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1. Introduction

High-dimensional B-cell immunophenotyping has emerged as an essential approach for comprehensive dissection of

the humoral immune response. This technique is critical across multiple fields, including advanced vaccine efficacy

assessment, infectious disease monitoring (such as SARS-CoV2, HIV, and influenza), and the development of targeted cancer
immunotherapies. Modern analytical configurations are increasingly complex, spanning from basic 7-marker foundational
panels designed for delineating naive versus memory subsets to comprehensive immunophenotyping panels that can potentially
contain more than 40 markers with modern spectral or mass cytometers. These profiles track surface and intracellular
immunoglobulins, activation molecules (e.g., CD86, PD-L1), and co-stimulatory ligands, providing detailed insight into immune
maturation, germinal-center activation, and dynamic memory responses.

While flow cytometers have achieved outstanding optical and computational reproducibility, sample preparation remains

a prominent source of experimental variance. Manual antibody cocktailing introduces inter-operator variability, stochastic
pipetting error, residual volume loss, and inconsistent mixing—each contributing to poor inter-batch comparability and inflated
reagent expenditure.

Automation offers a rational response: by mechanizing antibody dispensing and master-mix preparation, it converts a
subjective, operator-dependent process into a fixed and traceable step. This report examines the quantitative implications
of automating antibody cocktail assembly for B-cell panels of increasing dimensionality, using published reagent pricing
and control practice to define realistic cost boundaries.
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2. The Need for Precision in Mechanistic B-Cell Analysis

The complexity of the Marasco Laboratory’s research programs, which include optimizing vaccines, analyzing human B-cell
development, and investigating phenomena like T-cell exhaustion in chronic infections, necessitates the utilization of the
21- or 31-marker comprehensive panels discussed in the technical analysis.?

From Core Lineage to Deep Phenotyping

Modern research demands depth. As marker count rises linearly, complexity rises exponentially.
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To achieve a “paradigm shift” in immunotherapy, such as developing broad-spectrum therapeutics. Furthermore, the
discovering a “universal” vaccine target, the resulting data source material (e.g., specific clinical cohorts or specialized
must be of uncompromising quality. Subtle differences humanized mice) is often rare and irreplaceable. Therefore,
in binding, expression, or cellular phenotype must be the cost of wasting a rare clinical sample due to cocktail
accurately quantified. If staining variance (CV) is high, failure is catastrophic, making automation a critical form of
critical biological distinctions sought by researchers can data and sample insurance.

be easily masked by technical noise, hindering the goal of
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3. Composition and Cost of
Representative B-cell Panels

The estimated base reagent costs are
derived from public catalogs (BioLegend,

Panel Tier
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Analytical Purpose and

Marker Examples

CD19,CD20,CD27, IgD,

Approx.
Antibody

Count

Base Reagent Cost
/ Run (24 samples)
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Cost Including
10 % Buffer/
Waste

BD Biosciences, Thermo Fisher, circa 2025) 7-marker IgM, CD38, HLA-DR 7 $540-$720 $600-$790

. . . “Core lineage” | delineates naive vs mem-
assuming 1 pL/test at optimized titers and or

; : y subsets
24 samples per batch. Each antibody is
assumed to average USD $3.00-$3.50 per pLmari ggfd’fpcgcl_?é%ggé'
. . -marker s -L1, s
test after volume adjustment, consistent “Intermediate  CD24, CD5,CD73, IgA, 21 $1,620-$2,160  $1,780-$2,380
with 100-test vial pricing for multicolor flow functional” | 1gG, k/A — class-switch &
cytometry reagents. regulatory profiling
Adds further activation,
31-marker regulatory, and metabolic 31 $2,390-$3,190 $2.630-$3,510

«

‘Comprehensive”

markers to delineate rare
B cell subsets

Scaling of cost is approximately linear with marker number until FMO controls
are introduced, at which point the increase becomes multiplicative.

4. Controls and Overhead

Fluorescence-minus-one (FMO) controls are universally
recommended for high-parameter immunophenotyping
because they define gating thresholds under spectral overlap.
Standard operating guidelines from core facilities and ISAC
education resources indicate 4-8 FMO tubes per experiment,
each containing all but one antibody. Fluorescence-minus-one
(FMO) controls are essential for panel development and for
markers with low or ambiguous expression, emphasized in
ISAC and EuroFlow guidelines.*

Each FMO consumes approximately the same reagent volume
as one sample, because it contains all antibodies except a
single marker. Therefore, the incremental reagent cost per

batch is proportional to the number of FMOs run. For routine
use, laboratories typically run 4-8 FMOs, which increases
total reagent usage by approximately 16-33% relative to a
24-sample batch. These percentages reflect the arithmetic
relationship (4-8 FMOs = 16-33% of 24 samples) rather
than any value reported in the literature. Full sets of FMOs
are generally required only during panel construction and
validation, whereas only a limited subset of critical FMOs is
carried forward for routine gating precision. Quality-control
repeats (failed cocktails, incorrect titration, or operator
error) can further inflate reagent use by 10-25 % in manual

preparation settings.
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5. Quantitative Comparison: Manual versus Automated Workflows

Panel Size Workflow

Reagent Cos
(24 samples)

FMO Overhead

QC Re-runs

Hands-on
Time

Effective Cost/Batch
(incl. FMO + QQC)

Traceability

7-marker Manual $600-$790 +20-25% <10% ~ 30 min $900-$1,050 Limited
$620-$810 (fixed o o . Complete
aliiomased residual <25 plL/vial) A =3% Sl $750-$900 (electronic log)
21-marker Manual $1,780-$2,380 +25-30% 15-25% ~2h $2,600-$3,000 Limited
Automated $1,820-$2,420 +20-25% <4% ~40-50 min $2,200-$2,400 Complete
31-marker Manual $2,630-$3,510 +25-33% 15-25% ~3h $3,400-$3,900 Limited
<2qC $3,600-$3,800
Automated $2,700-$3,580 +20-30% - ~45 min (after 3 runs, repeats Complete
events/run

negligible)

Automation introduces a minimal fixed reagent residual but
removes the stochastic variability associated with manual
pipetting. The cumulative effect is reduced waste, fewer
FMO rebuilds, and fewer QC repeat events, resulting in lower
overall reagent expenditure and consistent batch-to-batch

performance. By shifting reagent overhead from unpredictable
to predictable, automation provides laboratories with a
traceable, audit-ready record of reagent use—essential for
translational programs, CRO deployments, and multi-site
studies seeking MIFlowCyt-aligned reproducibility.? 3
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6. Reproducibility, Quality Control, and Cost Stability

Multi-centre flow cytometry studies demonstrate that standardized sample-handling protocols reduce inter-laboratory
coefficient of variation (CV) from >30 % to <15 % across major lymphocyte subsets.4,5 By analogy, automation of antibody
cocktailing enforces standardization at the pre-analytical level and any potential upstream assay variability drives cost.
Studies of standardized immunophenotyping protocols have shown that maintaining CV < 5 % minimizes inter-assay
variability, whereas CV > 10 % increases the likelihood of repeat gating or complete re-staining.**

When CV rises, batches frequently fail QC or require partial repetition:

Additional Cost of QC Repeat = _retested samples patch cost
total samples

Example: for a 24-sample batch costing $3,800, if 6 samples (25 %) require re-staining due to out-of-spec fluorescence:
0.25x$3,800=$950

Maintaining stain-index CV = 3 %—as reported in standardized platforms—translates to $8-10 k annual reagent savings per
instrument running one 31-marker batch per week (~50 runs/year). Automation provides the mechanical precision required
to sustain that reproducibility.

When coefficients of variation (CVs) rise from a well-controlled range (<5%) into a higher band (e.g., 10-15%), flow cytometry
laboratories often need to repeat portions of the experiment to restore acceptable gating fidelity. Importantly, such variability
rarely causes a full batch failure; instead, it typically triggers a partial repeat of only a subset of samples and markers, which still
carries meaningful cost.

To illustrate this, consider a 31-marker, 24-sample batch with an effective cost of approximately $3,800 (inclusive of reagents,
FMOs, and labor). A common QC scenario under elevated variability is:

3 of 24 samples require re-staining

Only the critical subset of markers (=12 of 31, ~40%)
must be repeated

The incremental cost of this partial repeat can be approximated as:
Added Cost=C__, ><(2—34 )x( %)
Substituting values:

$3,800x0.125x0.39=$185

Thus, each CV-triggered partial repeat event typically incurs ~$180-200 in reagent and analyst-time losses. This figure is not
tied to any specific publication; it is a transparent, arithmetic model based on the structure of a real 31-marker experiment.
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7. Annualization of Variability Costs and Implications for Return on Investment
Under routine operation (=50 batches per year), even one such partial repeat per batch results in: $200x50=$10,000

Accordingly, maintaining stain-index CV within ~3-5%—the range achievable with standardized or automated cocktailing—can

avoid $8-10k USD per instrument per year in preventable reagent consumption and troubleshooting. This aligns with published
observations in inter-lab standardization studies demonstrating that harmonized workflows substantially reduce repeat events
and improve assay stability.

Because automation stabilizes master-mix preparation, reduces pipetting variability, and maintains low CV across batches,
it directly lowers the frequency of the partial repeats described above. These avoided events form a major portion of the
cumulative savings reflected in the ROl table:

Break-even typically occurs by Run 3 (=72 samples)
After 10 runs, cumulative savings fall in the $4-7k range
After 25 runs, depending on baseline variability, cumulative savings reach $10-20k

These values now map cleanly onto the reproducibility-driven cost model, strengthening both the economic and scientific
justification for automation.

Return on Investment: Annualization of Variability Costs
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The financial improvement arises not from cheaper reagents but from the
elimination of repeat runs and mis-mixed cocktails.
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8. Broader Implications

CLINICAL AND CRO LABORATORIES

Automated reagent preparation provides electronic audit trails, fixed residual accounting, and reproducible cocktail
composition—facilitating 21 CFR Part 11-aligned documentation and harmonized QC across study sites.

THE INTERFACE OF FLOW CYTOMETRY AND MONOCLONAL ANTIBODY (MAB) DISCOVERY

For groups focused on the discovery and engineering of monoclonal antibodies, high-throughput flow cytometry is a central
analytical technology. It facilitates rapid and accurate single-cell analysis required for lead candidate screening, especially
when analyzing B-cells derived from immunized hosts or humanized murine models. Discovery teams require high-dimensional
data sets (often 27 colors or more) to achieve nuanced functional and phenotypic insights necessary for selecting the optimal
therapeutic clone.

Precision in antibody cocktailing directly influences the recovery of rare antigen-specific B cells. Antibody discovery workflows
often depend on detecting B cells with low-frequency antigen binding, often <0.1% of total B cells. Even small shifts in staining
intensity caused by pipetting variability, dilution drift, or inconsistent FMO gating can move borderline antigen-specific events
across the positive/negative threshold. In high-stakes screens—such as isolating cross-neutralizing clones, lineage-tracing
memory responses, or mapping affinity maturation trajectories—this results in a false-negative loss of irreplaceable therapeutic
candidates.

Automation ensures that each marker within a complex cocktail—antigen probes, Ig isotypes, activation markers, and secondary
reporters—maintains uniform staining index and stable gating boundaries across experiments. This reproducibility is critical for
antibody-generation pipelines where thousands of single cells may be sorted across multiple plates and days.
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9. Strategic Interest of Antibody Generation Teams in Cocktailing Automation

For antibody generation and development teams, the strategic
interest in cocktailing automation transcends simple cost
reduction; it represents a crucial mechanism for ensuring

the integrity of high-stakes, single-cell screening campaigns.
Groups like the Marasco Laboratory, which routinely screen
B-cells from vaccinated humans or humanized murine models
toisolate rare, cross-neutralizing antibody clones and identify
rare B cell subsets require absolute assay fidelity. Every sorted
B cell represents a potential high-affinity binder, neutralizer, or
therapeutic clone. The financial value of a single successfully
isolated monoclonal antibody can exceed millions of dollars,

whereas the reagent cost of an assay is comparatively
negligible. The financial cost of losing a hit far outweighs the
cost of any wasted reagent. Automated preparation minimizes
assay drift during campaigns that may include:

1. Daily 96-384 well single-cell sorts
2. Repeat screens of vaccinated or infected donors
3. Longitudinal sample sets from prime-boost vaccine trials

4. Parallel antigen-binding panels during affinity maturation

High Stakes for Antibody Discovery

FL2-H

\\Threshold
Y

The Risk:

Staining drift can move a
rare, positive event across
the negative threshold.

The Cost:

FL1-H

Losing a therapeutic clone is
not $300 in reagents—it is
millions in lost IP.

B
>

Value Proposition:
Automation ensures stable
gating for rare <0.1%
antigen-specific B cells.

In their recent JClI Insight publication, Nelson et al. utilized highly multiplexed flow cytometry to demonstrate that the
inflammatory microenvironment associated with aging (“inflammaging”) induces the dysfunctional rewiring of T follicular
helper (Tfh) cell differentiation. Specifically, this setting was shown to block the crucial transition of Tfh cells to a post-effector
resting state, instead skewing them toward a less functional, yet activated, late effector cellular state. Mechanistic studies of
this caliber—where subtle, cytokine-mediated shifts must be reliably distinguished from technical noise—require CV stability
well below the 5% threshold typically achieved by standardized automated preparation. The ability to precisely quantify these
minute changes in phenotype, activation molecules, and cytokine receptor expression is therefore not a matter of convenience,
but a prerequisite for generating valid, mechanism-driven conclusions relevant to optimizing next-generation vaccines in

susceptible populations.t
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10. Conclusion

Automating antibody cocktailing does not reduce the price of an antibody—it reduces the uncertainty surrounding its use.

By imposing mechanical precision and generating complete digital traceability, automation transforms reagent consumption
from a stochastic variable into a controlled parameter. For high-parameter B-cell panels, this results in reproducibility that is
both statistically measurable and economically defensible—a prerequisite for the next generation of harmonized, multicenter
immunology research.
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