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ABSTRACT

To study the diversity of immune receptors and pathogens, multiplex PCR has become a central approach in research and diagnostics. However, insufficient primer
design against highly diverse templates often prevents amplification and therefore limits the correct understanding of biological processes. Here, we present
openPrimeR, an R-based tool for evaluating and designing multiplex PCR primers. openPrimeR provides a functional and intuitive interface and uses either a greedy
algorithm or an integer linear program to compute the minimal set of primers that performs full target coverage. As proof of concept, we used openPrimeR to find
optimal primer sets for the amplification of highly mutated immunoglobulins. Comprehensive analyses on specifically generated immunoglobulin variable gene
segment libraries resulted in the composition of highly effective primer sets (0PR-IGHV, oPR-IGKV and oPR-IGLV) that demonstrated to be particularly suitable for

the isolation of novel human antibodies.

1. Introduction

Multiprimer or multiplex polymerase chain reaction (mPCR) ap-
proaches are powerful tools to amplify target regions from multiple
sites. They are of great importance for lymphocyte receptor profiling,
pathogen identification, genotyping, and diagnostic pipelines.
However, various targets exhibit a high degree of diversity, which
challenges a robust amplification. As a result, sequence analysis is often
compromised. For example, numerous viruses, such as the human im-
munodeficiency virus 1 (HIV-1) or the hepatitis C virus (HCV), possess
error-prone replication machineries driving extensive sequence di-
versity. This can lead to a rapid development of escape variants under
immunological or therapeutic pressure. In order to reliably detect es-
cape from antiviral drugs, a comprehensive sequence analysis of virus
variants is critical and of high relevance for a successful therapy
(Beerenwinkel et al., 2001; Taylor et al., 2008; Doring et al., 2018;
Bailey et al., 2019).

Other examples of highly diverse targets are B cell receptors (BCR).
Here, mPCR primers need to bind the various V (variable) gene seg-
ments of the immunoglobulin loci (IGH, IGk IGA) that encode for the

antibodies' heavy and light chains (Wardemann et al., 2003; Tiller et al.,
2008). Comprehensive analyses of the antibody repertoire can be
exploited to elucidate the humoral immune response to vaccines or
pathogens (Scheid et al., 2011; Muellenbeck et al., 2013 2013; Pappas
et al., 2014; Galson et al., 2015; Rollenske et al., 2018) and are a
prerequisite for the isolation of new monoclonal antibodies (mAbs). In
fact, > 50 new mAbs have been approved over the last years by the
FDA/EMA to treat various diseases such as cancer, autoimmune or
hematological disorders (Kaplon and Reichert, 2018). In this regard,
novel HIV-1-directed broadly neutralizing antibodies (bNAbs) have
recently been demonstrated to be promising candidates for HIV-1 pre-
vention and therapy (Scheid et al., 2011; Klein et al., 2013b; Caskey
et al., 2015; Caskey et al., 2017; Bar-On et al., 2018; Gautam et al.,
2018; Mendoza et al., 2018). bNAbs, however, pose a particular chal-
lenge to mPCR as they frequently contain a high burden of somatic
hypermutation (SHM) as well as insertions or deletions (Zhou et al.,
2010; Scheid et al., 2011; Klein et al., 2013b). Importantly, forward
primers binding to the signal peptide encoding leader (L) region of V
genes have been demonstrated to favor the amplification of such highly
mutated variable regions (Scheid et al., 2011; Freund et al., 2015).
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Table 1

Approaches for multiplex primer design.
Year Tool Availability Gur* Set cover optimization” References
1989 OLIGO v v x (Rychlik, 2007)
1996 GeneFisher v v x (Giegerich et al., 1996)
1998 GeneUp x x v (Pesole et al., 1998)
1998 CODEHOP v v x (Rose et al., 1998; Rose et al., 2003)
2001 DoPrimer X X X (Kampke et al., 2001)
2002 HYDEN v x x (Linhart and Shamir, 2002)
2003 PROBEMER x v x (Emrich et al., 2003)
2003 MIPS X X X (Souvenir et al., 2003)
2004 Amplicon v v x (Jarman, 2004)
2004 G-PRIMER x v v (Wang et al., 2004)
2005 PDA-MS/UniQ X X v (Huang et al., 2005)
2005 MuPlex x v x (Rachlin et al., 2005)
2006 GreeneSCPrimer x v v (Jabado et al., 2006)
2006 PrimerStation v v x (Yamada et al., 2006)
2006 MultiPrimer x x x (Lee et al., 2006)
2007 PRIMEGENS v v x (Srivastava and Xu, 2007)
2007 Not available x x v (Bashir et al., 2007)
2009 MPP x x v (Gardner et al., 2009)
2009 FastPCR v v x (Kalendar et al., 2014)
2010 MPPrimer v v x (Shen et al., 2010)
2012 URPD X v X (Chuang et al., 2012)
2012 PriMux v x v (Hysom et al., 2012; Gardner et al., 2014)
2016 PrimerMapper v v x (O'Halloran, 2016)
2019 openPrimeR v v v

? The software offers a graphical user interface for interaction

> The software automatically selects for a minimal set of primers that cover all input templates

These and other examples demonstrate the need for a comprehen-
sive and reliable sequence analysis of highly variable targets. However,
this requires efficient multiplex PCR primers that maximize the tem-
plate coverage. A theoretical solution to this problem is the design of
one individual primer for each target. However, the number of different
primers that can be combined in mPCR is restricted. The pivotal task in
mPCR primer design is thus to identify the minimal set of multiplex-
compatible primers that covers all templates. This represents a so-called
set cover problem (Feige, 1998; Alon et al., 2006) whose complexity
rapidly increases with the number of templates. Primer design tools are
typically programmed to filter individual primers for preferable prop-
erties (e.g. GC content, GC clamp, or melting temperature) and some
also include a set cover optimization (Pesole et al., 1998; Wang et al.,
2004; Jabado et al., 2006; Bashir et al., 2007; Gardner et al., 2009;
Hysom et al., 2012) (Table 1). Of those, only PriMux (Hysom et al.,
2012; Gardner et al., 2014), a command line software package, is
currently available. However, PriMax only allows approximating a
minimal set of primer pairs without adjusting the desired binding re-
gion. Therefore, it can not be used for the analysis of escape variants,
the profiling of mutation patterns in antibodies, or recombinant ex-
pression of distinct protein fragments, which all require the explicit
selection of the regions to be amplified.

