potential is only
beginning to be appreciated. We therefore leveraged the publicly available HTG and WGS databases of Lama pacos and
Camelus ferus to retrieve the germline repertoire of V genes using human IGV genes as reference. In addition, we
amplified IGKV and IGLV genes to uncover the V germline repertoire of Lama glama and sequenced BAC clones
covering part of the Lama pacos IGK and IGL loci. Our in silico analysis showed that camelid counterparts of all human
IGKV and IGLV families and most IGHV families could be identified, based on canonical structure and sequence
homology. Interestingly, this sequence homology seemed largely restricted to the Ig V genes and was far less apparent
in other genes: 6 therapeutically relevant target genes differed significantly from their human orthologs. This
contributed to efficient immunization of llamas with the human proteins CD70, MET, interleukin (IL)-1b and IL-6,
resulting in large panels of functional antibodies. The in silico predicted human-homologous canonical folds of camelid-
derived antibodies were confirmed by X-ray crystallography solving the structure of 2 selected camelid anti-CD70 and
anti-MET antibodies. These antibodies showed identical fold combinations as found in the corresponding human
germline V families, yielding binding site structures closely similar to those occurring in human antibodies. In
conclusion, our results indicate that active immunization of camelids can be a powerful therapeutic antibody platform.

Introduction

Over the past 20 years, therapeutic antibodies have become an
important option in the treatment of malignant, infectious and
auto-immune diseases. By merit of high specificity, potency, sta-
bility, solubility, clinical tolerability and relatively inexpensive
manufacturing, monoclonal antibodies (mAb) made a leap in the
field of targeted therapeutics.1 A growing body of genetic, molec-
ular and structural data has explained the success of antibody
specificity and potency.1

The potential for immunogenicity, i.e., the ability of a biolog-
ical agent to induce a humoral or cell-mediated immune
response, has long been the “Achilles’ heel” of therapeutic anti-
bodies.2,3 When administered, non-human antibodies were com-
monly recognized as foreign by the immune systems of treated
patients, leading to neutralization and rapid clearance of the
injected therapeutic antibodies or derivatives thereof, thereby
limiting their efficacy. The introduction of chimeric antibodies,
in which murine constant domains were replaced by human
ones,4 was an early attempt to reduce immunogenicity. The
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humanness of variable regions was increased further in comple-
mentarity-determining region (CDR)-grafted antibodies, where
rodent CDRs were joined to human FRs, generally leading to
markedly improved immunogenicity profiles.5 Disappointingly,
the question of how humanized and even fully human antibodies
are still more or less immunogenic in patients remains to be
explained.6-8

The observation that the CDRs of most humanized antibodies
exhibit different structural fold combinations compared with nat-
urally occurring human antibodies, offers a plausible explanation
to the induction of undesirable immune responses against thera-
peutic antibodies. These “canonical structures” (canonical folds)
were proven to be critical to retain affinity when humanizing
antibodies,9 ultimately leading to the approach of “super human-
ization,” which provides the opportunity to match murine to
human canonical structures.8 One important driver of the break-
through of antibody-based therapeutics was the sequencing/char-
acterization of human, rodent and other species germline
immunoglobulin (Ig) heavy and light chain (V, (D), J and C)
genes.10-12 This revealed the extensive diversity of the Ig reper-
toire and explained its ability to recognize and bind virtually any
antigen with a different level of affinity.13 Numerous antibody
discovery platforms generating human therapeutic antibodies are
now available, including transgenic mouse systems as well as
non-immune and synthetic human antibody libraries that can be
screened by various display technologies. 4,14-16

In 1993, a surprising discovery revealed that camelids produce
both conventional 4-chain structure IgGs and a non-conven-
tional 2-chain structure IgG devoid of light chains and heavy
constant region CH1.17 The heavy-chain only antibody-derived
variable domain (VHH) has attracted much interest because of
its stability, size (15 kDa), and cavity binding, as well as the ease
with which it is engineered into manifold constructs with
improved potency or broadened cross-reactivity profiles.18,19

Due to the overwhelming attention that VHHs received over the
last 2 decades, camelid conventional antibodies were overlooked.

Based on published llama and dromedary in vivo matured
(conventional) VH regions, we noticed the high degree of human
sequence homology within the FRs, which inspired us to examine
the germline VH sequences and extend these investigations to the
lambda and kappa light chain variable regions for which a com-
prehensive analyses is missing.

We therefore sought to perform the first comprehensive analy-
sis of the camelid germline Ig V gene repertoire and assess the
homology to their human counterparts. Based on in silico analysis
leveraging genomic databases, orthologs of all human IGLV and
IGKV genes could be identified in camelids. Surprisingly, these
turned out to have CDR1 and CDR2 canonical structure combi-
nations identical to those of the corresponding human germline
orthologs. In addition and in agreement with previous analy-
sis,20,21 we identified an IGHV5 and IGHV7 gene family, add-
ing to the existing knowledge of IGHV genes in camelids. Using
X-ray crystallography we confirmed the presence of predicted
canonical structures similar to human canonical folds on 2
selected camelid antibodies separately directed against the thera-
peutic targets CD70 and MET. By overlaying the structures of

the camelid V regions over V regions with known canonical
structures, we could confirm the presence of HCDR and LCDR
canonical fold combinations identical to those found in related
human V regions. Interestingly, the camelid to human homology
seemed to be confined to V genes, since camelid-derived target
proteins such as CD70 and MET were deviating in sequence
from their human counterparts. This phylogenetic difference
might explain why the camelid immune response against more
foreign human antigens translates into a greater diversity of
potential therapeutic antibodies.22 The combined data strongly
suggests camelids as a potent source of therapeutic antibodies.

Results

Identification of camelid germline IGHV, IGLV and IGKV
gene repertoires

Using in silico analysis of camel and alpaca Whole Genome
Shotgun databases (WGS) and High-Throughput Genome
Sequencing database (HTG), as well as (RT-)PCR-derived llama
V gene sequences, we were able to retrieve camelid germline
IGHV, IGLV and IGKV genes. Within the HTG database, we
identified V gene specific working draft sequences of 2 BAC
clones (AC232782 or CH246-176N1 ; AC232951 or CH246-
77B1) covering a large part of the Lama pacos IgK and IgL loci.
We sequenced these 2 BACs by Next Generation Sequencing
technologies (NGS) to fully uncover camelid V genes. The newly
identified and extracted V gene repertoires were annotated and
classified in families and sub-families by comparison with their
human V gene family counterparts. All discovered camelid V
genes were collected, annotated (F. functional, and P. pseudo-
gene) and assigned with accession numbers (Table S1). We used
a set of basic local alignment search tools and the software Anti-
body-extractor� (antibody-extractor.net). The results depicted
in the sequence alignments show that camelid and human V
gene repertoires share sequence homology based on the percent-
age of identity of their respective frameworks FR1, FR2 and FR3
and the length of the CDR1 and CDR2, as well as their predicted
canonical structures (Figs. 1-3, Table 1, Fig. S1, and Table S1).
The canonical structure prediction is based on the previously
defined and well-known Chothia canonical classes that, in addi-
tion to the length of CDRs, takes the presence of key residues
within CDRs and FRs into account.9 Moreover, the alignments
show that between different camelid species, IGHV, IGLV and
IGKV genes are homologous (sometimes even identical) and
share the same V family classes and sub-classes. This cross-vali-
dates the retrieved V genes from different (type and source) data-
bases and provides a high level of confidence in the identity of
the newly documented germline camelid IGHV, IGLV and
IGKV repertoires.

