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A B S T R A C T

Neutrophils, the most abundant white blood cell, play a critical role in anti-pathogen immunity via phagocytic
clearance, secretion of enzymes and immunomodulators, and the release of extracellular traps. Neutrophils non-
specifically sense infection through an array of innate immune receptors and inflammatory sensors, but are also
able to respond in a pathogen/antigen-specific manner when leveraged by antibodies via Fc-receptors. Among
neutrophil functions, antibody-dependent neutrophil phagocytosis (ADNP) results in antibody-mediated opso-
nization, enabling neutrophils to sense and respond to infection in a pathogen-appropriate manner. Here, we
describe a high-throughput flow cytometric approach to effectively visualize and quantify ADNP and its
downstream consequences. The assay is easily adaptable, supporting both the use of purified neutrophils or
white blood cells, the use of purified Ig or serum, and the broad utility of any target antigen. Thus, this ADNP
assay represents a high-throughput platform for the in-depth characterization of neutrophil function.

1. Introduction

Neutrophils make up 40–70% of circulating leukocytes in the adult
population (Infection, C. f. D. C. a, 2017) and are the first responders
following a wide range of infections including bacteria (Brinkmann
et al., 2004; Sanders et al., 1995), fungi (Gazendam et al., 2016), as well
as viruses (Galani and Andreakos, 2015; Naumenko et al., 2018;
Orenstein, 2000; Saitoh et al., 2012). Although short lived, they are
abundant, and their ability to be recruited to the site of infection render
them key players in the immune system. Neutrophils kill pathogens and
confer protection via a combination of mechanisms. Following pattern
recognition receptor-mediated activation, neutrophils can take up for-
eign material, release reactive oxygen species, secrete antimicrobial
proteases, and release their DNA to form neutrophil extracellular traps
(NETs) (Barr et al., 2018; Aleyd et al., 2014; Williams, 2006).

Beyond pattern-based activating signals, neutrophils also express
high levels of Fc receptors (FcR) and complement receptors (CR)
(Akerley 3rd et al., 1991; Worley et al., 2018), enabling them to re-
spond, clear, and destroy antibody-opsonized targets. Antibody medi-
ated FcR and/or CR activation often results in antibody-opsonized

immune complex uptake in a process termed antibody-dependent
neutrophil phagocytosis (ADNP) that then enables the neutrophil to
degrade, sense the cargo, and the deploy a pathogen-appropriate re-
sponse.

Recent data suggest that beyond pathogen cargo, the quality of the
antibodies themselves can prompt different neutrophil functions
(Ackerman et al., 2018). Specifically, while variation in immune com-
plexes drive pathogen clustering, variation in isotype and subclass
composition as well as Fc-glycosylation can dramatically affect FcR and
CR activation (Lux et al., 2013; Subedi and Barb, 2016; Davies et al.,
2001; Nose and Wigzell, 1983) thereby altering pathogen-clearance
mechanisms. Moreover, while neutrophils express constitutive levels of
FcgR2a, FcgR3b, FcαR, CR1 (CD35) and CR3 (CD11b/CD18), upon
activation, FcR/CR expression profiles change, further allowing neu-
trophils to change their responsiveness to antibody-opsonized targets
(Mayadas et al., 2014; Berger et al., 1989). Thus, antibody Fc-mediated
recruitment of neutrophils offers a unique opportunity to leverage the
remarkable number and diverse biological functions of neutrophils via
immunotherapeutics or vaccines. Given their critical biological role,
wide biodistribution, and rapid ability to respond to infection or tissue
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A B S T R A C T

The complement system plays a critical role in innate immune defense against pathogens, both via non-specific
direct pathogen recognition and killing or via antigen-specific indirect recruitment by complement fixing an-
tibodies. While various assays for measuring complement activation have been developed, few provide a high-
throughput, sample-sparing approach to interrogate the qualitative differences in the ability of antibodies to
drive complement activation. Here we present a high-throughput, sample-sparing, bead-based assay to evaluate
antigen-specific antibody-dependent complement activation against nearly any antigen. Optimization of buffer
composition, kinetics of immune complex formation, as well as complement source all contribute critically to the
development of a robust, highly flexible and high-throughput approach to analyze antibody-dependent com-
plement deposition (ADCD). Thus, the optimized bead-based, antigen-specific assay represents a simple, highly
adaptable platform to profile antibody-dependent complement activation across pathogens and diseases.

