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Introduction

To monitor the progression of infectious diseases, it is useful to assess
immunoreactivity against various antigenic determinants, and measure different
antibody isotypes because they appear at different stages of the host immune
response. With Lyme borreliosis, the pathogenic agent can be one of the multiple
members of the Borrelia species. Therefore, correct sample classification requires
evaluating the immunoreactivity against different antigens of different Borrelia species.
Additionally, anti-pathogen IgG and IgM responses can have different elicitation time
courses during disease progression. Here we demonstrate the development of a two-
reporter multiplex immunoassay that has utility in identifying Borrelia-specific immune
response in human serum samples by simultaneously evaluating both 1IgG and IgM
immunoreactivity against different bacterial antigens in the same reaction well. This
dual-reporter approach retains the analytical performance of single-reporter methods
while conserving time and resources and reducing sample size requirements. This
assay allows essentially double the serological information to be generated from a

blood sample in half the time.

Lyme borreliosis is the most common tick-borne infectious  spielmanii and B. bavariensis implicated less frequently. In

disease in moderate climates of the northern hemisphere1 . North America, B. burgdorferi s.s. is the sole causative agent

It is caused by spirochete bacteria of the genus Borrelia, of Lyme borreliosis?:3. Borrelia pathogens are transmitted by

with five known human pathogens that vary in geographical = members of the tick genus Ixodes, with transmission able to

distributionZ. The main pathogenic Borrelia species in Europe occur within 24 hours of tick bite?.

are B. afzelii and B. garinii, with B. burgdorferi s.s., B.
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Lyme borreliosis diagnosis is typically made by clinical
symptoms and subsequently confirmed by serology. In both
Europe and North America, diagnostic guidelines recommend
a two-step testing series consisting of an enzyme-linked
immunosorbent assay (ELISA) with a reflex immunoblot
to evaluate antibody response against Borrelia specific
antigens1 :5,6.7.8.9 However, this approach lacks sensitivity
and is suboptimal, particularly in the early phase of infection
when seroconversion may be incomplete and anti-Borrelia

IgG and IgM titers are too low®.

Multiplex immunoassays improve upon traditional
immunoassays that measure only one target at a time,
and can simultaneously evaluate multiple antibody isotype

responses against one or more antigens10'11’12. Assays

such as ELISAs are limited to identifying and quantifying
a single analyte per reaction, in the current case either
circulating 1gG or IgM induced against a single bacterial
antigen after infection with Borrelia. This report illustrates
using bead-based analyte profiling technology for the
development of a multiplex immunoassay that simultaneously
detects both IgG and IgM antibodies against any of the herein
chosen Borrelia antigens in human serum samples. We
selected four antigens that together cover the most common
pathogenic Borrelia species native in Europe (B. garinii, B.
afzelii, B. burgdorferi s.s.) and North America (B. burgdorferi
s.s.)(Table 1 )2 :3_This allows decisive pathogen identification
and the ability to discern early IgM and later, more durable,

IgG immunoreactivity in patient samples.

Target Isotype | Reporter Channel Antigen Borrelia Species Strain Antigen Coupling
Concentration

IgM PE OspC B. garinii 20047 5.0 ug/108 beads

IgG BV421 VIsE B. burgdorferi s.s B31 1.25 U9/106 beads

IgG BV421 DbpA B. burgdorferi s.s. ZS7 10.0 pg/106 beads

IgG BVv421 DbpA B. afzelii PKo 5.0 ng/108 beads

Table 1: Representative Borrelia antigens used for multiplex assay development.