Camelid IGHV repertoires
Building on the work described in Achour et al.,20 database

mining was used to determine if further information could be
added to the existing dataset of known camelid IGHV, i.e.,
VH1, VH3, VHH3 and VH4 gene families. V genes of camelid
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conventional and heavy-chain only antibodies (VH and VHH)
were analyzed. In addition to recovering genes belonging to
IGHV families 1, 3, 4, V genes belonging to IGHV 5 and 7
families were also retrieved from the camel and alpaca WGS
databases. Although the alpaca IGHV5 sequence was incom-
plete (Fig. 1), we designed FR1 and FR4 specific primers, and
we were able (by means of PCR from cDNA) to confirm the
expression of bona fide IGHV5 and IGHV7 families in Lama
glama among transcripts that harbored premature stops and
frame shifts (data not shown). As a negative control, murine V
genes were aligned alongside their human and camelid analogs,
based on canonical structure. All five V gene families were
found highly homologous to their human counterparts (Fig. 1,
Table 1A and Fig. S1). IGHV1 was identified based on
matched canonical structures 1–2 (HCDR1 and HCDR2), and
these are related to the group of human germline hIGHV1-1,
1–2, 1–3. For the IGHV3 family, 2 subfamilies were identified
that could be subdivided into 4 groups (a-d) based on their
CDR2 residue make-up. Camelid IGHV3 subfamilies 1 and 2
could be assigned to hIGHV3-23 and IGHV3-66 subfamilies
with canonical structures 1–3 and 1–1, respectively. VHH3 is

specific for camelids and is expressed as the binding fragment of
heavy chain only antibodies that are not found in humans. Nev-
ertheless, 2 subfamilies were retrieved from which the first was
related to hIGHV3-30/hIGHV3-11 and the second to
hIGHV3-66 subfamilies, based on the canonical structures of
1–3 and 1–1, respectively.

Within the IGHV4 family, the 2 subfamilies could be identi-
fied: one related to hIGHV4-30-4 with canonical structures of
3–1, and the other related to hIGHV4-30-4 with an identical
HCDR1 length but with a different HCDR2 that might lead to
different canonical folds than found in its human germline
IGHV4 counterpart. It is worth noting that the latter subfamily
was only found in the alpaca V gene repertoire retrieved from
WGS and a previously published data set,20 but does not seem to
be present in Camelus ferus and Lama glama. Finally, members
belonging to the IGHV5 and IGHV7 families were found to be
related to human IGHV5-51 and IGHV7-4 genes sharing the
same canonical structures 1–2. The functional IGHV5 germline
gene found in camel is identified as a pseudogene in alpaca with
a frameshift in FR3. IGHV7 germline genes in both camel and
alpaca are annotated as pseudogenes due to frameshifts in FR2.

Figure 1. Human identity of camelid IGVH germline families and their corresponding members. Similarity of each of the camelid germline families to
their human counterparts is represented by a set of alignments based on the canonical folds of CDR1-2 and the % identity of their corresponding frame-
works (FRs). The percentage of identity (%Identity) corresponds to identical amino acids of the V gene framework families (FR1CFR2CFR3) shared by
each of the Camelus ferus (camel), Lama pacos (alpaca) and Lama glama (llama) with human IGV reference counterparts (Ref). The % identity is illustrated
only for potentially functional genes. Canonical folds of CDR1-2 are indicated between parentheses. Hallmark residues in the FR2 of VHH3 that distin-
guish them from VH3 are underlined. Also cDNA derived IGHV5 and 7 were depicted with shading on key residues to distinguish them from one another.
Complete alignments of all the VH families are illustrated in Figure S1. Stop codons are indicated by a star (*), missing or incomplete amino acid sequen-
ces are indicated by a space, and out of frame parts of V gene sequences are indicated by a dash (¡).
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These pseudogenes (P) might result from sequencing or assembly
artifacts inherent to the WGS database (Table S1).

Remarkably, camelid IGHV families 1 and 3 show an FR
identity to their human counterparts of 92 to 95%, respectively,
and IGHV family 4 was found to be similar by at least 82%
(Fig. 1, Table 1A and Table S1). Camelid IGHV families 5 and
7 display a lower FR sequence identity, which is still 77%
(Fig. 1, Table 1A). VHH3 and VH3 genes were further analyzed
and shown to contain the well-described amino acid residue sub-
stitutions in FR2,23-25 being hydrophilic (F42/Y42, E49/Q49,
R50/C50 and F52/G52/L52) and hydrophobic (V42/I42, G49,
L50 and W52/S52), respectively.

Camelid IGLV repertoires
Located on chromosome 22q11.2, the human immuno-

globulin lambda (IGL) locus consists of 3 distinct clusters,
each containing members of 10 different IGLV families. All
orthologs of human IGLV families were retrieved in the cam-
elid V repertoire, including several subfamilies; sequences are
listed in Fig. 2, Table 1B, Fig. S1. The Camelid IGLV1 fam-
ily consists of 2 subfamilies that are related to hIGLV1-47 and
hIGLV1-40, containing canonical structures 13–7 and 14–7,
respectively. Most Camelid IGLV2 subfamilies found were
related to hIGLV2-18 with a canonical structure of 14–7.
Two camelid IGLV3 subfamilies were recovered: one related

Figure 2. Human identity of camelid IGVL germline families and their corresponding members. Similarity of each of the camelid germline families to their
human counterparts is represented by a set of alignments based on the canonical folds of CDR1-2 and the % identity of their corresponding frameworks
(FRs). The percentage of identity (%Identity) corresponds to identical amino acids of the V gene framework families (FR1CFR2CFR3) shared by each of
the Camelus ferus (camel), Lama pacos (alpaca) and Lama glama (llama) with human IGV reference counterparts (Ref). The % identity is illustrated only
for potentially functional genes. Canonical folds of CDR1-2 are indicated between parentheses. Stop codons are indicated by a star (*), missing or incom-
plete amino acid sequences are indicated by a space, and out of frame parts of V gene sequences are indicated by a dash (¡).
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more to hIGLV3-9 while the second could be further divided
in 3 that are related to human IGLV3-25 (both having canon-
ical structures 11–7). Five camelid IGLV4 subfamilies were
found that were most similar to hIGLV4-60 with canonical
structures 14–11. In addition, we were able to align murine
IGLV4 as a control, that in turn was found more similar to
human (76%) than camel and alpaca (68–69%). Of the
IGLV5 gene family, 10 Camelid subfamilies could be related
to hIGLV5-39, hIGLV5-52, hIGLV5-37, hIGLV5-45, all
(except subfamily 8) sharing the same canonical structures of
14–11. Camelid IGLV6 genes showed similarity to the
hIGLV6-57. However, due to a premature stop codon, canon-
ical structures could not be determined. The IGLV7 gene was
only identified in llama and camel genomes and was shown to
relate to hIGLV7-46 with canonical structures of 14–7. Eight
camelid IGLV8 and 2 IGLV9 subfamilies were found to be
related to hIGLV8-61 having canonical structures of 14–7 and

