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Summary 

Fc gamma receptors (FcγRs) are a family of receptors that bind IgG antibodies and interface 
at the junction of humoral and innate immunity. Precise regulation of receptor expression 
provides the necessary balance to achieve healthy immune homeostasis by establishing an 
appropriate immune threshold to limit autoimmunity but respond effectively to infection. 
The underlying genetics of the FCGR gene family are central to achieving this immune 
threshold by regulating affinity for IgG, signaling efficacy, and receptor expression. 
The FCGR gene locus was duplicated during evolution, retaining very high homology and 
resulting in a genomic region that is technically difficult to study. Here we review the recent 
evolution of the gene family in mammals, its complexity and variation through copy number 
variation and single nucleotide polymorphism, and impact of these on disease incidence, 
resolution and therapeutic antibody efficacy. We also discuss the progress and limitations of 
current approaches to study the region and emphasise how new genomics technologies will 
likely resolve much of the current confusion in the field. This will lead to definitive 
conclusions on the impact of genetic variation within the FCGR gene locus on immune 
function and disease. 
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Functional importance of FcyRs 
The Fc gamma receptors (FcγRs) are a family of cell-surface proteins which are expressed on 
a variety of lymphoid, myeloid and non-immune cells, which function by binding the Fc 
portion of immunoglobulin G (IgG). They play a pivotal role in orchestrating both the humoral 
and innate immune response, serving as an immunological rheostat to achieve the delicate 
balance between facilitating appropriate responses to infections and averting autoimmunity 
1. The FcγRs also have a crucial role in determining the efficacy of monoclonal antibody (mAb) 
immunotherapy 2,3 and are implicated in the genetic predisposition to autoimmune, 
infectious, and inflammatory diseases.  

Characterised by their intracellular signaling capabilities and affinity for IgG, the six human 
FcγRs are FcγRI (CD64), FcγRIIa (CD32A), FcγRIIb (CD32B), FcγRIIc (CD32C), FcγRIIIa (CD16A), 
and FcγRIIIb (CD16B). FcγRI is the sole high-affinity receptor whereas FcγRIIa, FcγRIIb, FcγRIIc, 
FcγRIIIa, and FcγRIIIb are classified as low-affinity receptors 4. While both high- and low-affinity 
FcγRs bind antibody immune complexes (ICs) with high avidity, only the high-affinity FcγRI 
stably binds monomeric IgG. In contrast, low-affinity receptors bind to multivalent Fc regions 
on IgG-opsonized cells, pathogens, and within soluble ICs (Nimmerjahn and Ravetch 2008, 
Nimmerjahn and Ravetch 2010, Bruhns et al. 2009). The majority of FcγRs trigger intracellular 
signaling pathways that elicit immune effector functions to eliminate opsonised targets 5, and 
are so termed activating FcγRs. In contrast, the sole inhibitory FcγR, FcγRIIb, can suppress the 
effects of activating receptors by triggering an inhibitory signaling cascade, and competing for 
ligand binding at the cell surface 6, 7. The simultaneous expression of both activating and 
inhibitory FcγRs on a single cell facilitates precise modulation of the stimulation threshold, 
referred to as the activating/inhibitory (A/I) ratio 8. Dependent on the specific FcγR and cell 
type, diverse cellular responses are elicited upon reaching the activation threshold; including 
phagocytosis, cytokine secretion, reactive oxygen burst, and cytotoxic granule release 9. 
Consequently, in conjunction with the varying affinities of different IgG isotypes for various 
FcγR and cell context dependent intracellular signaling pathways, the tight regulation of FcγR 
expression and activation ensures an appropriate and coordinated immune response. Affinity, 
expression profiles and activities of the FcγRs are summarized in Fig. 1, alongside details of 
how they elicit their downstream effects.  A central component of FcγR regulation is the 
germline encoded variation in the FCGR genes, which themselves have arisen during evolution 
as described below. 

 

Evolution of FCGRs 
The FCGR gene family arose in our common ancestor with bony fish during the development 
of the adaptive immune system, coinciding with the emergence of their IgG ligands, 10,11. 
Investigating different FCGR loci has highlighted how the FcγR functional repertoire has 
evolved through multiple events of duplication and divergence, enabling adaptation to 
immunological challenges. 
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High-affinity FCGRs 

The human FcγRI receptor is encoded by the FCGR1A gene, located on chromosome 1q21.2 12 
and separate from the low-affinity locus. The high-affinity FcγRI is unique as it exhibits a third 
extracellular Ig-like domain 13, distinguishing it from the low-affinity FcγRs which only have 
two, that facilitates binding to both monomeric and aggregated IgG 14,15. Additionally there 
are two pseudogenes, FCGR1B on chromosome 1p11.2  and FCGR1C on chromosome 1q21.1 
16, that are not believed to contribute to the surface expression of FcγRI 17. The evolution of 
the three FCGR1 genes is thought to have involved duplication of an ancestral gene, likely 
located on chromosome 1p 18, producing FCGR1A and a second homolog with a 6 base-pair 
(bp) insertion. Further duplication of this gene likely resulted in a third FCGR1 gene. The 
separation of FCGR1A and FCGR1C from FCGR1B onto the long arm of chromosome 1 is 
hypothesised to have occurred following human divergence from chimpanzees through a 
pericentric inversion event 16,19. 

The origins of the high-affinity FCGR genes are less understood than those of the low-affinity 
FCGR locus; in particular, the exact point of divergence is yet to be classified. One study has 
reported the low-affinity receptors emerged first in mammalian evolution10. This was 
postulated from analysis of the opossum genome, diverging from placental mammals 130 
million years ago, as two-domain FcγR genes were present, yet three-domain receptors were 
absent. However, this may be attributed to technical limitations of genome assembly or 
evolutionary loss in the opossum lineage rather than the actual absence of the receptor 11.  

Low-affinity FCGRs 

The human low-affinity FCGR genes are clustered in a single locus on chromosome 1q23.3. 
This cluster is highly polymorphic and contains homologous sequences with high sequence 
identity. The genes encoding FcγRIIa (FCGR2A) and FcγRIIb (FCGR2B) originated from a 
duplication of an ancestral FcγRII gene before the divergence of primates 20. A subsequent 
segmental duplication occurred in the human-gorilla ancestor approximately 9 million years 
ago 20-22 due to non-allelic homologous recombination (NAHR) between FCGR2A and 
FCGR2B (Fig. 2a). This event gave rise to the FCGR3 genes (FCGR3A, FCGR3B) and FCGR2C, a 
new hybrid member of the FCGR2 family, originating from the 5’ end of FCGR2B and the 3’ 
end of FCGR2A. Therefore, the chimeric FCGR2C gene contains the sequence for an 
extracellular domain almost identical to that of FcγRIIb but with intracellular ITAM-
containing components homologous to that of FcγRIIa. The homology between these genes 
is indicated in further detail in Fig. 2. 

This FCGR segmental duplication was also shown to be present in the closest relatives to 
humans: gorillas and chimpanzees 21,22. However, it is absent in orangutans, the remaining 
members of the Hominidae family, and more distant primates such as gibbons, macaques, and 
baboons 11,22-24. There have been conflicting observations regarding the evolutionary timing 
of this duplication, such as the fact that chimpanzees lack the FCGR2C and FCGR3B genes 11 
and FCGR3 expression is detected on sooty mangabey neutrophils 24. These discrepancies may 
have arisen due to copy number variation between different individuals of the same species, 
or incomplete genome assemblies. The evolution of these genes involved several significant 
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changes, including the insertion of a retroviral element introducing an intracellular exon with 
a non-canonical ITAM to FCGR2A 22, and alterations to the transmembrane 25 and promoter 26 
sequences of FCGR3B, distinguishing its pattern of expression from that of FCGR3A.  

Identifying the specific immune challenges which shaped FCGR evolution is challenging, but 
studies on mammalian FCGR3 orthologs indicate that helminth infections exerted significant 
pressure on the low-affinity FCGR gene family 21 supporting the hypothesis that balancing 
immunological responses to varying parasitic burdens has been a critical selective pressure at 
the FCGR  loci over evolutionary time. The maintenance of the segmental duplication, 
especially the emergence and retention of FCGR3B, underscores its evolutionary advantage 
to the species. In contrast, the chimeric FCGR2C lacks a definitive functional role and appears 
to have accumulated mutations that hinder its expression and functionality, such as the exon 
3 stop codon, splicing variants, and a compromised 3’-UTR compared to the FCGR2A 
paralogous sequence 27,28. These alterations, which are discussed later, suggest that the 
FCGR2C gene produced by the segmental duplication may be evolving into a non-functional 
pseudogene with the classical FCGR2C-ORF haplotype representing the last functional vestige 
of the original gene. 

 

FCGR genetics in mice 
Understanding the similarities and differences between human FCGR genes and those in mice 
is crucial due to the widespread use of murine models in functional and preclinical studies. 
Mice differ from humans in both the number of genes and the structure and function of the 
encoded receptors, including their binding affinities for immunoglobulin.  

Initially, it was thought that mice had the same three classes of FcγR as humans—FcγRI, II, and 
III—each encoded by a single gene 29. In contrast, humans have these receptors encoded by 
eight genes as described above, suggesting that mice did not undergo the same duplication 
events as humans 30. In 2005, a fourth receptor, FcγRIV, was discovered in rodents and some 
nonhuman primates 31, showing high sequence homology to human FcγRIIIa 32. In mice, the 
Fcgr genes are located on chromosome 1 (Fcgr2, Fcgr3, and Fcgr4) and chromosome 3 (Fcgr1) 
30,33, corresponding to human 1q23 and 1q21, respectively.   

Mice, like humans, have only one inhibitory FcγR, FcγRII, which is orthologous to human 
FcγRIIb and exhibits low-affinity binding to murine (m) IgG1, IgG2a, and IgG2b 34,35, as well as 
weak binding to mIgE 36. mFcγRIII and mFcγRIV also display low-affinity binding to mIgE 37, 
while none of the human (h) FcγRs have shown affinity for hIgE 14, indicating a clear 
interspecies difference. Humans possess only one high-affinity FcγR, hFcγRI, whereas mice 
have two high-affinity activating receptors: the orthologous mFcγRI 38, which binds to 
monomeric mIgG2a 14,37, and mFcγRIV, which also binds monomeric mIgG2a, albeit at a lower 
affinity than mFcγRI, as well as mIgG2b. Additionally, FcγRI in mice shows low-affinity binding 
to IgG2b and IgG3 34. The other activating receptor in mice, mFcγRIII, orthologous to hFcγRIIa 
22, demonstrates low-affinity binding to mIgG1, mIgG2a, and mIgG2b 35, making it unique 
among murine FcγRs in its ability to bind mIgG1 34,37. Cross-reactivity between the IgG of each 
species with the other’s FcγRs has been well documented 38-40. 
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The cell-specific expression patterns of FcγRs differ between the two species. While both 
humans and mice express hFcγRIIb/mFcγRII in B cells 41,42, overall expression in mice is 
generally broader, with higher levels of the inhibitory receptor expressed on monocytes, 
macrophages, and neutrophils. In mice, FcγRI expression is restricted to monocyte-derived 
dendritic cells (DCs) 43, a pattern not replicated in humans 5. Conversely, the absence of FcγRIIa 
expression on human natural killer (NK) cells 44 is not mirrored by the murine ortholog, 
mFcγRIII 45. 

It is important to note that, although there is reasonably high sequence homology between 
human and mouse FcγRs 40, the defined interspecies orthologs only share around 65% identity 
38. This disparity is evident in the differences in affinities for immunoglobulins 34 and 
expression patterns. Significant variation in IgG affinities for the various FcγRs between mice 
and humans presents a challenge for determining the efficacy of human tumor-targeting 
antibodies in mice 46,47. Additionally, there is no widely recognised ortholog of mFcγRIV in 
humans 37,38, nor human FcγRIIa, FcγRIIc, or FcγRIIIb in mice, further limiting the applicability 
of murine models in inferring the precise roles of human FcγRs and the net result of their 
engagement in disease. An additional complexity in translating observations into the clinic 
relates to the extensive FCGR sequence variation that exists in humans, both at the level of 
single nucleotide polymorphisms (SNPs) and copy number variation (CNV).  

 

Sequence variation at the FCGR locus  

FCGR1 

Although several FCGR1A genetic variants have been identified, they often lack further 
investigation, thus functionally relevant FCGR1 variation is not yet well characterized. A SNP 
was discovered in 1995 within the extracellular domain of FcγRI that replaced an arginine in 
exon 3 of FCGR1A with a termination codon (p.R92X, rs74315310)  15,48. This mutation has 
been associated with undetectable expression of FcγRI on phagocytes, without apparent 
health defects, suggesting possible physiological redundancy. However, this variant was 
investigated in only one family, limiting broader conclusions. 

The impact of three additional FCGR1A SNPs on FcγRI effector functions has been explored in 
vitro 49. The non-synonymous variants p.I301M (rs12078005) and I338T (rs142350980), 
located in exon 6 and within the transmembrane and intracellular domains of the receptor, 
respectively 50, were found to reduce FcγRI signaling 49. The p.V39I (rs7531523) variant, 
encoding a mutation in the extracellular domain, impaired the receptor's ability to bind IgG in 
immune complexes. However, since p.V39I is not involved in the IgG binding site 50, the 
receptor's ability to bind monomeric IgG remained unaffected 49. Although the clinical 
relevance of these variants has not been investigated and they have low prevalence in the 
healthy population 49,51, as FcγRI has been shown to play an important regulatory role in 
response to various bacterial and viral infections 52-54, it could be postulated that FCGR1A 
variants that reduce FcγRI effector functions may be associated with a poorer immune 
response to infection. 
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One study utilised a structural prediction model to examine the effect of the four 
aforementioned FCGR1A SNPs (rs74315310 48, rs7531523, rs12078005 and rs142350980 49) in 
addition to a nonsense variant in exon 5, p.Q224X (rs1338887), which encodes a stop codon 
in place of glutamine in the third extracellular domain 50. Whilst a clear impact of these 
variants on FcγRI receptor function was not observed, limitations regarding the accuracy of 
modelling the transmembrane and intracellular domains were reported. 

A recent study by Wu et al. identified three novel human FCGR1A variants with long-range 
PCR and Sanger sequencing 55. One SNP in the promotor region, c.-131C>G (rs1848781), 
encodes glycine in place of cysteine and significantly increases promoter activity and FcγRI 
expression on monocytes 55. Increase in FcγRI expression has previously been associated with 
systemic lupus erythematosus (SLE) 56 and rheumatoid arthritis (RA) progression 57. Another 
SNP, p.D324N (rs1050204), located in exon 6 in the region encoding the FcγRI cytoplasmic 
domain, was found to enhance phagocytic activity and the production of pro-inflammatory 
cytokines in vitro 55. Additionally, the FCGR1A gene was found to harbor an indel variant, 
c.845-23_845-17delTCTTTG (rs587598788), which involves a six bp sequence in intron 5. This 
insertion or deletion occurs near exon 6’s splice acceptor site, with the insertion variant 
appearing to correlate with higher levels of FcγRI expression on monocytes. All three variants 
were also evaluated for associations with sarcoidosis, a disease characterised by abnormal 
granuloma development 58. Wu et al. found a strong association between a specific FCGR1A 
haplotype (rs1848781C-rs587598788Del-rs1050204N) and protection against sarcoidosis 
development. Furthermore, the c.-131G and p.324N variants were linked to poorer lung 
function in sarcoidosis patients.  

Evidence indicates that CNV also exists in FCGR1 genomic regions 59, with approximately 2% 
and 18% of the population possessing deletions or duplications, respectively. However, the 
precise CNV boundaries are not well-defined 18. Preliminary studies suggest that dosage 
effects of FCGR1A are observed in various cancers, with increased expression associated with 
better outcomes 60. Hence, further research into FCGR1A CNVs is required to ascertain their 
effects and clinical relevance. 

Despite being considered a pseudogene 17 an alternatively spliced variant of human FCGR1B 
lacking exon 5 has been detected in humans 61.  This variant appears to express a functional 
receptor capable of binding IgG aggregates in mice, suggesting that the FCGR1 pseudogenes 
may have previously unrecognised functions.  

 

Low-affinity FCGRs 

Several SNPs have been identified in each of the low-affinity FCGR genes that have functional 
and/or clinical significance (Table 1, Fig. 3), including effects on auto-inflammatory and 
infectious disease susceptibility, and cancer immunotherapy efficacy. In addition, a spectrum 
of other SNPs exist with unknown impacts on gene expression, protein function and disease 
prevalence. NB: Below we include the reference to the rs number as this is a consistent, 
searchable descriptor of a SNP independent of isoform and genome assembly. 
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FCGR2A  

One of the most widely studied SNPs in FCGR2A is the A to G transition within exon 4 
(rs1801274), resulting in a histidine to arginine substitution (p.H131R) within the IgG-binding 
domain 62. While both alleles exhibit comparable binding affinities for hIgG3 and hIgG4, the 
FCGR2A-131H isoform has a higher affinity for hIgG1 and especially hIgG2 14. In contrast to the 
131R variant, the FCGR2A-131H allele has been shown to facilitate the phagocytosis of IgG2-
opsonised entities 20,63, augment neutrophil degranulation and phagocytosis 64,65, and 
enhance IgG2-mediated IL-1β secretion 66. Both H and R alleles have been associated with 
various inflammatory diseases, highlighting the intricate role FcγRIIa plays at the intersect of 
multiple immunoregulatory pathways. For example, FCGR2A-131H has been associated with 
increased incidence of Graves’ disease 67, ulcerative colitis 68-70, childhood immune 
thrombocytopenic purpura (ITP) 71-73 and Kawasaki disease (KD) 74-76, whereas FCGR2A-131R 
has been associated with sepsis 77,78 and SLE 79,80.    

Additionally, two adjacent SNPs (rs9427397 and rs9427398) within exon three of FCGR2A 
encode a composite SNP (rs201218628) which replaces a glutamine with a tryptophan residue 
(p.Q62W) in a region of FcγRIIa that is predicted to be a dimerization domain. Initially reported 
in a common variable immunodeficiency patient cohort, FCGR2A-62W has been connected to 
reduced calcium signaling and impaired MAPK phosphorylation 81. However, its precise 
functional significance remains elusive as it does not affect FCGR2A expression or neutrophil 
antibody-dependent cellular cytotoxity (ADCC) capacity 81,82. Furthermore, a comprehensive 
meta-analysis found a significant association with KD, although its elevated disease risk may 
result from strong linkage disequilibrium (LD) with other SNPs 82. 

FCGR3A  

FCGR3A also contains a well-established SNP within exon 4 (rs396991) that affects the 
receptor’s IgG affinity 83. It results in a phenylalanine to valine substitution at amino acid 
position 158 (F158V) within the second extracellular domain, with the FCGR3A-158V variant 
exhibiting enhanced affinity for all IgG subclasses 14,83. The homozygous FCGR3A-158V/V 
genotype has been associated with heightened NK cell ADCC capacity 84, ITP susceptibility 
71,73,85 and increased risk of developing RA for individuals of European descent 86. However the 
lower affinity isoform encoded by FCGR3A-158F has been associated with increased 
susceptibility for and development of SLE 80 and lupus nephritis 87,88. 

Within exon 3, there are two alternative alleles which have both been reported to affect 
FcγRIIIa’s affinity for IgG (rs10127939). At amino acid position 48 within the membrane-distal 
Ig-like domain, the reference allele encodes a leucine residue, but substitutions to either G or 
A can result in an arginine or histidine residue, respectively (FCGR3A-48L/R/H). Both of these 
variants show increased binding capacity for hIgG1, hIgG3, and hIgG4 89. This triallelic SNP has 
also been associated with the FCGR3A-158V variant whereby the presence of an R or H and at 
least one copy of the 158-V allele results in enhanced hIgG binding abilities 90,91.  

The FCGR3A-48L/R/H variant was additionally found to be in LD with two other SNPs and an 
indel, forming an intragenic haplotype (IH) associated with high FcγRIIIa expression on 
monocytes and NK cells 92. The original FCGR3A-IH described consisted of a 5’-UTR SNP-1405A 
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(rs56199187), an intronic indel +690–691InsC (rs33959719), the triallelic nonsynonymous 
polymorphism 48-L/R/H (rs10127939), and a second intronic variant +1842T (rs77825069). 
However, the entry for the intronic indel no longer exists in public databases, suggesting its 
previous description was a technical artifact. 

Furthermore, a study performed on 101 healthy Japanese individuals demonstrated how two 
SNPs (rs4656317 and rs12071048) located within a potential enhancer region in FCGR3A 
intron 1 were in strong LD with the FCGR3A-158V SNP, and significantly impacted NK cell 
FcγRIIIa expression and ADCC activity 93. It has been suggested this enhancer haplotype (EH) 
may be responsible for the contrasting findings 94,95 regarding whether the FCGR3A-158V 
variant is accountable for changes in expression 93. 

There have also been two intergenic SNPs identified (rs2099684 and rs10919543) between 
FCGR2A and FCGR3A that have been associated with the autoimmune disease Takayasu 
arteritis in Turkish, North American and Chinese Han populations 96,97. These variants, which 
are approximately 11.5kb and 3.0kb upstream of FCGR3A, have been shown to be in high 
linkage disequilibrium with each other and associated with increased FCGR2A expression 
levels in lymphoblastoid cells 98. 

FCGR2C  

As previously mentioned, FCGR2C is a fusion gene that is comprised from exons homologous 
to those from FCGR2A and FCGR2B (Fig. 2c). Despite some in vitro evidence showing FcγRIIc 
can bind IgG, induce calcium flux, and activate cytotoxic NK cell responses, establishing its true 
in vivo functional capacity has proven challenging 27,99,100. This is partly because it was 
relatively understudied being previously considered as a pseudogene 20,101.  

A significant proportion (>80%) of the human population harbor a C to T substitution within 
exon 3, resulting in a stop codon (Ter) at position 57 instead of a glutamine within the open 
reading frame (ORF) 102,103. FcγRIIc was first identified on NK cells of individuals with the ORF 
variant (p.57Gln, FCGR2C-ORF) instead of the stop codon (p.57Ter, FCGR2C-Stop) 99. However, 
as most individuals are homozygous for the FCGR2C-57X genotype 82, which encodes the 
truncated isoform, the termination codon is integrated within the current GRCh38 reference 
genome sequence with the protein-coding variant described as a SNP (rs759550223) 85,104. 
The FCGR2C-ORF variant has been linked to increased susceptibility to several autoimmune 
diseases, including KD 82, ITP 85,105, SLE 106, and systemic sclerosis 107, in addition to IgG subclass 
deficiency 108. It has been reported that the FCGR2C-ORF variant also dictates the expression 
of FcγRIIc on B-cells, reducing the inhibitory effects of FcγRIIb and modulating the overall level 
of B-cell activation 106. However  subsequent, independent research has failed to reproduce 
the finding of FCGR2C expression on B cells 109. 

However, only genotyping FCGR2C-57X/Q is not sufficient to infer FcγRIIc expression as there 
have been FCGR2C-57Q carriers identified with undetectable levels of cell-surface FcγRIIc. 
Instead they expressed various noncoding FCGR2C transcripts that predominantly lacked exon 
6 and included a 62bp intron 6 insertion 27. These aberrantly spliced isoforms were originally 
attributed to polymorphic donor and acceptor splice sites within intron 6 (rs76277413 and 
rs430178) that, together with the FCGR2C-57Q SNP, were termed nonclassical FCGR2C-ORF 
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haplotypes (Table 2). However, a more recent study by the same authors only included the 
non-canonical donor site to characterise the nonclassical FCGR2C-ORF haplotype 82. The non-
functional splice site sequences are incorporated within the GRCh38 reference whilst the 
canonical splice sites are annotated as SNPs. 

Recently, additional FCGR2C single nucleotide variants (SNVs) have garnered attention for 
their potential functional effects, although their definitive biological impact has not yet been 
conclusively determined. Of particular interest is a haplotype comprising three FCGR2C SNVs 
- c.134-96C>T within intron 2 (rs114945036), c.353C>T within exon 3 (rs138747765), and 
c.391+111G>A within intron 3 (rs78603008) - which have been reported to be in complete LD 
and significantly enhance vaccine efficacy in a cohort of Thai individuals involved in an HIV-1 
vaccine trial 110. This haplotype has attracted considerable attention due to its investigation in 
the only HIV-1 vaccine trial demonstrating any degree of protection 111. However, the 
functional significance of these variants warrants cautious interpretation as the primers were 
not FCGR2C-specific 112, and a connection with FcγRIIc surface expression could not be 
elucidated as only one participant in the study harbored the FCGR2C-57Q SNP. 

Subsequent investigation of this haplotype within the Black South African population revealed 
that only the intron 2 SNV (rs114945036) was polymorphic 113 and, in contrast to the above, 
was associated with an increased likelihood of HIV-1 disease progression 114. Once again, the 
FcγRIIc protein was not considered to be involved in the underlying mechanism as only one 
individual possessed the classical FCGR2C-ORF haplotype. Instead, the authors presented an 
in silico analysis which supported previous claims that these variants could result in alternative 
splicing of FCGR2C transcripts as a putative CTCF binding motif within a weak enhancer was 
disrupted. Supporting the notion that these FCGR2C variants regulate gene expression, 
increased levels of the last exon from FCGR2A and/or FCGR2C were detected in 
lymphoblastoid B-cell lines harboring the Thai haplotype SNVs 115.  

The conflicting outcomes in HIV-1 studies may be due to LD relationships specific to different 
genetic backgrounds that are not always determined. For example, the intron 2 SNV 
(rs114945036) was also found to be in LD with a nonsynonymous exon 4 variant and two 
intron 5 SNVs in the Thai cohort (rs373013207, rs74341264, and rs201984478) 110, whereas 
was linked to the FCGR2C-57Q SNP and two intron 1 variants (rs2169052 and rs111828362) in 
the South African  cohort 114.   

FCGR3B  

Within exon 3 of FCGR3B, which encodes the membrane-distal Ig-like extracellular domain of 
FcγRIIIb, a cluster of polymorphisms collectively represents the human neutrophil antigen 
(HNA)-1 system. The most common variants, HNA-1a and HNA-1b, are differentiated by five 
SNPs that lead to four amino acid substitutions and affect N-linked glycosylation (Table 3). 
HNA-1a and HNA-1b are encoded by the NA1 and NA2 haplotypes, respectively. These variants 
alter the receptor's affinity for hIgG isotypes, with HNA-1a having higher affinity for hIgG1 and 
hIgG3, resulting in more effective phagocytosis of opsonized targets 14,64,116. In vitro 
experiments have shown that the FcγRIIIb allotype encoded in the NA1 haplotype had 
approximately double the affinity to monomeric hIgG3 of the NA2 haplotype 117. Another 
reported allotype is HNA-1c that is encoded by the SH haplotype. The SH variant is identical 
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to NA2 at the aforementioned five SNPs but differs from NA2 at an additional position. The 
functional consequences of this SNP, and thus difference between HNA1b and HNA1c 
allotypes, are not well characterised. Several other HNA variants have been identified, 
although their functional and clinical significance remains to be confirmed 118-120. 

Susceptibility to various autoimmune disorders has been linked to these HNA antigens. The 
higher affinity HNA-1a has been associated with increased risk of a condition marked by FcγR-
mediated neutrophil activation, known as anti-neutrophil cytoplasmic antibody systemic 
vasculitis 120, whereas the lower affinity HNA-1b isoform has been linked to SLE development 
121,122. Additionally, the HNA system holds clinical significance in pregnancy; rare instances of 
potentially fatal neonatal immune neutropenia have been observed when fetal neutrophils 
expressing paternal HNA antigens are targeted by maternal antibodies 123-125. 

FCGR2B  

Unlike the other two FCGR2 family members which have seven exons, FCGR2B has eight exons 
that are alternatively spliced. The predominant FcγRIIb isoforms, FcγRIIb1 and FcγRIIb2, 
exhibit distinct localisation patterns and functional properties. FcγRIIb1, transcribed from all 
eight exons, is the only FcγR routinely expressed in B-cells and functions to inhibit B-cell 
receptor (BCR) signaling, thus limiting B-cell expansion and activation in the presence of 
antigen specific ICs 126. In contrast, FcγRIIb2 has the 57bp exon 6 spliced out from between 
the transmembrane domain and cytoplasmic ITIM. It is the primary transcript expressed in 
myeloid cells and is mainly involved in endocytosis of ICs 127. Exon 6 of FCGR2B, present in 
FcγRIIb1, enhances B-cell membrane tethering, whereas its absence from FcγRIIb2 allows for 
rapid internalization 128. This exon does not have a corresponding exon in the current 
annotation for FCGR2A or FCGR2C (Fig. 2c). 

A well-studied polymorphism within exon 5 of FCGR2B (rs1050501), involving a T to C 
substitution, has attracted attention for its impact on FcγRIIb's inhibitory signaling and its 
potential to disrupt immune system balance. This substitution, occurring at amino acid 
position 232 within the transmembrane region and resulting in an isoleucine to threonine 
change (I232T), was initially identified in a Japanese cohort of SLE patients 129. The FCGR2B-
232T variant has been shown to interfere with FcγRIIb's ability to attenuate the activating 
signaling of the BCR by impeding its association with lipid rafts in the plasma membrane 130,131. 
Moreover, as FcγRIIb is also expressed on dendritic cells (DCs), the presence of FcγRIIb-
p.Thr232 can also impact DC maturation and consequently T-cell stimulation 132-134. In multiple 
studies across numerous ethnic backgrounds, homozygosity of the FCGR2B-232T variant has 
been strongly associated with SLE 6,80,129,135-139. Conversely, a T/T genotype was also shown to 
provide a protective effect against severe malaria infection in an East African population 140. 

Allelic variation can also impact the expression levels of the FcγRs. Notably, two crucial SNPs 
reside in the promoter regions of both FCGR2B and FCGR2C, positioned at -386 and -120 
relative to the translational start site (Table 4). At the -386 position, these SNPs can either be 
G or C, while at the -120 position, they can be A or T, resulting in four distinct haplotypes 
named 2B.1, 2B.2, 2B.3, and 2B.4. The 2B.1 haplotype is prevalent in both FCGR2C and FCGR2B 
promoter regions, while the 2B.2 and 2B.4 haplotypes have only been reported upstream of 
FCGR2C and FCGR2B, respectively. To date there has never been reported a case of the 2B.3 
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haplotype of -386G with -120A. With a luciferase reporter assay, the rarer FCGR2B.4 haplotype 
was demonstrated to increase FCGR2B transcription in comparison to the more common 
FCGR2B.1 haplotype 141. This observation was then supported when transcription factor (TF) 
binding and FcγRIIb expression was seen to be enhanced in primary B-cells with the FCGR2B.4 
haplotype 142. Augmented transcriptional activity from 2B.4 has also been observed in 
neutrophils and monocytes 143,144. The 2B.4 haplotype has also been associated with increased 
SLE susceptibility 141,144,145.  

Additionally, a recently described in-frame deletion of codon AAT within exon 3 (rs755222686, 
p.Asn106del) was shown to completely eradicate FcγRIIb binding with hIgG1 and hIgG3 146. 
Whilst this non-functional protein resulted in heightened levels of hIgG, it has only been 
reported in a very small subset of the Icelandic population so far.   

 

Structural variation at the FCGR locus 

History 

CNV involving FCGR genes have been notoriously challenging to characterize due to the 
genomic complexity of these loci and limitations in available technologies. The first report of 
CNV at the FCGR locus dates back to the 1990s when a homozygous deletion of FCGR3B was 
observed in mothers of children with neonatal immune neutropenia 123-125. This deletion was 
subsequently found to be linked with FCGR2C CNV 147,148. To investigate associations with 
autoimmune diseases, methods such as array comparative genomic hybridization (aCGH) and 
restriction enzyme digest variant ratio assays were developed, and large-scale studies 
examining global CNVs suggested that FCGR2A and FCGR2B were also candidate genes for 
duplication or deletion events 149-152. 

However, in 2008 the multiplex ligation-dependent probe amplification (MLPA) assay was 
developed to study the genetic variation at the FCGR locus in a single assay 85. It was 
hypothesised that the variation captured by both CNV and SNPs could collectively encode a 
‘susceptibility phenotype’ for autoimmune/inflammatory diseases as the balance between 
activating and inhibitory signaling was altered by genomic variants. The MLPA assay was 
conducted on >600 individuals to demonstrate extensive variation at the FCGR cluster, but 
showed only FCGR3A, FCGR2C and FCGR3B were subject to CNV – and not FCGR2A or FCGR2B 
as previously reported 85,104. 

In 2012, a study by Machado et al. utilized Sanger sequencing of PCR amplicons to investigate 
the NAHR events generating FCGR CNV and localized the breakpoints to distinct hotspots 21. 
This analysis involved identifying and utilizing paralogous sequence variants (PSVs), which are 
single nucleotide differences between the two paralogous repeats of the segmental 
duplication. However, in 2013, Mueller et al. examined the genetic pathology of FCGR3B 
deletions and reported that 36% of the candidate PSVs were polymorphic, compromising any 
breakpoint analysis that used them 112. Mueller et al. also refined the boundaries of the 
FCGR2C/FCGR3B CNV to two highly paralogous 24.5kb blocks covering the 3’ ends of FCGR2C 
and FCGR2B, which they stated were devoid of true PSVs not subject to allelic variation. In 
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2017, Rahbari et al. reanalysed the same fosmid sequences and were able to further define 
the breakpoints within this 24.5kb block, attributing the discrepancies to the consideration of 
the duplications present 153. 

Structure 

MLPA analysis of >4000 individuals was conducted in 2015 and four distinct CNV regions 
(called CNRs) were described, mapping the most common areas of gain or loss within the low 
affinity FCGR locus 28. The PSVs utilised in this MLPA assay included 7 pairs that were designed 
to distinguish between the two 82kb paralogous repeat units, four of which were designed to 
detect nonpolymorphic PSVs. During this work, the breakpoints of the CNR were then further 
refined, documenting the generation of functional chimeric genes and the novel fourth variant 
CNR4 for the first time. This study also provided support for the idea that there is population 
variation in FCGR copy- number profiles 152. Briefly outlined below (and depicted in Fig 3) is 
the current understanding of the structure of the CNRs, where the numbering reflects their 
prevalence. 

• CNR1 includes FCGR2C, HSPA7 and FCGR3B with breakpoints thought to occur within the 
intergenic region between FCGR3A-FCGR2C and FCGR3B-FCGR2B.  

• CNR2 has intragenic breakpoints in intron 6 of FCGR2A and FCGR2C. It encompasses the 
entire genomic sequence of the HSPA6 and FCGR3A genes as well as the last exon of 
FCGR2A and all but the last exon of FCGR2C. 

• CNR3 includes FCGR3A, FCGR2C and HSPA7 with the breakpoints within the intergenic 
region between HSPA6-FCGR3A and HSPA7-FCGR3B. Like CNR1 and CNR2, both deletions 
and duplication of CNR3 have been observed.  

• CNR4 has intragenic breakpoints and includes the entire genomic sequence for the HSPA7 
and FCGR3B genes. Its start includes exon 4 of FCGR2C, and its end contains the proximal 
part of FCGR2B including exon 3. Only deletions of CNR4 have been reported. 

• CNR5, a novel CNR was reported in 2021 in some individuals indigenous to the 
Ecuadorian highlands 154. The authors showed that the CNR deletion spanned from the 
third intron of FCGR3A to the third intron of FCGR3B, resulting in the creation of a 
FCGR3B/A chimeric gene which was associated with FcγRIIIa and FcγRIIIb deficiency.  

Considering that FCGR CNV is facilitated by recurrent NAHR between the highly homologous 
repeats of the segmental duplication at a high mutation rate 21, in addition to the 
development of increasingly sophisticated technologies which exhibit enhanced fidelity, it is 
anticipated that more CNRs will be discovered as the FCGR locus is explored within larger 
and more diverse cohorts. 

Functional consequences 

The CNRs at the FCGR locus can have significant functional consequences for FcγR expression, 
and thus the response to IgG, through two main mechanisms, i) changes to gene dosage and 
ii) the introduction of chimeric genomic sequences. 

Gain of CNRs that result in increased FCGR3B gene copies lead to an augmentation of FCGR3B 
mRNA levels 82, and protein expression at the cell surface 104,144,147,148. Increased expression of 
FcγRIIIb has been shown to enhance the ability of neutrophils to bind and uptake immune 
complexes 155. Recke and co-workers also reported elevated ROS production in donors with 
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FCGR3B CNV 156. Loss of the same CNRs, such as CNR1 or CNR4, have been shown to reduce 
FcγRIIIb expression and function on neutrophils 122,155, associated with the impairment of IgG-
mediated opsonisation 123,157. Similarly, extra copies of FCGR3A (through duplication of CNR2 
or CNR3) have been linked with increased NK cell surface expression of FcγRIIIa, however the 
association is not as clear compared to the FCGR3B effects 82,104. CNV of FCGR2C has also been 
linked to changes in expression, but only in individuals that harbor the FCGR2C-ORF SNP 82,85. 

As previously mentioned, CNRs do not just result in expression changes due to differences in 
gene dosage but can also create chimeric gene products and cause the rearrangement of key 
cis-acting regulatory elements. For example, deletion of FCGR3B has been reported to 
generate a chimeric event which results in aberrant regulation of FCGR2B transcription. The 
deletion causes the FCGR2C regulatory sequence to juxtapose the coding sequence of 
FCGR2B, placing FCGR2B expression under the control of the 5’ flanking sequence of FCGR2C 
112. This results in ectopic accumulation of FcγRIIb on NK cells that apparently impairs ADCC, 
potentially providing an explanation for SLE susceptibility 27,112. 

Furthermore, deletion and duplication of CNR2 have both been shown to create chimeric gene 
products 138. The novel chimera generated by CNR2 deletion is comprised of the first seven 
exons of FCGR2A followed by exon 8 and the 3’-UTR of FCGR2C 28. Interestingly, despite the 
distal part of FCGR2C being directly derived from FCGR2A during the segmental duplication 
event, the FCGR2A/2C chimeric gene product was functionally distinct from the wild type 
FcγRIIa. It is expressed at significantly lower levels on neutrophils and monocytes thus 
reducing the ability to induce a response to IgG 28. In contrast, CNR2 duplication can create 
the inverse FCGR2C/2A chimeric product that consists of the first seven exons of FCGR2C 
followed by exon 8 and the 3’-UTR of FCGR2A. This can result in increased FcγRIIc expression 
at the cell surface but only if the FCGR2C-ORF SNP coexists on the same haplotype. The 
difference in expression was attributed to the 3’-UTR of FCGR2A providing increased stability 
to the mRNA molecule compared to the 3’-UTR of FCGR2C. 

The CNR4 deletion can result in an FCGR2B null variant, resulting in loss of the first three exons 
of FCGR2B to be replaced with exons 1-3 of FCGR2C – potentially introducing the FCGR2C-stop 
codon in exon 3. When this polymorphic stop codon from FCGR2C is used, it effectively 
silences the inhibitory FcγRIIb gene and causes expression of FcγRIIb to be reduced by half in 
heterozygous individuals 28. 

Disease consequences 

The main rationale for the previous studies was to elucidate the structure of the FCGR locus 
under different copy-number states and link variants to cellular responses, pathology and 
disease implications. Deletions of FCGR3B have previously been associated with the 
susceptibility to numerous autoimmune diseases: glomerulonephritis 150, SLE 
21,112,122,139,155,158-160, ulcerative colitis 161, rheumatoid arthritis (RA) 153,162-165, ankylosing 
spondylitis 166, systemic sclerosis 167, primary Sjögren syndrome 164,168, microscopic polyangiitis 
and Wegener's granulomatosis 159. The more recently described CNR4 deletion is reported to 
be very rare, detected in only 0.1% (5/4357) of the study population and does not necessarily 
contribute to autoimmune disease as 3 of the 5 individuals with the variant were healthy 
adults. However the other two cases were patients with vasculitis and SLE so it was suggested 
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loss of CNR4 may predispose individuals to autoimmunity 28. Similarly, knockout mice that lack 
FcγRIIb are viable but are prone to severe, early onset autoimmunity 169,170, but only in certain 
genetic contexts that exhibit higher disease incidence 171. 

 The data available on the association of FCGR3A CNV and autoimmune diseases has 
discrepancies, with loss of FCGR3A being associated with RA and SLE in Taiwanese cohorts 172 
but not in individuals of European descent 162. These contradictions could be the result of true 
differences between populations, small cohort sizes or limitations of the methodologies. A 
recent UK Biobank study, that investigated CNVs which modify protein products, showed a 
significant association between FCGR3B copy number and increased basophil count 173. A 
reduction in FCGR3B gene dosage was linked with a higher risk of developing chronic 
obstructive pulmonary disease (COPD). However, it was also noted that whilst the haplotype-
informed analysis could differentiate between the FCGR3A and FCGR3B paralogs, other 
functional FCGR SNPs/CNRs could be the causal variants for other associations (eg. 
lymphocyte, monocyte and eosinophil counts) at the locus.  

Linkage disequilibrium and population variation 
Additional considerations for the interpretation of genetic variants at the low-affinity FCGR 
locus are i) the significant variation across different ethnic backgrounds, and ii) the 
pronounced extent to which LD is present. Due to the variants being in such close physical 
proximity to each other, they are prone to co-inheritance and thus certain combinations co-
exist on the same allele more frequently than would be expected by chance.  

In 2019, Nagelkerke et al. published a comprehensive overview of FCGR variant frequency and 
LD patterns, based on data from over 1,800 healthy individuals from African, Chinese, and 
European populations 82. Significant population differences were found in the frequencies of 
all genotyped SNPs and CNRs, except for the FCGR3A-158V variant which was largely similar 
across groups. Within the European and African populations, further analysis revealed subtle 
distinctions among Europeans and notable differences between individuals of Antillean, 
Ethiopian, South African, Surinamese, and West African descent. 

A key finding across all populations was the difference in FCGR2C haplotype prevalence. For 
instance, the non-classical FCGR2C-ORF haplotype was more common in African populations 
than in Europeans, while the classical FCGR2C-ORF variants were present in 11% of European 
alleles but were uncommon in those of African descent and almost entirely absent in the 
Chinese population. When examining the LD landscape in a CNR-neutral context, the classical 
FCGR2C-ORF variants were shown to be in LD with numerous other FCGR SNPs. In Europeans, 
they were almost completely in LD with the FCGR2C 2B.2 promoter haplotype, in strong LD 
with the FCGR2A-27W and FCGR2B 2B.4 variants, and in weak LD with the higher affinity 
FCGR3A-158V SNP. Similar, albeit weaker, LD relationships were also identified in the African 
and Chinese cohorts carrying the classical FCGR2C-ORF haplotype.  

These findings 82 were largely in agreement with previously reported FCGR variant frequencies 
and LD patterns 21,105,113,138,174,175, yet expanded the range of variants and ancestry-specific 
effects considered. For example, the LD detected between the high-affinity FCGR2A-131H and 
FCGR3A-158V alleles were consistent with previous conclusions made in African and European 
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cohorts 138,174, yet were actually inverted in the Chinese population with LD between the 
higher affinity FCGR2A-131H and the lower affinity FCGR3A-158F alleles. 

LD was also explored between the SNPs and CNV, revealing that CNR1 was in strong LD with 
the nonclassical FCGR2C-ORF haplotype in both European and African populations, and with 
the FCGR3B-SH haplotype in Europeans. FCGR2A-H131R, FCGR3A-V158F and FCGR2B-I232T 
also displayed association with CNR1 CN changes. LD was only observed for CNR2 between 
FCGR2B-I232T in Europeans, and no statistically significant LD was found for CNR3. 

Whilst this research provided insight into LD and population variation, the field still lacks an 
unbiased understanding of the low-affinity FCGR locus as only previously studied and 
confirmed as functionally relevant variants were genotyped. The MLPA assay, which is widely 
used and regarded as the most effective high-throughput method for determining FCGR 
variants 176, only examines eight of the previously detailed SNP/haplotypes (along with CNR1-
4) which, although important as associated with autoimmune/infectious diseases, does not 
offer a complete picture. For instance, the FCGR3A-48L/R/H polymorphic site described above 
was not assessed but is a good example of why detailed knowledge of all FCGR LD is critical 
for accurate interpretation. The triallelic FCGR3A variant was first recognised in 1996 where it 
was observed that FCGR3A-48R and FCGR3A-48H variants had higher binding capacity for hIgG 
compared to the more prevalent wildtype FCGR3A-48L allele 177. However, this difference in 
hIgG binding was quickly ascribed solely to FCGR3A-158F/V alleles as a consequence of LD 178. 
In 1997 the same authors demonstrated a distinct linkage between the lower affinity FCGR3A-
158F and FCGR3A-48L wildtype alleles, and that NK cells with the FCGR3A-158V variant bound 
significantly more IgG irrespective of the FCGR3A-48L/H/R genotype 178. However, this claim 
was challenged when revisited in 2014 and FcγRIIIa expression was appropriately controlled 
for 91. It was shown that although FCGR3A-158V is strongly linked with both FCGR3A-48H and 
R variants, the FCGR3A-48L/H/R genotype can independently influence IgG affinity. 
Specifically, the 158V/48R haplotype exhibited the highest IgG binding affinity, and both the 
158V/48R and 158V/48H haplotypes displayed significantly greater binding capacity 
compared to the 158V/48L combination. Given that both the biallelic FCGR3A-158F/V and the 
triallelic FCGR3A-48L/R/H polymorphic positions can independently influence FcγRIIIa hIgG 
binding, alongside alterations in expression levels resulting from CNR linkage and the 
remaining FCGR3A-IH variants, it is imperative that appropriate genetic controls and stratified 
groups are implemented to incorporate all known factors. 

Influence of FCGR genetics on COVID-19  
In addition to the multiple associations that the FCGR genes have with autoimmune diseases, 
they also have important roles in regulating responses to infection. Most recently this has 
been demonstrated in their influence on SARS-CoV-2 control and disease outcome 179-181, 
whereby failure to coordinate efficient binding to SARS-CoV-2-specific Abs and subsequent 
effector functions has been correlated with increased mortality 182. Considering the growing 
concerns about SARS-CoV-2 variants impacting vaccine efficacy by evading antibody 
neutralisation, there is an expanding interest in maintaining and augmenting protection 
mediated by FcyR effector functions 183-186. Whilst it has been reported that FcyR effector 
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activities, such as viral uptake into phagocytic cells and increased inflammation, may also 
heighten the pathophysiology of the virus through antibody-dependent enhancement of 
infection (ADE) 187-189, there is currently no evidence from preclinical or clinical studies that 
SARS-CoV-2 vaccines elevate the risk of ADE 190-192. Furthermore, a single-cell RNA-seq analysis 
of immune cells identified a distinct absence of global induction of the interferon-stimulated 
genes (ISGs) program in severe COVID-19 patients, in contrast to its presence in mild cases, 
which was attributed to FcyRIIb-mediated antagonism of interferon receptor signaling 193. This 
altered myeloid transcriptional state, which serves as a COVID-19 severity hallmark 194, implies 
the clinical blockade of FcyRIIb with antibodies may be a potential means to reverse the 
inhibition of ISGs and diminish severe responses 193.  

Amongst factors such as antibody isotype, glycosylation and vaccine regimen, FCGR 
polymorphisms have also been reported to influence host immunological response to SARS-
CoV-2. For example, the homozygous FCGR3A-158V/V genotype was shown to be 
overrepresented in COVID-19 patients that were hospitalised or subsequently died, whereby 
NK cells expressing the higher affinity (FCGR3A-158V/V or V/F) demonstrated significantly 
higher proinflammatory ADCC responses that may have contributed to immunopathogenesis 
195. However another study by López-Martínez et al evaluated the impact of both FCGR2A-
131H/R and FCGR3A-158F/V SNPs on COVID-19 severity, only found the FCGR2A-131R allele 
to be significantly associated with increased risk of mortality 196. This polymorphism, encoding 
the FcγRIIa isotype with lower IgG affinity, had also previously been associated with more 
severe SARS-CoV-1 infection 197. 

Impact of FCGR genotypes on immunotherapy  
It has been proposed that FCGR genotyping can be leveraged for precision medicine in 
predicting response to mAb immunotherapy. The two FCGR variants that have gained the most 
attention in this regard are the FCGR2A-131H/R and FCGR3A-158F/V SNPs which alter FcγR 
hIgG affinity as detailed above. In the autoimmune disease setting, the FCGR3A-158V variant 
has been associated with improved rituximab response in ITP 198, SLE 199,200 and RA 201-205. 
Similarly, the FCGR2A-131R variant was associated with favourable responses to adalimumab 
in RA 206,207 and with better outcomes for liver transplantation patients treated with rituximab 
208. 

Similar associations with efficacy were previously made in the treatment of malignancies. 
However, as the influence of FCGR variants on mAb efficacy has been more extensively 
investigated, the literature has become less clear and in places directly conflicting. In part this 
discordance may reflect both the nature of the studies undertaken (size, real-world versus 
clinical trial etc.), as well as the burgeoning number and type of mAb immunotherapy agents 
and greater diversity in their mechanisms of action.  

With respect to direct targeting or cytotoxic antibodies, it is well established that the FcγRs 
are key determinants of success; whereby FcγR expression profile (A/I ratio), mAb isotype and 
FcγR interaction influences therapeutic efficacy 3,209,210. Here, the primary effector 
mechanisms are thought to be ADCC and antibody-dependent cellular phagocytosis (ADCP).   
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Initial studies supported that the alleles encoding the high-affinity alleles FCGR2A-131H and 
FCGR3A-158V significantly augment cancer patient responses and outcomes to mAb-based 
regimens. Firstly, in lymphomas treated with rituximab, both genotypes have independently 
been associated with higher response rates and longer progression free survival (PFS) in 
follicular lymphoma (FL)  (Weng and Levy 2003) and the FCGR3A-158V variant has been 
associated with favourable clinical response rates in FL 211,212, mantle cell lymphoma (MCL) 213, 
diffuse large B cell lymphoma (DLBCL) 214,215 and non-Hodgkin lymphoma (NHL) in general 216. 
These latter findings supported the greater ADCC activity seen for NK cells with the FCGR3A-
158V variant, with the mechanism for the FCGR2A-131H being less apparent (for hIgG1 
therapeutics for which the affinity is relatively similar to FCGR2A-131R). 

Amongst solid tumors, these findings were extended to trastuzumab in breast 217-220 and 
gastric 221 cancers, farletuzumab for ovarian cancer 222, as well as cetuximab for colorectal 
cancer 223-229 and head and neck squamous cell carcinoma (HNSCC) 230. Of interest, in renal 
cell carcinoma patients the high affinity genotypes (plus the FCGR2C-57Q variant) were 
associated with significantly increased tumor shrinkage and overall survival in response to a 
non-antibody immune therapeutic, high-dose aldesleukin (HD-IL2) 231.  

However, several other studies have cast doubt on the prognostic significance of these 
variants, finding no association between high-affinity genotypes and clinical outcomes in 
colorectal cancer 223,225,232,233, FL 234-236, DLBCL 237-239 and CLL 240,241. Moreover beyond the 
relatively small-scale, retrospective studies, the lack of association with clinical impact was 
also reproduced in studies of clinical trials with much larger cohorts for FL 242-244, DLBCL 
244,245 and renal cell carcinoma 246.  

To add to the complexity, there are also a limited number of studies concluding the lower-
affinity genotypes are associated with better responses to mAb immunotherapy, including 
within colorectal cancer 232,247-249, DLBCL 245, multiple myeloma 250 and breast cancer 251. 

Due to these highly variable findings, the utility of FCGR polymorphisms as predictive 
biomarkers remains inconclusive. The discordance between studies may be attributed to 
numerous factors, involving differences in disease subset, clonal evolution, treatment 
regimen, study design, genotyping technique and sample sizes. Furthermore, a substantial 
limitation of the aforementioned studies is the majority typically only genotype the two 
SNPs FCGR2A-131H/R and FCGR3A-158F/V – completely overlooking CNV and other FCGR 
SNPs (which they may be in LD with) that also have the potential for impacting treatment 
response as detailed above.  

Beyond direct targeting mAbs, immunomodulatory mAb therapies - such as agonist antibodies 
and checkpoint inhibitors - are also impacted by FcγR engagement 252,253. In pre-clinical mouse 
models, therapeutic efficacy of mAbs directed to immunomodulatory receptors such as GITR, 
OX40, CD25, CTLA4 in part are reported to stem from their ability to eliminate intratumoral T 
regulatory cells (Tregs), thereby unleashing antitumor immunity driven by CD8 T cells 254-259. In 
advanced melanoma patients, the FCGR3A-158V variant has been linked to improved 
responses to the anti-CTLA4 mAb ipilimumab 260. The FCGR3A-158V SNP was found to be 
associated with significantly improved overall survival in one dataset 261, while a meta-analysis 
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also reported an association with higher response rates 260, although it should be noted both 
studies are small and require further validation.  

Role of FCGR2B in cancer and associations with treatment resistance 

Although mAb immunotherapy has revolutionised cancer treatment 210, patients often 
experience intrinsic or acquired resistance, thus relapse is still a significant obstacle. The 
mechanisms of action and hence resistance varies with different types of therapeutic 
antibody and are incompletely resolved, but deeper understanding is central to improved 
clinical outcomes 252. B cell malignancies are routinely treated with anti-CD20 mAbs such as 
rituximab, which engage FcγR-mediated effector functions to elicit their therapeutic effects 
262. One mechanism of resistance to rituximab involves high FCGR2B expression 263-265. Being 
the predominant IgG receptor expressed on normal and malignant B-cells, FcγRIIb facilitates 
internalisation of CD20:rituximab:FcγRIIb complexes through a cis configuration resulting in 
loss of antibody from the cell surface, heightened mAb consumption and abrogation of all 
FcγR-mediated effector functions 266,267. Retrospective analyses found that MCL patients 
treated with rituximab immunochemotherapy had shorter PFS when their tumor biopsies 
were FcγRIIb-positive 263, with high FcγRIIb expression on FL also associated with lower 
response rates with rituximab monotherapy 264.  

Further support for the negative association of FcγRIIb and treatment success arises from 
genetic studies. Investigations into genes impacted by 1q21-23 rearrangements, a common 
aberration in hematological malignancies associated with poor prognosis 268,269, identified 
FCGR2B as a gene targeted by the rearrangement leading to deregulated expression 270,271. 
Despite involving different chromosomal partners, the translocations examined in the 
separate studies resulted in overexpression of the FcγRIIb2 isoform, relative to the expected 
FcγRIIb1 isoform, on the tumor B-cells. The overexpression of FcγRIIb2, the isoform that more 
readily undergoes internalization, potentially compromises the regulatory function of FcγRIIb, 
leading to enhanced evasion of anti-tumor mechanisms and may represent a secondary 
genetic event that provides additional growth advantage 271. FcγRIIb2 was also identified as 
enriched relative to FcγRIIb1 in CLL cells 263, although signaling through the intracellular tail 
was shown to be redundant for the rituximab internalisation process 272. 

A recent study also identified FCGR2B as a potential novel oncogene in a germinal centre B-
cell (GCB) subgroup of DLBCL patients 273. Somatic focal amplifications were identified that 
deregulated expression, resulting in significantly elevated FCGR2B levels that were associated 
with inferior response to rituximab containing immunochemotherapy 273. This study also 
observed increased frequencies of somatic SNVs and indels within FCGR2B introns, and 
suggested these alterations may result in a truncated protein by facilitating intron retention 
273. Given the numerous preclinical studies 263,266,267,274 and smaller clinical trials 263,264 
indicating high FCGR2B expression on tumor cells adversely affects rituximab-based regimens, 
a series of large clinical cohorts were examined to investigate whether elevated FCGR2B levels 
in DLBCL imparts resistance to anti-CD20 mAbs 265. Results demonstrated that high expression 
of FCGR2B serves as a robust, independent prognostic biomarker that is associated with 
shorter PFS in patients treated with rituximab immunochemotherapy, but not with 
obinutuzumab immunochemotherapy 265. Obinutuzumab does not internalize rapidly as it is 
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a Type II anti-CD20 mAb and is less impacted by FcγRIIb, supporting the earlier pre-clinical 
observations263,267. It was proposed, pending additional validation, that FCGR2B expression 
could be utilised to identify patients at an early stage who would likely derive the greatest 
benefit from obinutuzumab based treatment. Taken together, enhanced internalisation 
capability —whether through the overexpression of the FcγRIIb2 isoform, or the ability of type 
I mAbs like rituximab to cluster and reorganize CD20 into lipid rafts —can diminish the 
availability of the mAb for its therapeutic action, potentially leading to poorer clinical 
outcomes. Of relevance, the absence of FcγRIIb-mediated internalization of the type II mAb 
obinutuzumab was shown to enhance the phagocytosis of CLL target cells 275. 

It has also been shown that non-hematopoietic tumors can ectopically express FcγRIIb, with 
one group demonstrating 40% of metastatic melanoma samples expressed the ‘B-cell’ 
FcγRIIb1 isoform  276-278. This suggests that ectopic expression of FcγRIIb may represent a 
progression factor that behaves as a decoy receptor to enable escape from FcγR-dependent 
effector mechanisms in the presence of anti-tumor mAbs 279,280. Utilising murine in vitro and 
in vivo models, FcγRIIb1 was shown to enhance tumor formation and progression when 
ectopically expressed on non-lymphoid cells 281. Additionally, it has been shown that FcγRIIb 
expression is significantly increased on monocytes under high density 282, and on both 
monocytes and macrophages during hypoxia 283. Hypoxic conditions frequently occur in 
specific tissue niches, like bone marrow 284), and in poorly vascularized tumor 
microenvironments typical of advanced cancers. Hypoxia results in FcγRIIb upregulation in 
these areas, potentially limiting the effectiveness of direct targeting antibodies such as 
rituximab 283. Upregulation of FCGR2B has also been observed in macrophages that reside in 
the adipose tissue of breast cancer 285, as well as in macrophages and monocytes of colorectal-
, non-small-cell lung- and renal cell carcinomas with single-cell RNA-sequencing 47.  

Preclinical studies have demonstrated that high FcγRIIb expression within the tumor 
microenvironment also hinders the depletion of intra-tumoral Tregs by anti-CD25 mAb, 
thereby reducing its effectiveness against established tumors 286. However, the therapeutic 
efficacy of anti-CD25 mAbs can be restored by augmenting their binding to the activating 
FcγRs, through isotype switching to isotypes with higher A:I ratios, such as mIgG2a. 
Accordingly, anti-CD25 mIgG2a overcame the high FcγRIIb expression in the TME to effectively 
deplete tumor-infiltrating Tregs and enhance the control of established tumors 286. 

FCGR2B was also observed to be upregulated on a subset of highly differentiated, tumor-
infiltrating effector CD8+ T cells in both a melanoma mouse model and patients with 
metastatic melanoma 287. This upregulation was associated with an activated yet potentially 
exhausted CD8+ T cell phenotype and played a suppressive role in antitumor immunity. It was 
subsequently shown that FCGR2B mediated suppression of these CD8+ T cells, limiting the 
efficacy of mAb to both checkpoint inhibitors PD-1 and CTLA-4 288. 
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Regulation of the low affinity FCGR locus  
Understanding how the genetic sequence, including variants, influences the regulation of 
FCGR expression has proven to be highly challenging, with limited research uncovering the 
underlying mechanisms.  

Studies have demonstrated that genetic variants in the promoter and intronic regions of 
FCGR2B modulate TF binding and expression levels. A genetically determined down-regulation 
of FcγRIIB1 in GCBs was linked to increased hyper-IgG and IgG autoantibodies 289. Two 
substitutions and two deletion sites were identified within the promoter region that were 
thought to result in lower FcγRIIB1 expression and subsequently provide a mechanism by 
which B cells escape negative regulatory signals 289. Polymorphisms within the third intron 
were also identified which correlated with increased IgG antibody responses and are shared 
among autoimmune-prone mouse strains 290,291. Two unmethylated regions in the promoter 
and third intron have been characterised for their activities in the control of mFcγRIIb gene 
transcription in a cell-type specific manner 292. These polymorphisms were reported to be 
involved in impairing the binding of the TF Activator protein 1 (AP-1) and subsequently leading 
to enhanced germinal center formation and excessive autoantibody production 291,293, and it 
was suggested similar alterations in FCGR2B regulatory regions could have implications in 
human autoimmune susceptibility.  

The aforementioned upregulation of FCGR2B under hypoxic conditions 294,295 which 
subsequently diminishes the FcγR A:I ratio and impairs phagocytosis of mAb-opsonized targets 
was shown to be transcriptionally driven 283. TFs AP-1 and members of the hypoxia-inducible 
factor (HIF) family, HIF-1α and HIF-2α, were identified as critical upstream regulators of this 
increase in expression. Early research showed AP-1 to bind a non-canonical motif in the 
FCGR2B promoter region in cell lines 296 which was supported by a more recent study that 
utilised primary material to confirm binding at a non-canonical AP-1 motif 339bp upstream of 
FCGR2B TSS 283.  Furthermore, nine hypoxia response elements (HREs) were identified within 
15kb upstream of FCGR2B TSS, with the nearest canonical HRE motif at position -3916 
upstream of TSS 283. During investigations of how to recalibrate the immunosuppressive FcyR 
signature of tumor-associated macrophages, it was shown how activation of stimulator of 
interferon genes (STING) results in an increase of activating receptors FcyRIIa/FcyRIII whilst 
simultaneously decreasing expression of FcyRIIb 297. An equivalent increase in the A/I ratio in 
mice (increased FcyRIII/IV and decreased FcyRII) was also linked to a significant enhancement 
in mAb-mediated depletion of malignant targets in the face of tumor-mediated FcyR A/I 
suppression 297. 

Of the three polymorphic positions that make up the FCGR3A-IH — which is overrepresented 
in individuals with elevated FcγRIIIa expression on NK cells and monocytes 92— the 5’-UTR -
1405G>A SNP is reported to be situated within a ~200bp putative silencer region. It has been 
speculated that the SNP promotes increased expression by disrupting repressor binding to the 
silencer element 92. Whilst further validation is required, luciferase reporter assays 
demonstrated deletion of this region resulted in more than a two fold increase in activity 298. 
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One study has highlighted the potential role of FcγRIIa epigenetic regulation in KD; five key 
CpG sites within the FCGR2A promoter were associated with increased risk of disease 
susceptibility and pathogenesis, with significant hypomethylation observed within the KD 
cohort compared to the control group 299. Furthermore, all five sites exhibited lower 
methylation levels in patients resistant to the intravenous immunoglobulin (IVIg) treatment 
relative to those who were responsive to IVIg 299. The KD cohort also demonstrated markedly 
elevated levels of FCGR2A mRNA, and reporter gene assays revealed that the five CpG sites 
were sufficient to regulate expression 299. A follow-up study found FCGR2A expression levels 
were also significantly higher in IVIg-resistant KD patients, and those with coronary artery 
lesions (CALs) compared to those without CALs 300. 

 

Limitations in FCGR research and benefits of long-range genomics 

Current limitations 

Investigation of the FCGRs has been hindered by the high intra-region homology (Fig. 2b-d) 
and resulting technical difficulties leading to ambiguity and inconsistency of results. Genetic 
association studies involving FCGR variants are often unreliable due to technical variation, 
inconsistent nomenclature, high LD, and genetic complexity from segmental duplication 301,302.  

As traditional methods for studying the FCGRs, including MLPA, Taqman genotyping, 
Haloplex and whole exome/genome sequencing (WES/WGS), produce short units of data 
and heavily depend on the current human genome assembly, their capacity to characterise 
this highly homologous region is significantly restricted and can result in ambiguous data 18. 
Within the coding region of FCGR2B there have been further non-synonymous variants 
detected, but none have had their biological relevance, functional validation or involvement 
in disease pathogenesis ascertained as yet 6. For instance, a stop codon within exon 3 
(rs10917661) has been associated with SLE and ankylosing spondylitis 137,303 but due to the 
sequence homology, primers cannot distinguish between FCGR2C and FCGR2B. Therefore, it 
remains to be determined whether studies are reporting on a stop codon in FCGR2B or the 
already established Q57X variant within FCGR2C. Discrepancies in reports of the 
consequences of FCGR2B promoter haplotypes further illustrate these challenges 145. Due to 
genotyping of the low-affinity FCGR locus being complex, it was noted that commonly used 
databases (such as NCBI BLAST and Ensembl) are not always accurate in the distinguishing 
between FCGR SNPs and genuine PSVs 302.  

Caution has also been recommended regarding ascertaining the true abundance of FCGR 
structural variants (SVs) when using the commonly used targeted techniques. For example, 
the frequency of FCGR3B CNV has previously been reported to range from 5-40% when using 
SYBR Green qPCR but with MLPA/PRT assays it has been defined as lower and much more 
consistent at 5-8% 138,150,152,155,159,210,304. A meta-analysis also reported that data across 
numerous studies which describe FCGR3B CNV were confounded by the type of experimental 
methodology that was utilised to assess copy number 158. However, one recent study 
compared qPCR, digital PCR (dPCR), and droplet digital PCR (ddPCR) for determining FCGR3B 
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CNV and found complete concordance among the three platforms, including in rare cases with 
zero and four copies 305. While dPCR generally offers higher sensitivity and precision 306, this 
study concluded all three methods can quantify FCGR3B CN and claimed qPCR is still a viable 
option 305. Further highlighting the difficulties of accurately characterising variation at the 
FCGR locus, an optimisation and then evaluation of genomic analysis demonstrated that even 
MLPA and PRT assays produce discordant results when performed on the exact same cases 
with nearly 9% conflicting 176.  

These discrepancies then have serious consequences when interpreting findings in 
downstream analyses; for instance, qPCR has linked both low and high FCGR3B copy numbers 
with the incidence of SLE 164, while a triple PRT assay identified only the loss of FCGR3B as a 
contributing factor 139. Furthermore, with qPCR only, European SLE cohorts were documented 
to have a higher frequency of low FCGR3B copy-number patients and no association was 
shown in different Chinese cohorts 155,307 and yet the PRT assay found a strong association 
with SLE in individuals from Hong Kong 139. Similarly, low FCGR3B has previously been 
associated with vasculitis 159 but this has also been shown not to be the case when different 
groups used the same 155 or different methodology 138. A recent study described a method 
that takes advantage of the high-throughput data generated from whole-genome aCGH 
(Rahbari et al. 2017). However, it was only able to distinguish heterozygous deletions that 
involved FCGR3A or FCGR3B with reasonable accuracy and thus could not differentiate 
between CNR2 and CNR3, or CNR1 and CNR4. An effort has also been made to use intensity 
values from an Immunochip platform assessing 18,039 individuals to define CNV. This study 
concluded it could identify 0, 1 and 2 copies (Franke et al. 2016) but suspicion has been 
expressed on its reliability due to i) not validating the findings with the ‘gold-standard’ 
MLPA/PRT techniques (Haridan et al. 2015) and ii) not being able to demonstrate a 
relationship between FCGR3B CNV and FcγRIIIb expression (Nagelkerke et al. 2019a). 

One significant gap in knowledge within FCGR genomics is determining precise CNR 
breakpoints. Sequence homology confounds CNV analysis, making it notoriously difficult to 
ascertain whether the event is taking place on the proximal or distal repeat unit; impeding the 
accurate characterisation of molecular events and their functional consequences 112. Many of 
the aforementioned studies utilise PSVs to differentiate the first paralogous block from the 
second – regardless of whether this is for assays involving qPCR, PRT or MLPA. Relying on these 
PSVs means these technologies are limited due to their scarcity and ambiguity – i.e. PSVs are 
infrequent and can often be polymorphic – leading to uncertainty in the origin of their 
products and thus impeding the precise localisation of CNR boundaries 21,112.  

FCGR analyses using high-throughput short-read sequencing is also significantly restricted as 
it faces issues with multimapping. This issue is demonstrated in Fig. 3 (light orange track) by 
the non-uniform coverage of alignments for 148bp paired-end genomic sequencing. The fact 
the four CNRs were only described in detail relatively recently is not too surprising considering 
that the novel chimeric events are undetectable with high throughput short-read sequencing 
methods 28. The FCGRs high sequence identity prevents confident alignment thus WES is 
inadequate for detecting CNRs. It has also been speculated that unexplained cases of early 
onset severe autoimmunity may result from homozygous deletion of CNR4 because the 



 24 

FCGR2B-stop variant would not be detected by NGS techniques as all FCGR2B-stop reads 
would be mapped to the FCGR2C gene instead 28. 

In order to fully understand the clinico-biological importance of the FCGRs and their variants 
in both normal and disease settings, it is crucial to have a high-quality reference genome for 
any alignment-based analyses. However, this is not the case for the FCGR locus and in the first 
ever human genome reference there was simply an empty gap where the FCGR genes reside 
308. Moreover, the hg16 reference genome released in 2003 depicted only four of the low-
affinity FCGR genes in a region of just 90kb, representing only one of the paralogous blocks. 
Since then, despite all the improvements to sequencing technologies, assembly algorithms 
and updates to create the current GRCh38 reference genome, there are still deficiencies and 
uncertainties in accurate genome builds for the FCGR region 18. For example, the FCGR2C-
Q57X variant was initially annotated to be in the FCGR2B gene instead of FCGR2C in GRCh38. 
Following this the bacterial artificial chromosomes (BACs) used to build the initial human 
reference have been sequenced with newer technologies and it has been determined that the 
paralogous region upstream of FCGR2C had been misassembled and swapped with the 
homologous region on FCGR2B 273. 

Some of the greatest technical challenges with short-read sequencing technologies are caused 
by repetitive DNA: sequences that are identical or similar to other regions in the genome, 
including segmental duplications 309,310. Accordingly, it has been demonstrated that more than 
70% of structural variation in the human genome could be undetectable with reads less than 
300bp in length 311. Consequently in highly homologous regions like the FCGR region where 
the two paralogous blocks have been reported to share >95% homology 22, issues are 
encountered when trying to accurately align or assemble the reads. The repetitive nature 
creates technical challenges for the alignment and assembly software, leading to difficulties 
in conclusively resolving which genomic location a read originated from and introduces 
ambiguities from a computational perspective in the form of biases and errors when 
interpreting the results. As demonstrated in Fig. 3 (black and orange tracks), short reads often 
have uneven coverage; regions where reads do not align, or do not map uniquely or with high 
quality. This causes issues with downstream analysis, especially when trying to study 
regulation with techniques that utilize very short reads, such as the 25-75bp read length that 
is common in ChIP or ATAC seq studies. However, the rise of third-generation sequencing 
technologies that produce long reads may offer solutions to these problems, potentially 
advancing our understanding of the genomic structure and regulation of the FCGRs. 

 

The potential benefits of increased sequence read length 

For more than a decade, high throughput short-read sequencing has dominated genomics 
research with wide ranging applications, enriching our understanding of evolution and disease 
through the study of SNPs, CNV and indels 312-314. Its high throughput has also facilitated the 
study of a multitude of other biological phenomena, including gene expression, chromatin 
accessibility and TF binding. Yet regardless of the ability to produce highly accurate (>99.9%) 
sequencing reads, the sequence-by-synthesis process results in a limited read length of only 
50-300bp 315, leading to the issues described above. Therefore, alternative, complementary 
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methods, mainly involving long-read approaches such as nanopore- and single-molecule real-
time (SMRT)- sequencing based technologies, have been developed. 

Nanopore sequencing generates reads that typically range from one to >100 kilobases (kb) 316-

318 and excels in producing ultra-long reads, achieving up to 4.1 megabases (mb) 319. SMRT 
sequencing approaches can generate two different types of long-read data that differs in both 
read length (5-60 kb) and accuracy (ranging from 87% to >99%) 320. Optical genome mapping 
(OGM) is an additional long-range technology that can aid in detecting SVs. It generates 50-
100mb genomic maps by de novo assembly of fluorescently labelled DNA molecules. 
Comprehensive SV analysis can be performed by inputting these molecules into haplotype-
aware assemblers and comparing the final consensus maps to the reference genome. 
However, unlike sequencing platforms, optical mapping cannot provide bp resolution and is 
limited to detecting SVs of at least 500 bp in length 321.  

Human genetics research has already benefited from these advances in long-read sequencing, 
improving genome assembly, variant discovery, disease association and population genomics 
322-325. It has provided tools with the capacity to resolve some of the most complex, 
challenging and dynamic regions of the human genome thus dramatically improving the 
understanding of human heritability, diversity, mutational mechanisms and the genetic basis 
of disease.  

In addition to the significant improvement to individual read lengths, long-read sequencing 
can also result in a more even distribution of coverage across the genome as it is not as 
sensitive to imbalanced sequence composition - unlike short-read platforms which often leave 
regions of high GC content with low or no read depth 326.  A systematic analysis showed that 
over 15mb of the human genome (from >35,000 different regions) are left in the ‘dark’ when 
only using short-read sequencing, hence preventing researchers from detecting disease-
relevant polymorphisms 327. These dark regions, where short-read data cannot be adequately 
aligned or assembled, can either be ‘dark by depth’ with no or few mappable reads or ‘dark 
by mapping quality’. Sequences that are inherently challenging to sequence at the molecular 
level, like those with high GC content, give rise to dark by depth regions. In contrast, dark by 
mapping quality regions arise due to bioinformatic difficulties and ambiguities. This is 
particularly true of duplicated regions where mapping a short-read to a unique position is 
impossible due to insufficient confidence, thereby creating ‘camouflaged’ regions. 
Consequently, long-read technologies have begun to resolve the sequence of difficult-to-
analyse areas. A capture panel targeting medically-relevant dark genomic regions for SMRT 
sequencing has been generated 328. Whilst it encompasses nearly 400 complete genes, only 
FCGR1A, FCGR2B, and FCGR3A are included with respect to the FCGR genes. 
Now that read lengths are of a sufficient size to traverse the most complex and repetitive 
genomic structures, long-read sequencing has also improved the de novo assembly of 
genomes, achieving greater contiguity compared to short-read and Sanger-based methods 
320. Moreover, combining complementary datasets generated with orthogonal technologies 
provides superior genome assembly. For example, the telomere-to-telomere (T2T) 
consortium utilised different long- and short-read technologies in their effort to construct 
the very first, truly complete assembly of a human genome. The T2T project has so far 
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released the complete X chromosome 317, closed the gaps of the first autosome 
chromosome 8 329 and presented the entire 3.06 billion bp sequence of all human 
chromosomes (except Y); resolving complex regions, improving variant calling accuracy and 
introducing nearly 200 million more bp of sequence to be explored 330. Building on the 
success of the T2T project, the Human Pangenome Reference Consortium (HPRC) was 
launched with the objective to construct complete T2T reference genomes for every 
population, striving to promote equitable healthcare for every patient 331. This initiative is 
striving to address the lack of global representation in the current human reference genome 
– which despite being the most widely utilised resource in human genetics, is comprised of 
collapsed haplotypes from primarily a single individual. By employing a wide range of 
platforms, the HPRC aims to create high-quality, contiguous diploid genomes that represent 
the entire scope of diverse human variation 332.  

Long-read sequencing has also advanced the phasing of genomic sequences, revealing insights 
into both maternal and paternal haplotypes. This enhances accurate variant detection and is 
particularly valuable for resolving SV, as differences between haplotypes in short-read 
analyses can often result in collapsed or hybrid representations that do not reflect true 
haplotype architecture 333,334. Long-read technology enables the assembly of complete 
haplotypes and improves our understanding of the comprehensive spectrum of genomic 
variants 335-337. For example, one study that implemented a multiplatform approach on the 
same individuals revealed that 46% of deletions and 78% of insertions went undetected by 
short-read WGS, despite employing 11 different variant-calling software tools 311. 
Furthermore, despite impacting the greatest proportion of nucleotides within the genome 
than any other category of sequence variant, SVs have typically been understudied compared 
with SNVs 314,338,339. It has previously been reported that SV detection approaches using short-
reads perform poorly in some regions, demonstrating low sensitivity 336,340, often 
misinterpreting complex SVs 341 and exhibiting high rates of false positives 338,342,343. Notably, 
the homology and complexity of the FCGR region has confounded accurate SV annotation, 
with long read technologies now making important progress as discussed below. 

A particular strength of nanopore sequencing is its ability to analyse all nucleotides, including 
modified DNA and RNA bases. This allows for the detection of epigenetic modifications, with 
reports thus far of base-callers trained to detect 4-methylcytosine, 5-methylcytosine, 5-
hydroxymethylcytosine, N6-methyladenine and 8-oxoguanine 344-349. In addition to aiding in 
the study of allelic-specific epigenetic variation, it has been used to study the distinctive 
epigenomic landscape and differential methylation of structurally variant regions associated 
with cancer 350. 

 

The application of long-read technologies to the FCGR locus 

Long-read sequencing now facilitates more accurate phased assemblies, enhanced mapping 
quality and reduced bioinformatic uncertainties for study of the FCGR locus 351. As discussed 
above, previous analysis of the FCGR locus was significantly limited by short-reads and 
alignment-dependent methods, particularly due to the issues with the existing human 
reference genomes when assembling segmental duplications such as the FCGR region with 



 27 

short (<1000bp) reads. However, whilst long-read technologies are overcoming many of 
these issues aiding advanced variant detection and disease understanding, this has often 
only occurred subsequent to a high-quality assembly of the region of interest 320. 

To date, a comprehensive characterisation of the low-affinity FCGR locus that accurately 
depicts all variants has not been published. While four CNRs have been identified, short-read 
methods have not precisely resolved their boundaries or CNV-generating breakpoints. 
Moreover it is known large segmental duplications encourage additional unequal cross-overs 
between highly homologous sequences via further NAHR events 352-354, thus novel CNV could 
exist that earlier short-read, unphased approaches could not detect. The same limitations, 
regarding previously unexplored variants and their impact, also apply to FCGR SNPs - 
particularly those that are involved in expression regulation as non-synonymous SNPs within 
exons have historically been the primary focus. For example, a 2018 study into the full-length 
of FCGR3A with nanopore sequencing revealed it is more polymorphic than the literature had 
previously described with many novel variants residing in non-coding regions 355. As shown in 
Fig. 3, long-read technologies are now beginning to overcome many of these issues, increasing 
coverage, depth and resolution. 

 

Summary and future directions 
In summary, the FcγRs are crucial regulators of a well-coordinated and effective immune 
response, influencing pathogen defence, susceptibility to autoimmunity, and the success of 
mAb therapies. Encoded by highly homologous genes shaped by evolutionary duplication 
events, the FCGRs exhibit significant genetic variation, including SNPs and SVs, which can 
impact their affinity, expression, function and clinical relevance. The extensive polymorphic 
nature of the FCGR loci coupled with the high sequence similarity presents challenges in 
analysis. While some associations between genetic variants and disease have been identified, 
further investigation is necessary to address existing difficulties and confounding LD. 
Advancements in long-read sequencing offer opportunities to overcome these challenges, 
providing a more comprehensive understanding of the genetic sequence, variants, regulation 
and role in disease. 

Due to the limitations of previously used technology, some caution should be exercised when 
examining historical genetic studies. Careful consideration is needed as much of the research 
does not account for the full spectrum of genetic variants or have adequately stratified 
controlled groups, potentially leading to incomplete or misleading conclusions. To accurately 
identify causative variants at the FCGR locus, comprehensive genotyping of all functional 
genetic variants is important. The necessity for accurate variant identification has led to 
multiple revisions of the MLPA assay since its introduction, allowing for the determination of 
independent risk markers through multiple logistic regression analysis 82,302. However, the 
challenges in genotyping this locus mean that some functionally relevant variants may still 
remain undetected and thus focus should not be limited to non-synonymous SNPs as all 
variants, including those in non-coding regions, need to be considered as they can play a 
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critical role in gene regulation, expression and splicing. It has also been emphasized that 
selecting population-matched control groups in genetic studies is vital for accurate association 
analyses 82 as incongruence between control and patient populations can confound findings 
and obscure the true genetic contributions to disease.  

The strong LD in the region also complicates efforts to determine which genetic variants 
contribute to specific traits or diseases. To effectively deconvolute these effects, studies 
should leverage large, well-characterized cohorts. With larger sample sizes, it becomes 
possible to assess the influence of different variant combinations, helping to clarify their 
individual roles in disease risk or therapeutic outcomes. Given the strong LD, it could be more 
informative to report some of FCGR genetic variation as haplotypes rather than as individual 
variants, similar to the established approach used for the FCGR3B-HNA SNPs 82. Future 
research also requires large cohorts to gain a comprehensive understanding of FCGR variation, 
including accurately distinguishing between paralogous and allelic variation, and uncovering 
any additional CNRs that have gone undiscovered.  

The current genome reference sequence (GRCh38) is limited by its reliance on a small 
number of individuals, with around 70% of the sequence derived from just one donor 356,357. 
This patchwork approach of collapsed haplotypes introduces biases and inaccuracies, 
particularly in regions that are difficult to assemble like the FCGR locus and may not reflect 
the diversity of the general population, consequently impacting the reliability of variant 
identification and association with disease 358-360. De novo assembly of the FCGRs across 
diverse populations promises to create more representative and accurate genomic 
references that will enhance the detection of novel variants and improve the precision of 
genetic studies by providing a more comprehensive view of population diversity and 
variation.  

Expansive datasets, such as those provided by national and international Biobanks, are 
invaluable for unravelling the complexities of genetic contributions to phenotypes. These 
large-scale resources not only facilitate the identification of novel genetic variants but also 
allow for a robust evaluation of previous associations, either confirming or challenging 
earlier findings with greater precision. Hujoel et al.'s 2024 analysis of the UK Biobank's 
extensive dataset, which includes WES for 470,000 participants, utilized haplotype-informed 
CNV detection to link FCGR3B CNV with COPD susceptibility 173. This approach underscores 
the importance of comprehensive large-scale datasets in advancing our grasp of complex 
phenotypes and translating FCGR genetic findings into practical clinical applications. 

In conclusion, to fully understand the genetic variation at the FCGR locus, future research must 
undertake exhaustive analyses of all relevant SNPs, CNRs, and their haplotypes. Such 
comprehensive studies are crucial for deciphering the complexities of disease associations 
and optimizing therapeutic strategies, especially in immunotherapy. Achieving these goals will 
depend on large, well-characterized cohorts and diverse control groups alongside technology 
capable of long-range analysis such as long-read sequencing. Progress in understanding FcγR 
genetics could readily advance personalised medicine and we hope to see the development 
of more effective treatments tailored to individual genetic profiles in the future. 
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Figure Legends 

Figure 1. Function, IgG affinity and expression of the six human Fcγ receptors (FcγRs).  

FcγRs bind to the Fc region of immunoglobulin G (IgG) and help coordinate the humoral  
immune response. FcγRI, FcγRIIa, FcγRIIc, and FcγRIIIa signal for cell activation through an 
immunoreceptor tyrosine-based activation motif (ITAM), located in the cytoplasmic tail of the 
receptor (FcγRIIa, FcγRIIc), or the non-covalently associated FcR gamma chain (FcγRI, FcγRIIIA). 
In NK cells, FcγRIIIA can also be associated with the CD3 ζ-chain 361-363. The aggregation of 
activating FcγRs at the cell surface facilitates the phosphorylation of tyrosine residues in the 
ITAMs by Src family protein tyrosine kinases (PTKs), triggering a series of downstream signaling 
cascades  leading to cellular activation 364. FcγRIIb is the sole inhibitory receptor and has an 
immunoreceptor tyrosine-based inhibition motif (ITIM). Phosphorylation of the ITIM tyrosine 
residues by Src family PTKs during aggregation of the inhibitory FcγRIIb mediates binding of 
several phosphatases that then proceed to dephosphorylate other proteins and lipids, 
terminating activating signaling, resulting in cellular inhibition 6. This functions to limit 
responses through the activating FcγRs as well as other stimulatory receptors, like the B-cell 
receptor. FcγRIIb can also reduce activity by competing for activating FcγRs for binding to IgG 
7. FcγRIIIb lacks both transmembrane and cytoplasmic domains, with membrane attachment 
occurring through a glycosyl-phosphatidylinositol (GPI) anchor instead. #Whilst sometimes 
labelled a decoy receptor due to the lack of intracellular domains and direct signaling capacity, 
FcγRIIIb has demonstrated the capability for intracellular signaling transduction and cell 
activation through association with other cell-surface receptors, such as FcγRIIa 365-369 and 
integrins 370. Only FcγRI is considered high-affinity as it can engage with monomeric IgG, 
whereas the remaining FcγRs interact solely with multimeric IgG immune complexes (ICs) or 
opsonised targets and thus are regarded as low-affinity. Binding affinities for the different 
human IgG (hIgG) subclasses have been determined using surface plasmon resonance (SPR). 
Shown above are affinity constants (x105 M-1) for  KA with standard deviation  14.  Most effector 
leukocytes express a combination of activating and inhibitory FcγRs that dictate the induction 
of IgG-mediated immune responses through their opposing signaling capacities. The 
responsiveness of an effector cell to IgG is also influenced by differentiation state and 
inflammatory stimuli as these regulate FcγR expression. ♮There is uncertainty around the 
impact and functional capacity of FcγRIIc, with its previous designation as a pseudogene 20 
and expression controlled by the presence or absence of a polymorphism dictating a stop 
codon. Expression of FcγRs have been measured by various methods in peripheral effector 
cells 42,44, tissue-resident macrophages 371, and dendritic cells 5. ‘+’ represents constitutive 
expression (+<++<+++<++++<+++++), ‘-’ represents absence of expression, ‘+/-’ represents 
inducible expression, and * represents that expression is determined by FCGR2C genotype.  
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Figure 2 - Evolution and homology of the low affinity FCGR locus. 

A) Evolution of the low-affinity FCGR locus in humans. A non-allelic homologous 
recombination (NAHR) event between FCGR2A and FCGR2B resulted in the duplication of 
FCGR4. The unequal crossover created the large segmental duplication that is known today 
and gave rise to the FCGR3A and FCGR3B genes as well as the emergence of the fusion gene 
FCGR2C. The NAHR event occurred approximately 9 million years ago and humans share the 
segmental duplication with chimpanzees and gorillas, but not orangutans or macaques. B) 
Alignment of the low-affinity FCGR locus to itself demonstrates homology derived from the 
NAHR event. The human reference sequence (chr1:161500000-161700000, GRCh38 p.12), 
was aligned to itself using minimap2 (-P -k19 -w19 -m50 --cs=short) 372 and alignments 
between different regions of the locus are indicated as diagonal segments. The alignment 
between identical coordinates is not included and neither are alignments between short 
interspersed nuclear elements (SINE) in two locations within 4kbp of the start of FCGR2A and 
in the intergenic region between FCGR3A and FCGR2C. Distinct alignments are indicated by 
colour, insertion/deletions are indicated as diagonal gaps, and percentage identities are given 
for each alignment. The largest alignment (grey) indicates the segmental duplication regions, 
and the smaller alignments indicate further homology between FCGR2A, FCGR2B and FCGR2C; 
including exon 3, exons 4-6, and part of the 3’-UTR. Gene structures and locations are shown 
for MANE select and canonical transcripts and, in concordance with current annotation, 
FCGR2A and FCGR2C have a total of seven exons compared to earlier annotations which show 
eight. This change is due to updated understanding that the sequence previously annotated 
as exon 6 in FCGR2A and FCGR2C is spliced out. This exon numbering is continued throughout 
the figures and review. C) Gene homology and protein features for FCGR2A, FCGR2B and 
FCGR2C. Multiple sequence alignments highlight the extensive homology between FCGR2A, 
FCGR2B and FCGR2C. Gene region reference sequences (GRCh38 p.12) were extended to 
include flanking regions and aligned to each other using the anchoring-based CHAOS-DIALIGN 
aligner 373. An anchor-based method is required for alignment of short, high-homology regions 
(such as exon 3) within longer sequences of lower homology. Matching nucleotides between 
aligned genes are indicated by colour, clearly showing that almost all of FCGR2C is homologous 
to either FCGR2A, or FCGR2B, or both. Additionally, FCGR2B has a limited region towards the 
3’ end that is not homologous to either FCGR2C or both FCGR2A and FCGR2C. Gene and 
transcript structure coordinates are for MANE select transcripts (Ensembl IDs indicated) and 
does not include an annotated 3’-UTR region for FCGR2C. The flanking regions are 1000bp in 
both the 5’ and 3’ UTR directions, except for the 3’ end of FCGR2C which was extended by 
2675bp to include the region of homology between FCGR2A and FCGR2C 3’-UTR. Locations of 
protein features within gene regions are shown for Uniprot IDs P12318 (FcγRIIa), P31994 
(FcγRIIb) and P31995 (FcγRIIc) and genome coordinates are accessible via UCSC Genome 
viewer data tables. ITAM and ITIM signalling motif coordinates can be determined from the 
location of consensus sequence motifs 127,374-376. D) Gene homology and protein features for 
FCGR3A and FCGR3B. Pairwise sequence alignment of FCGR3A and FCGR3B (GRCh38 p.12) 
shows the extent of homology between these genes. Gene region sequences were extended 
to include 1000bp 3’ and 5’ flanking regions and aligned using ggsearch2seq 377. Matching 
nucleotides in the aligned sequences are shown in beige and these extended gene regions 
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have 96.8% identity. Protein features on genomic coordinates are indicated for Uniprot IDs 
P08637 (FcγRIIIa) and O75015 (FcγRIIIb) and accessible via UCSC Genome viewer data tables 
apart from annotation for extracellular and propeptide features, which can be inferred from 
signal peptide and GPI anchor coordinates.  

 

Figure 3 – Structure, features and resolution of the low-affinity FCGR locus. 

The figure shows the chromosomic position, gene transcripts, CNRs and SNPs of interest 
alongside sequencing coverage for the low-affinity FCGR locus using various technologies. 
Location of the FCGR low-affinity locus is shown within the region chr1:161,490,000-
161,700,000 as a red vertical line. Transcript structure and locations are shown for MANE-
select transcripts, or canonical transcripts where there is no MANE-select. Copy number 
regions (CNR1-5) are shown with black bars indicating high-confidence regions of 
duplication/deletion and dotted outlines indicating regions that may be included in the 
duplication/deletion. Positions and details of well-characterised SNPs across the region are 
indicated as ‘SNPs of interest’ and the track below indicates small variants reported in the 
gnomAD database. The subsequent tracks are all based on sequencing information from a 
variety of technologies spanning commonly used read lengths. Technology-dependent loss of 
signal occurs in regions of high homology, particularly around FCGR2C and FCGR2B, where 
high-confidence alignments are lacking for the majority of technological approaches. The 
bottom five tracks display alignment coverage data of the HG002 benchmarking genome from 
public data resources, utilising sequencing alignment files provided. Median and N50 read 
lengths are shown for long-read technology datasets and calculated using alignments from 
the locus only. Small variants from the Genome Aggregation Database: there are 47,801 SNVs 
and indels recorded across the region based on short-read sequencing by synthesis of whole 
genomes and exomes (gnomAD version 4.1.0) 378. Predicted loss-of-function, missense and 
synonymous variants are shown in yellow and all other variants are indicated in semi-
transparent grey. Overlaps of multiple variants result in darker grey regions. It should be noted 
that some variants are potentially missed/misassigned due to homology issues. For example, 
the well-characterised FCGR2C-57X/Q variant is not recorded. Black) Short-read ATAC-seq 
data using sequencing by synthesis: Data shown is for primary monocytes (Gene Expression 
Omnibus GSE165997, GSM5059898 283) and the single sample coverage track indicates open 
chromatin regions when either all alignments are included (grey, HISAT2 aligner) or only 
uniquely-aligned alignments (black, mapq=60). Similarly, consensus peaks for the whole 
dataset are indicated when all alignments are used (grey) or uniquely-aligned only (black). 
Sequencing was performed using 2 x 75 bp reads on the Illumina NovaSeq platform. Light 
orange) Short-read, sequencing-by-synthesis. Genome-in-a-bottle (GIAB) deposited data from 
the National Institute of Standards and Technology (NIST) utilising 2 x 148bp reads on the 
Illumina HiSeq platform 379. The grey coverage track includes all alignments and orange track 
indicates the coverage of high-confidence alignments (mapq=70). Both coverage tracks are 
downsampled to 25% of total data. These alignments utilised the Novoalign aligner and all 
reported alignments are primary. Dark orange) Long-reads based on short-read sequencing. 
Demonstration data available on application from Illumina, project ID 385613228. Coverage 
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from all available alignments is shown in grey (minimap2 aligner, secondary alignments 
reported), and from unique alignments only in dark orange (mapq=60). Blue) Single molecule 
real-time (SMRT) long-reads. GIAB deposited data from NIST/MtSinai 379 utilising PacBio P6-
C4 chemistry and the RS II platform. Coverage when including all alignments is shown in grey 
(minimap2 aligner, secondary alignments reported), and unique alignments only in blue 
(mapq=60). Green) Circular consensus sequencing (CCS) of single molecule real-time long-
reads. GIAB deposited data utilising the PacBio 15kb and 20kb insert size HiFi reads and Sequel 
II platform 380. Coverage when including all alignments is shown in grey (minimap2 aligner, 
only primary alignments reported), and unique alignments only in green (mapq60). Pink) 
Nanopore long-reads. GIAB deposited data by University of California Santa Cruz (UCSC) 
utilising Oxford Nanopore ultralong read and PromethION platform 381. Coverage when 
including all alignments is shown in grey (minimap2 aligner, secondary alignments reported), 
and unique alignments only in pink. 
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Tables 

Table 1: Overview of genetic variation at the low-affinity FCGR locus 

 

 Variant Nucleotide* Amino acid** Impact 
 Name Rs ID 

FC
G

R
2A

 

131H/R rs1801274 c.497A>G p.His131Arg 

H: Higher affinity for IgG 14, 
Kawasaki disease 74-76, childhood ITP 71-73, Guillain Barre 
Syndrome 382,383, Graves disease 67, ulcerative colitis 68-70 

R: Lower affinity for IgG, SLE 79,80, sepsis 77,78, COVID-19 death 
196 

62Q/W 

rs
20

12
18

62
8 rs9427397 c.184C>T 

p.Gln62Trp Tryptophan reduces Ca2+ signaling 384 
W: KD 82 

rs9427398 c.185A>G 

In
te

rg
en

ic
 

2A/3A 
intergenic (1) rs2099684 g.161530340A>G - 

Takayasu arteritis 96,97 
2A/3A 

intergenic (2) rs10919543 g. 161538827A>G - 

FC
G

R3
A 

158F/V rs396991 c.526T>G p.Phe158Val 
F: SLE susceptibility 80 

V: Higher affinity for IgG, Ulcerative colitis 161, ITP susceptibility 
71,73,85, Rheumatoid arthritis 86 

CNV - - - FcyRIIIa expression,  ADCC 
SLE 172,385 

3A intron 1 
enhancer 
haplotype 

rs4656317 g. 161549329C>G - 

Alt alleles:  Increased FcyRIIIa expression, ADCC 92,93,298 
rs12071048 g. 161549118G>A - 

In
tra

ge
ni

c 
ha

pl
ot

yp
e 

5’-UTR rs56199187 g. 161551141G>A - 

Intron 3 rs77825069 g. 161547895G>T - 

48L/R/H rs10127939 c. 197T>[G/A] p.Leu48Arg/His] Alt alleles: Enhanced affinity to IgG1, IgG3 and IgG4, 
Susceptibility to herpes, Epstein-Barr and Varicella zoster 386 

FC
G

R2
C 

Promoter 
haplotypes 

rs149754834 -386 G>C - 
2B.2 associated with 2C-ORF 

rs34701572 -120 T>A - 

57X/Q rs759550223 c.169T>C p.Ter57Gln 

Ref allele: Protein truncated 
Q: Expression of FcyRIIc 

Immune thrombocytopenia 85,105, Kawasaki disease 82, IgG 
deficiency 108 

Intron 6 splice 
sites 

rs76277413 Donor c.798+1 A>G Only classical FCGR2C-ORF haplotype associated with 
FcyRIIc expression 27 rs430178 c.799-1 Acceptor C>G 

Thai 
hap 

Intron 2 rs114945036 126 in In2 C>T 
Variant haplotype: HIV-1 vaccine efficacy 110 Exon 3 rs138747765 c.353 C>T 

Intron 3 rs78603008 c.391+111 G>A 

CNV - - - FcyRIIc expression (ORF only) 
Kawasaki disease 387 

FC
G

R3
B 

HNA haplotype 
*** 

rs200688856 c.108C>G p.Ser36Arg 

NA2 associated with SLE susceptibility 80 

rs527909462 c.114T>C p.Leu38Leu 

rs448740 c.194A>G p.Asn65Ser 

rs5030738♮ c.233C>A p.Ala78Asp 

rs147574249 c.244A>G p.Asn82Asp 
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rs2290834 c.316A>G p.Ile106Val 

CNV - - - 

FcyRIIIb expression, IC uptake, basophil count 
Rheumatoid arthritis 153,158,163, SLE 158, Sclerosis 167, Sjogren 
syndrome 168, Ankylosing Spondylitis 166, Ulcerative colitis 161, 

Bullous Pemphigoid 156, ANCA-associated vasculitis 159, COPD 
173 

FC
G

R
2B

 

2B promoter 
haplotype 

rs3219018 -386 G>C - 2B.4 (C and A) increase transcription of FCGR2B, 2B.4 
associated with SLE susceptibility 141,144,145 

rs780467580 -120 T>A - 

232I/T rs1050501 c.695T>C p.Ile232Thr T: Excludes FcyRIIb from lipid rafts, SLE susceptibility 80,136, 
malaria protection 140 

106Del rs755222686 c.315_318del pAsn106Del Del: Increased levels of IgG and abolished binding to IgG1 and 
IgG3 

 

*Nucleotide numbering reported according to which direction the gene is read in (sense or 
antisense strand). For example, nucleotides are positive strand from the FCGR2 genes as 
they are on the forward strand whilst nucleotides for the FCGR3 genes are on the negative 
strand as they are on the reverse strand.  

**Inconsistencies in the amino-acid numbering exists in the literature due to discrepancies 
in naming based on their position, with some including the signal peptides and others 
focusing on the mature protein, excluding signal peptides. Whilst the current official HGVS 
guidelines recommend representing protein coding variants in the complete primary 
translation product, and not a processed, mature or functional protein, this table follows the 
amino acid numbering most historically used and adopted by the research community.  

***The set of 6 SNPs in FCGR3B determines the haplotypes for the human neutrophil 
antigen 1 (HNA1) that is involved in allo-immunization to neutrophils. ♮ The SNP that isn’t 
involved in distinguishing NA1 from NA2, this SNP is the 1 position that distinguishes NA2 
from SH. 
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Table 2: FCGR2C haplotypes that impact expression of FcyRIIc 

 FCGR2C exon 3 
(p.57) 

Intron 6 donor splice 
site (c.798+1) Consequence 

Classical FCGR2C-ORF Q G FcγRIIc expression 

Nonclassical FCGR2C-ORF Q A No/marginal FcγRIIc expression 

FCGR2C-Stop X A or G No FcγRIIc expression 

 

Haplotypes for FCGR2C detailing amino acid and nucleotide changes which have 
consequences for FcyRIIc expression 27,82. X represents the termination (Stop) codon. 
Traditionally only the SNP in exon 3 of FCGR2C was genotyped to determine the presence of 
an open reading frame (ORF), however for a more accurate prediction of FcγRIIc expression, 
it is necessary to also genotype the splice sites in intron 6.  

 

Table 3: SNPs involved in the FCGR3B haplotypes which determine the allotypic variants of 
the human neutrophil antigen (HNA)-1 classification system  

  FCGR3B-NA1 FCGR3B-NA2 FCGR3B-SH 

Rs ID Nucleotide Amino Acid Nucleotide Amino Acid Nucleotide Amino Acid 

rs200688856 c.108G Arginine (R) c.108C Serine (S) c.108C Serine (S) 

rs527909462* c.114C Leucine (L) c.114T Leucine (L) c.114T Leucine (L) 

rs448740 c.194A Asparagine (N) c.194G Serine (S) c.194G Serine (S) 

rs5030738** c.233C Alanine (A) c.233C Alanine (A) c.233A Aspartic acid (D) 

rs147574249 c.244G Aspartic acid (D) c.244A Asparagine (N) c.244A Asparagine (N) 

rs2290834 c.316G Valine (V) c.316A Isoleucine (I) c.316A Isoleucine (I) 

 

*  rs527909462 is a synonymous variant 

**rs5030738 represents the SNP that isn’t involved in distinguishing NA1 from NA2; it is the 
sole position that distinguishes NA2 from SH. 

NB: These are the three major haplotypes but typing is considered incomplete because rare 
cases have been revealed of different combinations of these SNPs and/or additional variants. 
119,388.  
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Table 4: Promoter haplotypes for FCGR2B and FCGR2C 

Promoter haplotype c.-386 c.-120 Found upstream of 

2B.1 G T FCGR2B and FCGR2C 

2B.2 C T FCGR2C 

2B.3 G A Not reported 

2B.4 C A FCGR2B 

Promoter haplotypes for FCGR2B and FCGR2C detailing the nucleotide changes and genes 
effected 141. Haplotypes comprised of two SNPs at nucleotide positions -386 and -120 
relative to the start of translation in homologous promoter regions of FCGR2B and FCGR2C. 
Specific haplotypes are associated with particular genes and the 2B.3 haplotype has never 
been reported.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 38 

References: 

1. Vogelpoel LTC, Baeten DLP, de Jong EC, den Dunnen J. Control of Cytokine Production 
by Human Fc Gamma Receptors: Implications for Pathogen Defense and Autoimmunity. 
Frontiers in Immunology. 2015;6doi:10.3389/fimmu.2015.00079 

2. Nimmerjahn F, Ravetch JV. FcγRs in Health and Disease. Springer, Berlin, Heidelberg; 
2010:105-125. 

3. Clynes RA, Towers TL, Presta LG, Ravetch JV. Inhibitory Fc receptors modulate in vivo 
cytoxicity against tumor targets. Nature Medicine. 2000;doi:10.1038/74704 

4. Su K, Wu J, Edberg JC, McKenzie SE, Kimberly RP. Genomic organization of classical 
human low-affinity Fcgamma receptor genes. Genes Immun. Oct 2002;3 Suppl 1:S51-6. 
doi:10.1038/sj.gene.6363879 

5. Guilliams M, Bruhns P, Saeys Y, Hammad H, Lambrecht BN. The function of Fcγ 
receptors in dendritic cells and macrophages. Nature Reviews Immunology. 2014/02/01 
2014;14(2):94-108. doi:10.1038/nri3582 

6. Smith KGC, Clatworthy MR. FcgammaRIIB in autoimmunity and infection: evolutionary 
and therapeutic implications. Nature reviews Immunology. 2010;10(5):328-343. 
doi:10.1038/nri2762 

7. Simpson AP, Roghanian A, Oldham RJ, et al. FcγRIIB controls antibody-mediated target 
cell depletion by ITIM-independent mechanisms. Cell Rep. Jul 19 2022;40(3):111099. 
doi:10.1016/j.celrep.2022.111099 

8. Nimmerjahn F, Ravetch JV. Fcγ Receptors: Old Friends and New Family Members. 
Immunity. 2006/01/01/ 2006;24(1):19-28. 
doi:https://doi.org/10.1016/j.immuni.2005.11.010 

9. Nimmerjahn F, Ravetch JV. Fcγ receptors as regulators of immune responses. Nature 
Reviews Immunology. 2008/01/01 2008;8(1):34-47. doi:10.1038/nri2206 

10. Fayngerts SA, Najakshin AM, Taranin AV. Species-specific evolution of the FcR family in 
endothermic vertebrates. Immunogenetics. Jun 2007;59(6):493-506. doi:10.1007/s00251-
007-0208-8 

11. Akula S, Mohammadamin S, Hellman L. Fc receptors for immunoglobulins and their 
appearance during vertebrate evolution. PLoS One. 2014;9(5):e96903. 
doi:10.1371/journal.pone.0096903 

12. Takai S, Kasama M, Yamada K, et al. Human high-affinity Fc gamma RI (CD64) gene 
mapped to chromosome 1q21.2-q21.3 by fluorescence in situ hybridization. Human Genetics. 
Jan 1994;93(1):13-5. doi:10.1007/bf00218905 

13. Hulett MD, Hogarth PM. The second and third extracellular domains of FcγRI (CD64) 
confer the unique high affinity binding of IgG2a. Molecular Immunology. 1998/10/01/ 
1998;35(14):989-996. doi:https://doi.org/10.1016/S0161-5890(98)00069-8 

14. Bruhns P, Iannascoli B, England P, et al. Specificity and affinity of human Fcgamma 
receptors and their polymorphic variants for human IgG subclasses. Blood. Apr 16 
2009;113(16):3716-25. doi:blood-2008-09-179754 [pii] 

10.1182/blood-2008-09-179754 

https://doi.org/10.1016/j.immuni.2005.11.010
https://doi.org/10.1016/S0161-5890(98)00069-8


 39 

15. Lu J, Ellsworth JL, Hamacher N, Oak SW, Sun PD. Crystal structure of Fcγ receptor I and 
its implication in high affinity γ-immunoglobulin binding. The Journal of Biological Chemistry. 
Nov 25 2011;286(47):40608-13. doi:10.1074/jbc.M111.257550 

16. Maresco DL, Chang E, Theil KS, Francke U, Anderson CL. The three genes of the human 
FCGR1 gene family encoding Fc gamma RI flank the centromere of chromosome 1 at 1p12 and 
1q21. Cytogenetics and Cell Genetics. 1996;73(3):157-63. doi:10.1159/000134330 

17. van Vugt MJ, Reefman E, Zeelenberg I, Boonen G, Leusen JH, van de Winkel JG. The 
alternatively spliced CD64 transcript FcgammaRIb2 does not specify a surface-expressed 
isoform. European Journal of Immunology. Jan 1999;29(1):143-9. doi:10.1002/(sici)1521-
4141(199901)29:01<143::Aid-immu143>3.0.Co;2-# 

18. Hargreaves CE, Rose-Zerilli MJJ, Machado LR, et al. Fcγ receptors: Genetic variation, 
function, and disease. 2015. 

19. Maresco DL, Blue LE, Culley LL, Kimberly RP, Anderson CL, Theil KS. Localization of 
FCGR1 encoding Fcgamma receptor class I in primates: molecular evidence for two pericentric 
inversions during the evolution of human chromosome 1. Cytogenetics and Cell Genetics. 
1998;82(1-2):71-4. doi:10.1159/000015067 

20. Warmerdam PA, Nabben NM, van de Graaf SA, van de Winkel JG, Capel PJ. The human 
low affinity immunoglobulin G Fc receptor IIC gene is a result of an unequal crossover event. 
The Journal of biological chemistry. Apr 5 1993;268(10):7346-9.  

21. Machado Lee R, Hardwick Robert J, Bowdrey J, et al. Evolutionary History of Copy-
Number-Variable Locus for the Low-Affinity Fcγ Receptor: Mutation Rate, Autoimmune 
Disease, and the Legacy of Helminth Infection. The American Journal of Human Genetics. 
2012/06/08/ 2012;90(6):973-985. doi:https://doi.org/10.1016/j.ajhg.2012.04.018 

22. Lejeune J, Brachet G, Watier H. Evolutionary story of the low/medium-affinity IgG Fc 
receptor gene cluster. Frontiers in Immunology. 2019;10(JUN)doi:10.3389/fimmu.2019.01297 

23. Hogarth PM, Anania JC, Wines BD. The FcγR of humans and non-human primates and 
their interaction with IgG: implications for induction of inflammation, resistance to infection 
and the use of therapeutic monoclonal antibodies. Curr Top Microbiol Immunol. 
2014;382:321-52. doi:10.1007/978-3-319-07911-0_15 

24. Rogers KA, Scinicariello F, Attanasio R. IgG Fc receptor III homologues in nonhuman 
primate species: genetic characterization and ligand interactions. J Immunol. Sep 15 
2006;177(6):3848-56. doi:10.4049/jimmunol.177.6.3848 

25. Kurosaki T, Ravetch JV. A single amino acid in the glycosyl phosphatidylinositol 
attachment domain determines the membrane topology of FcγRIII. Nature. 1989/12/01 
1989;342(6251):805-807. doi:10.1038/342805a0 

26. Gessner JE, Grussenmeyer T, Kolanus W, Schmidt RE. The human low affinity 
immunoglobulin G Fc receptor III-A and III-B genes. Molecular characterization of the 
promoter regions. The Journal of biological chemistry. Jan 20 1995;270(3):1350-61.  

27. van der Heijden J, Breunis WB, Geissler J, de Boer M, van den Berg TK, Kuijpers TW. 
Phenotypic variation in IgG receptors by nonclassical FCGR2C alleles. Journal of immunology 
(Baltimore, Md : 1950). 2012;188(3):1318-24. doi:10.4049/jimmunol.1003945 

https://doi.org/10.1016/j.ajhg.2012.04.018


 40 

28. Nagelkerke SQ, Tacke CE, Breunis WB, et al. Nonallelic homologous recombination of 
the FCGR2/3 locus results in copy number variation and novel chimeric FCGR2 genes with 
aberrant functional expression. Genes and Immunity. 2015;16(6):422-429. 
doi:10.1038/gene.2015.25 

29. Gessner JE, Heiken H, Tamm A, Schmidt RE. The IgG Fc receptor family. Annals of 
Hematology. 1998/06/01 1998;76(6):231-248. doi:10.1007/s002770050396 

30. Qiu WQ, de Bruin D, Brownstein BH, Pearse R, Ravetch JV. Organization of the Human 
and Mouse Low-affinity FcγR Genes: Duplication and Recombination. Science. 
1990;248(4956):732-735. doi:doi:10.1126/science.2139735 

31. Nimmerjahn F, Bruhns P, Horiuchi K, Ravetch JV. FcgammaRIV: a novel FcR with distinct 
IgG subclass specificity. Immunity. Jul 2005;23(1):41-51. doi:10.1016/j.immuni.2005.05.010 

32. Mechetina LV, Najakshin AM, Alabyev BY, Chikaev NA, Taranin AV. Identification of 
CD16-2, a novel mouse receptor homologous to CD16/Fc gamma RIII. Immunogenetics. Oct 
2002;54(7):463-8. doi:10.1007/s00251-002-0486-0 

33. Oakey RJ, Howard TA, Hogarth PM, Tani K, Seldin MF. Chromosomal mapping of the 
high affinity Fcλ receptor gene. Immunogenetics. 1992/03/01 1992;35(4):279-282. 
doi:10.1007/BF00166834 

34. Mancardi D, Daëron M. Fc Receptors in Immune Responses. Reference Module in 
Biomedical Sciences. Elsevier; 2014. 

35. Nimmerjahn F, Ravetch JV. Divergent immunoglobulin g subclass activity through 
selective Fc receptor binding. Science (New York, NY. Dec 2 2005;310(5753):1510-2. 
doi:10.1126/science.1118948 

36. Takizawa F, Adamczewski M, Kinet JP. Identification of the low affinity receptor for 
immunoglobulin E on mouse mast cells and macrophages as Fc gamma RII and Fc gamma RIII. 
The Journal of Experimental Medicine. Aug 1 1992;176(2):469-75. doi:10.1084/jem.176.2.469 

37. Mancardi DA, Iannascoli B, Hoos S, England P, Daëron M, Bruhns P. FcgammaRIV is a 
mouse IgE receptor that resembles macrophage FcepsilonRI in humans and promotes IgE-
induced lung inflammation. The Journal of Clinical Investigation. Nov 2008;118(11):3738-50. 
doi:10.1172/jci36452 

38. Dekkers G, Bentlage AEH, Stegmann TC, et al. Affinity of human IgG subclasses to 
mouse Fc gamma receptors. mAbs. 2017/07/04 2017;9(5):767-773. 
doi:10.1080/19420862.2017.1323159 

39. Bruhns P. Properties of mouse and human IgG receptors and their contribution to 
disease models. Blood. 2012;119(24):5640-5649. doi:10.1182/blood-2012-01-380121 

40. Temming AR, Bentlage AEH, de Taeye SW, et al. Cross-reactivity of mouse IgG 
subclasses to human Fc gamma receptors: Antibody deglycosylation only eliminates IgG2b 
binding. Molecular Immunology. Nov 2020;127:79-86. doi:10.1016/j.molimm.2020.08.015 

41. Ravetch JV, Kinet JP. Fc receptors. Annual Review of Immunology. 1991;9:457-92. 
doi:10.1146/annurev.iy.09.040191.002325 



 41 

42. Kerntke C, Nimmerjahn F, Biburger M. There Is (Scientific) Strength in Numbers: A 
Comprehensive Quantitation of Fc Gamma Receptor Numbers on Human and Murine 
Peripheral Blood Leukocytes. Front Immunol. 2020;11:118. doi:10.3389/fimmu.2020.00118 

43. Tan PS, Gavin AL, Barnes N, et al. Unique monoclonal antibodies define expression of 
Fc gamma RI on macrophages and mast cell lines and demonstrate heterogeneity among 
subcutaneous and other dendritic cells. Journal of Immunology. Mar 1 2003;170(5):2549-56. 
doi:10.4049/jimmunol.170.5.2549 

44. Hussain K, Hargreaves CE, Rowley TF, et al. Impact of human FcγR gene polymorphisms 
on IgG-triggered cytokine release: Critical importance of cell assay format. Frontiers in 
Immunology. 2019;doi:10.3389/fimmu.2019.00390 

45. Biburger M, Nimmerjahn F. Low level of FcγRIII expression on murine natural killer 
cells. Immunology Letters. Mar 30 2012;143(1):53-9. doi:10.1016/j.imlet.2012.01.002 

46. Chen X, Song X, Li K, Zhang T. FcγR-Binding Is an Important Functional Attribute for 
Immune Checkpoint Antibodies in Cancer Immunotherapy. Frontiers in Immunology. 
2019;10:292. doi:10.3389/fimmu.2019.00292 

47. Galvez-Cancino F, Simpson AP, Costoya C, et al. Fcγ receptors and immunomodulatory 
antibodies in cancer. Nature Reviews Cancer. 2024/01/01 2024;24(1):51-71. 
doi:10.1038/s41568-023-00637-8 

48. van de Winkel JG, de Wit TP, Ernst LK, Capel PJ, Ceuppens JL. Molecular basis for a 
familial defect in phagocyte expression of IgG receptor I (CD64). The Journal of Immunology. 
1995;154(6):2896-2903. doi:10.4049/jimmunol.154.6.2896 

49. Brandsma AM, ten Broeke T, van Dueren den Hollander E, et al. Single Nucleotide 
Polymorphisms of the High Affinity IgG Receptor FcγRI Reduce Immune Complex Binding and 
Downstream Effector Functions. The Journal of Immunology. 2017;199(7):2432-2439. 
doi:10.4049/jimmunol.1601929 

50. van der Poel CE, Spaapen RM, van de Winkel JG, Leusen JH. Functional characteristics 
of the high affinity IgG receptor, FcγRI. Journal of Immunology. Mar 1 2011;186(5):2699-704. 
doi:10.4049/jimmunol.1003526 

51. Auton A, Brooks LD, Durbin RM, et al. A global reference for human genetic variation. 
Nature. Oct 1 2015;526(7571):68-74. doi:10.1038/nature15393 

52. Zeng J, Yang S, Sun R, et al. A Pathogenic Role for FcγRI in the Immune Response against 
Chlamydial Respiratory Infection. Microorganisms. 2023;11(1):39.  

53. Holl V, Hemmerter S, Burrer R, et al. Involvement of Fc gamma RI (CD64) in the 
mechanism of HIV-1 inhibition by polyclonal IgG purified from infected patients in cultured 
monocyte-derived macrophages. Journal of Immunology. Nov 15 2004;173(10):6274-83. 
doi:10.4049/jimmunol.173.10.6274 

54. Chawla T, Chan KR, Zhang SL, et al. Dengue virus neutralization in cells expressing Fc 
gamma receptors. PLoS One. 2013;8(5):e65231. doi:10.1371/journal.pone.0065231 

55. Wu J, Li Y, Rendahl A, Bhargava M. Novel Human FCGR1A Variants Affect CD64 
Functions and Are Risk Factors for Sarcoidosis. Frontiers in Immunology. 2022;13:841099. 
doi:10.3389/fimmu.2022.841099 



 42 

56. Lee PY, Li Y, Kumagai Y, et al. Type I interferon modulates monocyte recruitment and 
maturation in chronic inflammation. The American Journal of Pathology. Nov 
2009;175(5):2023-33. doi:10.2353/ajpath.2009.090328 

57. Ioan-Facsinay A, de Kimpe SJ, Hellwig SMM, et al. FcγRI (CD64) Contributes 
Substantially to Severity of Arthritis, Hypersensitivity Responses, and Protection from 
Bacterial Infection. Immunity. 2002/03/01/ 2002;16(3):391-402. 
doi:https://doi.org/10.1016/S1074-7613(02)00294-7 

58. Lynch JP, Kazerooni EA, Gay SE. PULMONARY SARCOIDOSIS. Clinics in Chest Medicine. 
1997/12/01/ 1997;18(4):755-785. doi:https://doi.org/10.1016/S0272-5231(05)70417-2 

59. Abecasis GR, Auton A, Brooks LD, et al. An integrated map of genetic variation from 
1,092 human genomes. Nature. Nov 1 2012;491(7422):56-65. doi:10.1038/nature11632 

60. Xu JL, Guo Y. FCGR1A Serves as a Novel Biomarker and Correlates With Immune 
Infiltration in Four Cancer Types. Frontiers in Molecular Biosciences. 2020;7:581615. 
doi:10.3389/fmolb.2020.581615 

61. Porges AJ, Redecha PB, Doebele R, Pan LC, Salmon JE, Kimberly RP. Novel Fc gamma 
receptor I family gene products in human mononuclear cells. Journal of Clinical Investigation. 
Nov 1992;90(5):2102-9. doi:10.1172/jci116094 

62. Maxwell KF, Powell MS, Hulett MD, et al. Crystal structure of the human leukocyte Fc 
receptor, Fc gammaRIIa. Nat Struct Biol. May 1999;6(5):437-42. doi:10.1038/8241 

63. Clark MR, Stuart SG, Kimberly RP, Ory PA, Goldstein IM. A single amino acid 
distinguishes the high-responder from the low-responder form of Fc receptor II on human 
monocytes. https://doi.org/10.1002/eji.1830210820. European Journal of Immunology. 
1991/08/01 1991;21(8):1911-1916. doi:https://doi.org/10.1002/eji.1830210820 

64. Bredius RG, Fijen CA, De Haas M, et al. Role of neutrophil Fc gamma RIIa (CD32) and 
Fc gamma RIIIb (CD16) polymorphic forms in phagocytosis of human IgG1- and IgG3-
opsonized bacteria and erythrocytes. Immunology. 1994;83(4):624-630.  

65. Nicu EA, Van der Velden U, Everts V, Van Winkelhoff AJ, Roos D, Loos BG. Hyper-reactive 
PMNs in FcgammaRIIa 131 H/H genotype periodontitis patients. J Clin Periodontol. Nov 
2007;34(11):938-45. doi:10.1111/j.1600-051X.2007.01136.x 

66. Yamamoto K, Kobayashi T, Sugita N, Tai H, Yoshie H. The FcgammaRIIa polymorphism 
influences production of interleukin-1 by mononuclear cells. Int J Immunogenet. Oct 
2007;34(5):369-72. doi:10.1111/j.1744-313X.2007.00701.x 

67. Yesmin K, Hargreaves C, Newby PR, et al. Association of FcGRIIa with Graves’ disease: 
a potential role for dysregulated autoantibody clearance in disease onset/progression. 
https://doi.org/10.1111/j.1365-2265.2010.03780.x. Clinical Endocrinology. 2010/07/01 
2010;73(1):119-125. doi:https://doi.org/10.1111/j.1365-2265.2010.03780.x 

68. Asano K, Matsushita T, Umeno J, et al. A genome-wide association study identifies 
three new susceptibility loci for ulcerative colitis in the Japanese population. Nat Genet. Dec 
2009;41(12):1325-9. doi:10.1038/ng.482 

69. Castro-Dopico T, Dennison TW, Ferdinand JR, et al. Anti-commensal IgG Drives 
Intestinal Inflammation and Type 17 Immunity in Ulcerative Colitis. Immunity. Apr 16 
2019;50(4):1099-1114.e10. doi:10.1016/j.immuni.2019.02.006 

https://doi.org/10.1016/S1074-7613(02)00294-7
https://doi.org/10.1016/S0272-5231(05)70417-2
https://doi.org/10.1002/eji.1830210820
https://doi.org/10.1002/eji.1830210820
https://doi.org/10.1111/j.1365-2265.2010.03780.x
https://doi.org/10.1111/j.1365-2265.2010.03780.x


 43 

70. McGovern DPB, Gardet A, Törkvist L, et al. Genome-wide association identifies 
multiple ulcerative colitis susceptibility loci. Nature genetics. 2010;42(4):332-337. 
doi:10.1038/ng.549 

71. Li G, Gao L, Ma R, Tian W, Mingzhi L. Associations between FCGR polymorphisms and 
immune thrombocytopenia: A meta-analysis. Scand J Immunol. May 2019;89(5):e12758. 
doi:10.1111/sji.12758 

72. Wang D, Hu S-L, Cheng X-L, Yang J-Y. FCGR2A rs1801274 polymorphism is associated 
with risk of childhood-onset idiopathic (immune) thrombocytopenic purpura: Evidence from 
a meta-analysis. Thrombosis Research. 2014/12/01/ 2014;134(6):1323-1327. 
doi:https://doi.org/10.1016/j.thromres.2014.10.003 

73. Xu J, Zhao L, Zhang Y, Quo Q, Chen H. CD16 and CD32 Gene Polymorphisms May 
Contribute to Risk of Idiopathic Thrombocytopenic Purpura. Med Sci Monit. 2016;(22):2086-
96. doi:10.12659/msm.895390. 

74. Duan J, Lou J, Zhang Q, et al. A genetic variant rs1801274 in FCGR2A as a potential risk 
marker for Kawasaki disease: a case-control study and meta-analysis. PloS one. 
2014;9(8):e103329-e103329. doi:10.1371/journal.pone.0103329 

75. Ferdosian F, Dastgheib SA, Hosseini-Jangjou SH, et al. Association of TNF-α rs1800629, 
CASP3 rs72689236 and FCGR2A rs1801274 Polymorphisms with Susceptibility to Kawasaki 
Disease: A Comprehensive Meta-Analysis. Fetal and Pediatric Pathology. 2021/07/15 
2021;40(4):320-336. doi:10.1080/15513815.2019.1707917 

76. Khor CC, Davila S, Breunis WB, et al. Genome-wide association study identifies FCGR2A 
as a susceptibility locus for Kawasaki disease. Nature Genetics. 2011/12/01 2011;43(12):1241-
1246. doi:10.1038/ng.981 

77. Beppler J, Koehler-Santos P, Pasqualim G, et al. Fc Gamma Receptor IIA (CD32A) R131 
Polymorphism as a Marker of Genetic Susceptibility to Sepsis. Inflammation. 2016/04/01 
2016;39(2):518-525. doi:10.1007/s10753-015-0275-1 

78. West SD, Ziegler A, Brooks T, Krencicki M, Myers O, Mold C. An FcγRIIa polymorphism 
with decreased C-reactive protein binding is associated with sepsis and decreased monocyte 
HLA-DR expression in trauma patients. Journal of Trauma and Acute Care Surgery. 2015;79(5) 

79. Yuan H, Pan H-F, Li L-H, et al. Meta analysis on the association between FcγRIIa-R/H131 
polymorphisms and systemic lupus erythematosus. Molecular Biology Reports. 2009/05/01 
2009;36(5):1053-1058. doi:10.1007/s11033-008-9280-x 

80. Zhu X-W, Wang Y, Wei Y-H, et al. Comprehensive Assessment of the Association 
between FCGRs polymorphisms and the risk of systemic lupus erythematosus: Evidence from 
a Meta-Analysis. Scientific Reports. 2016/08/19 2016;6(1):31617. doi:10.1038/srep31617 

81. Flinsenberg TWH, Janssen WJ, Herczenik E, et al. A novel FcγRIIa Q27W gene variant is 
associated with common variable immune deficiency through defective FcγRIIa downstream 
signaling. Clinical Immunology. 2014/11/01/ 2014;155(1):108-117. 
doi:https://doi.org/10.1016/j.clim.2014.09.006 

82. Nagelkerke SQ, Tacke CE, Breunis WB, et al. Extensive ethnic variation and linkage 
disequilibrium at the FCGR2/3 locus: Different genetic associations revealed in Kawasaki 
disease. Frontiers in Immunology. 2019;doi:10.3389/fimmu.2019.00185 

https://doi.org/10.1016/j.thromres.2014.10.003
https://doi.org/10.1016/j.clim.2014.09.006


 44 

83. Wu J, Edberg JC, Redecha PB, et al. A novel polymorphism of FcgammaRIIIa (CD16) 
alters receptor function and predisposes to autoimmune disease. The Journal of clinical 
investigation. 1997;100(5):1059-1070. doi:10.1172/JCI119616 

84. Dall'Ozzo S, Tartas S, Paintaud G, et al. Rituximab-dependent cytotoxicity by natural 
killer cells: influence of FCGR3A polymorphism on the concentration-effect relationship. 
Cancer research. Jul 1 2004;64(13):4664-9.  

85. Breunis WB, Van Mirre E, Bruin M, et al. Copy number variation of the activating 
FCGR2C gene predisposes to idiopathic thrombocytopenic purpura. Blood. 2008;111(3):1029-
1038. doi:10.1182/blood-2007-03-079913 

86. Lee YH, Ji JD, Song GG. Associations between FCGR3A polymorphisms and 
susceptibility to rheumatoid arthritis: a metaanalysis. J Rheumatol. Nov 2008;35(11):2129-35. 
doi:10.3899/jrheum.080186 

87. Karassa FB, Trikalinos TA, Ioannidis JP. The Fc gamma RIIIA-F158 allele is a risk factor 
for the development of lupus nephritis: a meta-analysis. Kidney Int. Apr 2003;63(4):1475-82. 
doi:10.1046/j.1523-1755.2003.00873.x 

88. Li LH, Yuan H, Pan HF, Li WX, Li XP, Ye DQ. Role of the Fcgamma receptor IIIA-V/F158 
polymorphism in susceptibility to systemic lupus erythematosus and lupus nephritis: a meta-
analysis. Scand J Rheumatol. Mar 2010;39(2):148-54. doi:10.3109/03009740903292304 

89. Chen J-S, Lan K, Hung M-C. Strategies to target HER2/neu overexpression for cancer 
therapy. Drug Resistance Updates. 2003/06/01/ 2003;6(3):129-136. 
doi:https://doi.org/10.1016/S1368-7646(03)00040-2 

90. Rimawi MF, Schiff R, Osborne CK. Targeting HER2 for the Treatment of Breast Cancer. 
Annual Review of Medicine. 2015/01/14 2015;66(1):111-128. doi:10.1146/annurev-med-
042513-015127 

91. Dong C, Ptacek TS, Redden DT, et al. Fcγ Receptor IIIa Single-Nucleotide Polymorphisms 
and Haplotypes Affect Human IgG Binding and Are Associated With Lupus Nephritis in African 
Americans. https://doi.org/10.1002/art.38337. Arthritis & Rheumatology. 2014/05/01 
2014;66(5):1291-1299. doi:https://doi.org/10.1002/art.38337 

92. Lassaunière R, Shalekoff S, Tiemessen CT. A novel FCGR3A intragenic haplotype is 
associated with increased FcγRIIIa/CD16a cell surface density and population differences. 
Human Immunology. 2013/05/01/ 2013;74(5):627-634. 
doi:https://doi.org/10.1016/j.humimm.2013.01.020 

93. Oboshi W, Watanabe T, Yukimasa N, et al. SNPs rs4656317 and rs12071048 located 
within an enhancer in FCGR3A are in strong linkage disequilibrium with rs396991 and 
influence NK cell-mediated ADCC by transcriptional regulation. Human Immunology. 
2016/10/01/ 2016;77(10):997-1003. doi:https://doi.org/10.1016/j.humimm.2016.06.012 

94. Congy-Jolivet N, Bolzec A, Ternant D, Ohresser M, Watier H, Thibault G. FcγRIIIa 
Expression Is Not Increased on Natural Killer Cells Expressing the FcγRIIIa-158V Allotype. 
Cancer Research. 2008;68(4):976. doi:10.1158/0008-5472.CAN-07-6523 

95. Hatjiharissi E, Xu L, Santos DD, et al. Increased natural killer cell expression of CD16, 
augmented binding and ADCC activity to rituximab among individuals expressing the 

https://doi.org/10.1016/S1368-7646(03)00040-2
https://doi.org/10.1002/art.38337
https://doi.org/10.1002/art.38337
https://doi.org/10.1016/j.humimm.2013.01.020
https://doi.org/10.1016/j.humimm.2016.06.012


 45 

Fc{gamma}RIIIa-158 V/V and V/F polymorphism. Blood. 2007;110(7):2561-2564. 
doi:10.1182/blood-2007-01-070656 

96. Chen S, Wen X, Li J, et al. Association of FCGR2A/FCGR3A variant rs2099684 with 
Takayasu arteritis in the Han Chinese population. Oncotarget. 2017;8(10):17239-17245. 
doi:10.18632/oncotarget.12738 

97. Qin F, Wang H, Song L, et al. Single Nucleotide Polymorphism rs10919543 in 
FCGR2A/FCGR3A Region Confers Susceptibility to Takayasu Arteritis in Chinese Population. 
Chinese medical journal. 2016;129(7):854-859. doi:10.4103/0366-6999.178965 

98. Saruhan-Direskeneli G, Hughes T, Aksu K, et al. Identification of Multiple Genetic 
Susceptibility Loci in Takayasu Arteritis. The American Journal of Human Genetics. 
2013/08/08/ 2013;93(2):298-305. doi:https://doi.org/10.1016/j.ajhg.2013.05.026 

99. Metes D, Ernst LK, Chambers WH, Sulica A, Herberman RB, Morel PA. Expression of 
Functional CD32 Molecules on Human NK Cells Is Determined by an Allelic Polymorphism of 
the FcγRIIC Gene. Blood. 1998/04/01/ 1998;91(7):2369-2380. 
doi:https://doi.org/10.1182/blood.V91.7.2369 

100. Metes D, Manciulea M, Pretrusca D, et al. Ligand binding specificities and signal 
transduction pathways of Fcγ receptor IIc isoforms: the CD32 isoforms expressed by human 
NK cells. https://doi.org/10.1002/(SICI)1521-4141(199909)29:09<2842::AID-
IMMU2842>3.0.CO;2-5. European Journal of Immunology. 1999/09/01 1999;29(9):2842-
2852. doi:https://doi.org/10.1002/(SICI)1521-4141(199909)29:09<2842::AID-
IMMU2842>3.0.CO;2-5 

101. Brooks DG, Qiu WQ, Luster AD, Ravetch JV. Structure and expression of human IgG 
FcRII(CD32). Functional heterogeneity is encoded by the alternatively spliced products of 
multiple genes. Journal of Experimental Medicine. 1989;170(4):1369-1385. 
doi:10.1084/jem.170.4.1369 

102. Ernst LK, Metes D, Herberman RB, Morel PA. Allelic polymorphisms in the FcγRIIC gene 
can influence its function on normal human natural killer cells. Journal of Molecular Medicine. 
2002/04/01 2002;80(4):248-257. doi:10.1007/s00109-001-0294-2 

103. Stewart-Akers AM, Cunningham A, Wasko MC, Morel PA. FcγR expression on NK cells 
influences disease severity in rheumatoid arthritis. Genes & Immunity. 2004/11/01 
2004;5(7):521-529. doi:10.1038/sj.gene.6364121 

104. Breunis WB, van Mirre E, Geissler J, et al. Copy number variation at the FCGR locus 
includes FCGR3A, FCGR2C and FCGR3B but not FCGR2A and FCGR2B. Human mutation. 
2009;30(5):E640-50. doi:10.1002/humu.20997 

105. Schmidt DE, Heitink-Pollé KMJ, Laarhoven AG, et al. Transient and chronic childhood 
immune thrombocytopenia are distinctly affected by Fc-γ receptor polymorphisms. Blood Adv. 
Jul 9 2019;3(13):2003-2012. doi:10.1182/bloodadvances.2019000068 

106. Li X, Wu J, Ptacek T, et al. Allelic-dependent expression of an activating Fc receptor on 
B cells enhances humoral immune responses. Science translational medicine. Dec 18 
2013;5(216):216ra175. doi:10.1126/scitranslmed.3007097 

https://doi.org/10.1016/j.ajhg.2013.05.026
https://doi.org/10.1182/blood.V91.7.2369
https://doi.org/10.1002/(SICI)1521-4141(199909)29:09
https://doi.org/10.1002/(SICI)1521-4141(199909)29:09


 46 

107. Gorlova OY, Li Y, Gorlov I, et al. Gene-level association analysis of systemic sclerosis: A 
comparison of African-Americans and White populations. PLoS One. 2018;13(1):e0189498. 
doi:10.1371/journal.pone.0189498 

108. Wågström P, Yamada-Fowler N, Dahle C, et al. Fcγ-receptor polymorphisms associated 
with clinical symptoms in patients with immunoglobulin G subclass deficiency. Infect Dis 
(Lond). Nov-Dec 2018;50(11-12):853-858. doi:10.1080/23744235.2018.1510183 

109. Nagelkerke SQ, Kuijpers TW. Immunomodulation by IVIg and the Role of Fc-Gamma 
Receptors: Classic Mechanisms of Action after all? Front Immunol. 2014;5:674. 
doi:10.3389/fimmu.2014.00674 

110. Li SS, Gilbert PB, Tomaras GD, et al. FCGR2C polymorphisms associate with HIV-1 
vaccine protection in RV144 trial. The Journal of clinical investigation. 2014;124(9):3879-3890. 
doi:10.1172/JCI75539 

111. Lassaunière R, Tiemessen CT. FcγR Genetic Variation and HIV-1 Vaccine Efficacy: 
Context And Considerations. Perspective. Frontiers in Immunology. 2021;12 

112. Mueller M, Barros P, Witherden AS, et al. Genomic pathology of sle-associated copy-
number variation at the FCGR2C/FCGR3B/FCGR2B locus. American Journal of Human 
Genetics. 2013;92(1):28-40. doi:10.1016/j.ajhg.2012.11.013 

113. Lassaunière R, Tiemessen CT. Variability at the FCGR locus: characterization in Black 
South Africans and evidence for ethnic variation in and out of Africa. Genes Immun. Mar 
2016;17(2):93-104. doi:10.1038/gene.2015.60 

114. Lassaunière R, Paximadis M, Ebrahim O, Chaisson RE, Martinson NA, Tiemessen CT. 
The FCGR2C allele thatmodulated the risk of HIV-1 infection in the Thai RV144 vaccine trial is 
implicated inHIV-1 disease progression. Genes & Immunity. 2019/11/01 2019;20(8):651-659. 
doi:10.1038/s41435-018-0053-9 

115. Peng X, Li SS, Gilbert PB, Geraghty DE, Katze MG. FCGR2C Polymorphisms Associated 
with HIV-1 Vaccine Protection Are Linked to Altered Gene Expression of Fc-γ Receptors in 
Human B Cells. PLoS One. 2016;11(3):e0152425. doi:10.1371/journal.pone.0152425 

116. Salmon JE, Edberg JC, Kimberly RP. Fc gamma receptor III on human neutrophils. Allelic 
variants have functionally distinct capacities. The Journal of clinical investigation. 
1990;85(4):1287-1295. doi:10.1172/JCI114566 

117. Nagarajan S, Chesla S, Cobern L, Anderson P, Zhu C, Selvaraj P. Ligand Binding and 
Phagocytosis by CD16 (Fc γ Receptor III) Isoforms: PHAGOCYTIC SIGNALING BY ASSOCIATED ζ 
AND γ SUBUNITS IN CHINESE HAMSTER OVARY CELLS (∗). Journal of Biological Chemistry. 
1995;270(43):25762-25770. doi:10.1074/jbc.270.43.25762 

118. Flesch BK, Doose S, Siebert R, Ntambi E, Neppert J. FCGR3 variants and expression of 
human neutrophil antigen-1a, -1b, and -1c in the populations of northern Germany and 
Uganda. Transfusion. Apr 2002;42(4):469-75. doi:10.1046/j.1525-1438.2002.00087.x 

119. Adu B, Dodoo D, Adukpo S, et al. Fc γ receptor IIIB (FcγRIIIB) polymorphisms are 
associated with clinical malaria in Ghanaian children. PloS one. 2012;7(9):e46197-e46197. 
doi:10.1371/journal.pone.0046197 



 47 

120. Reil A, Sachs UJ, Siahanidou T, Flesch BK, Bux J. HNA-1d: a new human neutrophil 
antigen located on Fcγ receptor IIIb associated with neonatal immune neutropenia. 
Transfusion. Oct 2013;53(10):2145-51. doi:10.1111/trf.12086 

121. Salmon JE, Edberg JC, Brogle NL, Kimberly RP. Allelic polymorphisms of human Fc 
gamma receptor IIA and Fc gamma receptor IIIB. Independent mechanisms for differences in 
human phagocyte function. The Journal of clinical investigation. Apr 1992;89(4):1274-81. 
doi:10.1172/JCI115712 

122. Morris DL, Roberts AL, Witherden AS, et al. Evidence for both copy number and allelic 
(NA1/NA2) risk at the FCGR3B locus in systemic lupus erythematosus. European Journal of 
Human Genetics. 2010/09/01 2010;18(9):1027-1031. doi:10.1038/ejhg.2010.56 

123. Huizinga TW, Kuijpers RW, Kleijer M, et al. Maternal genomic neutrophil FcRIII 
deficiency leading to neonatal isoimmune neutropenia [see comments]. Blood. 
1990;76(10):1927-1932. doi:10.1182/blood.V76.10.1927.1927 

124. Stroncek DF, Skubitz KM, Plachta LB, et al. Alloimmune neonatal neutropenia due to 
an antibody to the neutrophil Fc- gamma receptor III with maternal deficiency of CD16 
antigen. Blood. 1991;77(7):1572-1580. doi:10.1182/blood.V77.7.1572.1572 

125. Fromont P, Bettaieb A, Skouri H, et al. Frequency of the Polymorphonuclear Neutrophil 
Fcγ Receptor III Deficiency in the French Population and its Involvement in the Development 
of Neonatal Alloimmune Neutropenia. Blood. 1992/04/15/ 1992;79(8):2131-2134. 
doi:https://doi.org/10.1182/blood.V79.8.2131.2131 

126. Minskoff SA, Matter K, Mellman I. Fc gamma RII-B1 regulates the presentation of B cell 
receptor-bound antigens. J Immunol. Sep 1 1998;161(5):2079-83.  

127. Amigorena S, Bonnerot C, Drake JR, et al. Cytoplasmic domain heterogeneity and 
functions of IgG Fc receptors in B lymphocytes. Science (New York, NY). 1992;256(5065):1808-
12. doi:10.1126/science.1535455 

128. Aman MJ, Tosello-Trampont AC, Ravichandran K. Fc gamma RIIB1/SHIP-mediated 
inhibitory signaling in B cells involves lipid rafts. The Journal of biological chemistry. Dec 7 
2001;276(49):46371-8. doi:10.1074/jbc.M104069200 

M104069200 [pii] 

129. Kyogoku C, Dijstelbloem HM, Tsuchiya N, et al. Fcgamma receptor gene polymorphisms 
in Japanese patients with systemic lupus erythematosus: contribution of FCGR2B to genetic 
susceptibility. Arthritis Rheum. May 2002;46(5):1242-54. doi:10.1002/art.10257 

130. Li X, Wu J, Carter RH, et al. A novel polymorphism in the Fcγ receptor IIB (CD32B) 
transmembrane region alters receptor signaling. https://doi.org/10.1002/art.11313. Arthritis 
& Rheumatism. 2003/11/01 2003;48(11):3242-3252. doi:https://doi.org/10.1002/art.11313 

131. Kono H, Kyogoku C, Suzuki T, et al. FcγRIIB Ile232Thr transmembrane polymorphism 
associated with human systemic lupus erythematosus decreases affinity to lipid rafts and 
attenuates inhibitory effects on B cell receptor signaling. Human Molecular Genetics. 
2005;14(19):2881-2892. doi:10.1093/hmg/ddi320 

132. den Dunnen J, Vogelpoel LTC, Wypych T, et al. IgG opsonization of bacteria promotes 
Th17 responses via synergy between TLRs and FcγRIIa in human dendritic cells. Blood. 
2012;120(1):112-121. doi:10.1182/blood-2011-12-399931 

https://doi.org/10.1182/blood.V79.8.2131.2131
https://doi.org/10.1002/art.11313
https://doi.org/10.1002/art.11313


 48 

133. Boruchov AM, Heller G, Veri M-C, Bonvini E, Ravetch JV, Young JW. Activating and 
inhibitory IgG Fc receptors on human DCs mediate opposing functions. The Journal of Clinical 
Investigation. 10/03/ 2005;115(10):2914-2923. doi:10.1172/JCI24772 

134. Pellerin A, Otero K, Czerkowicz JM, et al. Anti-BDCA2 monoclonal antibody inhibits 
plasmacytoid dendritic cell activation through Fc-dependent and Fc-independent 
mechanisms. https://doi.org/10.15252/emmm.201404719. EMBO Molecular Medicine. 
2015/04/01 2015;7(4):464-476. doi:https://doi.org/10.15252/emmm.201404719 

135. Chu ZT, Tsuchiya N, Kyogoku C, et al. Association of Fcgamma receptor IIb 
polymorphism with susceptibility to systemic lupus erythematosus in Chinese: a common 
susceptibility gene in the Asian populations. Tissue Antigens. Jan 2004;63(1):21-7. doi:142 [pii] 

136. Floto RA, Clatworthy MR, Heilbronn KR, et al. Loss of function of a lupus-associated 
FcgammaRIIb polymorphism through exclusion from lipid rafts. Nature medicine. Oct 
2005;11(10):1056-8. doi:nm1288 [pii] 

10.1038/nm1288 

137. Chen J-Y, Wang CM, Ma C-C, et al. Association of a transmembrane polymorphism of 
Fcγ receptor IIb (FCGR2B) with systemic lupus erythematosus in Taiwanese patients. 
https://doi.org/10.1002/art.22220. Arthritis & Rheumatism. 2006/12/01 2006;54(12):3908-
3917. doi:https://doi.org/10.1002/art.22220 

138. Niederer HA, Willcocks LC, Rayner TF, et al. Copy number, linkage disequilibrium and 
disease association in the FCGR locus. Human Molecular Genetics. 
2010;doi:10.1093/hmg/ddq216 

139. Niederer HA, Clatworthy MR, Willcocks LC, Smith KGC. FcgammaRIIB, FcgammaRIIIB, 
and systemic lupus erythematosus. Annals of the New York Academy of Sciences. 
2010;1183:69-88. doi:10.1111/j.1749-6632.2009.05132.x 

140. Willcocks LC, Carr EJ, Niederer HA, et al. A defunctioning polymorphism in FCGR2B is 
associated with protection against malaria but susceptibility to systemic lupus erythematosus. 
Proceedings of the National Academy of Sciences of the United States of America. Apr 27 
2010;107(17):7881-5. doi:0915133107 [pii] 

10.1073/pnas.0915133107 

141. Su K, Wu J, Edberg JC, et al. A Promoter Haplotype of the Immunoreceptor Tyrosine-
Based Inhibitory Motif-Bearing FcγRIIb Alters Receptor Expression and Associates with 
Autoimmunity. I. Regulatory FCGR2B Polymorphisms and Their Association with Systemic 
Lupus Erythematosus. The Journal of Immunology. 2004;doi:10.4049/jimmunol.172.11.7186 

142. Su K, Li X, Edberg JC, Wu J, Ferguson P, Kimberly RP. A Promoter Haplotype of the 
Immunoreceptor Tyrosine-Based Inhibitory Motif-Bearing FcγRIIb Alters Receptor Expression 
and Associates with Autoimmunity. II. Differential Binding of GATA4 and Yin-Yang1 
Transcription Factors and Correlated Receptor Expression and Function. The Journal of 
Immunology. 2004;172(11):7192. doi:10.4049/jimmunol.172.11.7192 

143. Su K, Yang H, Li X, et al. Expression Profile of FcγRIIb on Leukocytes and Its 
Dysregulation in Systemic Lupus Erythematosus1. The Journal of Immunology. 
2007;178(5):3272-3280. doi:10.4049/jimmunol.178.5.3272 

https://doi.org/10.15252/emmm.201404719
https://doi.org/10.15252/emmm.201404719
https://doi.org/10.1002/art.22220
https://doi.org/10.1002/art.22220


 49 

144. Tsang-A-Sjoe MWP, Nagelkerke SQ, Bultink IEM, et al. Fc-gamma receptor 
polymorphisms differentially influence susceptibility to systemic lupus erythematosus and 
lupus nephritis. Rheumatology. 2016;55(5):939-948. doi:10.1093/rheumatology/kev433 

145. Blank MC, Stefanescu RN, Masuda E, et al. Decreased transcription of the human 
FCGR2B gene mediated by the -343 G/C promoter polymorphism and association with 
systemic lupus erythematosus. Human Genetics. 2005/07/01 2005;117(2):220-227. 
doi:10.1007/s00439-005-1302-3 

146. Jonsson S, Sveinbjornsson G, de Lapuente Portilla AL, et al. Identification of sequence 
variants influencing immunoglobulin levels. Nature Genetics. 2017/08/01 2017;49(8):1182-
1191. doi:10.1038/ng.3897 

147. de Haas M, Kleijer M, van Zwieten R, Roos D, von dem Borne AE. Neutrophil Fc gamma 
RIIIb deficiency, nature, and clinical consequences: a study of 21 individuals from 14 families. 
Blood. 1995;86(6):2403-13.  

148. Koene HR, Kleijer M, Roos D, de Haas M, Von dem Borne AEGK. FcγRIIIB Gene 
Duplication: Evidence for Presence and Expression of Three Distinct FcγRIIIB Genes in 
NA(1+,2+)SH(+) Individuals. Blood. 1998/01/15/ 1998;91(2):673-679. 
doi:https://doi.org/10.1182/blood.V91.2.673 

149. Redon R, Ishikawa S, Fitch KR, et al. Global variation in copy number in the human 
genome. Nature. 2006/11/01 2006;444(7118):444-454. doi:10.1038/nature05329 

150. Aitman TJ, Dong R, Vyse TJ, et al. Copy number polymorphism in Fcgr3 predisposes to 
glomerulonephritis in rats and humans. Nature. 2006/02/01 2006;439(7078):851-855. 
doi:10.1038/nature04489 

151. de Smith AJ, Tsalenko A, Sampas N, et al. Array CGH analysis of copy number variation 
identifies 1284 new genes variant in healthy white males: implications for association studies 
of complex diseases. Human Molecular Genetics. 2007;16(23):2783-2794. 
doi:10.1093/hmg/ddm208 

152. Hollox EJ, Detering JC, Dehnugara T. An integrated approach for measuring copy 
number variation at the FCGR3 (CD16) locus. Human Mutation. 
2009;doi:10.1002/humu.20911 

153. Rahbari R, Zuccherato LW, Tischler G, et al. Understanding the Genomic Structure of 
Copy-Number Variation of the Low-Affinity Fcγ Receptor Region Allows Confirmation of the 
Association of <i>FCGR3B</i> Deletion with Rheumatoid Arthritis. Human Mutation. 
2017;38(4):390-399. doi:10.1002/humu.23159 

154. Moraru M, Perez-Portilla A, Al-Akioui Sanz K, et al. FCGR Genetic Variation in Two 
Populations From Ecuador Highlands—Extensive Copy-Number Variation, Distinctive 
Distribution of Functional Polymorphisms, and a Novel, Locally Common, Chimeric FCGR3B/A 
(CD16B/A) Gene. Original Research. Frontiers in Immunology. 2021;12 

155. