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INTRODUCTION

Accurate quantification of low-abundance cytokines is essential for resolving early immune
activation, subtle inflammatory shifts and cytokine dynamics in limited-volume samples.
However, many cytokines circulate at concentrations near or below the analytical limits of
conventional assays [1].

Here we describe the application of Binding Oligo Ladder Detection (BOLD)—a molecular
amplification chemistry that integrates directly into existing immunoassay workflows to
achieve sub-pg/mL sensitivity across multiple cytokines.

Two variants of BOLD are presented: the original method which starts by conjugating an
oligo-dT primer to the detector antibody, and a next-generation variant which utilizes a
proprietary, monovalent streptavidin—oligo-dT primer conjugate to enable the use of BOLD
directly with biotinylated detector antibodies.

OBJECTIVE

To modify existing standard immunoassays with binding oligo ladder detection to significantly
iIncrease their sensitivity for low-abundance cytokine biomarkers.

The modification has been evaluated using two methods:

1. Direct conjugation of an oligo-dT primer to an unmodified detector antibody using
azide-DBCO Click Chemistry

2. Monovalent binding of the oligo-dT primer to a biotinylated detector antibody

As such, a secondary objective of this work is to compare the performance of the two methods
with respect to sensitivity enhancement, time-to-result and utility.

BOLD TECHNOLOGY OVERVIEW

Cavidi has developed BOLD (Binding Oligo Ladder Detection), a molecular biology-based

signal amplification technology that enables ultra-sensitive detection in virtually any

Immunodiagnostic assay. BOLD can be integrated into existing immunoassays to improve
sensitivity and lower the limit of detection by up to 200-fold.

To implement BOLD, the detector antibody must be conjugated to an oligo-dT primer. This
IS traditionally done using click chemistry, see Figure 1A. In a next-generation variant of
BOLD, the oligo-dT primer is instead bound to a biotinylated antibody using a proprietary,
monovalent streptavidin—oligo-dT primer conjugate, see Figure 1B. In either case, the
antibody-oligo conjugate acts as a bridge, enabling the integration of BOLD amplification
steps into standard immunoassays, see Figure 2 for steps 1-6.
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Figure 1. Two methods for generating an antibody-oligo conjugate.

A:. A two-step, offline process (Steps 1 and 2) using standard chemistry: The detector monoclonal
antibody (mAD) is labeled with a DBCO tag and then conjugated with an azide-modified oligo-dT
primer. B: A single-step, in-assay labeling of a biotinylated detector mAb using a monovalent
streptavidin—oligo-dT primer conjugate.

Steps of a BOLD Amplified Sandwich Immunoassay
1. Capture Antibody Coating — Immobilize capture antibody on the assay surface.

2. Antigen Binding — Add sample; antigen binds to capture antibody.

3. Detector Binding — (A) Apply oligo-dT primer-conjugated detector antibody, or (B)
Apply biotinylated detector antibody, followed by monovalent streptavidin—oligo-dT
primer conjugate.

4. Hybrid Strand Generation — Add poly-rA template, polymerase with reversed
transcriptase activity, and BrdUTP to synthesize DNA/RNA hybrid strand.

5. Hybrid Detection — Bind anti-DNA/RNA antibody to the hybrid strand.

6. Signal Generation — Generate and measure signal using the desired detection modality
(e.g., colorimetric, fluorescence, or luminescence).

BOLD TECHNOLOGY OVERVIEW

lllustration of BOLD Implementation in a Sandwich Immunoassay
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Figure 2. Schematic drawing of the steps in a BOLD-amplified sandwich immunoassay.

METHODS

1. Selection of test systems

In order to demonstrate the broad applicability of BOLD to enhance cytokine detection, a
number of model systems were screened and chosen for evaluation. For this work, the
following systems were chosen:

Capture antibody Detector antibody

Method to label
detector antibody

Mabtech anti-
human IL-4 mAD,
mouse, IgG 1 (cat
no. 3410-5AF)

Mabtech anti-
human IL-4 mAD,
mouse, IgG 1, biotin
(cat no. 3410-6)

Mabtech anti-
human IL-6 mADb
(39C3), rat, IgG 2a,
(cat no. 3460-5AF)

Mabtech anti-

Mabtech anti-
human IL-4 mAD,
mouse, IgG 1 (cat
no. 3410-3)

Mabtech anti-
human IL-4 mAD,
mouse, IgG 1 (cat
no. 3410-3)

Mabtech anti-
human IL-6 mADb
(13A5), rat, IgG 1,
(cat no. 3460-3)

Mabtech anti-

Click chemistry
Co njugation

Interleukin 4 (IL-4)

Interleukin 4 (IL-4) Sngle-step, biotin-

streptavidin labeling

Interleukin 6 (IL-6) Click chemistry

COo njugation

Tumor necro sis Click chemistry

factor (TNF A human/monkey human/monkey CO njuga tion
TNF AmADb NF AmADb
(MT21A8), mouse, (MT15B15), mouse,
lgG 1 (cat no. IgG 1 (cat no.
3512M-3) 3512M-5AF

Interleukin 23 (IL.-23) R&D Systemshuman
IL-23 ca pture
antibody (cat no.

842896)

R&D Systemshuman
IL-23 detector
antibody, biotin (cat
no. 842897)

Sngle-step, biotin-
streptavidin labeling

2. Optimization of click chemistry conjugation and detector Ab concentration

Two key parameters to optimize when using BOLD to amplify an assay are:

1. The degree-of-labeling (DOL) for the antibody-oligo conjugate, and

2. The concentration of the antibody-oligo conjugate when used to detect the analyte.
In previous work, we have presented a methodology and results of such optimization

experiments [2,3]. The table below summarizes the optimum conditions chosen for the three
systems where click chemistry conjugation was evaluated.

Biomarker Optimal labeling
condition (a X: b X)*

Optimal detector antibody

concentration (ug/mL)

Interleukin 4 (IL-4) 20 X:5 X 0.025 ug/ mL
Interleukin 6 (IL-6) 20 X:5 X 0.5 pg/ mL
Tumor necrosisfactor (INF4A 20X:5X 0.15 pg/ mL

*“a” represents the molar excess of the click chemistry label and “b” represents the molar
excess of the oligo-dT primer

3. Optimization of detector Ab concentration and streptavidin conjugate concentration

In the single-step, biotin-streptavidin labeled version of BOLD, there are also two key
parameters to optimize:

1. The concentration of the detector antibody, and
2. The concentration of the monovalent streptavidin—oligo-dT primer conjugate

This optimization is performed using a quick set of experiments where detector antibody
concentration is sequentially diluted with respect to the standard assay method. These
dilutions are run in duplicate, and a high and low concentration of the monovalent
streptavidin—oligo-dT primer conjugate is used in each of the two duplicate runs.

RESULTS

1. Optimization of detector Ab concentration and streptavidin conjugate concentration

An optimization of the IL-4, single-step, biotin-streptavidin labeled system was performed
as described in Methods. Results are shown in Figure 3.
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Figure 3. Optimization of detector Ab concentration and streptavidin conjugate concentration.

Three dilutions of detector antibody were tested in combination with two concentrations of the
monovalent streptavidin—oligo-dT primer conjugate. The results on the left are background corrected
signal. The results on the right are signal-to-noise at the manufacturer’s reported lower specification limit
for the standard assay (2 pg/mL). The standard ELISA result is shown as a reference.

The experimental data indicate that an 8-fold dilution of the detector antibody combined
with a high concentration of the monovalent streptavidin—oligo-dT primer conjugate yields
the best signal-to-noise ratio at low analyte concentrations. This condition was chosen for
future experiments.

A similar experiment performed on the IL-23 assay (data not presented) indicated that a
2-fold dilution of the detector antibody combined with a low concentration of the
monovalent streptavidin—oligo-dT primer conjugate resulted in the best amplification of
signal with minimum amplification of background.

2. Application of BOLD using click chemistry conjugation of detector antibody

The IL-4, IL-6 and TNF- assays were modified according to the optimal conditions
noted in Methods. Results are presented in Figure 4.
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Figure 4. Antigen standard curves for the standard and BOLD-amplified assays using click
chemistry conjugation. Standard curves were generated by serially diluting the analytical standard in
phosphate-buffered saline-Tween 20 and 0.1% casein.