to hIGLV9-49, with canonical structures of 12–12, respec-
tively. Finally, one camelid IGLV10 family member was iden-
tified as being related to hIGLV10-54 with the same canonical
structure of 13–7. As described above, the in silico analyses of
the different GenBank databases and the analysis of PCR
amplification-derived sequences resulted in the identification
of counterparts of all human families in either or all llama,
alpaca and camel species (Table 1B). The three major human
IGLV families (1–3) were found to be highly homologous in
camelids, with 81 to 91% sequence identity (based on FR).
Interestingly, although overall identity ranged between 61 to
91%, all canonical structures matched human V family coun-
terparts. In addition, the conservation of key residues was not
only confined to the frameworks, but extended to the CDRs
as well (Fig. 2). This high sequence and structural similarity
of FR between camelid and human V genes is likely of great
importance with regard to immunogenicity.26

Figure 3. Human identity of camelid IGVK germline families and their corresponding members. Similarity of each of the camelid germline families to
their human counterparts is represented by a set of alignments based on the canonical folds of CDR1-2 and the % identity of their corresponding frame-
works (FRs). The percentage of identity (%Identity) corresponds to identical amino acids of the V gene framework families (FR1CFR2CFR3) shared by
each of the Camelus ferus (camel), Lama pacos (alpaca) and Lama glama (llama) with human IGV reference counterparts (Ref). The % identity is illustrated
only for potentially functional genes. Canonical folds of CDR1-2 are indicated between parentheses. Stop codons are indicated by a star (*), missing or
incomplete amino acid sequences are indicated by a space, and out of frame parts of V gene sequences are indicated by a dash (¡).
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Table 1. Similarity of camelid IGV genes to human IGV counterparts

Canonical Fold

A Camelid IGHV # seq Source Human IGHV % Identity (FRs) Human Camelid

Lama pacos (Alpaca) V1 IGHV1-1*01 to IGHV1-3 F 5 WGS Ref IGHV1-2*02 81–92 1–2 1–2
IGHV1-1*02; IGHV1-4 P 2 WGS Ref IGHV1-2*02 ND 1–2 ND

V3 IGHV3 F 45 WGS Ref IGHV3-23*04 86–94 1–3 1–3
IGHV3-7; IGHV3-8; IGHV3-10 P 3 WGS Ref IGHV3-23*04 ND 1–3 ND
IGHV3-17 F 2 WGS Ref IGHV3-66*02 88–92 1–1 1–1
IGHHV3-1; IGHHV3-s14 F 4 WGS Ref IGHV3-30*04 82–84 1–3 1–3
IGHHV3-2 to IGHHV3-4; s2-7 F 6 WGS Ref IGHV3-11 82–88 1–3 1–3
IGHHV3-5 to IGHHV3-7; s15 F 5 WGS Ref IGHV3-66*02 80–84 1–1 1–1

V4 IGHV4-1 to IGHV4-11 F 8 WGS Ref IGHV4-30-4*01 80–89 3–1 3–1
IGHV4-12 to IGHV4-15 F 5 WGS Ref IGHV4-30-4*01 77–82 3–1 3-x

V5 IGHV5-1 P 1 WGS IGHV5-51 ND 1–2 ND
V7 IGHV7-1 P 1 WGS IGHV7-4 ND 1–2 ND

Camelus ferus V1 IGHV1-1 to IGHV1-4 P 4 WGS IGHV1-2*02 ND 1–2 ND
V3 IGHV3-1 to IGHV3-3 F 3 WGS IGHV3-23*04 86–93 1–3 1–3

IGHV3-4 to IGHV3-5 P 2 WGS IGHV3-23*04 ND 1–3 ND
IGHV3-6 F 1 WGS IGHV3-66*02 95 1–1 1–1
IGHHV3-1 to IGHHV1-3 F 3 WGS IGHV3-66*02 67–74 1–1 1–1
IGHHV3-4 to IGHHV1-5 P 2 WGS IGHV3-66*02 ND 1–3 ND

V4 IGHV4-1 F 1 WGS IGHV4-30-4*01 86 3–1 3–1
IGHV4-1 to IGHV3 P 2 WGS IGHV4-30-4*01 ND 3–1 ND

V5 IGHV5-1 F 1 WGS IGHV5-51 78 1–2 1–2
V7 IGHV7-1 P 1 WGS IGHV7-4 ND 1–2 ND

Canonical Fold

B Camelid IGLV #seq Source Human IGLV % Identity (FRs) Human Camelid
Lama pacos (Alpaca) V1 IGLV1-1*01-*02 F 2 WGS HTG IGLV1-47*02 85.50 13–7 13–7

IGLV1-2 to 1-6 F 8 WGS HTG IGLV1-40*01 86–90 14–7 14–7
IGLV1-7 to 1-11 P 5 WGS IGLV1-40*01 ND 14–7 ND

V2 IGLV2-1 to 2-5 F 6 WGS IGLV2-18*01 83–88 14–7 14–7
IGLV2-6 to 2-11 P 6 WGS IGLV2-18*01 ND 14–7 ND

V3 IGLV3-1 to 3-3 F 3 WGS IGLV3-9*01 87–91 11–7 11–7
IGLV3-4 to 3-15 F 12 WGS IGLV3-25*02/ *03 81–87 11–7 11–7
IGLV3-16 to 3-25 P 10 WGS ND ND 11–7 ND

V4 IGLV4-1 F 1 WGS IGLV4-60*03 68 12–11 12–11
IGLV4-2 to 4-7 P 6 WGS IGLV4-60*03 ND 12–11 ND

V5 IGLV5-1 to 5-9 F 9 WGS HTG IGLV5-39*01; 45*01, 37*01, 52*01 69–91 14–11 14–11
IGLV5-10 F 1 HTG IGLV5-37*01 84 14–11 13–11
IGLV5-11 to 5-17 P 8 WGS HTG IGLV5-37*01 ND 14–11 ND

V6 IGLV6-1 P 2 WGS HTG IGLV6-57*01 ND 13–7 ND
V7 IGLV7-1 NA NA NA NA NA
V8 IGLV8-1 to 8-10 F 10 WGS HTG IGLV8-61*01 81–91 14–7 14–7

