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Clostridioides difficile infection is the leading cause of nosocomial diarrhoea globally. Immune responses to
toxins produced by C. difficile are important in disease progression and outcome. Here, we analysed the
anti-toxin A and anti-toxin B serum antibody proteomes following natural infection or vaccination with a
C. difficile toxoid A/toxoid B vaccine using a modified miniaturised proteomic approach based on de novo
mass spectrometric sequencing. Analysis of immunoglobulin variable region (IgV) subfamily expression
in immunoprecipitated toxin A and toxin B antibodies from four and seven participants of a vaccine trial,
respectively, revealed a polyclonal proteome with restricted IGHV, IGKV and IGLV subfamily usage. No
dominant IGHV subfamily was observed in the toxin A response, however the dominant anti-toxin B
heavy (H)-chain was encoded by IGHV3-23. Light (L)-chain usage was convergent for both anti-toxin A
and anti-toxin B proteomes with IGKV3-11, 3-15, 3-20 and 4-1 shared among all subjects in both cohorts.
Peptide mapping of common IgV families showed extensive public and private amino acid substitutions.
The cohort responses to toxin A and toxin B showed limited similarity in shared IGHV subfamilies.
L-chain subfamily usage was more similar in the anti-toxin A and anti-toxin B responses, however the
mutational signatures for each subfamily were toxin-dependent. Samples taken both post vaccination
(n = 5) or at baseline, indicating previous exposure (n = 2), showed similar anti-toxin B IgV subfamily
usage and mutational profiles. In summary, this study provides the first sequence-based proteomic anal-
ysis of the antibody response to the major disease-mediating toxins of C. difficile, toxin A and toxin B, and
demonstrates that despite the potential for extreme diversity, the immunoglobulin repertoire can raise
convergent responses to specific pathogens whether through natural infection or following vaccination.
� 2019 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Clostridioides difficile, previously Clostridium difficile [1], is an
anaerobic, spore-forming, Gram positive bacillus which is a leading
cause of gastrointestinal disease worldwide [2]. Colonisation of the
human gastrointestinal tract is facilitated in susceptible hosts by
the ingestion of spores and disruption of the host microflora, usu-
ally due to antibiotic use [2,3]. Although widely regarded as a
health care associated infection, it is a ubiquitous organism and
in its spore form will persist, both in the natural environment, such
as in soil and waterways, as well as in other community-based
environments [4,5]. C. difficile emerged as a significant pathogen
in nosocomial infection in the late 19700s [6], incidence escalated
towards the turn of the century [7] and early this century has seen
the emergence of epidemic strains with increased pathogenesis [8].

Symptoms of C. difficile infection (CDI) range from asymp-
tomatic colonisation, through mild self-limiting diarrhoea to life
threatening pseudomembranous colitis, toxic megacolon and
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fulminant colitis [9]. Symptomatic C. difficile disease is almost
exclusively mediated by toxin producing bacteria [2]; non-
toxigenic bacteria rarely cause disease [10]. Disease severity is
determined by several factors, but most important is the produc-
tion of toxins by the infecting strain [9]. There are three toxins pro-
duced by some C. difficile strains. Toxin A, a 308 kDa enterotoxin,
and toxin B, a 270 kDa cytotoxin, are the two main toxins which
are 48% identical in amino acid sequence [11]. Although toxin B
is thought to be the primary mediator of C. difficile infection
[12,13], toxin A is also important; however, the extent of its contri-
bution and that of the third toxin, C. difficile transferase (CDT; or
binary toxin) is unknown [14,15].

Current management of CDI involves discontinuing the inciting
antibiotic followed by treatment with metronidazole, vancomycin
or less commonly fidaxomicin [9], and fluid replacement. There is,
however, a need for better treatment options. Antibody
immunotherapy, targeting both toxin A and toxin B, has shown
promising results in research and clinical settings [16–19], with
Bezlotoxumab (which targets only toxin B), approved in the US,
shown to reduce the rate of CDI recurrence in adults [19]. Faecal
microbiota transplant is another treatment option for recurrent
disease [20], which remains the largest hurdle in CDI. Vaccines
have emerged as a promising preventative intervention and over
the last few years there have been several candidates in develop-
ment, with some proceeding to clinical trials [21–25]. Determining
the factors involved in disease clearance, asymptomatic colonisa-
tion and recurrent symptomatic disease may be assisted by better
understanding the immune response to infection.

Recently our understanding of antibody responses to specific
infectious diseases has improved with the development of new
techniques to investigate immune responses in more detail.
Humoral responses in C. difficile have been profiled using ELISpot
[26] and protein microarray analysis [27], both of which assess
the circulating serum antibody or antibody secreting cells but do
not provide antibody molecular composition. High-throughput B
cell cloning strategies [28] provide sequence information but are
not indicative of secreted circulating antibody.

In the present study we have built upon the approach described
to investigate anti-haemagglutinin serum antibody repertoires fol-
lowing H1N1pdm09 influenza A vaccination [29]. We have modi-
fied the techniques used previously to create a streamlined
system, as described for anti-dsDNA peptide repertoires in lupus
[30], to characterise the serum antibody repertoire in response to
C. difficile toxoid A/B vaccination or following natural exposure.
2. Materials and methods

2.1. Vaccine candidate and toxins A and B

Full length toxins A and B, 308 kDa and 270 kDa, respectively, of
C. difficile reference strain VPI10463 (ATCC 43255) were individu-
ally purified yielding highly (>90%) pure preparations. The C. diffi-
cile vaccine candidate is comprised of formalin-inactivated, full
length toxoids A and B (from reference strain VPI10463 (ATCC
43255)). Both toxins and toxoids were generated and formulated
per a Sanofi Pasteur manufacturing process [21,23].
2.2. Human samples

Archived sera, from previous C. difficile vaccine trials (Clinical-
trials.gov identifier: NCT00772343 and NCT01230957) were used
in this study. Subjects entering clinical trials were not previously
vaccinated with the C. difficile toxoid vaccine candidates. Subjects
in the NCT01230957 trial had no prior documented symptomatic
CDI diagnosis. Some subjects from the NCT00772343 trial had been
diagnosed with CDI previously (Supplementary Table 1). Briefly,
clinical trial participants were vaccinated with the C. difficile vac-
cine candidate and blood samples were collected. Samples with
high anti-toxin antibody titres by ELISA and toxin neutralisation,
as determined previously [23], were selected for analysis. Sample
details are shown in Supplementary Table 1. The study of archived
sera from these trials was approved by the Southern Adelaide Clin-
ical Human Research Ethics Committee and informed consent was
obtained from participants of the trials.

2.3. Purification of anti-toxin A and anti-toxin B antibodies

The workflow from immunoglobulin purification through to
analysis has been described previously [30]. Briefly, serum anti-
toxin A and anti-toxin B immunoglobulins were isolated following
precipitation of immunoglobulins from 8 ll serum with 4.3 lg C.
difficile toxin A or 4.6 lg C. difficile toxin B in 0.8% agarose (SeaKem
LE; Lonza, Morristown, NJ, USA) in phosphate buffered saline (PBS),
pH 7.4, at 37 �C for at least 48 hr. Precipitin bands were excised and
washed extensively in PBS, followed by distilled water. The precip-
itin was solubilised and reduced by heating at 95 �C for 10 min in
the presence of 1% sodium dodecyl sulphate (SDS; Sigma-Aldrich,
St. Louis, MO, USA) and 10 mM dithiothreitol (DTT; Astral Scien-
tific, Gymea, NSW, Australia) before H- and L-chains were sepa-
rated using SDS-polyacrylamide gel electrophoresis (PAGE; Any
kDMini-PROTEAN� TGX Stain FreeTM Protein Gel; Biorad, Hercules,
CA, USA).

2.4. Mass spectrometry (MS)

In-gel trypsin and chymotrypsin digestion was performed on an
estimated 20–40 ng 50 kDa H- and 10–20 ng 25 kDa L-chain bands
excised from gels using Trypsin Gold (Promega, Madison, WI, USA)
and Chymotrypsin (Promega), separately, as described previously
[31]. Digested peptides were separated on a C18 reversed phase
column with a 45 min acetonitrile gradient using an Ekspert
nanoLC 415 HPLC (Eksigent, AB Sciex, Redwood City, CA, USA) cou-
pled to a TripleTOF 5600 + mass spectrometer (AB Sciex) running
in positive ion mode, with rolling collision energy and dynamic
accumulation enabled. The routine analysis included a blank injec-
tion of solvent followed by instrument calibration using a commer-
cial BSA extract (Trypsin-digested BSA MS Standard; New England
Biolabs, Ipswich, MA, USA) after every 4 samples (approximately
every 6 hr) to correct for any mass drift. The BSA calibration anal-
ysis was also used for QC as it allowed confirmation of chromatog-
raphy performance, instrument sensitivity and fragmentation
efficiency. Two technical replicates were analysed for all samples.

2.5. Protein sequence data analysis

Mass spectrometric sequence data were analysed using Peaks
Studio v8.0 software (Bioinformatics Solutions Inc., Waterloo, ON,
Canada) using the combined ImMunoGeneTics (IMGT (F+ ORF+

in-frame P) version 3.1.2; accessed 23rd October 2017; http://

www.imgt.org), NCBI (NCBI Human Database; accessed 12th
September 2016) and Uniprot 2017-08 databases. The parameters
for database matching have been described previously and include
a maximum of 2 missed cleavages, precursor m/z tolerance of
�20 ppm, product ion error tolerance of 0.02 Da, precursor charge
state of +2 to +4 [29]. The false discovery rate (FDR) was set at a
threshold of 0.0 for each database comparison at the peptide level
and the de novo peptide average local confidence (ALC) was set
�80. Supplementary Fig. 1 outlines the approach taken for analysis
and data quality. The tight mass tolerances and low FDR reduced
the impact of potential mass drift. Gene families were assigned
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to individual V-region families based on the presence of unique
peptides. Quality of spectrum of unique peptides was manually
inspected. After confirmation of unique peptides, supporting pep-
tides were identified and matched to the gene family sequence
providing a more complete map of sequence information for each
gene family. The stringent strategy used for peptide assignment
ensured that peptides were assigned to the correct gene families
and avoided mismatches.

