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Progress in crystallizable fragment effector functions and its
application in the evaluation of vaccines
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Prevention, Beijing, China

Abstract: Antibodies serve as critical effector molecules in mediating vaccine-induced protection.
While antibody-mediated immunity has traditionally been attributed primarily to neutralization,
where the fragment antigen-binding (Fab) domain blocks viral entry by preventing the interaction
between viruses and host cells, accumulating evidence underscores the pivotal role of the
crystallizable fragment (Fc) domain in orchestrating broader immune responses. By interacting
with Fc receptors or complement receptors on effector cells such as natural killer cells,
macrophages, neutrophils, and dendritic cells, the Fc domain activates multiple innate immune
pathways and elicits a spectrum of non-neutralizing antiviral effector functions. These include
antibody-dependent cellular cytotoxicity (ADCC), antibody-dependent cellular phagocytosis
(ADCP), antibody-dependent complement deposition (ADCD), and complement-dependent
cytotoxicity (CDC). Although the evaluation of Fc-mediated functions is more complex than the
measurement of neutralizing antibody titers, the contribution of such functions to vaccine efficacy
is increasingly recognized. This review provides a comprehensive overview of Fc-mediated
immune effector mechanisms, highlights their critical roles in antiviral vaccine-induced protection,
and summarizes recent advances in Fc function assays, with the aim of supporting the rational
design and immunogenicity evaluation of next-generation viral vaccines.

Keywords: antibody; Fc effector functions; antibody-dependent cellular cytotoxicity (ADCC);
antibody-dependent cellular phagocytosis (ADCP); antibody-dependent complement deposition
(ADCD); complement-dependent cytotoxicity (CDC); vaccine evaluation
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Figure 1  Structural and functional characteristics of human IgG Fc and Fc receptors (FcRs). A: Basic structure
of IgG (Vy: Variable domain of light chain; Vy: Variable domain of heavy chain; Cy: Constant domain of heavy
chain; Cp: Constant domain of light chain); B: Main characteristics of human IgG Fc receptors (FcyRs) [Including
their functional types (activating and inhibitory), structural domains, IgG subclass/isotype-binding specificities,
and binding affinities. Binding affinities of different IgG subclasses to FcyRs are shown using association
constants Ka, +++: >1x10 L/mol; ++: 1x10°=1x10" L/mol; +: <1x10° L/mol. ITAM: immunoreceptor tyrosine-
based activation motif, ITIM: immunoreceptor tyrosine-based inhibitory motif]; C: Differential expression of Fc
receptors on various immune cells (Showing the type of FcRs on natural killer cells, monocytes, macrophages,

dendritic cells, neutrophils, eosinophils, basophils, and B cells). The figures were created using Biorender.com.
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Figure 2 Antibody Fc effector functions. A: Antibody-dependent cellular cytotoxicity (ADCC); B: Antibody-
dependent complement deposition (ADCD) and complement-dependent cytotoxicity (CDC); C: Antibody-