We initially developed a single-reporter immunoassay that
detected either anti-Borrelia antigen IgG or IgM antibodies
in two separate reactions and then merged these assays
into a dual-reporter multiplex assay that measures both
antibody isotypes in the same reaction mixture. Magnetic
beads are coupled to a pathogen target antigen of interest,
and then incubated with patient serum samples. The bead-
coupled antigen gets recognized by, and captures, both
circulating IgG and IgM in serum that is generated in an

immune response against that pathogen antigen. Assay

IgG versus IgM specificity is determined by the selection
of a secondary antibody that binds to either IgG or IgM,
each with a distinct fluorophore signal associated with
the two secondary antibodies. Each fluorescent signal is
detected in one of the instrument's two Reporter Channels
(i.e., dual-reporter) that has a different excitation laser and
emission capture specific for the single fluorophore used
to detect either IgG or IgM (here Brilliant Violet 421 or
phycoerythrin, respectively). The instrument Classification

Channel identifies the color-coded dye that is inherent
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to different bead sets. Thus, multiple target antigens
can be coupled to differently dyed beads, and the bead
sets mixed together and used to comprehensively assess
diverse anti-pathogen immunoreactivity in serum samples.
The Classification Channel identifies each individual bead
set (i.e., specific antigen) and measures the fluorescence
associated with IgG or IgM against that antigen. The resulting
multiplex assay saves time and resources versus less
comprehensive classical testing and accurately catalogs
Lyme immunoreactivity in limited sample volumes. Whereas
a similar dual-reporter approach has been previously used
to categorize immune responses in other pathologies such
as SARS-CoV-2 infection3, this report details the application
of multiplex fluorescent assay technology for characterizing

immunoreactivity in Lyme borreliosis.

Protocol

Appropriate Institutional Review Board/Ethics Committee
approval was received for the use of human serum samplesin
this experimental series. Samples were anonymized residual
materials from a German national study of SARS-CoV-2
seroprevalence”. Approval for the use of human samples
was granted by the Ethics Committee of the Hannover
Medical School, Germany (9086_BO_S 2020). A total of 21

human serum samples were used in the current study.

1. Ethical approval for the use of human samples

1. Obtain appropriate ethical approvals for the use of

human samples.
2. Reagents and equipment

1. Human serum samples: Perform technical assay

validation and quality control using serum samples from

persons previously diagnosed with Lyme borreliosis
or from demonstrated Borrelia-negative immune

status'2: 14,

Single-Reporter Instrumentation. Use a two-channel
single-reporter instrument (Table of Materials) for the
initial assay development and technical validation.

NOTE: The single-reporter system has two lasers: 1)
identifies and quantifies bead set-specific fluorescence
to discriminate different bead sets, if used (Classification
Channel), and 2) detects and quantifies bead-
bound target-specific phycoerythrin (PE) fluorescence
(Reporter Channel; 532 nm excitation, "orange" 565-585
nm emission). Thus, only a single antibody isotype class
(e.g., either 1gG or IgM) can be analyzed at one time

using the single Reporter Channel.

1. Perform initial validation studies to assess
anti-Borrelia 1IgG and IgM separately, in a single-
reporter 96-well format that uses PE-labeled
detection reagents for both antibody classes.
NOTE: The current assay evaluates circulating IgGs
specific for Borrelia antigen VISE and two variants
of DbpA, and circulating IgM specific for antigen
OspC, as representative examples. The assay can

be expanded to evaluate serum immunoreactivity

against other anti-Borrelia antigens, as desired'2.

Dual-Reporter Instrumentation. Use a three-channel
dual-reporter instrument (Table of Materials) that allows
concurrent IgG/IgM analysis in the same reaction, for the
development and technical validation of the dual IgM/
IgG assay (detailed below). This instrument has 3 total
fluorescence-detecting channels, of which 2 are Reporter

Channels that evaluate targeted Ig-associated signals.
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NOTE: The dual-reporter system has three lasers: 1)
identifies and quantifies bead set-specific fluorescence
(Classification Channel); 2) detects and quantifies target-
specific phycoerythrin (PE) fluorescence (Reporter
Channel 1; 532 nm excitation, "orange" 565-585 nm
emission), and 3) evaluates target-specific Brilliant Violet
421 (BV421) fluorescence of a second target analyte
(Reporter Channel 2; 405 nm excitation, "blue" 421-441
nm emission). The dual-reporter system is compatible
with both 96-well and 384-well microtiter plate (semi-
automated handling) assay formats. The general assay
scheme is shown in Figure 1. The protocol steps are

detailed below.

