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Introduction: Vaccination aims to prevent or mitigate disease by priming the
immune system prior to infection. While historical vaccine development relied
mostly on trial-and-error, modern approaches have become more directed. By
leveraging our growing understanding of pathogen biology and immune
correlates of protection, we can design vaccines in ways that promote
protective responses. However, the complexity of many pathogens (e.g.,
bacteria and fungi), as well as our immune responses against them, continue
to present important challenges for vaccine development.

Aim: Here, we demonstrate the utility of the PepSeq platform for highly
multiplexed serology to both broadly and finely characterize antibody
responses against complex pathogens, using the bacterium, Burkholderia
pseudomallei, as a case study.

Methods: We designed and synthesized three diverse pools of DNA-barcoded
peptides (i.e., PepSeq libraries) and used them to characterize antibodies against
a variety of B. pseudomallei proteins.

Results: Epitope-resolved antibody binding profiles were generated for 85
individuals with culture-confirmed melioidosis, 89 US blood bank controls, and
6 monoclonal antibodies. Using these data, we identify novel B cell antigens/
epitopes and finely characterize the epitopes of three monoclonal antibodies
against the B. pseudomallei GroEL protein.
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Conclusion: Highly multiplexed serology platforms, like PepSeq, enable
more comprehensive characterization of antibodies, both polyclonal and
monoclonal, which can aid in the development of vaccines, diagnostics and
therapeutics, even for pathogens with large, complex genomes.

PepSeq, highly multiplexed serology, melioidosis, Burkholderia pseudomallei,
vaccine, epitope, GroEL

1 Introduction

The goal of vaccines is to prevent or reduce disease through the
stimulation of the immune system such that specific responses are
primed before an infectious agent is encountered. While vaccination
has had a long successful history that predates detailed knowledge of
the immune system, these trial-and-error successes mask many
attempts that failed to protect (I, 2). In contrast, modern vaccine
development leverages our more detailed understanding of the
mediators and/or correlates of protective immune responses to
natural infection. In particular, the precise pathogen antigens that
stimulate protection during an infection can be used in vaccines to
similarly protect naive hosts without encountering the actual infectious
agent. But it is not always simple, as immune responses are complex,
involving both cellular and humoral components, and pathogens
always display multiple, frequently many and sometimes diverse,
antigens that stimulate responses. Precisely identifying which of the
responses are protective, which are not, and the particular antigens that
invoke protection is difficult; comprehensive characterization of the
complex responses is the logical starting point and is increasingly
feasible with highly multiplexed assay technologies.

Characterizing immune complexity requires multiple approaches
with highly multiplexed capacity to provide sufficiently broad
bandwidth to comprehensively cover antigenic determinants and
their variability within pathogens. The “Omic sciences” have
significantly increased our bandwidth for meaningfully monitoring
both pathogen and host diversity (3). Genomics was perhaps first in
this regard, but proteomics and metabolomics are now affordable and
also generate highly multiplexed data. Similar approaches for
characterizing complex immune responses are essential and many
have been developed that capitalize upon the Omic science successes.
This includes both cellular and humoral responses where genomic
technologies are characterizing T and B cell changes at the cellular
level. The analysis of antibody responses to infectious agents have
been regularly performed since the advent of serology by Karl
Landsteiner (4) and Paul Ehrlich (5) in the late 19™ century. While
the analysis and understanding of humoral responses has advanced
greatly in the last 100 years, highly multiplexed analysis of antibodies
is a recent innovation. In this paper, we present methodologies and
data for high resolution and highly multiplexed approaches for
understanding antibody complexity using the PepSeq platform.
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PepSeq utilizes diverse libraries of roughly epitope sized
peptides that are each uniquely barcoded with a DNA tag. These
libraries can easily be designed from proteome predictions of
genomic sequences (6, 7) and they can be used to interrogate
biological fluids for antibody binding to hundreds of thousands of
antigens/epitopes. PepSeq’s multiplex capacity is limited primarily
by oligonucleotide synthesis capacities, a barrier that has been
greatly reduced with advancements in programmable nucleic acid
synthesis technologies. It is now possible to design and
economically produce a 244,000 peptide library in only a few
weeks (7). This allows for coverage of entire pathogen proteomes
in a single assay and with epitope-level resolution (8, 9), even for the
larger proteomes of cellular pathogens, like bacteria and fungi.

In prior work, we have developed and used a variety of PepSeq
libraries representing the human virome. Among other
applications, we have used these libraries to (i) profile infection
histories (8, 10), (ii) identify/characterize novel epitopes (including
targets of broadly-neutralizing antibodies) (9-11), (iii) track the
dynamics of vaccine responses (11), and (iv) classify infection or
seropositivity status with high accuracy (9, 12). The goal of the
present study is to demonstrate the utility of PepSeq for both
broadly and finely characterizing antibody responses to more
complex bacterial pathogens, using Burkholderia pseudomallei as
a case study.

2 Materials and methods

2.1 Design and synthesis of PepSeq
libraries

PepSeq libraries are diverse pools of DNA-barcoded peptides (i.e.,
“probes”) that can be synthesized, en masse, starting with DNA
oligonucleotides that code for the peptide antigens of interest
(Figure 1). Commercially sourced pools of fully specified DNA
oligonucleotides are used as the starting material for synthesizing
PepSeq probes, and we have successfully generated PepSeq libraries
with as many as 244,000 peptide antigens and with individual
peptides up to 64 amino acids in length. The PeqSeq library
synthesis protocol has already been described, in detail (7), and is
summarized in Figure 1. In brief, the DNA oligonucleotide templates
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FIGURE 1

Generation of PepSeq probes for use in highly multiplexed serology. PepSeq probes are DNA-barcoded peptides with sequences that are fully
defined and customizable. The first step in generating PepSeq probes is the design and synthesis of DNA oligonucleotides encoding peptides of
interest (A). Through a series of fully in vitro transcription, ligation and translation reactions, these DNA oligonucleotides are then converted into
peptides covalently linked to their encoding cDNA (B). Critically, the puromycin-mediated intermolecular coupling of peptide to mRNA allows
diverse pools of oligonucleotides to be processed, in bulk, producing equally diverse libraries of PepSeq probes (A). Black regions of the nucleic
acids and peptides represent conserved adapters present in all PepSeq probes, while the multicolored (A) or blue (B) segments correspond to each
specific antigen [see Henson et al. (7) for details]. Created with BioRender.com.

are in vitro transcribed using T7 RNA polymerase to generate
transcripts suitable for in vitro translation. A puromycin linker is
ligated to the RNA, which terminates the translation and covalently
links the RNA to its specific peptide. Finally, the RNA is reverse
transcribed to form ssDNA and the RNA is digested. The cDNA copy
of the transcript serves as a unique tag for monitoring the relative
abundance of each peptide via high-throughput sequencing, and it is
this link between peptide antigens and DNA tags that enable the use
of PepSeq libraries for highly multiplexed serology.

Here, we illustrate the utility of the PepSeq platform for highly
multiplexed serology to characterize antibodies elicited by
Burkholderia pseudomallei, across the full proteome and with
epitope-level resolution. To explore antibody reactivity patterns
against B. pseudomallei proteins, we designed and synthesized three
PepSeq libraries, including two different versions (BKP1 and BKP2)
broadly targeting the B. pseudomallei proteome and one focused on
an in-depth characterization of specific antibody epitopes (MUT)
(see below for details). We report on the use of these libraries to 1)
identify novel protein antigens and B cell epitopes using proteome-
wide antibody surveys and 2) identify and finely characterize the
epitopes of monoclonal antibodies.

2.2 PepSeq antibody binding assays

PepSeq antibody binding assays were conducted as previously
described (7). Briefly, each assay involves the incubation of
antibodies (e.g., polyclonal populations within serum, purified
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monoclonal antibodies) with a diverse pool of PepSeq probes.
Immunoglobulin (Ig) is then precipitated using capture proteins
bound to magnetic beads, non-binding PepSeq probes are washed
away, and the relative abundance of each probe is quantified using
PCR and high-throughput sequencing of the DNA portion of the
molecules. Here, we used Streptococcal protein G as our capture
protein, which allowed us to examine the total IgG response.
However, the same methodology can be adapted to other isotypes
simply by modifying the bead-bound capture protein. Following
PCR, a standard bead cleanup was performed, and products were
individually quantified (Quant-It, Thermo Fisher), pooled, re-
quantified (KAPA Library Quantification Kit, Roche) and
sequenced on an Illumina instrument.

PepSeq sequencing data was processed and analyzed as previously
described (7) using PepSIRF v1.6.0 (13) as well as associated Qiime2
plugins (14) and custom python scripts (https://github.com/
LadnerLab/PepSIRF/tree/master/extensions). First, the reads were
demultiplexed and assigned to peptides using the PepSIRF demux
module, allowing for one mismatch in each index sequence and three
mismatches in the variable DNA tag region. The PepSIRF norm
module was then used to normalize counts to reads per million
(RPM). RPM normalized reads from 2-8 buffer-only control samples
were subsequently used to create bins for Z score calculation using the
PepSIRF bin module. To normalize for different starting peptide
abundances within each bin, reads were further normalized by
subtracting the average RPM from the buffer only controls (-diff
option in norm module). Z scores were calculated using the PepSIRF
zscore module using the 95% highest density interval within each bin.
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2.3 Sera and monoclonal antibodies used
in this work

Serial venous whole blood was collected from 85 culture-
confirmed patients with melioidosis from the Darwin Prospective
Melioidosis Study (15) and the associated blood collection protocol
was previously described (16). Enrollment and sample collection
was approved by the Human Research Ethics Committee of the
Northern Territory Department of Health and the Menzies School
of Health Research (HREC 02/38 and HREC 2014-2037).

Non-endemic healthy control samples (n=89) were collected by
Creative Testing Solutions from California as previously described
(16). These samples were deemed exempt by the Northern Arizona
University Institutional Review Board (IRB). These samples were
selected for comparison since they are from individuals who are
unlikely to have been exposed to B. pseudomallei. In addition, local
endemic controls were not used since B. pseudomallei exposure
history is typically not known with certainty. Individuals living in
endemic regions can have low grade disease that does not
require intervention.

To generate hybridomas and monoclonal antibodies (mAbs)
against B. pseudomallei K96423 GroEL, mice were vaccinated using
purified GroEL. The use of laboratory animals in this study was
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approved by the University of Nevada, Reno Institutional Animal
Care and Use Committee (protocol number 00024) and performed
in conjunction with the Office of Lab Animal Medicine, which
adheres to the National Institutes of Health Office of Laboratory
Animal Welfare (OLAW) policies and laws (assurance number
A3500-01). GroEL was selected as a target because it is known to be
highly immunogenic across multiple host species and in response to
multiple bacterial pathogens (17-23).

Expression and purification of N-terminally His6-tagged GroEL
was previously described (16). Briefly, GroEL1 (BPSL2697) was
cloned into an Escherichia coli expression vector and expressed in E.
coli. Tagged protein was purified using nickel affinity
chromatography (HisPrep FF 16/10) and quantified by Bradford
assay. Purity was estimated by SDS-PAGE and Sypro Ruby stain.
BALB/C mice were vaccinated with recombinant GroEL and
Freund’s adjuvant. Hybridomas were generated as previously
described (24). Hybridomas that secrete anti-GroEL antibodies
were identified using a GroEL ELISA. Six monoclonal antibody
(mAD) clones were identified, expanded, and the resulting
antibodies were purified by Protein A affinity chromatography.
All of the resulting mAbs were shown to bind to full-length, native
GroEL protein. The isoptypes of these mAbs were IgGl (15E2,
18E1, 18E7), IgG2a (7D10, 8E4) and IgG2b (10A4).
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FIGURE 2

peptides (‘PepSeq Library')

Overview of the design of a PepSeq library (BKP1) with peptides tiled across the Burkholderia pseudomallei “pan-proteome”. Created with

BioRender.com.
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2.4 PepSeq library to identify novel B cell
antigens

The BKP1 library contains 244,000 target peptides, each of
which is 30 amino acids in length (Figure 2, Supplementary
Table 1). These peptides were designed to broadly cover the
antigenic diversity present across the “pan proteome” of B.
pseudomallei. Specifically, we designed peptides from 12,174
protein clusters (see Supplementary Methods for details on the
selection of protein sequences and clusters) for an average of ~20
peptides per cluster. Peptides were designed using our previously
described sliding window + set cover algorithm (7) (https://github.
com/LadnerLab/Library-Design/tree/master/SW_SC/python). In
brief, this involved the selection of one representative sequence
from each cluster, across which peptides were tiled with a step size
of 22 amino acids, resulting in an 8 amino acid overlap between
adjacent peptides. A set cover algorithm was then used to select
additional peptides to cover variability among sequences within the
same cluster. Additional peptides were added to the design until a
specified percentage of unique cluster 9mers had been covered, with
the threshold for each cluster set dynamically based on cluster
redundancy (as implemented in https://github.com/LadnerLab/
Library-Design/blob/master/extensions/dynamicThresholds.py).
Finally, we removed low complexity peptides, which are less likely
to provide antibody signatures specific for B. pseudomallei (for
details see Supplementary Methods) and redundant peptides (i.e., if
all 6mers from one peptide were contained in other design peptides)
(https://github.com/LadnerLab/Library-Design/blob/master/
extensions/kmerRedundancy.py). In addition to the B. pseudomallei
peptides, as positive controls, we included 380 virus derived
peptides known to be commonly targeted by human IgG
antibodies (9, 12).

All serum samples characterized with our BKP1 PepSeq library
were assayed in duplicate. To ensure data quality, only samples which
met our raw read count threshold (>244,000 raw sequence reads in
each replicate) and showed strong correlation of enriched peptides (Z
score > 6) between replicates (Z score Pearson’s correlation >0.6) were
included in downstream analyses. We obtained an average of 1.IM
INllumina sequencing reads per replicate, which equates to an average of
4.5 reads per unique BKP1 peptide per replicate.

To identify B cell antigens targeted in response to B.
pseudomallei infection, we compared antibody reactivity profiles
for 85 Australian melioidosis patients and 89 USA blood bank
controls. To identify peptides with diagnostic potential, we focused
on the subset that showed reactivity in at least ~5% of the
melioidosis patient samples (Z score >6 in >4 samples, n=4,435
peptides). For each of these peptides, a significance threshold was
calculated as three standard deviations above the mean Z score of
the negative control samples. These peptide level thresholds were
used to count the number of positive and negative samples in each
cohort, and then, for each peptide, we calculated the 1) positive
predictive value [true positives/(true positives + false positives)] and
2) sensitivity [true positives/(true positives + false negatives)]. A p-
value was calculated for each peptide using a two-sided Fisher’s
Exact test with a Benjamini-Hochberg multiple test correction.
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Peptides of interest were identified as those with a corrected p-
value < 0.05. To assess our false discovery rate, we followed an
identical procedure to also identify peptides with higher reactivity
in 1) our control cohort compared to our melioidosis cohort and 2)
datasets with randomly permuted cohort assignments (n=1000).

To assess the diagnostic performance of the identified peptides
within this cohort, both individually and when summed together,
we generated receiver operating characteristic (ROC) curves with Z
score thresholds ranging from -2 to 228. To determine the smallest
subset of peptides that yielded the largest AUC, we applied both
forward and backward selection models, requiring a minimum
increase in AUC of 0.001 when adding (or subtracting) a peptide.
At each step, the peptide that resulted in the largest AUC increase
was selected for inclusion (or exclusion).

To estimate the evolutionary conservation of proteins of interest
(i.e., proteins from which identified peptides originated) across
Burkholderia strains and species, the predicted proteomes for
1024 genomes representing 26 Burkholderia species were screened
for 65 proteins of interest (Supplementary Table 2) with LS-BSR
(25) using the BLASTP v2.9.0+ (26) alignment option. A predicted
protein was considered conserved for a screened proteome at a BSR
value threshold of >0.7. Some species were represented by only one
predicted proteome.

2.5 PepSeq libraries to identify and finely
characterize monoclonal antibody epitopes

A high-density B. pseudomallei peptide library (BKP2) was
generated to identify and refine monoclonal antibody epitopes.
This library was used to screen our six, previously generated anti-
GroEL mAbs. In full, the BKP2 library contained 30,972 probes (each
19 aa in length; Supplementary Table 3) and was designed to cover
192 B. pseudomallei K96243 predicted coding regions, along with a
variety of positive and negative control peptides (559 control peptides
in total). Both GroEL1 (BPSL2697) and GroEL2 (BPSS0477) were
included as targets. The B. pseudomallei peptides were tiled across
each full-length protein, starting every other amino acid (i.e., a step
size of 2 aa). In total, this library contained 264 probes designed to
cover GroEL1 and another 264 designed to cover GroEL2, though in
some instances, due to shared homology, probes designed to cover
GroEL1 encoded peptides identical to those designed to cover
GroEL2. In cases where our library included multiple nucleotide
encodings for the same peptide, we separately calculated Z scores for
each encoding but report only the maximum Z score per peptide
within relevant figures.

In part, the power of the PepSeq platform comes from rapid
capacity to redesign libraries based upon experimental results, to test
and refine hypotheses. Initial experiments, for example can be used to
identify likely epitope peptides with subsequent libraries testing
alterations of those sequences to refine our understanding of
antibody binding footprints. Not only can the epitope borders be
defined, but internal amino acid interactions can be examined through
exhaustive substitution at individual residues. Using the BKP2 library,
we identified two regions of GroEL1/2 targeted by a subset of our anti-
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GroEL mAbs (see section 3.2). Using these “minimum epitopes” as a
starting place, we designed a new library (MUT) that contained a
“parent” 30 aa long peptide for each epitope (designed from GroELI
and with the minimum epitope in the center), as well as 620 peptide
variants for each parent, which were used to finely characterize mAb
binding to these epitopes (Supplementary Table 4). The sequences for
the parent GroELl epitope peptides are ELDVVEGMQFDRGY
LSPYFINNPDKQVAVL (for mAbs 8E4 and 18E7) and RVKQIRTQ
IEEATSDYDREKLQERVAKLAG (for mAb 7D10).

To further characterize the minimum binding footprint of each
mADb, 50 “shift” peptide variants were included for each parent peptide.
These variants involved the sequential removal of parent amino acid
residues (1-25 amino acids per peptide) from both the N and C termini
(individually) with replacement, to the opposite terminus, of an equal
number of residues randomly selected from a subset of amino acids:
alanine, glycine, serine and threonine. These peptides allowed us to
isolate differently sized stretches of sequence, from both termini of the
parent peptide, without the potentially confounding addition of
adjacent portions of the GroEL protein. To pinpoint specific amino
acids that are critical for mAb binding, we also designed 570
“substitution” peptide variants for each parent peptide. These
variants were generated by individually substituting the wild-type
amino acid at each of the 30 positions of the parent peptide to each
of the alternative 19 amino acids, with each variant differing by a single
amino acid from the relevant parent. This design allowed us to move
beyond a traditional alanine scan approach for mapping epitopes
because we can simultaneously (and cost-effectively) evaluate the
impact of any substitution at all residues.

Given the large number of potential ligands that can be included
in a PepSeq library, many different epitopes can be examined in a
single experiment. In total, the MUT library included peptides
designed to cover 615 antibody epitopes (see Supplementary
Methods for details). Non-GroEL peptides are used here as
negative controls, to assess the specificity of our mAbs.

2.6 Antibody affinity measurements by
surface plasmon resonance

Surface plasmon resonance (SPR) was used to assess functional
affinities of three mAbs (8E4, 18E7 and 7D10) using recombinant
GroEL protein and of two of these mAbs (8E4 and 18E7) using a
GroEL peptide (EGMQFDRGYLSPYFINNPD). Using a Biacore
X100 instrument (Cytiva), recombinant protein was immobilized
via amine chemistry to a CM5 sensor chip. The biotinylated GroEL
peptide was immobilized to a sensor chip functionalized with
streptavidin. Antibody binding to each immobilized ligand was
measured by injecting mAb at multiple concentrations over the
sensor surface. Assays were performed using 0.1 M HEPES, 1.5 M
NaCl, 0.03 M EDTA and 0.5% v/v Surfactant P20 (Cytiva) as a
running buffer and diluent. At least five antibody concentrations
were used for analysis of binding kinetics and affinity. The
dissociation constant (Kp) was calculated using the steady-state
equilibrium model and binding kinetics (k, and ky) were evaluated
using the bivalent model in BIA evaluation software.
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3 Results

3.1 Melioidosis sera surveyed for antibodies
against the B. pseudomallei proteome

Using a PepSeq library that covered the entire B. pseudomallei
proteome (BKP1), we surveyed 85 Australian melioidosis and 89 USA
blood bank control sera for antibody reactivity against B. pseudomallei
proteins. Consistent with expectations, we observed strong antibody
reactivity against a subset of our virus-derived, control peptides in all
samples from both cohorts (11-121 out of 380 peptides with Z score 26
in both replicates). However, on average, we observed a larger number
of reactive viral peptides in our negative control cohort (USA blood
bank samples; avg. difference = 4.7, p=0.086, t-test) (Supplementary
Figure 1A). Notably, this pattern was reversed when looking at the B.
pseudomallei derived peptides (avg. difference = 84.2, p=0.0001, t-test)
(Supplementary Figure 1B), consistent with the detection of specific
antibody responses against B. pseudomallei in our melioidosis cohort.

The overall level of anti-B. pseudomallei reactivity varied
considerably between samples, with 51-1,813 (median=215)
peptides with Z scores =6 (in both replicates) in our melioidosis
cohort. We also observed substantial variability in the specific
proteins and peptides targeted by these antibody responses.
Across the 85 samples from individuals with documented
infections with B. pseudomallei, we observed a total of 21,262
enriched peptides derived from 7,996 different protein clusters.
We also observed antibody reactivity against a considerable number
of B. pseudomallei derived peptides within our negative control
cohort [37-2,428 (median = 122) peptides with Z scores 26], even
though these individuals were sampled in the USA, which is a non-
endemic region for B. pseudomallei, and therefore it is unlikely that
any of these individuals have had melioidosis. This result illustrates
the importance of controlling for non-specific signals that likely
result from antibodies that cross-recognize B. pseudomallei
antigens, even though they were stimulated by other proteins
(e.g., conserved domains in other bacterial pathogens).

By comparing antibody reactivity profiles between our case and
control cohorts, we identified 67 candidate diagnostic peptides for
melioidosis (corrected p-value < 0.05) (Figure 3A, red highlighted
points). In contrast, none of our randomly permuted datasets
(n=1000) contained peptides that met these same criteria.
Therefore, we can be confident that most of these 67 peptides
represent true biological differences between our cases and controls,
rather than statistical artifacts. However, using identical thresholds,
we also identified 18 B. pseudomallei derived peptides as candidate
diagnostic peptides for our negative controls (ie., peptides with
consistently higher reactivity in our control cohort) (Supplementary
Figure 2). This result suggests that a subset of our candidate
diagnostic peptides for melioidosis (~27%) potentially reflect other
differences in exposure histories between our Australian (melioidosis)
and USA (control) cohorts, independent of B. pseudomallei.

Even within our subset of candidate diagnostic peptides for
melioidosis, peptide-level sensitivity was relatively low (<0.26,
average = 0.18), reflecting highly variable responses across
individuals. However, positive predictive value was high for many
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FIGURE 3

PepSeq identifies candidate diagnostic peptides from both known and novel protein immunogens. A PepSeq library (BKP1) covering the full
pangenome proteome of B. pseudomallei was used to broadly assess anti-B. pseudomallei antibody reactivity in 85 Australian melioidosis patient
sera and 89 control sera from a non-endemic, US population. (A) For a subset of 4,435 peptides recognized by IgG antibodies in >4 serum samples,
the positive predictive value is plotted versus the sensitivity for our melioidosis cohort. Red outline indicates the positions of peptides that were
significantly elevated in melioidosis samples (corrected p<0.05, two-sided Fisher's Exact Test). Grey shading in background indicates the density of
points. Six protein examples are labeled: GroEL=WP_038749480.1, WP_004522244.1, WP_038757344.1, WP_004538665.1; FliC= Q3JY46;
LafA=WP_004523666.1; DnaK=WP_004533561.1, WP_004194034.1; RelA/SpoT=WP_004544909.1, Toprim domain-containing=WP_236849277.1.
(B) ROC curves for the 67 peptides identified as significant after multiple test correction (grey lines). The set of peptides whose sum of Z scores
resulted in the highest AUC was determined by both forward (orange line, n=12) and backward (blue line, n=10) selection. We similarly selected a
maximally diagnostic set of peptides (n=7) while ensuring that all peptides were designed from proteins that have >80% sequence conservation
across strains of Burkholderia pseudomallei (green line). (C) Antibody reactivity for 21 peptides identified as having the greatest diagnostic potential
li.e., present in >1 of the sets shown with colored lines in (B)] is shown for each serum specimen (n=174). X-axis indicates Z score of each peptide
and the y-axis shows the peptide ID. Each circle represents an individual sample. The line within each box represents the median, while the lower
and upper bounds of each box represent the first and third quartiles, respectively. The whiskers extend to points that lie within 1.5 interquartile
ranges of the first and third quartiles. Red lines show the Z score threshold calculated for each peptide. Asterisks indicate peptides from proteins for
which reactivity heatmaps are shown in panel (D); the highlighted GroEL1 peptide is at amino acid (AA) positions 22-52. (D) Heatmaps showing the
location of reactive peptides in the known antigens GroEL1 (top panel) and GroEL2 (middle panel), as well as a novel antigenic protein annotated as
a Toprim domain containing protein (bottom panel). Each row is an individual serum specimen, and the x-axis shows the amino acid (AA) sequence
position for the indicated protein. The color of the heatmap indicates the enrichment Z score. Asterisks indicate the peptides for which the Z scores
are shown in panel (C).
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peptides, including several known immunogens (Supplementary
Figure 3). For example, one peptide from the N terminal region of
GroEL (18) had a PPV of 0.944 but was only targeted by IgG
antibodies in 20% of our samples from individuals with
documented B. pseudomallei infections. We also saw strong
antibody reactivity against two B. pseudomallei Flagellin
proteins (FliC/GenBank: ABA48561.1 and LafA/GenBank:
WP_004523666.1) (18), though strong binding to the same FliC
peptides were also observed in several negative controls
(Supplementary Figure 3), indicating the potential for non-
specific cross-reactivity, likely driven by sequence conservation
across bacteria. ROC curves for individual candidate peptides
resulted in AUCs of 0.6-0.85, indicating moderate diagnostic
potential within this cohort. However, using the sum of Z scores
across multiple peptides, we were able to increase the AUC to 0.96,
indicating that by using multiple antigens we can improve
sensitivity (Figure 3B). Future studies are needed to evaluate
performance in other cohorts.

Notably, the most promising diagnostic peptides are from proteins
not previously known to be immunogenic. For example, only 19
peptides had a PPV 20.9 and sensitivity 20.2. All of these peptides
are from unique protein clusters and, to our knowledge, none of these
proteins have previously been reported as antibody targets. However, in
practice, we expect the diagnostic potential of these novel immunogens
to vary considerably, due to differences in the level of protein
conservation across 1) different strains of B. pseudomallei (which can
impact sensitivity) and 2) other Burkholderia species (which can
impact specificity). For example, of 65 proteins of interest screened
across predicted proteomes, only 24 (~37%) were conserved in >80% of
the screened B. pseudomallei strains (n=313) (Supplementary Table 2).
Additionally, 9/65 proteins (~14%) were conserved in greater than 96%
of all screened proteomes and were present in at least one proteome for
every screened Burkholderia species. To address the issue of sensitivity
across strains, we also generated ROC curves using the subset of
peptides designed from proteins that were conserved in >80% of
screened B. pseudomallei proteomes; with this subset, we obtained an
AUC of 0.94 (Figure 3B).

For each of the 21 peptides selected for having the greatest
combined diagnostic potential (using forward and/or backward
selection criteria; colored lines in Figure 3B) we observed a subset of
melioidosis samples with Z scores that were much higher compared to
our negative control cohort (Figure 3C). One of these selected peptides
was designed from the known antigen, GroEL1, whereas the rest, to our
knowledge, are from novel antigens. This GroEL1 peptide was designed
from near the N terminus (AA positions 22-52) (Figure 3D, top).
Interestingly, we also observed reactivity against the homologous
GroEL2 peptide in a smaller number of individuals (Figure 3D,
middle). We observed a strong correlation between the Z scores
measured for these homologous GroEL1/2 peptides (Pearson R =
0.8), consistent with GroEL1/2 cross-reactive antibodies targeting this
epitope. Although only one GroEL1 peptide was selected for inclusion
in our diagnostic subset, we also observed reactivity against two
additional GroEL1 epitopes (Figure 3D), in the absence of reactivity
against the homologous GroEL2 peptides. Taken together, this suggests
that GroELLI is the more immunogenic ortholog. One peptide that had
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particularly high Z scores in ~10% of melioidosis cases in our cohort is
annotated as a Toprim domain containing protein (GenBank:
WP_236849277.1) (Figure 3C). The reactivity against this novel
protein antigen was limited to a single epitope near the C terminus
(AA positions 220-250) (Figure 3D, bottom). Notably, for all three of
these proteins (GroEL1, GroEL2 and the Toprim domain containing
protein), we observed low levels of reactivity in 1-2 negative control
samples, likely indicating some non-specific reactivity at these
epitopes (Figure 3D).

3.2 Peptide tiling with PepSeq to identify
mAb epitopes

Six mAbs against GroEL that had been produced for diagnostic
assays were tested for their ability to bind to peptides present in the
BKP2 PepSeq library, which contains high-density tiled peptides
across a subset of B. pseudomallei proteins. We found that three of
the six mAbs bound to GroEL-derived peptides in a manner
consistent with the recognition of a linear epitope. More
specifically, we observed strong enrichment (Z score > 10) for
each of these mAbs in 6-7 consecutive peptides designed from both
GroEL 1 and 2 (Figure 4A; average Z score = 115-871). Two mAbs
(8E4 and 18E7) bound ligands generated from the same regions of
the protein sequence, near and flanking amino acid 190. The third
mAb (7D10) bound ligands generated from GroEL sequences near
and flanking amino acid 351. Ligands generated from both GroEL 1
and 2 homolog protein sequences (BPSL2697 and BPSS0477) were
present in the BKP1 library and these three mAbs showed similar
binding profiles to both. Three of the six anti-GroEL mAbs tested
did not bind significantly to GroEL peptides, perhaps because they
recognize conformational epitopes that are not well represented by
19 aa long peptides.

High resolution definition of each epitope was possible due to
the design strategy for BKP2, which included peptides starting every
other amino acid across the entire GroEL protein. For mAb 8E4,
Figure 4B shows 7 tiled peptide sequences and their binding signal.
It is possible to discern minimal peptide sequences based upon the
binding signals of individual ligands (i.e., AA sequence shared
across all peptides with average Z score > 10). The 18E7 mAb is
distinct and independently generated from 8E4 yet shows a very
similar binding pattern. The third mAb, 7D10, bound peptides from
a different protein region and its epitope is distinct. In both regions,
the amino acid sequences defining the epitopes are highly conserved
across the B. pseudomallei homologs and the E. coli GroEL. While
not directly tested, these three mAbs would not be expected to
differentiate amongst these antigenic proteins.

3.3 PepSeq design strategies to finely
characterize antibody epitopes

The flexibility of the PepSeq library design and construction

processes allowed us to further explore the binding of these mAbs at
the identified epitopes. To do this, we assessed the binding profiles
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FIGURE 4

High resolution epitope determination by tiling peptides. Enrichment Z scores for peptides tiled across the GroEL protein highlight regions targeted
by three different mAbs. Each peptide is 19 aa and adjacent peptides overlap by 17 aa. (A) Antibody binding across the entire GroEL1 protein
(BPSL2697) with the different shapes/colors indicating different mAbs. (B—D) Subsets of the GroEL protein highlighting the targeted region for each
mAb. Overlapping peptides from the homologous GroEL1 (white symbols) and GroEL2 (BPSS0477, red symbols) are shown. The minimal and optimal
antibody epitopes are shown for 8E4, 18E7, and 7D10 respectfully. The conservation of these epitopes in the two B pseudomallei homologs and E
coli GroEL is shown in the amino acid alignments. Amino acid differences from BPSL2697 are shown by shaded amino acids.

of the 8E4 and 7D10 mAbs using a bespoke PepSeq library (MUT)
that contained 30 aa “parent” peptides designed from GroELI and
centered on each identified epitope (see section 3.2), along with 620
variants of each of these parents. By comparing levels of reactivity
across parent and variant peptides, we were able to finely dissect
interactions between the mAbs and their cognate antigens.

First, we wanted to finely map the minimum binding footprint of
these mAbs by independently testing different subsets of the parent
peptide in isolation. To do this without modifying the overall peptide
length, we added randomly generated sequences to replace the portions
that had been removed (Figure 5, left). As expected, we observed strong
enrichment with each mAb for several variant peptides containing the
previously defined epitopes (Figure 5). However, we observed some
small differences in the minimal epitopes identified by the BKP2 and
MUT libraries (8E4: BKP2 = YLSPYFI, MUT=RGYLSPYF]; 7D10:
BKP2 = TSDYDRE, MUT=SDYDR; shared sequence regions are
underlined). This is likely due to the difference in tiling density (step
size of 2 vs 1), peptide length (19 vs 30 aa) and/or differences in the
sequence flanking the epitope. Comparing across these “shift” variants
also illustrated how small changes in the sequence context of an
antibody epitope can have a substantial impact on the magnitude of
PepSeq enrichment. There are several pairs of very similar peptides,
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both of which contain the mapped antibody epitope, which result in
substantially different enrichment Z scores. For example, for 8E4, the
average Z score, across replicates, for ASGGTTELDVVEGM
QFDRGYLSPYFINNPD was 143.3, while the average Z score for
STSSAELDVVEGMQFDRGYLSPYFINNPDK was 21.6 (shared
sequence regions are underlined). This may be related to changes in

secondary structure that modify the way the epitope is presented.

Second, we wanted to better understand the importance of
individual residues within these antibody epitopes. We did this by
designing a set of variants in which each residue in the parent peptide
was individually substituted for each of the 19 non-wild-type amino
acids (30 positions x 19 amino acids = 570 variants per mAb)
(Figure 6A). The parent amino acid sequences are shown in
Figures 6C, D along the X axis and match the B. pseudomallei
GroEL1 protein exactly. By comparing binding levels across these
epitope variants, we were able to identify individual, critical residues
within each epitope (i.e., positions where most amino acid substitutions
eliminate antibody binding; boxed residues in Figure 6). These data
reveal the full spectrum of amino acid substitutions that can
occur without impacting antibody binding, which can help us to
understand the potential for B. pseudomallei to evade recognition
through evolution.

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1605758
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Elko et al.

FIGURE 5

A

TGATTTTATTTSASSGELDVVEGMQFDRG]
-STTTTSTTSGGGGASELDVVEGMQFDRG]
- -STSAGGAASGGAASELDVVEGMQFDRG
---TAGTATGTGSSSTELDVVEGMQFDRG]
- - - -TAGAGTTSAGGGELDVVEGMQFDRG
-ATTTGSTGGGAELDVVEGMQFDRG]
-GGAASGTSASELDVVEGMQFDRG
- -TATGAGGAGELDVVEGMQFDRG
-GTTSTAGGELDVVEGMQFDRG
- -TSTTAGTELDVVEGMQFDRG
- --ASGGTTELDVVEGMQFDRG!
- -STSSAELDVVEGMQFDRG
- -TTTAELDVVEGMQFDRG|
- --GTSELDVVEGMQFDRG]
- -GTELDVVEGMQFDRG|
- - -GELDVVEGMQFDRG]
- -ELDVVEGMQFDRG
-LDVVEGMQFDRG|
- - DVVEGMQFDRG|
- -VVEGMQFDRG|
- - -VEGMQFDRG|

-YLSPYFII
--LSPYET

LSPYFI
YLSPYFI
LSPYFT]
LSPYFI|
LSPYFI
LSPYFI
LSPYFI
LSPYFI
LSPYFI
LLSPYFI]
LSPYFI
LSPYFI
LSPYFI
LSPYFI
LSPYFI
LSPYFI]
LSPYFI
LSPYFI

-=SPYFEI|
== -PYFI]
—=YEN
-Fi

STASGSSAAASGAGTGSRVKQIRTQIEEA]
-SGATGTGSSSAGTGTTRVKQIRTQIEEAT!

10.3389/fimmu.2025.1605758

o8gl®

NNPDKQVAVLTT- -
NNPDKQVAVLGST -
NNPDKQVAVLGSSS -
NNPDKQVAVLGGGTT - -
NNPDKQVAVLGSSSGG- - -
NNPDKQVAVLGGASAGT - -
NNPDKQVAVLTTTTTSTG- - -
NNPDKQVAVLSSSGGTAGA- -
NNPDKQVAVLTGSSGSSSGA- -
NNPDKQVAVLSGSGAAAAGSG- - -
NNPDKQVAVLSATTATATGSAA- -
NNPDKQVAVLGSGSGTTAASAAS -
NNPDKQVAVLGSGTSGATTSTTSS - -
NNPDKQVAVLTSSTTSAGGSSSGAS -
NNPDKQVAVLSTSSATSSSGSATGAS -
NNPDKQVAVLSSSGTTAGTSGTAAGSA
NNPDKQVAVLSTGGSSAGSGGTGTTSGG-

=
=

o

=]

= T

2

=

=

=

NNPDKQVAVLGGTGTSSATTTTTSSAATT e®

. o0

- -GAAGGTGGSSAATGSRVKQIRTQIEEATSD- -
- - -ASSTGTAGAGTSGSRVKQIRTQIEEATSDY -
- -SATSTTSGSTGAARVKQIRTQIEEATSDYD-

-AGTATATGGAGSRVKQIRTQIEEATSDYDR-

- -GATSTGSGGGGRVKQIRTQIEEAT
--ASASTSTGTRVKQIRTQIEEAT.

- - -GTTRVKQIRTQIEEAT!

- --SGTTGGSGAGRVKQIRTQIEEATSDYDRI
-GSSSASASRVKQIRTQIEEATSDYDRI

Peptide 0 25 50 75 100 125 150 175 200
Z score
..................................... 410
S- K
e
e
e
e e o
SDYDRE- - - 1 oo
B [0
SDYDRI 9 oo o
] Py |
-TGSTSTARVKQIRTQIEEATSDYDRI R -
- -GTSAASRVKQIRTQIEEATSDYDRI 1 ® o
-STGTSRVKQIRTQIEEATSDYDRE 1 o o
- -GSGTRVKQIRTQIEEATSDYDRE 1 L3
SDYDRE k ‘e
AARVKQIRTQIEEATSDYDRE 1 L]
TRVKQIRTQIEEATSDYDRE 1 oo
-RVKQIRTQIEEATSDYDRE 1 oo
- -VKQIRTQIEEATSDYDREKLQERVAKLAGT - - - 9 e
KQIRTQIEEATSDYDREKLQERVAKLAGTT- - 9 (X3
-QIRTQIEEATSDYDREKLQERVAKLAGAGG - 1 oe o
- - -IRTQIEEATSDYDREKLQERVAKLAGTGSG- - R 1]
= TSDYDREKLQERVAKLAGSGAGT - k o0
KLQERVAKLAGGTSAAG- R » o
KLQERVAKLAGSTSTSST b Lad
KLQERVAKLAGSTGSASTA- - - 1 LR
KLQERVAKLAGTTTGAGGAS - - 1 o0
KLQERVAKLAGSTSSSTGGGG- I Liad
KLQERVAKLAGAAATSSATSSS - - b * o
KLQERVAKLAGTTSAAGGSGTAA- g L]
KLQERVAKLAGAGAATGSGSTSSS 1 e®
KLQERVAKLAGTATTSTGGGGTGTT - 1
KLQERVAKLAGASAGSSGSAGSSAGT EKad
KLQERVAKLAGTTSAGGAAGGTGSSAA---- 1 ®
KLQERVAKLAGGSGSAATSGTSSATGTA- - - 1@
KLQERVAKLAGGTSTAGGGATGSGATTGS- - 4 ? ! ! T ! ; 1 1
Peptide 0 25 50 75 100 125 150 175 200

Z score

High-resolution scanning finely maps span of linear epitopes. Enrichment Z scores from assays of mAbs 8E4 (A) and 7D10 (B) using the MUT PepSeq
library. Each row represents a single peptide contained in the MUT PepSeq library. Red is used to highlight the previously identified “minimal”
epitopes (Figure 4), while yellow highlights additional GroEL-derived residues. Residues that are not highlighted represent randomly generated
combinations of alanine, glycine, serine and threonine (i.e., sequences not present in the GroEL protein). Blue vertical lines are included in each

panel to indicate Z = 10. Each black circle represents a single PepSeq replicate; three replicates were run for each mAb

For both of these mAbs, the majority of the parent peptide
residues were associated with a broad range of Z scores, when
substituted to each of the 19 non-wild-type amino acids
(Figures 6C, D). Although most of these residues fall outside of
the optimal antibody epitopes, their substitution may still impact
antibody binding (both positively and negatively), for example, by
modifying the secondary structure of the PepSeq probe. However,
with one exception, we did not find that a particular amino acid was
consistently associated with increases or decreases in reactivity
(Supplementary Figure 4). The one exception was cysteine.
Substitution to cysteine consistently decreased Z scores, regardless
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of which residue position was mutated (Figure 6, Supplementary
Figure 4). This is likely related to the unique ability of cysteine to
facilitate the formation of disulfide bonds.

However, for both mAbs there were a subset of positions at which
an amino acid substitution almost universally abrogated binding,
regardless of the nature of the amino acid substitution (Figures 6C,
D), and all these positions were located within the minimal epitopes
described above. Presumably, these are sites that play a critical role in
facilitating the binding of antibody and antigen, in a manner that
cannot be compensated by other, neighboring interactions.
Therefore, mutations at these positions could allow for escape from
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FIGURE 6

PepSeq-based saturation mutagenesis highlights critical residues for antibody binding. (A) A diagram depicting our saturation mutagenesis strategy,
as described in section 2.5. Created with BioRender.com. (B) Legend for colors used in panels C-D. Different colors are used for different amino
acids, based on their biochemical properties. (C, D) contain scatterplots depicting PepSeq reactivity for each of the 570 saturation mutagenesis
variants designed for the 8E4 (C) and 7D10 (D) mAbs. The x-axis indicates the wild-type peptide and the positions of the mutated residues (with a
random jitter added to aid with visualization), while the y-axis indicates the average Z score across three replicates. Individual points are colored as
indicated in (B). The horizontal gray bands indicate the range of Z score values for the non-mutated, wild-type peptide. Boxes around the wild-type
amino acids (x-axis tick labels) indicate residues that are individually critical for antibody binding, meaning the mean Z score for >12/19 amino acid

substitutions at these positions was <5.

these mAbs, assuming that they do not interfere with normal protein
function. Notably, we only observed a single critical residue in the
7D10 epitope, aspartic acid at position 15 (Figure 6D). In contrast, for
the 8E4 mAb we observed six individually critical epitope residues
(Figure 6C). Therefore, there are more potential escape pathways for
the 8E4 mAb compared to the 7D10 mAb.

Finally, we evaluated the specificity of the 8E4 and 7D10 mAbs
by putting our on-target peptide Z scores in the broader context of
those measured across the full MUT library (Figure 7). For each
mADb, the entire set of on-target peptides represented just 0.25% of
the full library. This analysis indicated that the 8E4 mAb is highly-
specific to its cognate antigen, at least in terms of the diversity
covered by this PepSeq library. More than 99.75% of the MUT
peptides with average 8E4 Z scores 215 were designed from the
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relevant GroEL epitope. In contrast, 7D10 bound strongly to a
variety of off-target peptides, in addition to its cognate GroEL
epitope. Only ~75% of the peptides with average 7D10 Z scores
>15 were designed from the relevant GroEL epitope. Setting an
average Z score threshold of 15, we observed 162 off-target
peptides enriched in our assays with 7D10. These off-target
enriched peptides were representative of 26 non-Burkholderia
epitopes, which is significantly fewer than expected with
random sampling from the off-target peptides contained in the
MUT PepSeq library (p<le-6; from 1,000,000 random
simulations, the smallest number of epitopes represented in a
given set of 162 off-target peptides was 113). Taken together, we
conclude that the 7D10 mAb binds to a motif that is commonly
observed across a wide variety of proteins.
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The 8E4 and 7D10 monoclonal antibodies differ substantially in specificity for their cognate GroEL antigens. Lines indicate the proportion of on-
target peptides with average PepSeq Z scores greater than or equal to a range of Z score thresholds: blue = 8E4, orange = 7D10. All Z score
thresholds are inclusive of >10 peptides.

3.4 Surface plasmon resonance studies to
estimate binding affinities

Peptide epitopes could have different binding characteristics

to the surface. SPR provided kinetic rate constants for k, (association
rate), kg (dissociation rate), and then the steady state Kp, for each
binding interaction. Because identification of 13044-bio was based
upon mAb binding, the SPR confirmation of binding was expected. For

both 8E4 and 18E7, the Ky, was similar between 13004-bio and rGroEL
(82-144 nM), though the kq rates were faster for the shorter peptide. In
all cases, 8E4 had higher affinity than 18E7. Experiments where the
mADb was attached to the surface and rGroEL and 13004-bio were the
free ligands were consistent with these results (data not shown). In

compared to the full-length protein, even though the epitope would
be linear in both situations. Any changes in this interaction could
influence the potential downstream diagnostic assays that only use
peptides. To understand how the mAbs bind to shorter peptide
epitopes relative to the full-length native proteins, SPR studies using
two mAbs were conducted with both types of ligands. In Table 1, data
are presented where full length, recombinant GroEL (rGroEL) and the
centered optimal 19 amino acid peptide for 8E4 and 18E7 (13004-bio -
EGMQFDRGYLSPYFINNPD) were attached to the SPR chip. Both of
these antibodies were used since they recognize the same epitope region

combination, the faster disassociation rate of peptides could have
negative implications when using peptides in diagnostic assays.

4 Discussion
(Figure 4). 7D10 binding was only measured against rGroEL. The
rGroEL was attached directly while 13004-bio was bound via an N-
terminus biotin which subsequently was bound to streptavidin attached

Antibodies are a key component of the adaptive immune response
and often serve as critical mediators and correlates of immunity

TABLE 1 mAb binding affinity for GroEL protein versus epitope-defined peptide.

Analyte Immobilized Ligand  Steady State Kp (nM) k, (1/Ms) kq (1/s)
8E4 mAb GroEL peptide 106 5.04x10" 5.85x107°
rGroEL 82 4.56x10" 6.61x10™
18E7 mAb GroEL peptide 118 3.44x10* 1.43x10°
rGroEL 144 8.70x10" 4.98x10
7D10 mAb GroEL peptide ND ND ND
rGroEL 56 5.72x10" 2.92x10°

Surface Plasmon Resonance was used to measure mAb binding rate constants for full length recombinant GroEL (rGroEL) and a 19 amino acid GroEL peptide identified within the GroEL
protein (see Figure 4). These data were generated with rGroEL and GroEL peptide attached to the surface and the mAb free to bind, but when this was reversed (mAbs attached) similar rate
constants were obtained (data not shown). ND, Not determined.
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following vaccination. However, the antibody response is also vastly
diverse. For example, the naive antibody repertoire in humans is
estimated to include at least 10'? unique proteins (27), and even more
diversity can be generated through somatic hypermutation.
Collectively these antibodies target a wide variety of antigens with
differing specificities and affinities, both of which have important
implications for function and therefore protection from future
infections. Traditional approaches for characterizing antibody
responses barely scratch the surface of this complexity and therefore
provide an incomplete view of the antibody responses stimulated by
vaccines and natural infections. Highly multiplexed serological
approaches, like PepSeq, are allowing us to obtain a more complete
view of this complexity, with implications for vaccine design,
evaluation and beyond. Here, we demonstrate several applications of
the PepSeq platform for highly multiplexed serology using an
important biodefense pathogen, B. pseudomallei: 1) identification of
novel antigens using a proteome-wide peptide library and 2) fine-scale
characterization of antibody epitopes using high resolution peptide
tiling in combination with bespoke libraries of peptide variants.

Antigen discovery is a critical, early step in the development of
modern vaccines and can also aid in the design of serological
diagnostics. Modern, directed subunit vaccines focus on the delivery
of a small number of immunodominant targets, known to stimulate
protective immune responses. However, the selection of vaccine
antigens is often non-trivial, especially for complex pathogens, like
bacteria, fungi and eukaryotic parasites, which have large, and often
highly variable, proteomes (28). Although they cannot directly measure
level of protection, highly multiplexed serology assays are enabling the
identification of antigenic proteins at an unprecedented scale. A single
assay can measure antibody binding against 1000s of protein targets
using <1 pl of serum/plasma as input, and new assays can be built,
from scratch, in a matter of weeks, regardless of the pathogen/targets of
interest. By identifying proteins commonly targeted by antibody
responses to natural infections, or in response to complex vaccines
(e.g., live-attenuated or inactivated), we can generate a short list of
candidate antigens that can be prioritized for future investigations.

As a proof-of-concept for the application of PepSeq to a complex
pathogen, we designed several libraries to study the antibody response
to B. pseudomallei. For a bacterial pathogen, B. pseudomallei has a
relatively large genome, typically ~7-8 Mb in size. Individual strains of
B. pseudomallei generally encode >6000 protein coding genes, and
gene content is highly variable across strains (28). Therefore, to fully
cover the species-wide antigenic proteome space of this bacterium, we
needed to assess antibody responses against >10,000 proteins, which
would not be feasible using traditional approaches for serology, or
even more contemporary, moderately multiplexed methods, such as
the Luminex platform (29) and NAPPA microarrays (30). Using a
PepSeq library containing ~244,000 B. pseudomallei-derived peptides,
we identified 65 proteins as priorities for further investigation. These
are proteins that elicited robust antibody responses that were largely
specific to individuals with documented B. pseudomallei infections,
who are likely to be protected against future infections (31). Therefore,
they represent good candidates for use in vaccines and diagnostics. To
further understand the diagnostic potential of these antigens, it will be
important to profile additional cohorts, including melioidosis
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confirmed cases from other endemic locations, as well as negative
controls that are well-matched for potentially confounding variables,
such as geography and co-morbidities like diabetes.

It is also important to note that the set of proteins identified in this
study is likely a subset of those targeted by antibodies in response to
melioidosis. Highly multiplexed approaches to serology utilize peptides
as antigens and therefore are not expected to detect antibodies that
bind specifically to conformational epitopes formed through tertiary
and quaternary structures (7). Although many immunogenic proteins
are likely to contain both linear and conformational epitopes, our
sensitivity will vary depending on the relative abundance of these two
epitope types. Therefore, serological approaches using more complex
antigens (e.g., protein arrays) should provide complementary data and
will help to further characterize the antibody responses stimulated by
complex pathogens like B. pseudomallei.

One notable finding of our study is that there is a high level of
variability, among individuals with confirmed melioidosis, in terms of
which proteins are targeted by the antibody response. This is reflected
in the modest levels of sensitivity provided by individual peptides
(Figure 3A) along with the large number of proteins targeted by
antibodies in at least one individual. This variability in the antibody
responses to natural infections is not necessarily problematic for
vaccine development. By delivering a subset of antigens, modern
vaccines can direct the immune response to specific immunogens.
However, to be good candidates as vaccine antigens, these proteins
must have the capacity to stimulate protective antibodies; therefore,
future work is needed to characterize the functionality of antibodies
directed against our candidate antigens.

The observed variability in targeted B. pseudomallei antigens is
more problematic from a diagnostic perspective; however, we do not
view this as an insurmountable barrier. We have already shown how
sensitivity can be increased by using a combination of peptides/
proteins (Figure 3B). It may also be possible to increase sensitivity by
transitioning our candidates to other serology platforms that can
utilize larger, more complex antigens (e.g., full proteins or domains).
This is because highly multiplexed approaches, like PepSeq, utilize
peptides as antigens, and therefore, they can only directly measure a
subset of the antibody response (i.e., they cannot measure antibodies
that require tertiary or quaternary structures for binding). Assuming
that immunodominant linear epitopes will be commonly observed
within more generally immunodominant proteins (consistent with
our identification of dominant epitopes within several known B.
pseudomallei antigens), we may have only measured a subset of the
antibody response against our candidate proteins. In support of using
large domains or proteins, we have shown that peptides have a higher
disassociation rate compared to the full-length protein (Table 1),
which may hinder sensitivity. However, transitioning to larger
versions of these antigens also comes with the risk of reduced
specificity due to cross-reactive antibody responses.

Another important advantage of highly multiplexed serology is
the ability to finely characterize antibody epitopes, which can aid in
the design of antigens for use in vaccines and diagnostics, as well as
inform on the potential for pathogen escape from immune
responses and antibody-based therapeutics. Near epitope-level
resolution is inherent to the data generated by platforms like
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PepSeq because of the use of relatively short, peptide antigens.
However, we have also shown that, thanks to the highly multiplexed
nature of these assays and the ability to fully define the peptides
contained in an assay, it is possible to understand antibody binding
footprints down to individual residues. To demonstrate this
potential, we characterized a panel of mAbs that were previously
developed against the B. pseudomallei GroEL1 protein, which is
known to be a strong antigen during melioidosis. First, we used a
high-density, tiled peptide design to determine which mAbs
recognized linear epitopes and to determine the location of the
targeted epitope within the GroEL protein. Out of a panel of six
mAbs, 50% bound strongly to GroEL peptides in our assay, and we
were able to determine that these three mAbs targeted two distinct
regions of GroEL that were highly conserved across the two
homologs present in the B. pseudomallei genome.

Following the initial identification of these epitopes, we then
designed a library of peptide variants specific to these regions of
GroEL. By quantitatively measuring mAb binding simultaneously
across this collection of variants, we were able to finely assess how
these antibodies were interacting with their cognate antigens. Not only
did this approach allow us to define minimum binding footprints, but
we were also able to assess the impact of individual amino acid
substitutions, and we observed strikingly different impacts at our two
mAb epitopes. Although both of our epitopes could be mapped to a
minimal region of ~5-9 amino acids within the GroEL protein, for
one (bound by 8E4), most of the residues contained in this region were
individually critical, meaning that most individual substitutions at
these positions resulted in a complete loss of antibody binding in our
assay. Whereas, for the second epitope (bound by 7D10), only a single
residue was individually critical, suggesting that there are redundant
interactions that can maintain affinity even in the face of evolution.
This characteristic should make 7D10 more resistant to immune
escape, but it also appears to have impacted the specificity of the mAb.
By simultaneously measuring binding to peptides from many distinct
epitopes (designed from different viruses and bacteria), we
demonstrated that 7D10 cross-recognizes many other known B cell
epitopes, while 8E4 is much more specific to GroEL. Therefore, our
characterization of these two anti-GroEL mAbs illustrates the way that
fine-scale characterization of binding profiles can inform the
downstream utility of antibodies as therapeutics.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author/s.

Ethics statement

The studies involving humans were approved by the Human
Research Ethics Committee of Northern Territory Department of
Health and Menzies School of Health Research. The studies were
conducted in accordance with the local legislation and institutional

Frontiers in Immunology

14

10.3389/fimmu.2025.1605758

requirements. The majority of patients did provide written
informed consent but for some of the pre 2015 fatal cases residual
sera collected from standard clinical care were used. Melioidosis is a
statutory notifiable disease in the Northern Territory with all
notified patients entered into the Darwin Prospective Melioidosis
Study. The animal study was approved by the University of Nevada,
Reno Institutional Animal Care and Use Committee. The study was
conducted in accordance with the local legislation and
institutional requirements.

Author contributions

EE: Data curation, Writing - original draft, Visualization,
Investigation, Validation, Writing — review & editing, Software,
Methodology, Formal analysis. ChW: Formal analysis, Validation,
Writing - review & editing, Software, Data curation, Writing -
original draft, Visualization. HG: Writing - review & editing,
Investigation. MG-H: Project administration, Formal analysis,
Methodology, Writing - review & editing, Supervision,
Investigation, Visualization, Conceptualization. GN: Data
curation, Writing - review & editing, Investigation. SP:
Validation, Investigation, Supervision, Formal analysis, Writing -
review & editing, Project administration. HM: Project
administration, Supervision, Writing - review & editing. CA:
Project administration, Writing - review & editing, Resources.
CeW: Data curation, Investigation, Writing - review & editing,
Resources. MM: Funding acquisition, Resources, Writing — review
& editing, Data curation, Investigation. BC: Investigation,
Conceptualization, Funding acquisition, Writing - review &
editing. DA: Project administration, Supervision, Formal analysis,
Methodology, Visualization, Writing - review & editing, Funding
acquisition, Conceptualization, Investigation. JA: Methodology,
Writing - review & editing, Supervision, Funding acquisition,
Conceptualization, Project administration. PK: Writing - review
& editing, Conceptualization, Supervision, Funding acquisition,
Writing — original draft, Project administration. ES: Methodology,
Visualization, Supervision, Funding acquisition, Writing — review &
editing, Writing - original draft, Project administration. JL:
Methodology, Supervision, Data curation, Conceptualization,
Formal analysis, Writing - review & editing, Funding acquisition,
Visualization, Writing — original draft, Project administration.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported
by the Defense Threat Reduction Agency (DTRA) under the Rapid
Assessment of Platform Technologies to Expedite Response
(RAPTER) program (award no. HDTRA1232031 to Dr. Jessica Z.
Kubicek-Sutherland at Los Alamos National Laboratory). In
addition, support was provided by DTRA through the SYMBA
program (contract no. W15QKN-20-9-C003 to P.K.); the DHS
(AuCoin mAb generation); the Cowden Endowment for funding

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1605758
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Elko et al.

the BKP2 PepSeq library and its analysis; Australian National
Health and Medical Research Council: grant numbers 1046812
(BC), 1098337 (BC), and 1131932 (BC) (The HOT NORTH
initiative) for melioidosis patient serum sample collection. The
views expressed in this article are those of the authors and don’t
reflect the official policy or position of the US Department of
Defense or the US Government.

Acknowledgments

The authors thank Dr. Traci Pals and Dr. Bob Webb at DTRA
for their support of this work, and Dr. Phillip Williamson at
Vitalant Research Institute for kindly providing the control sera.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

1. Davis MM, Butchart AT, Wheeler JRC, Coleman MS, Singer DC, Freed GL.
Failure-to-success ratios, transition probabilities and phase lengths for prophylactic
vaccines versus other pharmaceuticals in the development pipeline. Vaccine. (2011)
29:9414-6. doi: 10.1016/j.vaccine.2011.09.128

2. Plotkin SA, Orenstein WA, Offit PA. Vaccines. 5th ed. Philadelphia: Saunders -
Elsevier (2008) p. 1-16 p.

3. Ward RA, Aghaeepour N, Bhattacharyya RP, Clish CB, Gaudilli¢re B,
Hacohen N, et al. Harnessing the potential of multiomics studies for precision
medicine in infectious disease. Open Forum Infect Dis. (2021) 8:0fab483.
doi: 10.1093/0fid/ofab483

4. Goldman AS, Schmalstieg FC. Karl otto landsteiner (1868-1943). Physician-
biochemist-immunologist. ] Med Biogr. (2019) 27:67-75. doi: 10.1177/0967772016670558

5. Zipfel PF, Skerka C. From magic bullets to modern therapeutics: Paul Ehrlich, the
German immunobiologist and physician coined the term ‘complement.’. Mol Immunol.
(2022) 150:90-8. doi: 10.1016/j.molimm.2022.08.002

6. Kozlov IA, Thomsen ER, Munchel SE, Villegas P, Capek P, Gower AJ, et al. A
highly scalable peptide-based assay system for proteomics. PloS One. (2012) 7:e37441.
doi: 10.1371/journal.pone.0037441

7. Henson SN, Elko EA, Swiderski PM, Liang Y, Engelbrektson AL, Pifia A, et al. PepSeq:
a fully in vitro platform for highly multiplexed serology using customizable DNA-barcoded
peptide libraries. Nat Protoc. (2023) 18:396-423. doi: 10.1038/541596-022-00766-8

8. Kelley EJ, Henson SN, Rahee F, Boyle AS, Engelbrektson AL, Nelson GA, et al.
Virome-wide detection of natural infection events and the associated antibody
dynamics using longitudinal highly-multiplexed serology. Nat Commun. (2023)
14:1783. doi: 10.1038/s41467-023-37378-2

9. Ladner JT, Henson SN, Boyle AS, Engelbrektson AL, Fink ZW, Rahee F, et al.
Epitope-resolved profiling of the SARS-CoV-2 antibody response identifies cross-
reactivity with endemic human coronaviruses. Cell Rep Med. (2021) 2:100189.
doi: 10.1016/j.xcrm.2020.100189

10. Schuettenberg A, Pifia A, Metrailer M, Pelaez-Sanchez RG, Agudelo-Florez P,
Lopez JA, et al. Highly multiplexed serology for nonhuman mammals. Microbiol Spectr.
(2022) 10:€0287322. doi: 10.1128/spectrum.02873-22