IGLV8-11 to 8-14 P 7 WGS HTG IGLV8-61*01 ND 14–7 ND
V9 IGLV9-1*01-*02 F 2 WGS HTG IGLV9-49*01 65 12–12 12–12

IGLV9-2 to 5 P 4 WGS IGLV9-49*01 ND 12–12 ND
V10 IGLV10-1 F 1 WGS HTG IGLV10-54*02 71 13–7 13–7

Camelus ferus V1 IGLV1-1 F 1 WGS IGLV1-47*02 81 13–7 13–7
IGLV1-2 to 1-7 F 6 WGS IGLV1-40*01 66–90 14–7 14–7
IGLV1-8 to 1-15 P 8 WGS IGLV1-40*01 ND 14–7 ND

V2 IGLV2-1 to 2-5 F 7 WGS IGLV2-18*01 81–88 14–7 14–7
IGLV2-6 to 2-9 P 4 WGS IGLV2-18*01 ND 14–7 ND

V3 IGLV3-1 F 1 WGS IGLV3-9*01 91 11–7 11–7
IGLV3-2 to 3-6 F 5 WGS IGLV3-25*02/*03 81–88 11–7 11–7
IGLV3-7 to 3-9 P 3 WGS ND ND 11–7 ND

V4 IGLV4-1 to 4-2 F 2 WGS IGLV4-60*03 70–74 12–11 12–11
IGLV4-3 to 4-5 P 3 WGS IGLV4-60*03 ND 12–11 ND

V5 IGLV5-1 to 5-10 F 9 WGS IGLV5-39*01; 45*01, 37*01, 52*01 79–86 14–11 14–11
IGLV5-11 to 5-19 P 9 WGS IGLV5-37*01 ND 14–11 ND

V6 IGLV6-1 P 1 WGS IGLV6-57*01 ND 13–7 ND
V7 IGLV7-1 F 1 WGS IGLV7-46*01 80 14–7 14–7

(Continued on next page)
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Table 1. Similarity of camelid IGV genes to human IGV counterparts

Canonical Fold

B Camelid IGLV #seq Source Human IGLV % Identity (FRs) Human Camelid

V8 IGLV8-1 to 8-7 F 7 WGS IGLV8-61*01 81–87 14–7 14–7
IGLV8-8 to 8-11 P 4 WGS IGLV8-61*01 ND 14–7 ND

V9 IGLV9-1 to 9-3 P 3 WGS IGLV9-49*01 ND 12–12 ND
V10 IGLV10-1 to 10-2 F 2 WGS IGLV10-54*02 69–71 13–7 13–7

Lama glama (llama) V1 IGLV1-1 F 1 PCR IGLV1-47*02 84 13–7 13–7
IGLV1-2 to 1-6 F 5 PCR IGLV1-40*01 84–91 14–7 14–7
IGLV1-7 to 1-12 P 6 PCR IGLV1-40*01 ND ND ND

V2 IGLV2-1 to 2-5 F 7 PCR IGLV2-18*01 84–88 14–7 14–7
IGLV2-6 to 2-7 P 2 PCR IGLV2-18*01 ND 14–7 ND

V3 IGLV3-1 to 3-3 F 4 PCR IGLV3-9*01 87–88 11–7 11–7
IGLV3-4 to 3-11 F 8 PCR IGLV3-25*02/*03 81–87 11–7 11–7

V4 IGLV4-1 to 4-2 F 2 PCR IGLV4-60*03 70–75 12–11 12–11
IGLV4-3 to 4-7 P 5 PCR IGLV4-60*03 ND 12–11 ND

V5 IGLV5-1 to 5-10 F 10 PCR IGLV5-39*01; 45*01, 37*01, 52*01 75–90 14–11 14–11
IGLV5-11 F 1 PCR IGLV5-37*01 84 14–11 13–11
IGLV5-12 to 5-20 P 8 PCR ND ND 14–11 ND

V6 IGLV6-1 P 2 PCR IGLV6-57*01 ND 13–7 ND
V7 IGLV7-1 F 1 PCR IGLV7-43*01 84 14–7 14–7
V8 IGLV8-1 to 8-4 F 4 PCR IGLV8-61*01 87–88 14–7 14–7

IGLV8-5 to 8-8 P 4 PCR IGLV8-61*01 ND 14–7 ND
V9 IGLV9-1 to 9-3 F 3 PCR IGLV9-49*01 65–68 12–12 12–12
V10 IGLV10-1*01-*02 F 2 WGS IGLV10-54*02 69–71 13–7 13–7

Canonical Fold

C Camelid IGKV #seq Source Human IGKV % Identity (FRs) Human Camelid
Lama pacos V1 IGKV1-1 to 1-2 F 2 HTG ; WGS IGKV1-39*01 84–86 2–1 2–1

IGKV1-3 to 1-4 F 3 HTG ; WGS IGKV1-27*01 80–86 2–1 2–1
IGKV1-5*01-*02 P 2 HTG ; WGS IGKV1-27*01 ND 2–1 ND

V2 IGKV2-1 to 2-5 F 5 HTG ; WGS IGKV2D-29*02 83 4–1 4–1
IGKV2-6*01-*02 F 2 HTG ; WGS IGKV2-40*01 60–61 3–1 3–1

V3 IGKV3-1 to 3-2 F 3 HTG ; WGS IGKV3-11*01 60–61 2–1 2–1
IGKV3-3 to 3-4 P 2 WGS IGKV3-11*01 ND 2–1 ND

V4 IGKV4-1 to 4-2 F 3 HTG ; WGS IGKV4-1*01 78–80 3–1 3–1
V5 IGKV5-1 F 1 HTG ; WGS IGKV5-2*01 76 2–1 2–1
V6 IGKV6-1 F 1 WGS IGKV6D-41*01 77 2–1 2–1

Camelus ferus V1 IGKV1-1 to 1-2 F 2 WGS IGKV1-39*01 80 2–1 2–1
IGKV1-3 F 1 WGS IGKV1-27*01 80 2–1 2–1
IGKV1-3 to 1-6 P 3 WGS IGKV1-27*01 ND 2–1 ND

V2 IGKV2-1 F 1 WGS IGKV2D-29*01 83 4–1 4–1
IGKV2-2 to 2-4 P 3 WGS IGKV2D-29*01 ND 4–1 ND

V3 IGKV3-1 to 3-2 F 1 WGS IGKV3-11*01 60–62 2–1 2–1
V4 IGKV4-1 to 4-2 F 2 WGS IGKV4-1*01 78–80 3–1 3–1
V5 IGKV5-1 F 1 WGS IGKV5-2*01 77 2–1 2–1
V6 IGKV6-1 F 1 WGS IGKV6D-41*01 77 2–1 2–1

Lama glama V1 IGKV1-1 F 1 PCR IGKV1-27*01 81 2–1 2–1
V2 IGKV2-1 to 2-4 F 10 PCR IGKV2D-29*01 82 4–1 4–1