dependent cellular phagocytosis (ADCP). The figures were created using Biorender.com.
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AR E R C3b, C4b MR LR
J& . ADCP R A U0 EE T 240 X B A P
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Table 1 Detection methods for Fc effector functions
Fc Method Detection principle Application Advantages and limitations ~ References
effector scenario
function
ADCC  Cytoplasmic-content Assessment of ADCC activity ~ High-throughput ~ High sensitivity and wide [48,72-74]
release assay (e.g., by measuring intracellular screening and adoption; radioactive
*ICr, LDH, or components released upon historically contamination or
glucose-6-phosphate  target-cell lysis validated method  cumbersome labeling, with
dehydrogenase) background interference
Cell viability assay ~ Live/dead dye-based flow Clinical-sample Radio-free and simple; dye [75-77]
cytometry to determine the analysis and non-specific binding and
fraction of apoptotic/necrotic antibody cell-type variability
target cells functional
profiling
Luciferase reporter ~ FcyRIlla signaling in Jurkat- High-throughput ~ High specificity and [70-71]
gene assay NFAT-Luc-CD16 reporter functional automation-ready; relies on
cells drives luciferase screening for specific cell line and reports
expression vaccine or FcyR signaling rather than
antibody lysis
evaluation
Effector cell Quantify NK-cell activation Clinical immune  Enables functional profiling  [78-80]
activation method markers (e.g., CD107a, monitoring and of effector-cell subsets;
IFN-y, MIP-1B) functional indirect ADCC readout,
validation limited assessment of
target-cell lysis
CDC Cytoplasmic content  Quantify released intracellular ~ Functional Well-established and [72,81]
release assay contents (e.g., °'Cr, LDH) assessment of quantifiable; cannot
after target-cell lysis vaccine- or distinguish lysis mechanism,
antibody-elicited  serum background
antibodies interference
Cell viability assay ~ Live/dead dye staining Cell-line-level Radio-free and convenient; [82]
followed by flow cytometric CDC evaluation slightly lower sensitivity,
quantification of target-cell dye selection requires
apoptosis/necrosis optimization
C5b-9 assay Quantify membrane attack Mechanistic High specificity and clinical- [83]
complex (MAC) deposition on  studies sample compatibility; does
target cells as a surrogate of not directly report cell lysis
CDC activity
ADCD  Bead-based Detect C3/C4 deposition on Functional High-throughput and highly  [84]
fluorescence assay antigen-coated microbeads assessment of reproducible; reports
after complement activation vaccine- or complement binding
antibody-elicited
antibodies
Virus-based assay Quantify C3/C4b deposition Viral vaccine Closer to authentic viral [85]
on antigen-displaying viral functional structure; experimentally
particles after complement evaluation complex
activation
(7528)
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Fe Method Detection principle Application Advantages and limitations ~ References
effector scenario
function
ADCP  Bead-based Antigen-antibody-coated beads ~ Functional Quantitative, easy to [86-87]
fluorescence assay co-cultured with macrophages;  assessment of standardize, high-throughput
phagocytic uptake quantified by vaccine- or capable; requires
fluorescence intensity antibody-elicited  optimization of bead-
antibodies conjugated antigen quality
Sensitive fluorescent pH-sensitive dye-labeled Mechanistic Real-time imaging of [88-89]
dye labeling assay antigen; fluorescence activated  studies phagocytic events, high-

after lysosomal uptake

content screening; true
endocytosis reflected,
intuitive imaging; costly
dyes, instrument-demanding,
low throughput

3 Wi

TEPET S S 0 PR o B b, BN Y
RE %8 o) RV FH BRI 2 A, 3 AT i By
Fc Z5#38 5 FcRs 1% CRs 454, #G Jo R ez
ARG, HMAEZMIRTERN . Fe /SRR
I IIRER 6 ADCC., ADCD, CDC & ADCP %4,
XL T REAN AT EL G R e B BOR 7 S L 2
M RE I I SR TR BT . G R i S e
DL HE T 4G b2 5 e i s

SR, Fo S5 H B He g D fig BA WU Pk
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< it P4 44 5% (antibody-dependent enhancement,
ADE) S BE i BV . ADE J& 38 76 Al R sl Iy
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DENV)Jg e ip £ £ 2IE 52 78 DENV J
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Hb, AMA FR GE A I 7 B I i VT A nT
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Il RIS 4 AE AR R . /R4S 7E SARS-CoV
TR W 2% 5 fE R R BE (Middle East
respiratory syndrome coronavirus, MERS-CoV) #ll
FERINTE T Z R R AR SMEL I rhOULEE 3] ADE
M, (AN EEUETEA 2, 2> 7 IR ik
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PUIR Fe TIRERTG 32 Z P IR R 4%, A0l
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[AFhAL . Fo XBEEALIEMG . HUIRS FeRs BiT/a
(1) 25 R LA G e S s e HED ) kg
B B e 5 A ORI I TR Y Fe AL
B, X0 ADCC. ADCP 5544
INRERIPIRROCR . AL RINE T, M-SR
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&, Fe 0% DIREAALAE “HE AL H & 45 4R
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