Initially, replicates for each enzyme digestion were analysed
separately. Following identification of gene families, the data from
all files was combined to produce peptide maps (Supplementary
Figs. 2 and 3).
3. Results

3.1. Purification of anti-toxin A and anti-toxin B antibodies

Serum samples from ten subjects from two C. difficile vaccine
trials (Clinicaltrials.gov identifier: NCT00772343 and NCT01230957)
were assayed for reactivity to C. difficile toxin A and B in a double
immunodiffusion assay. One sample formed a precipitin line with
toxin A only, four formed precipitin lines with toxin B only and
three samples formed precipitin lines with both toxins. Two sam-
ples did not form precipitin lines with either toxin and were
excluded from further study. Immunodiffusion patterns showed
lines of no identity when incubating the same serum with different
toxins (Fig. 1a & b) and a pattern of identity when incubating dif-
ferent serum samples with the same toxin (Fig. 1c & d). No precip-
itin lines were formed with an unrelated antigen (hepatitis B
surface antigen) or PBS (data not shown).

3.2. Serum anti-toxin A and anti-toxin B antibodies express convergent
toxin specific IgV heavy and light chain subfamilies

Mass spectrometric sequencing was performed on tryptic and
chymotryptic digestions of the H- and L-chains from the purified
anti-toxin A and anti-toxin B immunoglobulins and revealed
Fig. 1. Reactivity of C. difficile positive serum with C. difficile toxin A and toxin B.
Immunodiffusion patterns show precipitin lines of no identity (a & b). Central wells
contain CDIFF NO1 (a) and CDIFF NO6 (b), respectively. Outside wells contain
(clockwise from position 1) 1. Toxin A, 2. Toxin B, 3. PBS, 4. Toxin B, 5. Toxin A, 6.
PBS. Immunodiffusion patterns show full identity among different samples (c & d).
Central wells contain toxin A (c) and toxin B (d), respectively. Outside wells contain
(clockwise from position 1) (c) 1. CDIFF NO1, 2. CDIFF NO2, 3. PBS, 4. CDIFF NO6, 5.
CDIFF NO2, 6. PBS (d) 1. CDIFF NO1, 2. CDIFF NO6, 3. CDIFF NO1, 4. CDIFF NO5, 5.
CDIFF NO4, 6. CDIFF NO6.
polyclonal repertoires with common expression of heavy and light
chain subfamilies within each anti-toxin response.

Anti-toxin A immunoglobulin variable region usage is shown in
Table 1. There were no IGHV subfamilies shared among all four
subjects of the toxin A cohort, however IGHV1-2, 3-11, 3-15 and
3-7 were shared in three subjects. Common expression of L-chain
IGKV1-33, 3-11, 3-15, 3-20, 4-1 and IGLV2-11 was observed in
all four subjects. IGKV1-5, IGLV1-51 and IGLV1-47 were shared
in three of four subjects (Table 1). All subjects shared joining IGHJ1,
4 or 5 (sequencing was unable to distinguish between these 3 J-
regions), IGHJ6, IGKJ1, IGKJ2, IGLJ1 and IGLJ2/3 (could not distin-
guish between these J-regions). IGKJ4 was shared in three of four
samples. Private H- and L-chains were present in each sample
(Table 1, sequence data not shown).

Amongst the seven subjects in the toxin B cohort, IGHV3-23
was detected in all subjects, IGHV3-7, 3-9 and 3-30 were
shared in five of seven subjects, IGHV3-74, 3-73 and 3-15 in four
subjects while IGHV3-21 and 3-33 were used by three subjects
(Table 2). Common expression of IGKV-encoded subfamilies was
also observed with all samples, including IGKV1-5, 3-11, 3-15,
3-20 and 4-1. Six of seven subjects shared IGLV1-51, five of seven
shared IGKV3-7 while four shared IGKV2-28, IGLV2-14, and IGLV3-
19. Three of seven subjects used IGKV1-33, IGKV1-16, IGLV4-69
and IGLV8-61 (Table 2). Six of seven samples used IGHJ6 and either
IGHJ1, 4 or 5 (sequencing was unable to distinguish between these
3 J-regions). IGHJ3 was represented in four subjects. Light chain J-
regions were more restricted with IGKJ2, IGKJ3, IGKJ4 and IGLJ2/3
(sequences of IGLJ2 and IGLJ3 were indistinguishable) shared in all
seven subjects and IGKJ1 in six subjects, while IGLJ1 and IGKJ5
were shared in five and four subjects out of seven, respectively.
All samples had at least one private H- and L-chain gene family
present (Table 2, sequence data not shown).