IGKV2-5 F 1 PCR IGKV2-40*01 60 3–1 3–1
V4 IGKV4-1 F 1 PCR IGKV4-1*01 81 3–1 3–1
V5 IGKV5-1 F 1 PCR IGKV5-2*01 73 2–1 2–1
V6 IGKV6-1*01-02 F 2 PCR IGKV6D-41*01 77 2–1 2–1

Camelid IGV germline families were compared to their human counterparts based on the canonical folds of CDR1-2 and the identity of their corresponding
frameworks (FRs). The first 5 columns (camelid IGV, #seq and Source) indicate Lama pacos and Camelus ferus IGHV (A), IGLV (B) and IGKV (C) families along
with their corresponding members. The numbers of sequences (#seq) are based on all sequences including allelic versions (*) of the families found similar
to the human IGV gene counterparts (sixth column). The last 3 columns summarize the range of identity of the camelid frameworks and canonical folds of
CDR1 and CDR2 compared to human counterparts. ND indicates genes from which the % identity and the canonical folds could not to be determined. The
letters P and F indicate camelid pseudo genes and functional IGV family members, respectively. One-to-one IGHV, IGLV and IGKV comparison, including
sequence ID and Genebank accession numbers, is illustrated in Table S1.

www.tandfonline.com 699mAbs



Camelid IGKV repertoires
A similar approach as described for IGLV was used to

identify the camelid IGKV repertoires, which was found to
consist of 6 families, similar to their human counterparts
(Table 1C, Fig. S1, and Table S1). Surprisingly, murine
IGKV genes were closer related to their human counterparts,
with the exeption of IGKV5. Three camelid IGKV1 subfami-
lies were found to be related to hIGKV1-27 and ¡39 and to
share the same canonical structures 2–1. Two camelid IGKV2
subfamilies (related to hIGKV2-29 and ¡40) had canonical
structures 4–1 and 3–1, respectively. Camelid IGKV3 and
IGKV4 subfamilies were related to hIGKV3-11, having
canonical structures 2–1 and to hIGKV4-1 containing canoni-
cal structures 3–1, respectively. Finally, camelid IGKV5 and
IGKV6 subfamilies were found that were related to hIGKV5-
1 and hIGKV6-41, based on canonical structures 2–1. The
percentage of identity of camelid IGKV genes to human
counterparts ranged between 60 and 85% with subfamily 2 of
IGKV3 being the least similar to its human counterpart
(Table 1C, Fig. S1 and Table S1). However, the identity of
the residues was again not only confined to the frameworks,
but also extended into the CDRs (Fig. 3).

Confirmation of predicted canonical structures in target-spe-
cific camelid antibodies determined by X-ray crystallography

To confirm the predicted high structural homology between
camelid and human V regions, we sought to determine the struc-
ture of 2 camelid antibodies by X-ray crystallography. The two
antibodies were isolated from antibody libraries made from
actively immunized Lama glama with either human CD70 or
MET over-expressing cells using phage display.27,28 Both CD70
(a membrane-bound cytokine) and MET (a tyrosine kinase
receptor) play important roles in tumor growth/survival, angio-
genesis and metastasis.29,30 Our acquired candidate llama-derived
antibodies were subjected to structure determination by X-ray

crystallography. Data collection and refinement results for the
structural analysis of the Fabs derived from the anti-CD70 (PDB
4R90; VH3/Vl7) and anti-MET (PDB 4R96; VH1/ Vk4) anti-
bodies are presented in Table 2.

Our structural analysis supports the presence of the same
canonical structures 1–3 (red) for HCDR1 and HCDR2 in the
VH domain of the camelid anti-CD70 (VH3/Vl7) mAb, as is
found in the matching human germline gene IGHV3-23 (PDB
1MFA; gray) (Fig. 4A). The light-chain domain and L1-2 loops
(green) of the camelid-derived antibody superimposes perfectly
with the Vl region known for its canonical structure of 14–7. The
L3 loops displays a rigid body rotation compared to its Vl equiva-
lent, but keeps the same conformation as the Vl region when
superimposed independently. Therefore, the predicted canonical
structures that are found in the matching human germline segment
Vl7-1 (gray) were confirmed to be present in the structure of the
lambda V region of the llama-derived antibody (Fig. 4B).

In addition, the anti-MET (VH1/ Vk4) mAb had a similar
resemblance in its loop structures to its human heavy and light
chain counterparts, for which the PDB structures 1FVD and
1HIL were used as templates (shown in gray in Fig. 4C and 4D,
respectively). The canonical structures 1–2 for HCDR1 and
HCDR2 present in the template 1FVD Fab fit nicely on those of
the anti-MET Fab (belonging to the IGHV1 family), implying
that it indeed utilizes the same canonical fold combination as
found in the matching human germline VH1 segments. Also, the
canonical structures 3-1-1 of LCDR1, LCDR2 and LCDR3
(blue), respectively, as present in the 1HIL template, superim-
posed perfectly on those of the Vk segment of the anti-MET
antibody (gray). This confirms that this llama-derived IGKV4
uses the same canonical folds as the human IGKV4 segment
(Fig. 4C and D). Altogether, the structural data unequivocally
confirmed the presence of predicted human canonical fold
combinations in camelid-derived variable regions.

Sequence homology between human and camelid
therapeutically relevant target genes

Immunizations of Lama glama using various human target
proteins showed that the distant phylogenetic relationship
between camelids and humans, while sharing strongly conserved
IGV region genes, is beneficial for generating potent immune
responses.

Immunogenicity of human (target) proteins, when adminis-
tered to other species, is mostly dependent on protein complex-
ity, size and foreignness.22 The latter increases when more
residues (epitopes) differ from “self,” leading to the generation
of antibodies directed against different regions of the antigen,
but also affecting the magnitude of the response (i.e., high titer
response). For example, a diverse set of camelid antibodies
directed against a range of epitopes on human interleukin (IL)-
6, IL-1b, CD70 and MET was selected from phage libraries of
antibodies synthesized from immunized animals (data not
shown).27,28 To reveal how foreign human therapeutic target
proteins are in sequence compared to their camelid counter-
parts, an alignment was performed focusing on the above-men-
tioned human antigens (including IL-1a and tumor necrosis

Table 2. X-ray crystallography, data collection and refinement statistics

Data collection Anti-CD70, 27B3 Anti-MET, 48A2

Beamline Proxima 1 Proxima 1
Space group P212121 P212121
Cell dimensions (A

�
/�) 63.6, 66.9, 125.4 107.0, 121.5, 185.9

Resolution limitsa (A
�
) 65.0–1.75 (1.85–1.75) 45.0–3.3(3.4–3.3)

Rmeasa (%) 7.4 (60) 12.0 (58.6)
No of observationsa 344853 (56009) 120361 (8817)
No unique reflectionsa 55037 (8761) 35909 (2593)
Mean((I)/sd(I))a 16.4 (3.0) 7.0 (2.4)
Completenessa (%) 99.9 (99.5) 97.5 (97.1)
Multiplicitya 6.1 (6.3) 3.3 (3.4)
Refinement
No of Fabs molecules 1 4
Resolutiona (A