1. Introduction

Antibodies represent the primary correlate of protection following
nearly all clinically approved vaccines and infections (Haynes et al.,
2012; Sicca et al., 2018; Teo et al., 2016). Specifically, antibodies play a
major role in host defense against pathogens by recognizing infected
cells or the pathogen itself. While preventing pathogen entry is one
potential mechanism by which antibodies may confer protection (i.e.,
neutralization), antibodies can also control and help clear infections
through non-neutralizing immune effector functions (DiLillo et al.,
2016; Lelièvre and Lévy, 2016). After antigen-binding, antibodies
mediate these effector functions via interactions between their Fc do-
mains and either Fc receptors (found on all innate immune cells) or
components of the complement system. Fc/FcR interactions result in
phagocytosis, induction of cell lysis, or degranulation, each of which
has been associated with natural and vaccine-associated immunity
(Excler et al., 2014; Markiewski and Lambris, 2007). However, beyond
the direct recruitment of cellular innate immune functions, antibodies
can also recruit complement to directly kill pathogens (Gunn and Alter,
2016) or deploy additional innate immune clearing activities via
complement receptors (CRs) also found on most immune cells (Holers,

2014). With our emerging appreciation for the role of non-neutralizing
antibodies in protection from infection, assays to selectively and spe-
cifically profile antibody-mediated immune activation have emerged.
While several assays have been described for the analysis of antibody-
mediated innate immune cellular activation (Ackerman et al., 2011),
fewer high-throughput assays specifically and selectively probe the
ability of antibodies to trigger the complement cascade.

The complement system is one of the first barriers of the innate
immune system against pathogens, bridging innate and adaptive im-
munity (Markiewski and Lambris, 2007). The complement system
consists of a tightly regulated network of soluble proteins in the blood,
which can assemble to form a membrane-attack complex upon activa-
tion on the surface of cells or pathogens (Medof et al., 1982). Specifi-
cally, upon activation, complement proteins self-organize following a
cascade of enzymatic reactions, resulting in the deposition of comple-
ment aggregates on target membranes. However, even in intermediate
aggregates, complement proteins leverage host defense by facilitating
opsinophagocytic clearance of pathogens and subsequent intracellular
destruction (Beurskens et al., 2015; Sarma and Ward, 2011). However,
emerging data also point to critical roles for the complement system
beyond pathogen control, involved in tissue regeneration, development
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Phagocytosis can be induced via the engagement of Fcγ receptors by antibody-opsonized material.
Furthermore, theefficiencyof antibody-inducedeffector functionshasbeenshowntobedramatically
modulated by changes in antibody glycosylation. Because infection can modulate antibody glycans,
which in turn modulate antibody functions, assays capable of determining the induction of effector
functions rather than neutralization or titer provide a valuable opportunity tomore fully characterize
the quality of the adaptive immune response. Here we describe a robust and high-throughput flow
cytometric assay todefine thephagocytic activity of antigen-specific antibodies fromclinical samples.
This assay employs a monocytic cell line that expresses numerous Fc receptors: including inhibitory
and activating, and high and low affinity receptors—allowing complex phenotypes to be studied.We
demonstrate the adaptability of this high-throughput, flow-based assay to measure antigen-specific
antibody-mediated phagocytosis against an array of viruses, including influenza, HIV, and dengue.
The phagocytosis assay format further allows for simultaneous analysis of cytokine release, aswell as
determination of the role of specific Fcγ-receptor subtypes, making it a highly useful system for
parsing differences in the ability of clinical and vaccine induced antibody samples to recruit this
critical effector function.
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1. Introduction

Antibodies are potent determinants of the humoral immune
response. Though generated as a result of the interaction of B
and T cells, antibodies trigger their cytotoxic effects by
interacting with complement and innate effector cells. Thus
they provide a functional link between the adaptive and innate
immune system. They consist of two identical variable domains
(Fv) capable of recognizing a target antigen, and a single

constant domain (Fc) capable of interacting with the effector
cells of the immune system. Traditionally, the epitope recog-
nized by the Fv domains has been thought to be of paramount
importance, in that binding to some epitopes can block, or
neutralize the native function of the cognate antigen. However,
the neutralizing activity mediated by the Fv domains of these
antibodies has been found to be insufficient for their protective
effects in numerous settings(Clynes et al., 2000; Johnson and
Glennie, 2003; Schmidt andGessner, 2005; Hessell et al., 2007),
and evidence of the importance of the constant domain's
effector function in clinical outcomes has been accumulating
across fields ranging from cancer immunotherapy (Dall'Ozzo
et al., 2004) to autoimmunity(Laszlo et al., 1986) and chronic
viral infection (Shore et al., 1974). Analogously to the Fv escape
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Technological advances allowed the development of high-throughput instruments such as IntelliCyt iQue
Screener PLUS1 . Here, we took advantage of this technology to transfer a previously validated
cytotoxicity assay. The evaluated parameters were cell permeability, caspase activation and phosphatidyl
serine exposure. The assay was accurate (r2 = 0.90), precise (%CV ! 18.90) and specific. These results
showed that this technology is suitable to be used in control quality environments. In addition, the
automation provided a faster acquisition and analysis of data with precise and accurate results. This
application could be implemented to evaluate another in vitro mechanism of action of different
biotherapeutics.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Flow cytometry (FC) is a widely adopted technology with
several applications, mainly for the evaluation of cell properties
(i.e. size and granularity), which are evaluated by detection of
intrinsic or extrinsic fluorescence used to identify a large number
of molecules. FC allowed the development of bioassays based on
different mechanisms of action that result in cell proliferation,
cytotoxicity, apoptosis and specific cytokine expression [1].

The main disadvantages of conventional flow cytometry are the
significant delays related to saving individual sample associated
files, and in the cell suspension sampling mechanism, which
frequently involves time-consuming steps such as tube priming
and flushing [2].

The evolution to high-throughput flow cytometry (HTFC)
extends the capabilities of cell-based screening technologies.
IntelliCyt iQue Screener PLUS1 is a novel technological

breakthrough that established the application of rapid flow
cytometry by combining fast sample delivery with information-
rich data on a cell-by-cell basis. This technology has several
advantages, such as rate of analysis, small sample volumes and
automated sample processing. This allows exploring applications
in small molecule drug discovery and biotherapeutics. HTFC is used
extensively in antibody screening, in order to select candidates
with specific and optimized mechanism of action (MOA) and to
detect structural modifications that could impact the biological
activity [3–5].

Antibody-dependent cell-mediated cytotoxicity (ADCC) assays
are essential to demonstrate primary in vitro studies for the clinical
efficacy of many immunotherapies [6]. In a previous stage we
developed and validated an ADCC assay to test the efficacy and
potency of biopharmaceutical products, demonstrating cell death
on target cells by membrane permeability using conventional flow
cytometry [7]. Based on our experience in the development and
validation of bioassays under GLP-cGMP environment, here we
transferred our ADCC assay to a high-throughput technology,
IntelliCyt iQue Screener PLUS1, by evaluating cell membrane
permeability, caspase activation and phosphatidyl serine exposure
as characteristics of death on target cells in the same sample with
low volume of acquisition.
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Higher antigen binding affinity does not always 
correlate with increased Fc effector function

Mazor et al. PLoS One. 2016;11(6):e0157788.
Wang et al. MAbs. 2020;12:1690959. 
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Modifying the Fc to target specific FcgRs can inadvertently 
impact its binding to other FcgRs and product efficacy
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Transferability of Fc modifications to other antibodies 
is difficult to predict

Moore et al., MAbs. 2010;2:181-9.
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Impact of half life extension is unpredictable
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SARS-CoV-2 Spike-targeting mAbs:
Half-life extending modifications reduce ADCC, NK cell activation, ADNP, 
and ADCD, while showing no effect on ADCP

House et al., PLoS One. 2022;17:e0267796. 
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We measure outcome: Variations in function with identical Fc driven 
by epitope specificity and/or affinity

Phagocytic activity of 598 mAbs on the same 
Fc but targeting different epitopes
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Optimizing treatment efficacy: Assessing effector function outcomes in 
a library of mAbs with a single Fab on variable Fc regions
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Breadth of SeromYx Systems assay offerings
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Critical attributes integrated into the assays

. .

. .

• Robustness: extensive development and  
optimization of each assay component 

• High-throughput: 1000s of samples in a single 
experimental run

• Adaptability: variety of antigens and sample 
matrices –Never found an antigen we can’t 
work with, but antigen quality is critical.

• GCLP quality: 
o Precision
o Linearity
o Specificity
o Sensitivity
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Managing the risk imposed by biological complexity 
can be achieved through the assessment of outcomes
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