11. Elko EA, Nelson GA, Mead HL, Kelley EJ, Carvalho ST, Sarbo NG, et al.
COVID-19 vaccination elicits an evolving, cross-reactive antibody response to epitopes
conserved with endemic coronavirus spike proteins. Cell Rep. (2022) 40:111022.
doi: 10.1016/j.celrep.2022.111022

12. Pina A, Elko EA, Caballero R, Metrailer M, Mulrow M, Quan D, et al.
Mapping disparities in viral infection rates using highly multiplexed serology.
mSphere. (2024) 9:¢0012724. doi: 10.1128/msphere.00127-24

Frontiers in Immunology

15

10.3389/fimmu.2025.1605758

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1605758/
full#supplementary-material

13. Fink ZW, Martinez V, Altin ], Ladner JT. PepSIRF: a flexible and comprehensive
tool for the analysis of data from highly-multiplexed DNA-barcoded peptide assays.
arXiv. (2020). doi: 10.48550/arXiv.2007.05050

14. Brown AM, Bolyen E, Raspet I, Altin JA, Ladner JT. PepSIRF + QIIME 2:
software tools for automated, reproducible analysis of highly-multiplexed serology
data. arXiv. (2022). doi: 10.48550/arXiv.2207.11509

15. Currie BJ, Mayo M, Ward LM, Kaestli M, Meumann EM, Webb JR, et al. The Darwin
Prospective Melioidosis Study: a 30-year prospective, observational investigation. Lancet
Infect Dis. (2021) 21:1737-46. doi: 10.1016/S1473-3099(21)00022-0

16. Settles EW, Sonderegger D, Shannon AB, Celona KR, Lederer R, YiJ, et al. Development
and evaluation of a multiplex serodiagnostic bead assay (BurkPx) for accurate melioidosis
diagnosis. PloS Negl Trop Dis. (2023) 17:¢0011072. doi: 10.1371/journal.pntd.0011072

17. Yi ], Simpanya MF, Settles EW, Shannon AB, Hernandez K, Pristo L, et al. Caprine
humoral response to Burkholderia pseudomallei antigens during acute melioidosis from
aerosol exposure. PloS Negl Trop Dis. (2019) 13:¢0006851. doi: 10.1371/journal.pntd.0006851

18. Wagner GE, Stanjek TFP, Albrecht D, Lipp M, Dunachie SJ, Féderl-Hobenreich
E, et al. Deciphering the human antibody response against Burkholderia pseudomallei
during melioidosis using a comprehensive immunoproteome approach. Front
Immunol. (2023) 14:1294113. doi: 10.3389/fimmu.2023.1294113

19. Rauch J, Barton J, Kwiatkowski M, Wunderlich M, Steffen P, Moderzynski K,
et al. GroEL is an immunodominant surface-exposed antigen of Rickettsia typhi. PloS
One. (2021) 16:€0253084. doi: 10.1371/journal.pone.0253084

20. Johansen HK, Norgaard A, Andersen LP, Jensen P, Nielsen H, Haiby N. Cross-
reactive antigens shared by Pseudomonas aeruginosa, Helicobacter pylori, Campylobacter
jejuni, and Haemophilus influenzae may cause false-positive titers of antibody to H. pylori.
Clin Diagn Lab Immunol. (1995) 2:149-55. doi: 10.1128/cdli.2.2.149-155.1995

21. Lu Z, Rynkiewicz MJ, Madico G, Li S, Yang C-Y, Perkins HM, et al. B-cell epitopes in
groEL of francisella tularensis. PloS One. (2014) 9:¢99847. doi: 10.1371/journal.pone.0099847

22. Bencina D, Slavec B, Narat M. Antibody response to GroEL varies in patients
with acuteMycoplasma pneumoniaeinfection. FEMS Immunol Med Microbiol. (2005)
43:399-406. doi: 10.1016/j.femsim.2004.10.009

23. Fourie KR, Wilson HL. Understanding groEL and dnaK stress response proteins
as antigens for bacterial diseases. Vaccines. (2020) 8:773. doi: 10.3390/vaccines8040773

24. Hau D, Wade B, Lovejoy C, Pandit SG, Reed DE, DeMers HL, et al. Development
of a dual antigen lateral flow immunoassay for detecting Yersinia pestis. PloS Negl Trop
Dis. (2022) 16:¢0010287. doi: 10.1371/journal.pntd.0010287

25. Sahl JW, Caporaso JG, Rasko DA, Keim P. The large-scale blast score ratio (LS-
BSR) pipeline: a method to rapidly compare genetic content between bacterial genomes.
Peer]. (2014) 2:e332. doi: 10.7717/peerj.332

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1605758/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1605758/full#supplementary-material
https://doi.org/10.1016/j.vaccine.2011.09.128
https://doi.org/10.1093/ofid/ofab483
https://doi.org/10.1177/0967772016670558
https://doi.org/10.1016/j.molimm.2022.08.002
https://doi.org/10.1371/journal.pone.0037441
https://doi.org/10.1038/s41596-022-00766-8
https://doi.org/10.1038/s41467-023-37378-z
https://doi.org/10.1016/j.xcrm.2020.100189
https://doi.org/10.1128/spectrum.02873-22
https://doi.org/10.1016/j.celrep.2022.111022
https://doi.org/10.1128/msphere.00127-24
https://doi.org/10.48550/arXiv.2007.05050
https://doi.org/10.48550/arXiv.2207.11509
https://doi.org/10.1016/S1473-3099(21)00022-0
https://doi.org/10.1371/journal.pntd.0011072
https://doi.org/10.1371/journal.pntd.0006851
https://doi.org/10.3389/fimmu.2023.1294113
https://doi.org/10.1371/journal.pone.0253084
https://doi.org/10.1128/cdli.2.2.149-155.1995
https://doi.org/10.1371/journal.pone.0099847
https://doi.org/10.1016/j.femsim.2004.10.009
https://doi.org/10.3390/vaccines8040773
https://doi.org/10.1371/journal.pntd.0010287
https://doi.org/10.7717/peerj.332
https://doi.org/10.3389/fimmu.2025.1605758
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Elko et al.

26. Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K, et al.
BLAST+: architecture and applications. BMC Bioinf. (2009) 10:421. doi: 10.1186/1471-
2105-10-421

27. Briney B, Inderbitzin A, Joyce C, Burton DR. Commonality despite exceptional
diversity in the baseline human antibody repertoire. Nature. (2019) 566:393-7. doi: 10.1038/
541586-019-0879-y

28. Sahl JW, Vazquez AJ, Hall CM, Busch JD, Tuanyok A, Mayo M, et al. The effects
of signal erosion and core genome reduction on the identification of diagnostic
markers. mBio. (2016) 7:e00846-16. doi: 10.1128/mBi0.00846-16

Frontiers in Immunology

16

10.3389/fimmu.2025.1605758

29. Luminex platform (2025). Available online at: https://www.thermofisher.com/
us/en/home/life-science/antibodies/immunoassays/procartaplex-assays-luminex.html
(Accessed February 28, 2025).

30. Yu X, LaBaer J. High-throughput identification of proteins with
AMPylation using self-assembled human protein (NAPPA) microarrays. Nat Protoc.
(2015) 10:756-67. doi: 10.1038/nprot.2015.044

31. Sarovich DS, Ward L, Price EP, Mayo M, Pitman MC, Baird RW, et al. Recurrent
melioidosis in the Darwin Prospective Melioidosis Study: improving therapies mean that
relapse cases are now rare. ] Clin Microbiol. (2014) 52:650-3. doi: 10.1128/JCM.02239-13

frontiersin.org


https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1038/s41586-019-0879-y
https://doi.org/10.1038/s41586-019-0879-y
https://doi.org/10.1128/mBio.00846-16
https://www.thermofisher.com/us/en/home/life-science/antibodies/immunoassays/procartaplex-assays-luminex.html
https://www.thermofisher.com/us/en/home/life-science/antibodies/immunoassays/procartaplex-assays-luminex.html
https://doi.org/10.1038/nprot.2015.044
https://doi.org/10.1128/JCM.02239-13
https://doi.org/10.3389/fimmu.2025.1605758
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	PepSeq as a highly multiplexed platform for melioidosis antigen discovery and vaccine development
	1 Introduction
	2 Materials and methods
	2.1 Design and synthesis of PepSeq libraries
	2.2 PepSeq antibody binding assays
	2.3 Sera and monoclonal antibodies used in this work
	2.4 PepSeq library to identify novel B cell antigens
	2.5 PepSeq libraries to identify and finely characterize monoclonal antibody epitopes
	2.6 Antibody affinity measurements by surface plasmon resonance

	3 Results
	3.1 Melioidosis sera surveyed for antibodies against the B. pseudomallei proteome
	3.2 Peptide tiling with PepSeq to identify mAb epitopes
	3.3 PepSeq design strategies to finely characterize antibody epitopes
	3.4 Surface plasmon resonance studies to estimate binding affinities

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