�
) 62.7–1.75 (1.79–1.75) 44.0–3.3 (3.4–3.1)

No of reflectionsa 52290 (3535) 35872 (2508)
Atoms protein/water 3398/567 13302/290
No test set reflections 2753 3580
Rwork/R

freea (%)a 16.3/18.5 (21.7/22.0) 22.1/26.0 (25.0–31.5)
r.m.s.d.bonds (A

�
)/angles (�) 0.007/1.27 0.009/1.25

B-average 14.2 44.4
Ramachandran, Preferred, 96.2/3.8/0 90/6.6/3.4
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factor) using the sequences of camelid
orthologs retrieved from WGS geno-
mic databases (Table 3). As a refer-
ence, sequences of the macaque
orthologs were also included, because
they are known to have a close phylo-
genetic relationship to humans. Maca-
ques have IGV genes homologous to
those found in humans and are rou-
tinely used for toxicology studies, as
well as for the generation of therapeu-
tic antibodies.31 The amino acid iden-
tity of camelid to human therapeutic
target genes (in the ones tested) is
between 60 and 86% (based on Lama
glama- or Camelus ferus-derived target
sequences, when compared to their
human counterparts), while macaque
shows a higher identity to human of
up to 90% (Table 3). These analyses
support our hypothesis that high
serum Ig titers observed in immunized llamas and the isolation
of large panels of functional antibodies directed against diverse
epitopes are (among other causes) caused by the high degree of
foreignness of the target protein. However, even if immuniza-
tion is performed with highly homologous human orthologs,
the generation of a robust immune response may still be possi-
ble if the target antigen shows restricted expression in the llama.

Discussion

To assess the potential usefulness of camelid-derived conven-
tional antibodies as protein-based therapeutics, we characterized
the camelid germline gene repertoire coding for conventional
heavy and light chain V regions and determined their degree of
homology to their human counterparts. First, we retrieved and
annotated camelid V genes from publically available genomic

databases (WGS and HTG). Here, it is worth indicating that the
camel and alpaca WGS databases are yet to be fully completed
and assembled. For instance, we found that the genomic
sequence encoding the extracellular domain of MET deposited
in the WGS database contained 2 frameshifts. Amplification of
this gene segment from llama peripheral blood lymphocyte-
derived RNA resulted in a sequence without frameshifts (Gen-
bank accesion number, KF042853), indicating the database not
to be 100% reliable.28

Importantly, besides the human germline V sequences, each
newly identified camelid V gene was applied as reference
sequence or “query” when using BLAST and Antibody-extrac-
tor�. This allowed the complete retrieval of camelid V gene rep-
ertoires, preventing bias for human homologous V genes only.
Using multiple alignment algorithms and manual identification,
we classified each of the camelid IGHV (VH), IGKV (Vk) and

Figure 4. Crystal structures of heavy
chain and light chain Lama glama V
domains (colors) and their human coun-
terparts (gray) depicted as an overlay.
Structures are depicted as ribbons, with
arrow shapes for the b-strands. (A) The
llama anti-CD70 VH (yellow core, red H1
and H2, orange CDR3) is superimposed to
its human counterpart (1MFA, all gray).
(B) The llama anti-CD70 VL (pink core,
green H1-H3) is superimposed to its
human counterpart (all gray). (C) Superim-
posed structures of VH of llama anti-MET
mAb (green core, blue H1-H2, red CDR3)
onto human heavy chain references 1FVD
(Vk1) and 1HIL (Vk4) (all gray). (D) Super-
imposed structures of VK of llama anti-
MET mAb (green core, blue H1-H3) onto
human heavy chain references 1HIL (Vk4)
(all gray).
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IGLV (Vl) repertoires in (sub-) /families based on the conserva-
tion of their canonical structure combination and sequence
homology of their frameworks compared with their human coun-
terparts. Canonical structures were identified according to the
widely accepted Chothia classification. We have considered refin-
ing the analyses of the canonical structures as proposed by North
et al.32 However, to provide supportive evidence that variable
VH, Vk and Vl domains of camelid conventional antibodies are
quite homologous to their human counterparts in both sequence
and structure, such a refinement does not provide novel insights.

The human germline IGHV gene repertoire encompasses 51
known functional genes that belong to 7 IGHV families with
one to multiple members (11 IGHV1, 3 IGHV2, 22 IGHV3,
11 IGHV4, 2 IGHV5, one IGHV6 and one IGHV7 member).
Our in silico analyses uncovered all families in camelid but 2:
IGHV2 and IGHV6. Strikingly, in humans, these “missing”
families are known to be less frequently used than other IGHV
families in VH/Vl pairing.33,34

Surprisingly, macaque IGHV4 CDR1 and 2 contain one
additional amino acid compared to humans (7–16 versus 8–17),
which results in a different canonical structure (GenBank
DQ437842).31 Thus, despite the fact that macaques are more
closely related to humans than camelids are, the canonical struc-
tures of the IGHV4 genes of the latter may be considered more
human than those of the first (the latter not having these addi-
tional residues).

Equally astounding, llama IGHV5 and IGHV7 were very dif-
ficult to find among camelids, leading us to amplify these genes
from Lama glama cDNA to find just one functional transcript of
each. These were accompanied by roughly 40 homologous tran-
scripts that could be defined as pseudogenes based on the pres-
ence of premature stop codons and frameshifts. Although the
exact mechanism behind this remains obscure, the high incidence
of insertions and deletions found in independent amplifications
points in the direction of a gene conversion-like event, as is seen
in rabbit, cattle and chicken.35-37

Humans display a germline IGLV repertoire of 33 distin-
guishable functional genes, belonging to 10 IGLV families (5
IGLV1, 5 IGLV2, 10 IGLV3, 3 IGLV4, 4 IGLV5, one IGLV6,
2 IGLV7, one IGLV8/ IGLV9/ IGLV10). All ten camelid IGLV
counterparts were retrieved with their corresponding canonical
structures. The framework regions of camelid IGLV genes share
65 to 91% identity with their human counterparts. Remarkably,
the highest homology to human (81–91%) was present among
the 3 IGLV families (IGLV1-3) predominantly used in species
that express mainly lambda light chains, like humans.11 In this
respect, transgenic mouse systems could produce human mAbs
when, in addition to the human heavy and kappa light chain
genes, the human lambda Ig repertoire were added and kappa
expression was silenced.38 When taking into account that light
chain usage during the B-cell response is far more lambda-depen-
dent in humans than, for instance, in the murine immune system
(that uses close to 95% kappa light chains),39 the advantage of
having a similar to human light chain repertoire, (as in camelids)
becomes clear.

In contrast to the Ig gene repertoire, camelid genes ortholo-
gous to human genes encoding proteins targeted in disease dis-
play a relatively low homology. This is in contrast to the
situation in macaques: despite being considered as animals from
which therapeutic antibodies can be retrieved, macaques show a
high human genomic sequence identity that includes genes of
therapeutic interest. This makes their Ig repertoire after active
immunization with human proteins prone to lower epitope cov-
erage, skewed toward those epitopes that differ strongly.