As seen in Figure 4, the application of BOLD to the three cytokine ELISAs results in a
significant downward shift of the standard curves on the concentration scale. There are several
methods that have been used to define limit of detection (LOD) for an immunoassay [4].
However, for the purposes of this work, we will use the practical definition of a signal-to-noise
ratio equal to 2, as this ensures a practical limit which is based on empirical data.

The table below summarizes the improvements achieved per assay.

BOLD assay limit | Improvement
of detection factor

Standard assay
limit of detection

Biomarker

Interleukin 4 (IL-4) 3.0pg/ mL 0.19 pg/ mL 16 X
Interleukin 6 (IL-6) 12.3 pg/ mL 1.7 pg/ mL 7 X
Tumor necrosisfactor (INFA 9.0 pg/ mL 1.2 pg/ mL 8 X

In general, it can be concluded that the primary factor limiting sensitivity improvement is the
degree to which BOLD also amplifies the background signal. In the three cases above, the
background signals increased 6%, 73% and 42%, respectively.

3. Application of BOLD using monovalent streptavidin—oligo-dT primer label

Using the previously-determined, optimal concentrations of the detector antibody and
monovalent streptavidin—oligo-dT primer conjugates, two commercially available assays
were modified using BOLD:

« R&D Systems Human IL-23 DuoSet ELISA, cat no. DY1290
 Mabtech ELISA Flex: Human IL-4 (HRP), cat no. 3410-1H-6
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A major advantage of the monovalent streptavidin—oligo-dT primer system is that it can be
applied to commercially available immunoassay kits without having to source the unmodified
version of the detector antibody.

Results for the two assays are presented in Figure 5.

Standard vs BOLD R&D Systems B standard vs BOLD Mabtech IL-4
IL-23 Duoset ELISA ELISA Hex
10.0 1.00
1.0 0.10
5 01 5 0.01
0.0 0.00 °
0.0 0.00
1 10 100 1000 10000 0.00 0.10 10.00

IL-23 concentration (pg/mL) IL-4 concentration (pg/mL)

@ Standard ELISA @ BOLD ELISA @ Standard ELISA @ BOLD ELISA

Figure 5. Antigen standard curves for the standard and BOLD-amplified assays using
monovalent streptavidin—oligo-dT primer label. Standard curves were generated by serially
diluting the analytical standard in phosphate-buffered saline-Tween 20 and 0.1% casein.

As seen in Figure 5, the application of BOLD using the monovalent streptavidin—oligo-dT
primer label also results in a significant downward shift of the standard curves on the
concentration scale. Using the same definition of LOD as done in the previous experiment,
one can again compare the increase in sensitivity, as shown in the table below.

The table below summarizes the improvements achieved per assay.

Biomarker Standard assay BOLD assay limit | Improvement
limit of detection of detection factor

Interleukin 23 (IL-23)
Interleukin 4 (IL-4)

105 pg/ mL
8.1 pg/ mL

9.4 pg/ mL
0.52 pg/ mL

11 X
16 X

The increase in background signal for the two assays was 98% and 9%, respectively. Once
again, the degree of background amplification inversely correlates to the improvement in limit
of detection.

CONCLUSIONS

« BOLD improved the sensitivity of the tested cytokine immunoassays by an average of
12-fold.

« The method of generating the antibody-oligo conjugate necessary for BOLD did not
meaningfully affect the ability of the system to improve the assay sensitivity.

* The degree of improvement is limited by the amplification of the background signal. That is
to say, when background remains low, the improvement of the assay is better than in systems
where the background signal is also amplified by BOLD.

* The table below summarizes the improvements achieved per assay.

FUTURE WORK

The ability to suppress background amplification is critical to achieving an effective reduction
in limit of detection. Therefore, it is of interest to evaluate a broader offering of blocking
agents at various steps in the BOLD assay workflow to determine if additional improvements
can be achieved.
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Cavidi is a Swedish biotech company with 40+ years of experience working with the detection
of low-abundance biomarkers requiring ultra-high sensitivity with low-background noise.
Originally focused on oncology and infectious diseases. Cavidi is now focused exclusively on
the development and commercialization of its patented BOLD technology.

BOLD technology is protected under patent EP4347865B1 and its foreign equivalents.
Exazym® is a registered trademark of Cavidi AB.
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