3.3. IgV peptide maps reveal shared mutational signatures for
respective toxin A and toxin B precipitated antibody repertoires

The combined tryptic and chymotryptic peptide maps for the
shared H- and L-chain sub-families for toxin A and toxin B antibod-
ies are shown in Supplementary Figs. 2 and 3, respectively. These
reveal a complex pattern of both public (shared amongst partici-
pants) and private amino acid substitutions. Proteomic heat maps
(Figs. 2 and 3) demonstrate the frequency with which shared
amino acid replacements occur within the participants of this
study. As Leu and Ile have identical masses, they could not be dis-
tinguished using mass spectrometry. For matching spectra to a
database, the amino acid listed in the database was used. However,
for amino acid substitutions that did not match the database,
either Leu or Ile could be used (although the frequency usage of
Ile is approximately half that of Leu). In addition, where an N/D
amino acid substitution is indicated, the substitution could be
either, as it was not possible to distinguish whether a deamidated
Asn or an Asp had been substituted. The proteomic heat map for
the shared subfamilies from anti-toxin A variable and joining
regions (Fig. 2) show few shared substitutions for IGHV regions,
with only a small number of substitutions conserved among the
three subjects expressing each subfamily. There is a higher fre-
quency of mutations in the L-chains, especially in the region
around CDR2 (Fig. 2b). The most conserved mutations (in all four
subjects) are an asparagine to lysine at position 53 in IGKV3-11
and IGKV1-33. The joining regions showed few substitutions, none
of which were shared amongst all subjects.

The proteomic heat map for anti-toxin B shared subfamilies
(Fig. 3) shows many substitutions shared between only a small
number of subjects, however some substitutions are conserved
amongst all participants. There is a serine/aspartic acid to arginine
substitution common to all participants at position 30 in CDR1 of



Table 1
Immunoglobulin variable region (IgV) usage of anti-toxin A antibody proteomes following C. difficile vaccination.

Subject IGHVa IGHJb IGKVc IGKJd IGLVe IGLJf

CDIFF NO1 1-2, 1-69, 2-26, 3-11, 3-15, 3-23,
3-74

1/4/5, 3, 6 1-33, 1-39, 1-5, 2-28, 3-11,
3-15, 3-20, 4-1

1, 2, 4, 5 1-51, 2-11, 3-19, 8-61, 9-49 1, 2/3

CDIFF NO2 1-18, 1-2, 1-69, 2-26, 3-11, 3-30, 3-33,
3-35, 3-38, 3-49, 3-62, 3-64, 3-7, 3-9,
4-34, 5-10

5, 6 1-33, 3-11, 3-15, 3-20, 4-1 1, 2, 3, 4 1-36, 1-47, 2-11, 2-14, 2-8, 6-57, 8-61 1, 2/3

CDIFF NO6 1-18, 3-15, 3-38, 3-7, 3-72, 3-74, 3-9,
4-30, 4-31, 4-38

1/4/5, 6 1-16, 1-33, 1-5, 2-24,
3-11, 3-15, 3-20, 4-1

1, 2 1-47, 1-51, 2-11, 3-9 1, 2/3

CDIFF 4-10 1-2, 1-3, 3-11, 3-15, 3-30, 3-33,
3-43, 3-49, 3-64, 3-7, 3-72, 6-1

1/4/5, 6 1-12, 1-16, 1-33, 1-5, 2-24,
2-28, 3-11, 3-15, 3-20, 4-1

1, 2, 3, 4 1-40, 1-47, 1-51, 2-11, 3-19, 3-9,
4-69, 7-43, 7-46, 9-49, 10-54

1, 2/3

Note - Public gene families (shared in at least 3 of 4 subjects) are in bold.
a IGHV, immunoglobulin heavy chain variable region gene.
b IGHJ, immunoglobulin heavy chain joining region gene.
c IGKV, immunoglobulin kappa chain variable region gene.
d IGKJ, immunoglobulin kappa chain joining region gene.
e IGLV, immunoglobulin lambda chain variable region gene.
f IGLJ, immunoglobulin lambda chain joining region gene.

Table 2
Immunoglobulin variable region (IgV) usage of anti-toxin B antibody proteomes in C. difficile vaccination trials.

Subject IGHVa IGHJb IGKVc IGKJd IGLVe IGLJf

CDIFF NO1 3-11, 3-23, 3-7, 3-73 4, 6 1-33, 1-5, 3-11, 3-15, 3-20, 4-1 1, 2, 3, 4 1-47, 1-51, 3-21 2/3, 7
CDIFF NO4y 2-26, 3-15, 3-21, 3-23, 3-30, 3-49, 3-53,

3-7, 3-72, 3-73, 3-9, 4-30, 6-1
1/4/5, 6 1-17, 1-27, 1-5, 2-28, 3-11, 3-15,

3-7, 3-20, 4-1
1, 2, 3, 4 1-51, 2-14, 4-69, 5-45,

8-61, 9-49
1, 2/3

CDIFF NO5y 3-15, 3-21, 3-23, 3-33, 3-7, 3-74, 5-10 1/4/5, 3 1-5, 3-11, 3-15, 3-7, 3-20, 4-1 2, 3, 4, 5 1-51, 2-14, 3-19, 3-9,
8-61

2/3

CDIFF NO6 1-3, 1-46, 1-69, 3-15, 3-21, 3-23, 3-30,
3-35, 3-49, 3-7, 3-72, 3-73, 3-74, 3-9

3, 4, 6 1-12, 1-13, 1-16, 1-17, 1-33, 1-5,
2-28, 3-11, 3-15, 3-7, 3-20, 4-1, 6-21

1, 2, 3, 4 1-47, 1-51, 4-69 1, 2/3

CDIFF 2-6 1-2, 1-69, 3-11, 3-23, 3-38, 3-47, 3-74,
3-9, 4-55

1/4/5, 6 1-27, 1-37, 1-5, 1-6, 2-28,
3-11, 3-15, 3-7, 3-20, 4-1

1, 2, 3, 4, 5 2-14, 3-19,
6-57, 10-54

1, 2/3

CDIFF 4-8 3-23, 3-30, 3-33, 3-35, 3-38, 3-9, 4-34 3, 5, 6 1-16, 1-5, 2-24, 2-28, 3-11,
3-15, 3-20, 4-1

1, 2, 3, 4, 5 1-51, 3-19, 4-69 1, 2/3

CDIFF 4-10 1-3, 3-15, 3-22, 3-23, 3-30, 3-33,
3-43, 3-64, 3-7, 3-73, 3-74, 3-9, 4-34, 6-1

1/4/5, 3, 6 1-16, 1-33, 1-5, 2-24, 2-30,
2-40, 3-11, 3-15, 3-7, 3-20, 4-1

1, 2, 3, 4, 5 1-51, 2-11, 2-14, 2-8,
3-19, 7-46, 8-61,
9-49

1, 2/3

Note - Public gene families (shared in at least 3 of 7 subjects) are in bold.
a IGHV, immunoglobulin heavy chain variable region gene.
b IGHJ, immunoglobulin heavy chain joining region gene.
c IGKV, immunoglobulin kappa chain variable region gene.
d IGKJ, immunoglobulin kappa chain joining region gene.
e IGLV, immunoglobulin lambda chain variable region gene.
f IGLJ, immunoglobulin lambda chain joining region gene.
y Italicised sample names indicate baseline samples (ie. natural infection), the other samples were taken following vaccination.
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all nine IGHV3 families and at position 31 there is a substitution
which is observed in most participants (Fig. 3a). The central region
of the IGKV regions, around CDR2, is highly mutated, however, like
the IGHV regions, these are generally conserved only in a small
number of subjects (Fig. 3b). There is a highly conserved, in all par-
ticipants, threonine to asparagine substitution in IGKV1-5 and
highly variable substitution of the residue immediately following
CDR2 in most of the IGKV families.

The H-chain J-regions show very few substitutions and are
homologous to the germline sequence. More variation is observed
in the IGKJ and IGLJ regions with high levels of amino acid replace-
ments, none of which are conserved within all participants (Fig. 3c).
3.4. Comparison of anti-toxin A and anti-toxin B subfamily usage and
mutational profile in response to vaccination

IgV subfamily usage in anti-toxin A and anti-toxin B proteomes
is varied (Tables 1 and 2), only sharing two commonly used sub-
families, IGHV3-15 and IGHV3-7. Upon further examination of
the shared substitutions in these subfamilies, very few were repli-
cated in both the toxin A and toxin B response (Figs. 2 and 3). There
was similar subfamily usage in the L-chains with toxin A and toxin
B responses including IGKV3-20, 4-1, 1-5, 3-11, 3-15, 1-33 and
IGLV1-51, which also resulted in a higher number of conserved
substitutions shared between both toxin responses.
3.5. Convergence of anti-toxin B IgV peptide signatures in natural
infection and vaccination

Two participants of the vaccine trials, CDIFF NO4 and CDIFF
NO5, were baseline (naturally infected) samples. The heat map in
Supplementary Fig. 4 shows the naturally infected samples differ-
entiated from the vaccinated subjects. While several of the substi-
tutions are shared between members of both groups, such as the
serine to arginine at position 30 in IGHV3-23 CDR1 (which is in
all subjects), some amino acid replacements are restricted to either
the vaccinated or naturally infected groups only. Substitutions of
note are shown in Table 3. Many of these restricted substitutions
have been shared across samples in different peptides, however
only three identical mutated peptides were able to be identified
as unique to participants of either the vaccinated (n = 2) or the nat-
urally infected (n = 1) groups. In the naturally infected group, both
participants had a methionine to valine substitution at position 83
in framework 3 of IGHV3-23, which is identified in a peptide which
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is present only in naturally infected samples, NTLYLQVNSLR. In the
vaccinated group all participants using IGHV3-9 (n = 4) had a tyro-
sine to phenylalanine replacement at position 60 and used the pep-

tide FADSVKGRF, while subjects using IGLV3-19 (n = 3) had a
proline to alanine substitution at position 54 and used peptide

ASGIPDR.
4. Discussion

In this study we utilised a proteomic approach to investigate
antibody responses following vaccination against C. difficile. Our
previous protocol, which has been described in our studies of infec-
tious diseases [29] and autoimmune conditions [30–35], was mod-
ified to replace affinity purification, using ELISA plates, with an
Ouchterlony protocol [30]. This workflow miniaturisation allows
the use of a 10-fold reduction in volume of serum, reduced hands
on experimentation time and allows sampling of precipitating
antibodies. Although this is a potential limitation, it is likely that
antibodies that immunoprecipitate antigen will be immunologi-
cally important. This method also allows visualisation of the anti-
body/antigen interaction and ensures adequate antibody,
especially in the infectious diseases work, to obtain high quality
mass spectrometry data for analysis.

Using this modified, scaled down workflow we successfully iso-
lated immunoprecipitated anti-toxin A and anti-toxin B antibodies.
Ouchterlony double immunodiffusion showed strong precipitin
lines for different serum samples with either toxin A or toxin B
which showed a pattern of identity, while the response to different
antigens (toxin A and toxin B) with serum from the same individ-
ual produced a pattern of non-identity indicating that the response
to each antigen was immunologically different.

Mass spectrometric sequencing of purified anti-toxin A and
anti-toxin B H- and L-chains revealed convergent responses in
unrelated individuals. The anti-toxin A proteome had no dominat-
ing H-chain subfamily, with four subfamilies shared amongst a
maximum of three of four subjects, while there were six L-chain
variable region subfamilies shared amongst all participants. The
secreted antibody proteome for anti-toxin B showed dominant
(shared amongst all seven participants) expression of IGHV3-23-
encoded H-chain, and five L-chain variable region subfamilies. As
well as the subfamilies represented in all participants there were
additional families shared in many participants whilst all samples
also had private IgV families identified. Although IGHV3-23 is a
commonly utilised H-chain in the general repertoire [36], our
Ouchterlony precipitin method purifies high affinity antibody,
therefore the finding of expressed IGHV3-23 is a true IGHV speci-
ficity in the anti-toxin B response. Moreover, the varied response
to both toxin A and toxin B includes gene families with both high
and low frequency representation, indicating that the observations
were unlikely to be influenced by the underlying frequency of gene
segments in the general repertoire. This is the first time that
3
Fig. 2. Variable (V)-region peptide heat map of compiled de novo sequencing data from f
in anti-toxin A immunoglobulins. (a) Heavy (H)-chain V-region sequences align with th
sequences align with the germline sequences for IGKV3-20, 4-1, 1-5, 3-11, 3-15, 1-33, IG
sequence for IGHJ4 is shown here as all four subjects used IGHJ 1, 4 or 5 but peptide map
and IGHJ6 germline sequences; K-chain J-regions align with IGKJ1, IGKJ2 and IGKJ4 germ
(there is no differentiation between IGLJ2 and IGLJ3 sequences). Amino acid replacement
colour depending on the frequency of the substitution within the cohort. Dots indicate h
(CDRs) are underlined. Where peptides containing leucine (L), isoleucine (I), asparagine
Where there is a substitution involving L or I, although L is annotated in the text the
substitution could be either. The nomenclature used for numbering is consecutive cou
regions were as defined by the IMGT database. Full peptide sequences are provided for
IGHV3-23, the H-chain sub-family used in all anti-toxin B samples,
both vaccinated and naturally infected, has been reported in C. dif-
ficile infection. To date, there have been several publications dis-
cussing the use of antibodies for immunotherapy of C. difficile
(reviewed by Hussack and Tanha [16]) [17–19,28], the most nota-
ble of which is Bezlotoxumab, however there has been very little
accompanying sequence information for many of these antibodies.
Bezlotoxumab, an FDA approved monoclonal antibody therapy for
recurrent C. difficile infection which targets toxin B, is comprised of
IGHV5-51 and IGKV3-20, a commonly used L-chain in C. difficile
antibodies [37] and one which is dominant in the C. difficile
response in this study. The H-chain, IGHV5-51, was not identified
in any of the study participants. While Bezlotoxumab is a protec-
tive antibody, that IGHV5-51 was not observed in this study does
not preclude the expression of other circulating protective anti-
bodies using different subfamilies. The same group that developed
Bezlotoxumab also described an anti-toxin A antibody, Actoxomab
[38]. Less well characterised, Actoxomab is comprised of IGHV3-33
and IGKV1-12, neither of which were commonly shared subfami-
lies in response to toxin A in this study, however IGHV3-33 was
present in two subjects, and in one of those, CDIFF 4-10, an
IGKV1-12 L-chain was also identified so IGHV3-33/IGKV1-12 pair-
ing is a possibility. The response to vaccination with C. difficile tox-
oids is polyclonal and uses a wide variety of H- and L-chain
subfamilies in all samples. Although there is likely pairing of these
chains, we are unable to identify matches using the techniques
described here. It is probable that there is pairing of the commonly
utilised H- and L-chains despite having more shared IGKV/LV pre-
sent in these samples than IGHV. This is common in antibody
repertoire analysis due to the difference in the number of gene
families for heavy and light chains.

Peptide mapping allowed comparison of amino acid substitu-
tions within shared families. High levels of amino acid replacement
within all families (Supplementary Figs. 2 and 3) for each partici-
pant indicates a likely memory response following previous B cell
affinity maturation and somatic hypermutation. Amino acid sub-
stitutions driven by innate properties of somatic hypermutation
mechanisms can result from recurrent mutation of hotspots, how-
ever in the absence of antigen selection somatic hypermutation
does not distinguish between low and high affinity antibodies. It
is expected that antibodies purified by precipitin methods are high
affinity, so it is likely these amino acid replacements are as a result
of continued reinfection, vaccination following natural infection or
a multiple vaccination strategy.

Of the ten vaccine trial participants, one formed a precipitin line
with toxin A only, four formed precipitin lines with toxin B only,
three formed precipitin lines with both toxins and two did not
form visible precipitin lines with either toxin. Lack of immunopre-
cipitation does not indicate an inability of antibody to bind to
toxin. Excess of either antigen or antibody will hinder immunopre-
cipitation, therefore in serum samples with lower titres it is diffi-
cult to visualise precipitin lines in agarose.
our subjects of the C. difficile vaccine trials showing shared amino acid replacements
e germline sequences for IGHV1-2, 3-11, 3-15 and 3-7. (b) Light (L)-chain V-region
LV1-51, 1-47 and 2-11. (c) H-chain joining (J)-regions align with IGHJ1, 4 or 5 (* The
ping could only distinguish between these joining regions for some of the samples)
line sequences; L-chain J-regions align with IGLJ1 and IGLJ2/3 germline sequences

s which are shared between subjects are identified in the text and are highlighted by
omology to germline sequence and germline complementarity determining regions
(N) or aspartic acid (D) match to germline sequence they are indicated as germline.
substitution could be either. Where there is a replacement involving N or D the
nting of residues from the first residue of the germline gene. CDR and framework
each subject in Supplementary Fig. 2.
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Fig. 3. V-region peptide heat map of compiled de novo sequencing data from seven subjects of the C. difficile vaccine trials showing shared amino acid replacements in anti-
toxin B immunoglobulins. (a) H-chain V-region sequences align with the germline sequences for IGHV3-23, 3-7, 3-9, 3-30, 3-74, 3-73, 3-15, 3-21 and 3-33. (b) L-chain V-
region sequences align with the germline sequences for IGKV3-20, 4-1, 1-5, 3-11, 3-15, 3-7, 2-28, 1-33, 1-16, IGLV1-51, 2-14, 3-19, 4-69 and 8-61. (c) H-chain J-regions align
with IGHJ1, 4 or 5 (* The sequence for IGHJ4 is shown here as all seven subjects used IGHJ 1, 4 or 5 but peptide mapping could only distinguish between these joining regions
for some of the samples), IGHJ6 and IGHJ3 germline sequences; K-chain J-regions align with IGKJ1, 2, 3, 4 and 5 germline sequences; L-chain J-regions align with IGLJ1 and
IGLJ2/3 germline sequences (there is no differentiation between IGLJ2 and IGLJ3 sequences). Amino acid replacements which are shared between subjects are identified in the
text and are highlighted by colour depending on the frequency of the substitution within the cohort. Dots indicate homology to germline sequence and germline CDRs are
underlined. Where peptides containing leucine (L), isoleucine (I), asparagine (N) or aspartic acid (D) match to germline sequence they are indicated as germline. Where there
is a substitution involving L or I, although L is annotated in the text the substitution could be either. Where there is a replacement involving N or D the substitution could be
either. The nomenclature used for numbering is consecutive counting of residues from the first residue of the germline gene. CDR and framework regions were as defined by
the IMGT database. Full peptide sequences are provided for each subject in Supplementary Fig. 3.
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Anti-toxin A and anti-toxin B serum proteomes showed differ-
ences in shared IGHV subfamily representation but showed more
similar L-chain usage. This could be due to the L-chain subfamilies
present here being more frequently used in both infectious disease
and autoantibody responses. Of the subfamilies that were observed
in both anti-toxin A and B responses there were few common
mutations shared between each group indicating that the H- and
L-chains, although of the same subfamily, were specific to the dif-
ferent antigens. Similarly, certain H- and L-chain subfamilies are
common in both infectious diseases and autoantibodies, however
their mutational profile shows they have also arisen as a result of
exposure to different antigens. Fig. 4 illustrates the distinct muta-
tional profiles for the same H- and L-chain subfamily usage identi-
fied in different diseases.

Two of the participants of this study, reacting with toxin B only,
had high antibody titres in their baseline samples, an indication of
previous natural infection. The family usage and amino acid substi-
tutions within the subfamilies (Fig. 3 and Supplementary Fig. 4) of
these naturally infected samples were similar to the anti-toxin B
response in vaccinated participants indicating that vaccination



Fig. 4. Comparison of V-region peptide heat maps for commonly used immunoglobulin subfamilies from previous studies of infection and autoimmune disease. (a) IGHV3-7 heat
maps from this CDIFF cohort (anti-toxin B immunoglobulins), H1N1 (anti-rHA from H1N1pdm09) [29], SLE (Systemic Lupus Erythematosus; SmD - anti-Smith and RIBO-P - anti-
ribosomal P respectively) [34,35]. (b) IGKV3-20 heat maps from the same cohorts as above but also including the SS (Sjögren’s syndrome) cohort (anti-Ro60 immunoglobulins)
[33]. Amino acid replacements which are shared between subjects are identified in the text and are highlighted by colour depending on the frequency of the substitution within
the cohort. Dots indicate homology to germline sequence and germline CDRs are underlined. CDR and framework regions were as defined by the IMGT database.

Table 3
Amino acid replacements unique to naturally infected or vaccinated samples.

Germline Substitution Position Family Vaccinated or Naturally Infected Peptide

Methionine Valine 83 aIGHV3-23 Naturally Infected NTLYLQVNSLR
Phenylalanine Valine 29 aIGHV3-23 Naturally Infected –
Phenylalanine Valine 29 aIGHV3-7 Naturally Infected –
Tyrosine Phenylalanine 60 aIGHV3-9 Vaccinated FADSVKGRF
Lysine Glutamine 40 bIGKV3-20 Vaccinated –
Phenylalanine Methionine 72 bIGKV3-20 Naturally Infected –
Threonine Glycine 22 bIGKV1-5 Naturally Infected –
Cysteine Serine 23 bIGKV1-5 Naturally Infected –
Leucine Valine 40 cIGLV2-14 Vaccinated –
Methionine Leucine 41 cIGLV2-14 Vaccinated –
Valine Leucine 52 cIGLV2-14 Naturally Infected –
Proline Alanine 54 cIGLV3-19 Vaccinated ASGIPDR

a IGHV, immunoglobulin heavy chain variable region gene.
b IGKV, immunoglobulin kappa chain variable region gene.
c IGLV, immunoglobulin lambda chain variable region gene.

Underlined residues indicate the substituted amino acid in the peptide.
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elicits an immune response in some individuals that is comparable
to natural infection. Despite sharing many amino acid substitu-
tions there were some amino acid replacements which were only
used by either the vaccinated or naturally infected group (Table 3).
From this, three peptides were identified which were unique to
one group or the other, however, BLAST analysis of the NCBI data-
base determined that these mutated peptides are not unique to the
C. difficile antibody response. These peptides were screened against
a database of C. difficile antibody H- and L-chain variable regions
(monoclonal antibody sequences from Sanofi Pasteur) but no
sequence matching was found (data not shown).

Despite the miniaturisation and improvement to our workflow,
our bottom up approach in investigating serum antibody reper-
toires primarily identifies VH/VL subfamily composition and does
not allow CDR3 sequence information or matching of the CDR3
sequences to specific variable region families, as can be garnered
from deep sequencing of peripheral blood mononuclear cells
(PBMCs). B-cell receptor (BCR) sequencing data was not available
for the participants of these trials. This limitation could be
addressed in future studies by pairing mass spectrometric
sequencing of circulating antibodies with personalised BCR nucleo-
tide databases in the same patient, as has been described previ-
ously for autoimmune and infectious diseases [31,39].

There have been many studies of antibodies in C. difficile infec-
tion and the majority of these have focussed on the two main tox-
ins, A and B, with the production of antibodies to these toxins
playing important roles in disease progression. The lack of a
response to toxin A has been reported to be associated with
increased risk for disease recurrence with asymptomatic carriage
related to anti-toxin A IgG, while high IgG titres in ELISA and/or
production of neutralising antibodies against toxin B correlates
with clearance of C. difficile [26,40–45]. In this study vaccinated
samples had varied responses to both toxins A and B, with only
three from eight able to form precipitin lines with both antigens.
Therefore, aside from investigating vaccinated samples, interrogat-
ing samples from naturally infected individuals, especially in those
who have resolved C. difficile infection without recurrence (as was
done by Anosova et al. [28]), is imperative to improve our under-
standing of the serum antibody repertoire required for effective
disease clearance.

In summary, this report describes the first sequence-based
serum antibody repertoire study for C. difficile which shows that
anti-toxin A and anti-toxin B antibodies following vaccination
express convergent subfamily usage with shared amino acid
substitutions. This information can be used to improve our under-
standing of vaccine responses in infectious diseases and could lead
to the development of novel diagnostic and immunotherapeutic
tools.
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