Our study was meant to gather information about the camelid
V genes that were largely unknown and to understand their
sequence and structural homology to the human orthologs. In
paralell, Griffin et al. 21 reported about complete conventional
camelid V genes and their intra-/interspecies sequence identity.
Importantly, the sequence identity found between camelid and
human VH, Vl and Vk genes resembled our findings nicely,
despite a difference in assigning interspecies counterparts

Table 3. Percentage of identity between human and camelid therapeutic target proteins, reveals low conservation in contrasting identity found between
human and macaque targets (Macaca mulatta)

Antigen
Macaca mulatta

vs human identity (%)
Lama glama vs

human identity (%)
Camelus ferus vs

human Identity (%)

CD70 93 70* 72
IL-1a 90 74 74
IL-1b 90 63 65
IL-6 97 60 62
MET 93 89* ND
TNF 93 78 78
Antigen GenBank human Macaca mulatta Lama glama Camelus ferus
CD70 BC000725.2 XM_001088935.2 * NW_006210496.1
Il-1a X03833.1 NM_001042757.1 AB107645.1 XM_006183588.1
IL-1b NM_000576.2 NM_001042756.1 AB107644.1 XM_006183589.1
IL-6 NM_000600.3 NC_007860.1 AB107647.1 XM_006179204.1
MET NC_000007.14 NC_007860.1 * NW_006210492.1
TNF X02910.1 NM_001047149.1 AB107646.1 XM_006178751.1

Human, CD70, IL1a, IL-1b, IL-6, MET, and TNF were compared to camelid and macaque counterparts using Blast (NCBI). * indicates sequence not found in
GenBank, but was acquired in-house.
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(sequence identity vs canonical structure identity). For instance,
IGHV3 and 4 were reported with 94% and 86% identity, respec-
tively, where we found 86% to 94% and 79% to 89%, respec-
tively. IGLV and IGKV were found to have 85% and 77%
identity, where we found comparable numbers among our IGLV
families. Of our isolated IGKV families, Vk2-3 had a 60%
human identity and Vk5-6 had a 72–77% human identity. Most
of the IGKV families (66%) had a identity of 80% and higher.

Immunization of camelids with human target proteins benefits
from a more distant phylogenetic relationship between humans
and camelids, resulting in a greater diversity of potential thera-
peutic antibodies due to the presence of more foreign epitopes.22

The importance of this “foreignness” is best described in a setting
where camelid immunization against alien viral envelope proteins
resulted in a highly diverse panel of binders, enabling targeting of
multiple epitopes on the same viral envelope protein.40,41

The camelid V family repertoire described here serves as a
template to humanize camelid V genes (for therapeutic purposes)
in such a way that affinity, potency and stability are retained.
Finally, to fully utilize camelid IGHV, IGLV, IGKV repertoires,
an optimal design of V family (member) specific primers is now
made possible. This will be beneficial for antibody discovery via
non-immune and immune phage display library construction.
Our study provides the necessary tools and knowledge base to
allow further advances in the field of comparative immunology
and applied antibody research. These data are supported by the
clinical development of 2 antibodies (anti-CD70 and anti-MET)
discussed here. These antibodies, ARGX-110 and ARGX-111,
are now being evaluated in Phase 1b clinical studies
(NCT01813539 and NCT02055066, respectively), thereby fur-
ther validating the use of camelids as a powerful technology plat-
form for the generation of antibody therapeutics.

Materials and Methods

Description of databases and data mining tools
Camelid germline V genes were retrieved from the publically

available Whole Genome Shotgun database, the WGS phase I
ABRR01000000 and the WGS phase II ABRR02000000 of
Vicugna pacos (also referred to as Lama pacos or alpaca), the
WGS phase I AGVR01000000 of Camelus ferus (also referred
to as Bactrian camel) and the High-Throughput Genome
Sequencing database, HTG GenBank accession number Vicu-
gna pacos AC232951 and AC232782. The HTG alpaca data-
base consists of sequence collections derived from the CHORI-
246 alpaca BAC Library. Since the 2 HTG derived BACs are
working draft sequences, we proceeded to their sequencing
using NGS Ion Torrent technology (Life Technologies, New
York, USA) to retrieve more complete V gene sequences.
Human germline V gene sequences are derived from the pub-
licly available human reference genome (Build 37, hg 19),
Vbase2 database (www.vbase2.org/vbdownload.php) and
NCBI Igblast database (www.ncbi.nlm.nih.gov/igblast/show-
Germline.cgi). Three NCBI basic local alignment search tools
were used: BLAST with Vicugna pacos genome (www.ncbi.nlm.

nih.gov/genomes/geblast.cgi?taxid=30538); BLAST with Cam-
elus ferus genome (www.ncbi.nlm.nih.gov/genomes/geblast.cgi?
taxid= 419612) and BLAST (blastn, blastx and tblastn) with
the HTG selected database (http://blast.ncbi.nlm.nih.gov/
Blast.cgi). CLC Main Workbench software local blast and
assembly to reference tools were used to annotate, extract and
create camel and alpaca IGLV (Vl) IGKV (Vk), IGHV (VH/
VHH) database sequences. Additionally, we used Antibody-
extractor� software (antibody-extractor.net), a set of algo-
rithms and tools dedicated to antibody DNA and protein
sequence analysis using human V region knowledge base.

PCR amplifications, cloning and sequencing of llama
germline V genes

Genomic DNA was extracted from a llama (Lama glama) tes-
tis. Fragments of frozen testis were ground in liquid nitrogen and
incubated in 20 ml of lysis buffer, 100 mM Tris HCl pH 8.5
(Sigma-Aldrich, H1758), 5 mM EDTA (Sigma-Aldrich,
E6758), 0.2% SDS (Sigma-Aldrich, L3771), 200 mM NaCl
(Sigma-Aldrich, S3014), 100 mg Proteinase K/ml (Promega,
V3021) at 37�C until fully dissolved. Genomic DNA was
extracted using the phenol/chlorophorm/isoamyl alcohol
(Sigma-Aldrich, P3803) method as previously described.42 PCR
amplification was performed in the presence of forward and
reverse (Vl or Vk) specific primers using 0.5 U Phusion high
fidelity DNA polymerase in a 50 ml final reaction volume
according to the manufacturer’s instructions (Finnzymes, F-
530L). Parameters for PCR were 94�C for 5 min followed by 30
cycles of 94�C for 30 s, 60–65�C for 30 s, 72�C for 30 s to
1 min, and a final extension at 72�C for 10 min. PCR products
were purified using NucleoSpin Gel and PCR Clean-up (Mach-
ery-Nagel, 740609.10/.50/.250), cloned into a pJET1.2 vector
using a CloneJET PCR cloning kit (Thermo Fisher Scientific,
K1231), and transformed by electroporation into E. coli strain
TG1 DUOs (Lucigen, 60502-1). Clones were then sequenced,
analyzed and gathered in distinct Vk and Vl gene specific data-
sets. Vk and Vl specific primers were designed based on the
germline Vk or Vl gene sequences extracted and annotated from
the publicly available databases, Vicugna pacos WGS phase I
ABRR01000000, HTG AC232951 and HTG AC232782. The
forward primers were based on either leader part1 (exon1 of V
genes) or the framework 1 (FR1), and the reverse primers were
based on the framework 3 (FR3) of germline Vl or Vk genes. A
list of the primers used is shown in Table S2.

Amplification of VH5 and VH7 V regions, from llama
cDNA

Peripheral blood lymphocytes (PBL) were isolated by cen-
trifugation using a Ficoll (Pharmacia Biotech, A2252) discon-
tinuous gradient. Total RNA was then isolated by an acid
guanidium thiocyanate extraction, as previously described.43

The RNA integrity was verified via gel electrophoresis; con-
centration and purity were determined by OD measurement
(wavelength scan between 230 nm 320 nm) (A260nm / A280nm

ratio). Total RNA was used as template to generate cDNA
using random hexamer primers and the SuperScriptIII�
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RT-PCR system (Invitrogen, 12574-030). Oligonucleotides
VH5-leader-primer1 ATGCGGTC TGTCACAGCCATC,
VH7-leader-primer1 ATGGACGGGACCTGGACAATCC
and CH1 were used for PCR amplification of Lama glama V
gene segments.

Identification, annotation and extraction of camel and alpaca
germline V genes

Three steps were used to retrieve camel and alpaca germline V
genes from the publicly available databases described above. The
first step of analysis consisted of using the human germline V
gene nucleotide and translated sequences as a “query” in the
BLAST tools to identify contigs, scaffolds and BACs that harbor
alpaca and camel germline V gene of heavy chains (VH and
VHH) and light chains (Vl and Vk). In addition, previously
published alpaca germline VH and VHH genes described in
Achour et al. were used as a “query” in the first step.20 The sec-
ond step consisted of downloading reads, contigs and scaffolds in
the CLC Main Workbench software, after which camel and
alpaca sequences were extracted from this data set as follows: a
local blast, assembly to reference tool and annotation tools were
applied using human V genes as a “query” while contigs and scaf-
folds were considered the reference sequences. The third step
consisted of using the newly identified and extracted camel and
alpaca germline V gene sequences, as well as the PCR amplified
llama V gene sequences, as a “query” in the BLAST tools. The
second and third steps were carried out several times (loop pro-
cess) until no new identified V gene sequences were recovered.
The last step consisted of creating distinct camel and alpaca Vk,
Vl and VH/VHH gene specific datasets. The gene sequence data
sets illustrating FR1 to FR3, leader exon 1, leader exon 2 and
recombination sequence sites (RSS) were extracted to fully anno-
tate the newly identified camel and alpaca V gene regions.

Identification and classification of the camelid V family
repertoire

Multiple alignments using CLC Main Workbench software
were performed for each of the camel, alpaca and llama Vk, Vl
or VH/VHH specific datasets along with human V gene counter-
parts. The identification and classification of camelid V genes
families and sub-families were based on the percentage of identity
in FR1, FR2 and FR3, along with the size and the degree of
homology of predicted CDR canonical folding (CDR1-CDR2)
shared with human V genes counterparts. Camel, alpaca and
llama germline V gene canonical folding were determined using
Canonicals - Chothia Canonical Assignment software (www.bio-
inf.org.uk/abs/chothia.html). As WGS and HTG contain gaps,
V genes (FR1-FR3) are designed as functional (F) when they are
devoid of premature stop codons and are in frame. Pseudo-genes
among V genes were designated as such when they harbored stop
codons, were out of frame, or were incomplete.

Papain digestion and purification of Fabs
Eight mg of anti-CD70 and anti-MET mAbs at 4 mg/ml in

Dulbecco’s phosphate-buffered saline (d-PBS) pH 7.2 (Life Tech-
nologies, 70013032) were buffer-exchanged to a digestion buffer

containing 20 mM cysteine-HCl (Sigma-Aldrich, Fallavier,
France) on a Zeba TM Desalt Spin Column (Pierce Fab Prepara-
tion Kit) (Pierce Thermo Scientific, 44985). Samples were incu-
bated with Immobilized Papain (Pierce Thermo Scientific,
20341) and digested for 6 hours at 37�C. The Fcs were separated
from the Fabs using a CaptureSelect human Fc affinity matrix
(BAC BV, 190082210) equilibrated in d-PBS. Fabs were recov-
ered in the flow-through and Fcs were eluted using 0.1 M glycine
pH 2.0 (Sigma-Aldrich, G2879). Protein concentration was deter-
mined by UV spectrometry from the absorbance at 280 nm.~3 mg
of purified Fab were recovered and concentrated to 8–9 mg/ml on
Amicon-Ultra (Merck, UFC201024) (cut-off 10 kDa).

Crystallization, X-ray diffraction and structure
determination of Fabs

Initial crystallization screening of Fab derived from the anti-
CD70 mAb was performed with commercial kits Structure
screen 1 & 2, Wizard screen and Stura Footprint screen (Molecu-
lar Dimensions Limited, MD1-30, MD15-JCSGP-B, and MD1-
20, respectively). Drops were set-up with a 1:1 (v:v) ratio of pro-
tein (8.9 mg/ml) to mother liquor in a total volume of 200 nl on
Greiner 96-well plates using a Cartesian MicroSys SQ robot. A
diffraction-quality crystal of Fab was obtained by sitting-drop
vapor diffusion at 277 K after one week in 2 M ammonium sul-
fate (Sigma-Aldrich, A4418) and 0.15 M Na citrate pH 5.5
(Sigma-Aldrich, PHR1416). Diffraction data were collected at
beamline Proxima-1 (Synchrotron Soleil, Saint-Aubin, France),
integrated with XDS and scaled with Xscale.44 The structure was
solved using molecular replacement with Molrep.45 The starting
models were the CH, CL, VH and Vl from the IL-17a/Fab com-
plex (PDB 2VXS).46 Refinement was made with Refmac,47 alter-
nating with manual construction/reconstruction with Coot.48

Crystallization screening of Fab prepared from the anti-MET
antibody was performed with commercial kits Proplex screen,
Wizard screen and Stura Footprint screen (Molecular Dimen-
sions Limited, Suffolk, United Kingdom). Drops were set-up
with a 3,2,1:1 (v:v) ratio of protein (8.2 mg/ml) to mother liquor
in a total volume of 200 nl. A diffraction-quality crystal of Fab
was obtained by sitting-drop vapor diffusion at 277 K after 3
weeks in 1.4 M Na Malonate pH 6.0 (Sigma-Aldrich, M4795).
Diffraction data were collected and the structure was solved as
described above. Detailed data collection and refinement statis-
tics are displayed in Table 2.
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