To address this problem, we developed openPrimeR (http://
openprimer.mpi-inf.mpg.de/), a user-friendly program to i.) evaluate
and ii.) design mPCR primers on a set of divers templates (Fig. 1).
openPrimeR, allows to exactly define the binding regions on multiple
templates in parallel. It avoids primers that may form dimers or have
other unfavorable physicochemical properties and it addresses the set
cover problem by an integer linear program (ILP) or a greedy algo-
rithm. In order to provide a versatile tool, we developed openPrimeR as
an R package that allows other developers to include individual func-
tionalities in their own primer design workflows. Moreover, we also
equipped it with an intuitive graphical user interface and provide it as a
docker container with all necessary dependencies. Combined with pre-
defined default settings that have been validated extensively, open-
PrimeR can be used to design and to evaluate primers without com-
puting skills or a deep understanding of mPCR chemistry. We used
openPrimeR to evaluate published antibody-specific primer sets in silico
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Fig. 1. openPrimeR for evaluation and design of multiplex PCR primers against
highly diverse templates. Sequence analysis of variable systems such as immune
receptors or pathogens requires advanced primer sets for multiplex PCR am-
plification. openPrimeR supports both, the evaluation of existing primers as
well as the de novo design of a primer set that effectively amplifies a region of
interest from a set of diverse templates.

and to design novel optimized primer sets that target the 5’ ends of the
IGH, IGk and IGA V gene leader regions. We intensely validated
openPrimeR and demonstrate the primers' efficacy on specifically
generated V gene libraries as well as on single B cells.
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2. Methods
2.1. Human samples

Blood samples from healthy and HIV-1-infected individuals were
collected after written informed consent and in accordance with the
requirements of the local Institutional Review Board (IRB; protocol
number 16-110, University of Cologne, Cologne, Germany).

2.2. openPrimeR

openPrimeR is a multiplex primer evaluation and design tool that
was developed in R. It provides a graphical user interface through a
Shiny application and supports Linux, macOS, and Windows operating
systems (Fig. S1). For full functionality, openPrimeR requires installa-
tions of the additional programs MELTING (Le Novere, 2001), Vien-
naRNA (Lorenz et al., 2011), and OligoArrayAux (Markham and Zuker,
2008). openPrimeR provides two different modes: (1) evaluation, and
(2) design. Both modes comprise a three-staged linear workflow con-
sisting of (i) data input, (ii) settings configuration, and (iii) computa-
tion. In the input stage, templates are uploaded as FASTA/CSV files or
chosen from integrated databases and the region of interest can be
defined. In evaluation mode, primers can be uploaded as FASTA/CSV
files or chosen from a selected set of previously published antibody-
specific primer sets. In the configuration stage, up to 12 physico-
chemical property constraints, 5 coverage conditions, and 9 PCR set-
tings can be specified (Table S1). Constraints are formulated in terms of
permissible ranges of values. For example, a GC content constraint of
[40%, 60%] indicates that primers should exhibit a GC content ranging
from 40% to 60%. The final computation stage depends on the selected
mode. Once computations are completed, results can be obtained di-
rectly as graphs or tables from the user interface or downloaded as CSV
files for downstream analyses.

2.2.1. Modes

In evaluation mode (1), computations comprise the determination
of the physicochemical properties for each primer and all coverage
events for each primer/template pair. The output includes tabular and
graphical summaries of individual and overall coverage, binding posi-
tions, and violation of physicochemical property constraints. Primers
violating active constraints can be removed from the set by a filtering
function. Evaluation mode also provides a comparison function to di-
rectly compare multiple primer sets in parallel. In design mode (2),
optimized primers are computed in three stages: (i) initialization, in
which a set of candidate primers is generated, (ii) filtering, in which
primers that violate active constraints are removed, and (iii) optimi-
zation, in which an instance of the set cover problem (SCP) is solved.
Constraints may be relaxed during filtering and optimization to ensure
that designed primers yield the user-defined target coverage ratio
CR € [0,1]. The extent to which constraints are relaxed is specified by
the constraint limits. For example, given a constraint limit of [30%,
70%] for the GC clamp, the initial constraint on the GC content of
[40%, 60%] could be relaxed to [30%, 70%].

2.2.2. Templates

Virological and immunological templates were obtained from the
Los Alamos National Laboratory HIV sequence database (Kuiken et al.,
2003) (alignment of HIV subtype references, 2010) and the IMGT da-
tabase (Lefranc et al., 1999) (retrieved April 2017), respectively. At the
time of IMGT database access, 147 IGHV, 64 IGKV, and 36 IGLV tem-
plates with complete L1 + V-Region sequences were available. In order
to include at least one functional allele, functional V genes were sup-
plemented with 5 IGHV, 2 IGKV, and 11 IGLV leader sequences re-
trieved from 5’RACE NGS data of naive B cells. In brief, PBMC from 8
healthy blood donors were enriched for CD19* cells by MACS (Miltenyi
Biotec) and 100,000 naive B cells (CD20 *IgD *1gM " IgG ~ CD27 ~) were
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isolated by FACS for each individual. RNA was isolated (RNeasy Micro
Kit; Qiagen) and cDNA prepared using the SMARTer RACE 5/3’ Kit
(Takara/Clontech). Samples were analyzed by 2 x 300 base pairs (bp)
sequencing on an Illumina MiSeq at the Cologne Center for Genomics.
Demultiplexed fastq-files were preprocessed using the pRESTO Toolkit
(Vander Heiden et al., 2014) and self-written Python scripts. In short,
forward and reverse reads were initially filtered for a minimum mean
Phred score of 30 and sequencing lengths of at least 150 nucleotides
(nt). Forward and reverse reads were assembled by requiring an overlap
of at least 6 bp or concatenated if no overlap was found. Primer se-
quences were trimmed and reads were collapsed to extract unique se-
quences. Those sequences were analyzed by a stand-alone version of
IgBLAST (Ye et al., 2013) and parsed with MakeDB.py from the Change-
O Toolkit (Gupta et al., 2015). For leader sequence extraction, an in-
frame ATG start codon was sought —51 to —66 nt upstream of fra-
mework region (FWR) 1. The sequence from the first start codon within
this window up to the beginning of FWR1 was defined as the leader
sequence. For each biological sample, leader sequences were then
clustered according to their V gene allele. Intra-donor consensus se-
quences were generated for each V gene allele cluster within a donor by
counting the occurrences of bases at each position and taking the most
frequent as the consensus base (Schneider, 2002). A certainty score of
each base position was calculated by dividing the count of an individual
base by the total number of sequences within the cluster. Consensus
leader sequences were built from groups of at least 10 unique reads of
which none of the bases had a certainty score below 0.6. Leader se-
quences were used for database supplementation if they were found
with 100% identity in at least 3 out of 8 different individuals.

2.2.3. Initialization of primers

For non-degenerate primers, candidate sequences are initialized as
substrings from the template binding regions. Degenerate primers are
initialized as described previously (Jabado et al., 2006). In brief, tem-
plates are aligned, subalignments corresponding to the desired primer
length are extracted, pairwise sequence dissimilarities are determined,
sequences are hierarchically clustered, and consensus sequences are
formed along the constructed phylogenetic tree.

2.2.4. Detection of coverage events

Potential primer binding regions are determined by considering all
template substrings that match a primer with at most n,,,, = 0 mis-
matches. If a primer matches a template at multiple positions, the
match with minimal n,,, is selected. Putative coverage events can be
restricted in three ways. First, by considering the free energy of an-
nealing and the presence of 3’ mismatches. Second, through the use of
the thermodynamic model from DECIPHER (Wright et al., 2014) or a
recently developed logistic regression model (Doring et al., 2019).
Third, by removing coverage events inducing stop codons or amino acid
mutations.

2.2.5. Evaluation of primer properties

GC clamp, GC content, primer length, nucleotide runs and repeats
are determined by text analysis. Melting temperature range, secondary
structures, and self-dimerization are calculated with the external tools
MELTING (Le Novere, 2001), ViennaRNA (Lorenz et al., 2011), and
OligoArrayAux (Markham and Zuker, 2008), respectively.

2.2.6. Optimization of primers

Optimization of primers entails the selection of a minimal set of
primers with a coverage ratio of least CR that fulfills the optimization
constraints. There are two optimization constraints. One constraint on
the maximal allowed melting temperature difference, AT,, = 0, and one
on the minimal allowed free energy of cross dimerization, AG.y™" < 0.
Compatible melting temperatures are ensured by forming primer sub-
sets for individual melting temperature ranges [T;,T>] with
T, — T; < AT,, and solving the SCP for every subset. Once solutions for
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all primer subsets are obtained, the primer set with the maximal cov-
erage at the smallest number of primers is chosen. Primer cross di-
merization is prevented by constructing a binary dimerization matrix.
Given a primer set P = {py,pa, ...,pjp} and let AG(p;, p;) indicate the free
energy of dimerization for primers p; and p;. Then, the dimerization
matrix D € {0,1}"!*! is defined by

1,ifAG(p,p,) < AGE™
Dy ={ @B <AC e 1,2, P}

0,otherwise

such that D, , = 1 indicates that primers p; and p; dimerize ac-
cording to AG.q™". In order to solve the SCP instance, a greedy algo-
rithm or an integer linear program (ILP) is used. The greedy algorithm
selects a compatible primer with maximal coverage in every iteration. A
candidate primer p; is said to be compatible if D, , = 0 holds for all
selected primers p;. Once primer p; has been selected, the coverage of
the remaining primers is updated by discounting the coverage events
associated with p;. The algorithm terminates, if a coverage of C has been
reached or when no compatible primers remain. The ILP for primer
design requires the following definitions. Let T = {t, 5, ..., t|7y} indicate
the set of templates. The indicator vector x € {0, 1} shows whether pj
is included in the optimal set or not by defining it as

1, if primer p;is selected
X = ,Vje{l,2,..IPl}.

0,otherwise

The coverage information is summarized in the coverage matrix
C € {0,1}/T*P| which is defined by

1, if p;covers ¢;

= L, Vie{l,2,.,T1}je (1,2, P}
0,otherwise

The ILP is given by

|P|

min 2 X;
i=1

subject to
Cx>1
xi +x; <1V p;, p; € P where DPi~P/ =1

The target function ensures that the number of the selected set of
primers is minimal. The first side constraint ensures that each template
is covered by at least one primer and the second side constraint pre-
vents cross-dimerizing primers. The ILP is solved using the exact
branch-and-bound algorithm from lpsolve (Berkelaar et al., 2004).

2.3. Evaluation and comparison of published primer sets

For published primer sets, which were intended for nested PCR, we
only considered forward primers of the first PCR for evaluation. This
was based on the assumption that templates, which are not covered by
the first PCR primers, will have a lower chance to be amplified during
the second PCR by nested primers. If degenerate primers were reported
they were translated to all underlying unambiguous derivatives for the
analysis. 5" overhangs from Set 3 (Kiippers et al., 1993) were removed
to only analyze the complementary region of the primer. For the eva-
luation of primer sets we defined the following constraints: a GC con-
tent between 35 and 65%, 1 to 3 G or C nucleotides at the 3’ end (GC
clamp), a maximum of 7 mismatches when none of them introduces a
stop codon, a maximum run length of 4, a maximum repeat length of 4,
a maximum deviation of 5 °C between the lowest and the highest
melting temperatures in a set, self- and cross-dimers with a dG cutoff
of < —5 kcal/mol, a minimum coverage of at least 1 template for a
primer. Binding events were predicted using the coverage model
(Doring et al., 2019) with a false positive rate of 0.06. Primer binding
regions were visually double-checked. When primers showed possible
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off-target binding within the same V gene, only the first event closest to
the 5’ end was considered for the set binding region.

2.4. Gene library preparation for IGHV, IGKV, and IGLV

For generating the IGHV template library, PBMCs were isolated
from 16 healthy individuals and enriched for CD19" B cells (Miltenyi
Biotec). Two times 2.5 X 10° naive B cells (CD20 " IgM*IgD*IgG ™)
were sorted and subjected to RNA isolation (RNeasy Micro Kit; Qiagen).
Following the generation of cDNA using 5’'RACE (rapid amplification of
cDNA-ends; SMARTer RACE 5’/3’ Kit; Takara/Clontech), PCR amplifi-
cation was performed using a Q5 polymerase (NEB) and an Cy1-specific
reverse primer (Cm-RT: ATGGAGTCGGGAAGGAAGTC (Ozawa et al.,
2006)). PCR products were analyzed by gel electrophoresis, purified
(NuceloSpin Gel & PCR Clean-up Kit; Macherey-Nagel), and amplicons
cloned into pCR4-TOPO (Invitrogen). For IGKV and IGLV libraries, the
identical processing pipeline was performed on two additional pools of
8 and 10 individuals, respectively, with 2 x  10°
CD20 " IgM " IgD*1gG~CD27~ sorted cells. In total 450, 688, and 546
colonies were analyzed by PCR for IGHV, IGKV, and IGLV, respectively
and amplicons were subjected to Sanger sequencing. Following Ig-
BLAST (Ye et al., 2013) analysis, all sequences with full-length anno-
tated matches were further filtered to have a maximum of 6 nucleotide
mismatches with no mismatches in the leader and the first 30 nucleo-
tides of FWR1. Among 398 analyzed IGHV sequences, 10 IGHV genes
could not be found and were thus synthesized (Eurofins Genomics). All
plasmids were adjusted to equal concentrations, aliquoted on hundred
96-well plates and stored at —20 °C until used for the assays. An empty
backbone plasmid was used as a negative control.

2.5. mPCR on V gene libraries

Multiprimer PCRs were performed in a volume of 25 L using Taq
Polymerase on 1 ng of template. Primers were multiplexed in an
equimolar ratio with a final concentration of 200 nM primer mix to-
gether with 200 nM of an Cy1 specific reverse primer (All IgM reverse:
GGTTGGGGCGGATGCACTCC (Ippolito et al., 2012)). PCRs were per-
formed with 94 °C for 2 min, followed by 25 cycles 94 °C for 30 s, 57 °C
for 30 s and 72 °C for 55 s, and a final step at 72 °C for 5 min (Fig. S2).

2.6. mPCR on single cell templates

PBMCs from 10 healthy donors were isolated by density gradient
centrifugation (Ficoll-Paque; GE Healthcare) and enriched using
human-CD19 coupled magnetic microbeads (Miltenyi Biotec). Single
naive (CD20*IgM*IgD"IgG~CD27~) and antigen-experienced
(CD20*1gG ™) B cells were sorted (Aria Fusion, BD) into 96-well plates
containing 4 uL sorting buffer (1 x PBS pH 7.4 (Thermo Fisher), 1 U/uL
RNasin (Promega), 1 U/uL RNaseOUT (Thermo Fisher), 10 mM DTT
(Promega)) to generate cDNA. PBMCs were also derived from a leu-
kapheresis sample of an HIV-1-infected individual. In this case, B cells
were enriched with the B cell isolation Kit II (Miltenyi Biotec) and
stained with a recombinant, GFP-tagged envelope trimer (Sliepen et al.,
2015) to isolate HIV-1-reactive class-switched memory B cells
(CD19"1gG™, see Fig. S3 for gating strategies). Single cell analysis was
performed as previously described (Tiller et al., 2008) with some minor
modifications. In brief, single cell templates (in 4 pL sorting buffer)
were lysed by adding 7 pL lysis buffer (150 ng Random Hexamer Pri-
mers (Thermo Fisher), 0.7% NP-40 (Thermo Fisher), 0.85 U/uL RNa-
seOUT (Thermo Fisher)) and homogenized by pipetting up and down.
Reverse transcription (RT) was performed after adding 7 uL RT Mix
(50 U Superscript IV (Thermo Fisher), 1 X RT buffer (Thermo Fisher),
1.78 mM dNTPs, 14.2 mM DTT, 4 U RNasin, 4 U RNaseOUT) in a
thermocycler with 42 °C for 10 min, 25 °C for 10 min, 50 °C for 10 min,
and 95 °C for 5 min. 4 pL. cDNA were subjected to a first round of PCR
amplification using 38 pL PCR mix (2 U Platinum Taq (Thermo Fisher),
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Table 2
Reagents and resources.
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Reagent/resource

Source

Identifier

Antibodies

Alexa Fluor® 700 Mouse Anti-Human CD20 (clone 2H7)
FITC Mouse Anti-Human IgM (clone G20-127)

PE-Cy™7 Mouse Anti-Human IgD (clone 1A6-2)

APC Mouse Anti-Human IgG (clone G18-145)

PE Mouse Anti-Human CD27 (clone M-T271)

Alexa Fluor® 700 Mouse Anti-Human CD19 (clone HIB19)

Bacterial and Virus Strains
E. coli DH5a

Biological samples
Human buffy coats

Chemicals, Peptides, and Recombinant Proteins
CD19 MicroBeads, human

dNTP Mix

DAPI (4’,6-Diamidino-2-phenylindole)
RNAseOUT

RNasin

SuperScript IV Reverse Transcriptase
PlatinumTaq HotStart polymerase

Critical Commercial Assays

B cell isolation Kit (II)

CD19 MicroBeads, human
NucleoSpin® Gel and PCR Clean-up

Deposited Data
IGHV, IGKV and IGLV Refereence database

HIV envelope sequences

Oligonucleotides

Constant region reverse primer for IgM: Cm-RT, ATGGAGTCGGGAAGGAAGTC

Constant region reverse primer for IgG: Cg-RT, AGGTGTGCACGCCGCTGGTC

Nested constant region reverse primer for IgM: All IgM reverse,
GGTTGGGGCGGATGCACTCC

Nested constant region reverse primer for IgG: All IgG reverse,
SGATGGGCCCTTGGTGGARGC

Outer constant region reverse primer for IgG: 3’ Cy CHI,
GGAAGGTGTGCACGCCGCTGGTC

Nested constant region reverse primer for IgG: 3’ IgG (internal),
GTTCGGGGAAGTAGTCCTTGAC

Outer constant region reverse primer for kappa light chain: 3’ Ck 543,
GTTTCTCGTAGTCTGCTTTGCTCA

Nested constant region reverse primer for kappa light chain: 3’ Ck 494,
GTGCTGTCCTTGCTGTCCTGCT

Outer constant region reverse primer for lambda light chain: 3" C\,
CACCAGTGTGGCCTTGTTGGCTTG

Outer constant region reverse primer for lambda light chain: 3’ XhoI CA,
CTCCTCACTCGAGGGYGGGAACAGAGTG

Random Hexamer Primer Mix

Recombinant DNA
pCR4-TOPO

Software and Algorithms
openPrimeR
Python 3.6.8

IgBLAST 1.13.0
Clustal Omega 1.2.3
pRESTO 0.5.7
Change-O 0.3.4

FlowJo 10.5.3
Prism 7
Adobe Illustrator CC 2018

Other
BD FACSAria Fusion Cell Sorter

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences

Thermo Fisher Scientific

University hospital of Cologne. Blood Bank;
http://transfusionsmedizin.uk-koeln.de

Miltenyi Biotec

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Promega

Thermo Fisher Scientific
Thermo Fisher Scientific

Miltenyi Biotec
Miltenyi Biotec
Macherey-Nagel

The international Immunogenetics information

system

Los Alamos National Laboratory HIV sequence

database

Ozawa et al., 2006
Ozawa et al., 2006
Ippolito et al., 2012
Ippolito et al., 2012
Tiller et al., 2008
Tiller et al., 2008
Tiller et al., 2008
Tiller et al., 2008
Tiller et al., 2008

Tiller et al., 2008

Invitrogen

Invitrogen

This article

Python Software Foundation, https://www.
python.org/

Ye et al., 2013

Sievers et al., 2011

Vander Heiden et al., 2014

Gupta et al., 2015

FlowJo, LLC

GraphPad
Adobe

BD Bioscience

Cat# 560631, RRID:AB_1727447
Cat# 555782, RRID:AB_396117
Cat# 561314, RRID:AB_10642457
Cat# 550931, RRID:AB_398478
Cat# 560985, RRID:AB_10563213
Cat# 557921, RRID:AB_396942
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1 x PCR buffer (Thermo Fisher), 6% KB Extender (Thermo Fisher), 1.5
mM MgCI2 (Thermo Fisher), 200 nM forward primer mix, 200 nM re-
verse primer, 200 nM dNTPs (Thermo Fisher)) and thermocycling
conditions as indicated in Table S4. All PCR reactions were performed
with PlatinumTaq (Thermo Fisher). For primer Set 1, a nested forward
primer mix exists that was used for the second PCR amplification (Tiller
et al., 2008). oPR-IGHV-Mix and Set 2 were applied in a semi-nested
PCR. The reverse primer was applied nested for the second PCR (Table
S4). All forward primer mixes were used in a final concentration of
200 nM. Single primers within the mix were always used at equal
concentrations. For instance, the oPR-IGHV mix is composed of 15
primers at 13.33 nM each, giving a total primer concentration of
200 nM. As a PCR negative control, reverse transcription was either
performed on empty wells (containing no single cells) or water was
used instead of cDNA.

2.7. Determining PCR coverage

PCR products were supplemented with 6 X loading dye (Thermo
Fisher) and visualized with SYBR Safe (Invitrogen) on a 2% agarose gel.
In order to minimize biases in data analysis, all gel pictures were
blinded by random coding and amplicon bands were independently
labeled by five researchers. Labeling was decoded binary with 1
meaning any visible and definable signal at the expected height, and 0
meaning no signal at the expected height. The labels were combined
and individual wells annotated as amplified at a cutoff score of three
out of five positive ratings (Fig. S2, Fig. S4, Fig. S5, Fig. S6, and Fig. S7).

2.8. Comparison of V gene identities

All positively scored wells from the oPR-IGHV PCRs on HIV-1-re-
active B cells and all PCR products generated with Set 1 and/or Set 2
but not oPR-IGHV were analyzed by Sanger sequencing and annotated
using IgBLAST (Ye et al., 2013). Sequences containing more than 15
bases with a Phred score below 16 or an average Phred score below 28
were excluded from further analyses yielding 179 high-quality and fully
annotated heavy chain sequences. Plate and well position of Vy gene
segments with < 70% germline V gene identity were identified and
counted for the individual primer sets.

2.9. Quantification and statistical analysis

All statistical analyses were performed with Graphpad Prism (ver-
sion 7.0b). All bar graphs depict mean values with standard deviations
as error bars. P-values in Fig. 6 were calculated using one-way ANOVA
for matched data with Tukey test correction for multiple testing. The
significance level was set at 0.05.
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2.10. Data and software availability

2.10.1. openPrimeR

openPrimeR is available in terms of two R packages that can be
obtained via Bioconductor: (i) openPrimeR (https://bioconductor.org/
packages/release/bioc/html/openPrimeR.html), which provides a pro-
grammatic interface, and (ii) openPrimeRui (https://bioconductor.org/
packages/release/bioc/html/openPrimeRui.html), which provides a
graphical user interface. The code for both projects is available via
GitHub (https://github.com/matdoering/openPrimeR-User). A Docker
container that includes all dependencies of openPrimeR is available at
Docker Hub (https://hub.docker.com/r/mdoering88/openprimer/).

2.10.2. Data availability

All data supporting the findings of this study are available within
the paper and its supplementary information files. Extended IGHV,
IGKV, and IGLV leader sequences are available via openPrimeR.

2.11. Reagents and Ressources

All reagents and resources used to conduct this work are listed in
Table 2.

3. Results
3.1. openPrimeR for evaluation and design of multiplex primer sets

openPrimeR is an R-based tool that includes modes for the evalua-
tion and design of multiplex PCR primers targeting highly diverse
templates such as immune receptors or fast evolving pathogens (Fig. 1).
It can be either accessed programmatically through R, or through the
graphical user interface (GUI) of a Shiny application (Fig. S1). The GUI
is subdivided into an input part (left panel) that guides the user step-
wise through the settings and an output part (right panel) that contains
several tabs for selected information and output options. The user starts
by uploading template sequences or choosing from integrated data,
such as numerous sets of immunoglobulins (IMGT database (Lefranc
et al., 1999)) or HIV reference sequence libraries (Los Alamos National
Laboratory HIV sequence database (Kuiken et al., 2003)). The target
regions can either be defined by uploading additional files containing
the allowed binding regions for forward and reverse primers, or by
defining them with slider ranges (most appropriate for sequences of
identical length or with the same starting point).

In evaluation mode, primer sets are loaded into openPrimeR to
determine their characteristics and to estimate their performance in a
multiplex PCR experiment on the selected template sequences (Fig. 2).
In total, 12 physicochemical properties (e.g. melting temperature, GC
content, GC clamp) and 5 coverage conditions (e.g. number of

Templates Evaluation Mode Primer set features
Computation Coverage Properties
i Primer Tm Dimers
Tm AA substitutions _ 57°C Yes

% GC, GC cl St d °

Primer set o clamp oplco ons T2 T3 P2 55°C No

Runs, repeats Total mismatches

Targets, specificity 3' mismatches Binding region

P2 } Sec. str'uctures Annealing model )

Self-dimers Coverage

, T2, T3 = Templates

Tm = Melting temperature, AA = Amino acid

P1, P2 = Primers

Fig. 2. openPrimeR workflow for primer evaluation. Templates and primer sets are uploaded into openPrimeR. The software computes thermodynamic primer
properties and predicts binding events for a selected region of interest. This allows a quick evaluation, whether a primer set will amplify the region of interest from all

input sequences in a multiplex PCR. See also Table S1.
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Fig. 3. openPrimeR workflow for de novo primer design. Templates are uploaded into openPrimeR and a target region can be selected. An initial set of primers of
specified length is either constructed by extracting template subsequences (non-degenerate primers) or by aligning and clustering of template subsequences (de-
generate primers). Next, coverage is determined and primers are filtered according to user-defined constraints on their physicochemical properties. Finally, either a
greedy algorithm or an integer linear program (ILP) finds an approximate (Greedy: P1, P6, P7) or exact (ILP: P5 and P7) minimal set of primers that covers all
templates. If the coverage level is not achieved, constraints can automatically be relaxed to user-defined boundaries. See also Table S1.

mismatches, introduction of stop codons, amino acid substitutions) can
be considered (Fig. 2, Table S1). In addition, it is possible to calculate
the template coverage through an exact as well as an approximate
string matching (with up to 20 mismatches) by using one out of three
different models for the prediction of amplification events (Wright
et al., 2014; Doring et al., 2019). As a result, tabular and graphical
outputs offer a quick overview on whether the primer set covers the
region of interest and the required multiplex properties.

In the design mode, openPrimeR performs a stepwise primer gen-
eration process that results in the prediction of an optimal primer set
(Fig. 3). After defining the region of interest, openPrimeR determines
all potential primer candidates within the selected range of lengths
(initialization phase). If requested, primers are generated with a defined
degree of degeneracy (see Methods section 2.2.3). Subsequently, based
on the selected properties and conditions (Table S1), primers with un-
favorable features will be removed from the initial set (filtering phase).
During filtering, physicochemical constraints can be automatically re-
laxed to guarantee full target coverage. This abolishes the need to
manually fine-tune constraints individually and start the process all
over again. For example, adjusting the GC content to 40-60% might
remove a good primer that covers 50% of the targets but has a GC
content of 39%. Setting the lower GC content boundary to 35% will
rescue this primer automatically, if the overall coverage drops below
100%. After filtering, a minimal set of primers with maximal coverage
is selected using a greedy algorithm or an integer linear program (op-
timization phase). To ensure that selected primers can be multiplexed,
the optimization procedure considers the maximal difference in primer
melting temperatures and potential cross-dimerization events. If ne-
cessary, these multiplex constraints can be relaxed as the filtering
constraints before (Fig. 3, Table S1).

3.2. openPrimeR reveals limitations for antibody sequence amplification

In the past, we and others have amplified B cell receptors (BCR) for
antibody cloning and analysis using various sets of PCR primers
(Kiippers et al., 1993; Sblattero and Bradbury, 1998; Wardemann et al.,
2003; Tiller et al., 2008; Lim et al., 2010; Wu et al., 2010b; Scheid et al.,
2011; Ippolito et al., 2012; Klein et al., 2012; Murugan et al., 2015; Tan
et al., 2016). While the majority of affinity-matured antibodies carry on

average 5-10% nucleotide mutations (He et al., 2014), broadly neu-
tralizing antibodies targeting HIV-1 can be highly mutated with <70%
germline identity (Wu et al., 2010a; Scheid et al., 2011; Bonsignori
et al., 2012; Huang et al., 2014). These mutations are present in both,
complementarity-determining regions (CDRs) and framework regions
(FWRs), and are critical for the neutralizing activity of those antibodies
(Scheid et al., 2011; Klein et al., 2013a). It has been shown that primers
binding to heavy chain leader regions are more effective in amplifying
such highly mutated sequences (Scheid et al., 2011). This is most likely
due to a decreased SHM load in the leader region (Rada et al., 1994).
Moreover, leader binding prevents the reversion of mutations in the
FWRI1 that can be critical for the antibody activity. Leader binding
should thus be a prerequisite for a multiplex primer set that is intended
for amplifying highly mutated antibodies. In order to evaluate the ap-
plicability of published primer sets for this purpose, we uploaded 6
representative primer sets (Kiippers et al., 1993; Tiller et al., 2008; Wu
et al., 2010b; Scheid et al., 2011; Ippolito et al., 2012; Tan et al., 2016)
into openPrimeR. In evaluation mode their physicochemical properties
and binding positions were computed for 152 functional IGHV gene
segment alleles that were received from the IMGT database (Lefranc
et al., 1999) and our own B cell repertoire sequencing data. Multiplex
constraints for this evaluation comprised the GC content, the presence
of a GC clamp, upper limits for runs and repeats, self- and cross-di-
merization, and a limit for the melting temperature variation within a
set. Binding events were considered positive with up to 7 mismatches
(see Methods section 2.3.). The evaluation revealed that all tested
primer sets carried some limitations (Fig. 4), such as lacking the cov-
erage of certain variable genes (Set 1, Set 5), performing only in-
complete V gene segment amplification (Set 1, Set 2, Set 3, Set 4, Set 6),
or requiring multiple reactions (Set 5). We conclude that no available
primer set meets all criteria selected by openPrimeR for optimal am-
plification of antibody sequences.

3.3. De novo openPrimeR-designed primer sets effectively amplify all Vy,
Vk, and VA immunoglobulins

Since none of the published primer sets fulfilled our requirements,
we set out to generate a novel optimized primer set for the amplifica-
tion of human immunoglobulin heavy chain gene segments. In order to
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evaluate the quality of the openPrimeR design function, we produced a
well-defined IGHV gene library containing one representative germline
allele for all functional IGHV gene segments. The library was generated
by template-switch-based 5’ rapid amplification of cDNA ends (5'/RACE)
of pooled naive B cells from 16 healthy individuals (Fig. 5A). cDNA
products were cloned and 450 plasmids were screened to collect full-
length IGHV genes. Rare Vi gene segments that were not detected by
this approach were sub-cloned from synthesized gene fragments re-
sulting in a final library of 47 IGHV gene segments (Table S2). Next, we
used openPrimeR to design IGHV primer sets that target the leader
regions of all 152 functional IGHV gene alleles and tested them as
primer mixes on the IGHV gene library. In an iterative process, we
optimized starting conditions and filtering values (such as Gibbs energy
cutoffs for primer-dimer prediction, number of allowed mismatches,
etc.) that were eventually chosen as default settings for openPrimeR
(Fig. 5B and Table S1). The resulting set (oPR-IGHV, Table S3) con-
tained 15 oligos with lengths between 20 and 28 nucleotides. These
primers were predicted to bind exclusively to the leader region of all
152 sequences with a maximum of one mismatch, if not present at the
very 3’ end (Fig. 5C). We then compared the coverage of the IGHV
library by the oPR-IGHV mix with two of the previously published and
frequently used antibody primer sets (Set 1 (Tiller et al., 2008) and Set
2 (Ippolito et al., 2012)) in five independent experiments. We used a
total of 1 ng plasmid DNA per reaction as a well-defined, low com-
plexity PCR template to exclude template limitations. The oPR-IGHV
mix showed an overall coverage of 100% in four out of five experi-
ments, whereas Sets 1 and 2 covered 95% and 97%, respectively
(Fig. 5D and Fig. S2). Set 1 missed V genes IGHV2-5 and IGHV2-70 as
predicted (Fig. 4). V gene IGHV2-26, however, was amplified, sug-
gesting that the set either introduced more than 7 mutations or stop
codons by mismatch binding. We conclude that openPrimeR designs de
novo primer sets that effectively amplify all Vi immunoglobulins on a
single template level. Of note, primers have not been evaluated for
quantitative bulk approaches, which would be required to exclude or
adjust for primer biases.

To cross-validate the default settings on different templates, we used
the same approach to design and test antibody light chain primers. All
openPrimeR settings remained identical to the IGHV design process
except for an increased stringency for 3’ mismatches (Table S1). As a
result, openPrimeR predicted a set of 8 primers for IGKV and 15 primers
for IGLV (oPR-IGKV and oPR-IGLV; Table S3). To test both primer sets
we cloned and screened 1173 plasmids derived from B cell 5’RACE PCR
products resulting in 20 and 19 different IGKV and IGLV genes, re-
spectively (Table S2). Although these 39 genes represent only 53% of
the 41 IGKV and 33 IGLV genes listed in the IMGT database, they ac-
counted for over 90% of all light chain V gene segments that we found
within the B cell receptor repertoires of 8 healthy individuals (see
Method section 2.4). Both primer mixes covered 100% of their re-
spective Vk/A gene library (Fig. 5E and Fig. S2). Taken together, the
results on IGHV, IGKV, and IGLV libraries demonstrate the capability of
openPrimeR to select minimal sets of primers (oPR-IGHV oPR-IGKV,
oPR-IGLV) that effectively amplify all intended target templates in
multiplex PCRs.

3.4. openPrimeR-derived primers are superior in isolating highly mutated
antibody sequences

After validating openPrimeR on antibody sequence libraries, we
investigated oPR-IGHV amplification of the immunoglobulin locus from
single B cells with different levels of somatic hypermutation. To this
end, we isolated single naive B cells as well as antigen-experienced
IgG* memory B cells from healthy individuals expected to carry non/
low and moderate levels of mutations, respectively. In addition, we
used HIV-1-reactive memory B cells from an individual with broad HIV-
1-reactive serum activity as a source of highly mutated antibody se-
quence templates (see Fig. S3 for sorting strategies). From a total of 841
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sorted B cells, cDNA was generated and equally subjected to PCR re-
actions using primer sets 1, 2, and the oPR-IGHV mix. In order to es-
timate successful amplification, PCR results were visualized by agarose
gel electrophoresis, blinded, and evaluated by five independent in-
vestigators for the presence or absence of a PCR product at the correct
position (Fig. S4, Fig. S5, and Fig. S6). Among all three primer sets we
did not detect significant differences in amplifying sequences from
naive or IgG " memory B cells from healthy individuals (Fig. 6A, Fig. S4
and Fig. S5). However, the overall coverage of HIV-1-reactive B cells
was substantially higher for the oPR-IGHV mix (Fig. 6A and Fig. S6),
yielding 21 quality-controlled heavy chain sequences (12%) that could
not be identified with either Set 1 or Set 2. In order to investigate the
influence of SHM on the coverage of the different sets, we determined
the germline Vy gene identity of all oPR-IGHV-derived PCR products.
All three primer sets had a comparable capacity to amplify mutated
sequences down to 70% germline identity (Fig. 6B). However, ampli-
fication of sequences with < 70% V gene identity was significantly
more effective for oPR-IGHV than for Set 1 (p = .0025) and Set 2
(p = .0017) (Fig. 6B). In addition, we detected germline reversion and
primer-introduced mutations in the framework region 1 for sequences
that were captured by Set 1 or Set 2 (data not shown). We conclude that
the oPR-IGHV mix is superior in amplifying highly mutated antibody
sequences from single B cells.

Finally, corresponding light chains were amplified using oPR-IGKV
and oPR-IGLV primer mixes with a success rate of 98% (Fig. S7). Of
note, following cloning and production of antibodies, we were able to
identify numerous broad and highly potent HIV-1 neutralizing anti-
bodies with V gene identities of less than 70% (Schommers et al., 2020).
These antibodies were not detected using primer sets 1 or 2. We
therefore conclude that the primer sets generated by openPrimeR are of
great value to precisely identify antibody sequences independent of
their mutational status.

4. Discussion

mPCR is a fundamental technique that requires advanced primer
design. However, current design tools lack functionality for a set cover
optimization (Giegerich et al., 1996; Rose et al., 1998; Kampke et al.,
2001; Linhart and Shamir, 2002; Emrich et al., 2003; Souvenir et al.,
2003; Jarman, 2004; Rachlin et al., 2005; Lee et al., 2006; Yamada
et al., 2006; Rychlik, 2007; Srivastava and Xu, 2007; Shen et al., 2010;
Chuang et al., 2012; Kalendar et al., 2014; O'Halloran, 2016), are not
freely available (Pesole et al., 1998; Kampke et al., 2001; Emrich et al.,
2003; Souvenir et al., 2003; Wang et al., 2004; Rachlin et al., 2005;
Jabado et al., 2006; Lee et al., 2006; Bashir et al., 2007; Gardner et al.,
2009; Chuang et al., 2012), or do not provide a graphical user interface
for an intuitive workflow and data evaluation (Pesole et al., 1998;
Kampke et al., 2001; Linhart and Shamir, 2002; Souvenir et al., 2003;
Lee et al., 2006; Bashir et al., 2007; Gardner et al., 2009; Hysom et al.,
2012). To overcome these limitations, we developed and experimen-
tally tested openPrimeR, a user-friendly mPCR primer tool that can be
used for i.) evaluating existing and ii.) designing novel and highly ef-
fective mPCR primer sets. Evaluation with openPrimeR can be used to
quickly predict the performance of established primers in silico and
thereby keep track of the coverage for large libraries of templates. In
addition, predictions can be used to compare the performance of dif-
ferent primer sets on target template sequences. The design mode of
openPrimeR is highly flexible and allows adjusting a large number of
primer properties. However, by experimental validation, we identified
reasonable default settings to assist in primer design even without a
deep understanding of mPCR primer requirements. Importantly, the
optimization algorithms in design mode automatically select the
minimal number of primers that fulfill all mPCR requirements. This
abolishes the need for tedious and cost-intensive experimental evalua-
tion of possible primer combinations.

As a proof of concept, we applied openPrimeR to evaluate and
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design human antibody-specific primer sets. Various primer sets have
successfully been used in single B cell cloning approaches to decipher B
cell responses and to isolate monoclonal antibodies (Wardemann et al.,
2003; Tiller et al., 2008; Scheid et al., 2011; Ippolito et al., 2012;
DeKosky et al., 2013). However, evaluation with openPrimeR revealed
certain limitations of existing primer sets. These include the lack of
covering all currently known V genes (Tiller et al., 2008; Scheid et al.,
2011), incomplete V gene segment amplification (Kiippers et al., 1993;
Tiller et al., 2008; Wu et al., 2010b; Ippolito et al., 2012; Sun et al.,
2012; Tan et al., 2016), or elevated costs because of the requirement for
several polymerase chain reactions (Scheid et al., 2011). We thus used
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Fig. 4. Evaluation of published primer sets using
openPrimeR. Six representative primer sets that have
been previously used to amplify Vi gene segments
(Set 1-6) were analyzed with openPrimeR. Template
coverage against 152 Vi gene segment alleles that
can be subdivided into 7 families (dark grey bars)
was determined by exact text identity (light grey)
and maximum estimated coverage (blue). MM de-
notes the maximum number of 7 allowed mismatches
that is necessary to reach the depicted estimated
coverage. Binding regions are shown for all primers
as a composite arrow that bridges the 5 and 3’ ends
of the outer most primers from the whole set. Each
primer was tested for eight multiplex constraints
(1-8: Cross dimers, GC clamp, GC ratio, melting
temperature deviation, maximum number of nu-
cleotide repeats, maximum number of nucleotide
runs, coverage of at least 1 template, and self di-
mers). Constraints that were passed are colored in
blue, those that were not passed are colored in red.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)
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openPrimeR to design IGHV, IGKV, and IGLV primer sets that facilitate
efficient amplification of highly mutated heavy and light chain se-
quences and could demonstrate their efficiency on gene libraries and
single cells. These novel sets have contributed to isolating broad and
potent HIV-1 neutralizing antibodies in our own lab (Schommers et al.,
2020)and will be of great value for the precise amplification of antibody
sequences independent on the level of somatic mutations.

We expect that openPrimeR will be of great value for all researchers
that require successful and reliable amplification of diverse targets.
openPrimeR includes 436 human IGHV, IGKV, and IGLV templates, 77
published antibody-specific primer sets, and is available at
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Fig. 5. Validation of openPrimeR on specifically designed plasmid libraries. (A) In order to evaluate primer sets on defined templates, a germline IGHV gene library
was established from pooled naive B cells of 16 healthy individuals. To this end, 5’RACE RT-PCR products were cloned into plasmids and one representative allele for
each V gene was included into the library. (B) In an iterative process, primer sets were designed with openPrimeR and tested as multiplex mixes on the IGHV gene
library to determine optimal default settings. (C) In silico re-evaluation of final IGHV primer set (0PR-IGHV) was performed in openPrimeR evaluation mode with the
same settings as in Fig. 4. (D) The oPR-IGHV primer mix was tested in five independent PCR experiments on the IGHV gene library in comparison to two published
primer sets that have been used to isolate antibody sequences before. Bar graphs show mean coverage values over five experiments. (E) The same approach as in (A)
was used to generate IGKV and IGLV gene libraries and IGKV/IGLV-specific primers were also designed with openPrimeR. Light chain primer mixes (0PR-IGKV, oPR-
IGLV) were tested in five independent PCR experiments on their respective gene library. Error bars in (D) and (E) depict standard deviations. Multiwell plates
underneath the graphs represent individual experiments with green, black, and white squares indicating amplified, unamplified, and negative control wells, re-
spectively. See also Fig. S2, Table S1, Table S2 and Table S3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Bioconductor, as a Docker container, or from a GitHub repository (see interrogating template sequences for defined mutational hotspots (such
Methods section 2.10.1.). as WRC/GYW for the activation induces deaminase (AID)) and auto-
matically skip regions with such motifs.

4.1. Limitations Acknowledgements

openPrimeR is subject to the following limitations. When the opti-
mization problem is solved using the greedy algorithm, the smallest
possible primer set may not be found. Since the worst-case runtime of
the ILP-formulation is exponential, primer design may not be feasible
for large numbers of templates when this optimization strategy is used.
Moreover, the overall runtime depends on the user-provided primer
design settings (e.g. number of considered constraints, approach for
coverage estimation). Runtime increases when the constraints on the
physicochemical properties of primers have to be relaxed. In addition,
openPrimeR was initially designed to assist in the primer design against
immunological or virological targets, which have known regions of
hypervariability. The tool therefore allows to set primer binding regions
outside of mutational hotspots based on prior knowledge. If sequences

We would like to thank Thomas Lengauer and Henning Gruell for
helpful comments on the manuscript and all members of the Klein Lab
for helpful discussion. For testing openPrimeR, we thank Dilip Ariyur
Durai, Sivarajan Karunanithi, Markus List, Fabian Miiller, Sarvesh
Nikumbh, Michael Scherer, and Florian Schmidt. We further thank
Peter Niirnberg, Janine Altmdiller and Christian Becker for NGS support.
The work was supported by the Heisenberg-Program of the German
Research Foundation (DFG) (KL2389/2-1) (FK), the European Research
Council (ERC-StG639961) (FK), the German Center for Infection
Research (DZIF) (PS, FK), and the German Research Foundation (DFG)
(CRC 1279, CRC 1310) (FK).

for all expected mutation variants are available, openPrimeR could in Author contributions
principle be used to design degenerate primers within such mutational
hotspots. For future releases, it could be an option to include CK and FK initiated the project and designed all experiments. MD
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Fig. 6. High performance of oPR-IGHV on amplifying diverse and somatically mutated antibody genes. (A) Successful amplification of BCR heavy chain sequences
from single naive, memory IgG ", or HIV-1-reactive B cells performed by oPR-IGHV, Set 1, and Set 2, respectively. Individual experiments (n = 3 per B cell subset) are
shown as schematic multiwell plates (See also Fig. S4, Fig. S5, and Fig. S6). Amplified, unamplified, and negative control wells are depicted in green, black, and
white, respectively. (B) Left panel: Heavy chain V gene identities from amplified HIV-1-reactive B cell receptors shown in (A). Red circles depict heavy chains that
have only been amplified by oPR-IGHV primers (12% of all PCR products), blue symbols indicate heavy chains amplified by oPR-IGHV as well as one of the other sets.
Right panel: Number of amplification events per cDNA run that had a V gene identity of < 70% for the three primer sets oPR-IGHV, Set 1, and Set 2. Bar graphs depict
mean values and show standard deviations as error bars. One-way analysis of variance (ANOVA) for matched data was performed on the amplification events
with < 70% V gene identity. P-values (Tukey post-hoc test) for pairwise comparisons are displayed, if they are below a significance level of 0.05. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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