3. Antigen coupling

Couple the Borrelia antigens to magnetic,
carboxylated and fluorescent color-coded 6.5um
microspheres (beads; Table of Materials) using
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)/
sulfo-N-hydroxysuccinimide (sSNHS) chemistry.

NOTE: A detailed description can be found

in reference'’and reference!?.

Find the coupling
concentration of each antigen in Table 1. Coupled beads
should be stored in the dark at 4 °C until use. All buffers
used in coupling and detection reactions are detailed in

the Supplemental Materials.

4. Assay procedure: Single-reporter IgG or IgM
serological assay: 96-well format

Dilute the Sample in 2 steps (2 steps, both in 96-well
plates; 200-fold serum sample dilution in assay buffer).
NOTE: The assay buffer composition is a 1:4 mixture

of Low Cross Buffer: PBS containing 1% (w/v) bovine

serum albumin. Tween-20 is added to the mixture to a

final concentration of 0.05 % (v/v).

1. Sample dilution step 1: Mix 5 pL of the serum sample

with 120 uL of the assay buffer (25-fold dilution).

2. Sample dilution step 2: Dilute the 25-fold sample
dilution additionally 8-fold by mixing 10 uL of the
dilution with 70 L of the assay buffer to make the
final sample dilution 200-fold.

Magnetic bead mix dilution

1. Prepare a bead mix containing 1.0 x 108 beads/mL

per bead population (i.e., per unique target antigen).

2. Dilute the prepared bead mix 25-fold in assay buffer

to make the final bead concentration in this diluted

suspension is now 4 x 10* beads/mL per bead

population (i.e., per unique target antigen).
Serum sample incubation with beads

1. Pipette 25 pL of diluted coupled multiplex bead

suspension (containing 4.0 x 104 beads/set/mL) into
assigned wells of a 96-well half-area microtiter plate

(Table of Materials).

2. Add 25 pL of 200-fold diluted serum sample (from
Step 4.1 above) into appropriate wells containing 25
ML of coupled bead suspension.
NOTE: This produces an additional 2-fold dilution, so
the final serum sample dilution in the well is 400-fold
and the final bead count is 1000 beads/bead set/50-

uL reaction.

3. Cover the 96-well reaction plate with a microplate

seal (adhesive foil or plastic plate covers).

4. Incubate plate for 2 h at 20 °C, at 750 rpm on a plate

shaker.
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Bead washing

1. Remove the 96-well reaction plate from the plate

shaker and carefully remove the adhesive plate seal.
2. Put the 96-well reaction plate into a plate washer.

3. Wash the beads three times with 100 pL wash
buffer (1x PBS + 0.05% v/v Tween 20) using the

automated magnetic plate washer.

Resuspend washed beads in 100 yL of wash buffer,
cover the plate with adhesive foil or plastic plate cover,
and shake the plate on a plate shaker for 1 min at 20 °C

at 1000 rpm.
Split the washed beads

1. Remove the 96-well reaction plate from the plate

shaker and carefully remove the adhesive plate seal.

2. Mix reactions by pipetting up and down five times
and transfer 50 yL of each 100-pL reaction volume
to each of two new 96-well reaction plates, one plate

for IgG detection and one for IgM detection.

Detection antibody/reagent incubation

NOTE: At this point, target antigen-coupled beads have
been incubated with serum samples to extract circulating
antibodies in serum (if present) that react with the
antigen(s). Reacted beads with bound immunoglobulin
have been divided into two plates, and IgG and IgM
are now detected and quantified in their separate plates
using isotype-specific secondary antibodies with a PE

label. Stagger plate handling by 20 min.

1. Aspirate the supernatant from the wells containing

magnetic beads using the magnetic plate washer.

2. For each plate, make the appropriate Ig Detection
Reagent mix (either anti-lgG or anti-lgM), containing

PE-conjugated goat anti-human IgG (3 ug/mL) or

9.

PE-conjugated donkey anti-human IgM (5 pg/mL) in
the assay buffer. For each bead-containing well, 30
ML of Detection Reagent is used. Prepare sufficient
IgG and IgM Detection Reagent volumes for reaction
wells, with sufficient extra to accommodate pipetting

losses.

3. Pipette 30 pL of IgG Detection Reagent into each
well containing reacted beads on the IgG plate and
cover the 96-well reaction plate with a microplate

seal.

4. Pipette 30 uL of IgM Detection Reagent into each
well containing reacted beads on the IgM plate and
cover the 96-well reaction plate with a microplate

seal.

5. Incubate for 45 min at 20 °C while shaking at 750

rom on a plate shaker.
Bead washing

1. Remove the 96-well reaction plate from the plate

shaker and carefully remove the adhesive plate seal.

2. Put the 96-well reaction plate into a magnetic plate

washer.

3. Wash the beads three times with 100 yL wash buffer

using the magnetic plate washer.

Resuspend beads in 100 uL of wash buffer.

10. Analyze the results on the single reporter instrument.

1. Cover the 96-well reaction plate with a microplate

seal.

2. Shake the 96-well reaction plate for 3 min at 20 °C,

at 1000 rpm on a plate shaker.
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Transfer the 96-well reaction plate from the plate
shaker and put in a single-reporter flow analyzer

instrument (Table of Materials).

For each sample, analyze the median fluorescent

intensity (MFI) using the following instrument

80 L, Count

settings: Uptake volume =

50/bead population, Timeout = 60s, Gating

7,500-15,000)12:13,

5. Assay procedure: Dual-reporter IgG and IgM
serological assay: 96-well format

Sample dilution (2 steps, both in 96-well plates; 200-fold

serum sample dilution in assay buffer)

1.

Sampile dilution step 1: Mix 5 pL serum sample with

120 uL assay buffer (25-fold dilution).

Sample dilution step 2: Dilute the 25-fold sample
dilutions an additional 8-fold by mixing 10 uL of the
first dilution (25-fold diluted sample from Section
5.1.1) with 70 pL assay buffer (8-fold dilution), to

obtain final sample dilution to 200-fold.

Magnetic bead mix dilution

1.

Prepare a bead mix containing 1.0 x 108 target
antigen-coupled beads/mL per bead population (i.e.,
per unique target antigen).

NOTE: In this experimental series, we evaluated
both IgG and IgM immunoreactivity against four

unique Borrelia antigens in each reaction.

Dilute the prepared bead mix 50-fold in assay buffer.
The bead concentration in this diluted suspension is
now 2.0 x 10* beads/mL per bead population.

NOTE: The number of beads in the duplex assay

reaction is halved from that used in the single-

reporter reaction to allow for direct comparability
between the two assays and to conserve resources,
after preliminary studies confirmed that the
fluorescence signal was maintained within the linear
range of quantification when using half the number

of beads.

3. Serum sample incubation with beads

1.

Pipette 25 L of diluted target antigen-coupled bead

suspension (containing 2.0 x 10* beads/set/mL) into
pre-assigned wells of a 96-well half-area microtiter
plate. The exact number of reaction wells and their
placement on the plate depend upon the operator-
determined total number of samples tested and
whether single or replicate wells will be run per
sample.

NOTE: The target antigen-coupled magnetic beads
will be reacted with human serum samples. Both
anti-Borrelia antigen immunoreactive 1I9G and IgM, if
present in samples, will bind to and be immobilized
on the same antigen-coupled beads. Secondary
antibody quantification of bound IgG and IgM will
then be performed on the same beads in the same
reactions, using different fluorophores for IgG and

IgM identification that allows their differentiation.

Add 25 yL of 200-fold diluted serum (from Step 5.1
above) into each well containing 25 pL of mixed
target antigen-coupled bead suspension (Step 5.2).
NOTE: This produces an additional 2-fold dilution, so
the final serum sample dilution in the well is 400-fold,
and the final bead count is 500 beads/bead set/50-

uL reaction.

Cover the 96-well reaction plate with a microplate

seal (adhesive foil or plastic plate cover).
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4. Incubate plate with beads for 2 h at 20 °C, at 750

rpm on a plate shaker.
Bead washing (to remove excess serum sample)

1. Remove the 96-well reaction plate from the plate

shaker and remove the adhesive plate seal.

2. Put the 96-well reaction plate into a magnetic plate

washer.

3. Wash the beads three times with 100 yL wash buffer

using the magnetic plate washer.

Aspirate final wash volume from beads after the last

washing step.
Detection antibody (Incubation - Part )

1. Make fresh IgG and IgM Dual Detection Reagent
containing biotinylated goat anti-human IgG (1
pg/mL) together with PE-conjugated donkey anti-
human IgM (5 ug/mL) in assay buffer. For each
bead-containing well, 30 pL of Dual Detection
Reagent is used. Prepare sufficient IgG and IgM
Dual Detection Reagent volumes for reaction wells,
with sufficient extra to accommodate pipetting

losses.

2. Pipette 30 pL of IgG and IgM Dual Detection
Reagent into each assigned well and cover the 96-

well reaction plate with a microplate seal.

3. Incubate the plate for 45 min at 20 °C while shaking

at 750 rpm on a plate shaker.
Bead washing (to remove excess detection antibodies)

1. Remove the 96-well reaction plate from the plate

shaker and carefully remove the adhesive plate seal.

2. Put the 96-well reaction plate into an automated

magnetic plate washer.

10.

11.

12.

3. Wash the beads three times with 100 yL wash buffer

using the automated magnetic plate washer.

Aspirate final wash volume from beads after the last

washing step.
Streptavidin-conjugated reporter (Incubation - Part II)

1. Dilute fresh BV421-labeled Streptavidin in assay
buffer to a concentration of 0.2 ug/mL. For each
bead-containing well, 30 pL of BV421-labeled
Streptavidin is used. Prepare sufficient BV421-
labeled Streptavidin volume for reaction wells, with

sufficient extra to accommodate pipetting losses.

2. Pipette 30 pL of diluted BV421-Streptavidin into
each reaction well and cover the 96well reaction

plate with the microplate seal.

3. Incubate the plate for 30 min at 20 °C while shaking

at 750 rpm on a plate shaker.
Wash beads (to remove excess BV421-Streptavidin)

1. Remove the 96-well reaction plate from the plate

shaker and carefully remove the adhesive plate seal.

2. Putthe 96-well reaction plate into the magnetic plate

washer.

3. Wash the beads three times with 100 yL wash buffer

using the automated magnetic plate washer.

Resuspend beads within wells to a final volume of 100

uL in wash buffer.
Analyze results on the dual-reporter instrument

1. Cover the 96-well reaction plate with a microplate

seal.

2. Incubate the 96-well reaction plate for 3 min at 20

°C, at 1000 rpm on a plate shaker.
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3. Transfer the 96-well reaction plate from the plate
shaker to the dual-reporter flow analyzer instrument

(Table of Materials).

4. Evaluate sample median fluorescent intensity (MFI)
according to manufacturer instructions (Instrument
Settings: Dual-Reporter Mode, Uptake volume = 80
pL, Count = 50/bead population, Timeout = 60s,
Gating = 7,500-15,000).

6. Dual reporter IgG and IgM serological assay:
384-well semi-automated format

1. Perform the dual-reporter assay in 384-well plate format
using the assay steps detailed in section 5, but process
samples using a pipetting robot and automated magnetic
plate washer (Table of Materials). In 384-well format,
shake plates during incubations and washes at 1450
rpm, and before measuring fluorescence, shake the plate

for 5 min at 21 °C and 1800 rpm.

A.
Single-reporter detection of IgG or IgM

Incubation time = 45 min

a-hu G-PE a-hu IgM-PE
L ]
=120 min
o-Bovrelia IgG ‘t—?}—l-'
- "h) -
= ra ll‘ 5y a-Borrelia g
TR Py

Barrfia antigen . .‘Banrem anligen
MagFiex microsphere MagPlex microsphere

Representative Results

Experimental overview

The general schemes for the single-reporter and dual-
reporter bead-based Borrelia assays are shown in Figure
1. For single antibody targets (i.e., IgG or IgM) generated
against a given Borrelia antigen, both antibody classes
were evaluated independently in human serum samples
using a PE-conjugated anti-isotype antibody for reporting.
For the dual-reporter assay with simultaneous analysis
of both IgG and IgM immunoreactivity, Borrelia antigen-
specific 1IgG detection used a biotinylated anti-human 1gG
+ BV421-labeled Streptavidin (blue fluorescence) reporter
system, while retaining the PE-conjugated reporter (orange
fluorescence) for IgM detection. The workflow of the dual-
reporter assay is similar to the single-reporter assay, with
the exception of an additional 30-minute detection system
incubation with the second-channel fluorescence detection

reagent BV421-Streptavidin.

B.
Dual-reporter detection of IgG and IgM

Incubation time = 30 min

a-Borrelia gG

Borrels anbigen - E 5=
L @ aBorreliaigm
MagFiex microsphese

Figure 1: Schematic of the single-reporter and dual-reporter bead-based Borrelia assays. (A) The single-reporter

instrument was used to develop and initially validate the bead-based assay that characterized either anti-Borrelia IgG or
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IgM individually, both using a phycoerythritin (PE) fluorescent reporter label that emits signal in the "orange" spectra. Any
desired Borrelia antigen can be coupled to the beads and used to capture and quantify either IgG or IgM present in serum
samples. Two separate immunoassays are needed to evaluate both IgG and IgM reactivity against a given antigen. (B) The
dual-reporter system allowed simultaneous analysis of serum samples for both IgG and IgM antibodies against any individual
Borrelia antigen in the same well. This approach uses the same PE-conjugated detection antibody to target anti-Borrelia IgM,

but replaces the IgG detection from a PE-based system to using a biotinylated primary detection antibody and BV421-labeled

Streptavidin (a "blue" emitter) that needs an additional detection system incubation step of 30 minutes. Please click here to

view a larger version of this figure.

Intra-assay precision
Spearman correlation analysis for three representative

Borrelia antigens (Figure 2) demonstrated uniform

anti-OspC (8. garinii) IgM anti-VisE

{erange PE Reporter)

100000
i
0060

10000

rens2

1000

MFI - Replicate 2
MFI - Replicate 2

100

(blue BV421 Reporter)

) c?‘@:.

reproducibility of MFI values when detecting anti-Borrelia

antibodies present in human sera.

(B. burgdarferi 5.5.) 19G

C.

100000

anti-DbpA (B. afzelii) IgG
(blue BV4Z1 Reporter)

10000

1000

o

MFI - Replicate

100

T T 1 T T
1000 10000 100000 10 100

W1 - Replicate 1

T T 1
1000 10000 100000

MFI - Replicate 1

Figure 2: Intra-assay Precision of the dual-reporter bead-based Borrelia assay. Spearman's correlation analysis

showed a high intra-assay precision of the dual-reporter assay when a PE detection system was used to detect Borrelia-

specific IgM antibodies (A) and a BV421 detection system was used to detect Borrelia specific IgG antibodies (B, C). A

total of 21 serum samples were analyzed in duplicates using

plotted against each other and analyzed by linear regression.

a semi-automated procedure. In each graph, MFI signals were

A linear curve (x=y) shown as a red dashed line indicates

identical MFI signals for detection systems. Please click here to view a larger version of this figure.

Inter-assay precision

Good assay-to-assay reproducibility was observed with the
dual-reporter assay. Levey-Jennings charts (Figure 3) with
MFI values of a quality control sample measured over
seven independent runs demonstrated the high inter-assay
precision for all representative antigens. The average percent
Coefficient of Variation (CV% = standard deviation/mean x

100) of the four representative Borrelia antigens was 5.3%.

Dilution linearity

Because the original single-reporter assay and the new dual-
reporter assay employ different flow cytometric platforms, we
compared median fluorescence outputs of the same antigen
immunoassay between the two flow cytometry instruments
(Figure 4). Sample dilution series provided linear dilution

curves for both IgM and IgG evaluation, with good parallelism
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of dose-response between instruments through the entire

dilution range evaluated (1:100-1:12,800).

MFI (IgM)

MFI

anti-OspC (B. garinii) IgM B.
(orange PE Reporter)
1,000
900
800 @ ) £
700 %
600 I 1 T 1 T
1 2 3 4 5 [
Run
anti-DbpA (B. burgdorferi s.s.) IgG D .
(blue BV421 Reporter)
800
600 §
o] —
o [s] ;
400
200 T T I T
1 3 4 5 6
Run
Sample — Mean ----- Mean =25 SD

anti-VIsE (B. burgdorferi s.s.) IgG
(blue BV421 Reporter)
30,0004
27,500
25,000 © o o]
§ [=]
o
T T
20,000 I 1 T I T L}
1 2 3 4 5 6 7
Run
anti-DbpA (B. afzelii) IgG
(blue BV Reporter)
12,500
o] § o o
@
7,500 2

Figure 3: Inter-assay precision of the dual-reporter bead-based Borrelia assay. For the evaluation of the inter-assay

precision, Borrelia-specific IgM (A) and 1gG (B-D) antibody response of a quality control sample was analyzed over seven

independent runs, in duplicate wells each time. Assays were performed manually. MFI values were plotted in a Levey-

Jennings chart. A green line gives the mean of all values. Two red dashed lines indicate the tolerance range of the inter-

assay precision. This was calculated from the mean value * 2.5 times the standard deviation (2.5 S.D.). Please click here to

view a larger version of this figure.
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Figure 4: Dilution linearity of the dual-reporter bead-based Borrelia assay. At sample dilutions of 100-fold to 12,800-

fold, the dilution curves for both IgM detection (A) and IgG detection (B) were similar when performed manually with the

single-reporter instrument and the dual-reporter instrument. At all tested dilutions, MFI values were slightly higher using the

single-reporter instrument (red symbols) than the dual-reporter instrument (blue symbols). Shown are dilution curves for

2 representative antigens, with each dilution point representing the average measurement of triplicate wells with standard

deviation (SD *) indicated by error bars. Note: Small SDs are not visible at this scale. Please click here to view a larger

version of this figure.

Supplemental Materials. Please click here to download this

File.

Discussion

This report highlights the development of a two-reporter
bead-based Borrelia immunoassay that reproducibly and
sensitively determines anti-Borrelia immunoreactivity in
serum samples12. The various pathogenic Borrelia species
that cause Lyme borreliosis can be differentiated by variant-

6.7.8.9 The multiplexed assay

specific antigen heterogeneity
concurrently evaluates IgG- and IgM-mediated anti-Borrelia
immunoreactivity within the same reaction well, thereby
conserving reagents, labor, and sample material otherwise
needed to perform two singleplex assays separately.

Comparing IgM and IgG responses over time may allow better

tracking of disease progression as IgM-to-IgG seroconversion

occurs after infection®.

The dual-reporter system uses two different detection
antibody systems13'15. Related experiments demonstrated
no significant detectable cross-reactivity between Borrelia
anti-IgM and anti-IgG detection systems when both antibody
classes were analyzed together in the same reaction
well'2, Considering the lower binding affinity of IgM versus

IgG antibodies'®: 17

, we chose a PE-conjugated detection
antibody for IgM detection (the first reporter channel of the
dual-reporter instrument) because PE is one of the strongest-
emitting fluorophores routinely used in immunoassays18
For IgG evaluation, we used a biotinylated detection
antibody that was subsequently illuminated with BV421-

conjugated streptavidin (the second reporter channel of the
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instrument)'®. Despite the additional 30 min incubation step
compared to the single-reporter system, the dual-reporter
system yields twice the information per reaction. Overall, the
dual-reporter multiplexed assay requires less cumulative time

and material inputs than running two single-reporter assays.

Strong performance and stability of the multiplexed Borrelia
assay was exemplified by high reproducibility in intra-
and inter-assay precision studies, and by demonstration
of dilution linearity and dilution parallelism over a wide
range of sample concentrations for both IgG and IgM
assessment. We observed higher absolute fluorescence
emission levels for the same fluorophores using the single-
channel instrument versus the dual-channel system (=1.7x
higher with PE), attributable to differences in the optics and
calibration settings between the two instruments (Figure
4). Nonetheless, fluorescence emission curves with both
fluorophores remained within the linear range of both
instruments at high and low sample dilution extremes, and
any discrepancy in absolute fluorescence measured did not

affect the classification of Borrelia exposure status.1?

A major advantage of this bead-based Borrelia multiplex
assay is the ease with which the assay can be modified
or expanded to evaluate different or additional analytes,
e.g., to detect antibodies against antigens of further Borrelia
species. XMAP magnetic bead sets contain different dye
combinations that can be distinguished in the instrument's
Classification Channel and can theoretically be implemented
into multiplex assays that can concurrently evaluate up to
500 unique analytes within the same sample. While the
current study highlights four representative Borrelia antigens
to demonstrate assay functionality and stability and to
compare the single- and dual-reporter system, the final assay

interrogates eight antigens that together can identify all five

clinically-relevant Borrelia pathogens circulating throughout

Europe and North America'?.

High-throughput performance is possible using standard 384-
well microtiter plates in a semi-automated assay format.
Assay and instrument compatibility with both 96- and 384-
well plates allows the Borrelia multiplex assay to be used as
an efficient screening tool for rapidly analyzing large sample
sets, such as national studies??. Manual performance of the
assay remains possible for smaller sample sets using smaller

96-well plates.

Study limitations include the comparative evaluation of only
a few Borrelia immunoreactivity targets in a small number
of human serum samples. However, the original study did
confirm that assay performance for both IgG and IgM was
maintained when analyzing eight antigens from all five
known Borrelia species within a larger sample set'2. Also,
the dual-reporter instrument can only assess two antibody
isotypes simultaneously within each reaction, so complete
isotype profiling would necessitate performing additional

assay reactions 3.

In conclusion, this report details the successful merger
and conversion of bead-based single-reporter immunoassays
into dual-reporter assays that can simultaneously evaluate
pathogenic Borrelia-specific IgG and IgM antibodies in human
serum samples. This combined approach saves total time,
material, and labor inputs to generate the same data
volume as two independent single-reporter assays. The
multiplex assay can be scaled from 96-well to 384-well
microtiter plate format and can be semi-automated by the
use of robotic plate and liquid handling instrumentation,
making it suitable for high-throughput applications such
as large population surveys. Bead-based dual-reporter

assay systems have previously demonstrated utility in
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evaluating, for instance, immune responses to other viral

and bacterial pathogens“"’*21

, assessing allogeneic antibody
responses against HLA epitopes in organ transplantationzz,
and exploring mechanisms of autoimmune disease?3. The
current report detailed the use of multiplex technology to
identify exposure to the Borrelia pathogens that cause Lyme
disease, as an example of how laboratories can adapt this

approach for exploring complex immune mechanisms in

diverse pathologies.
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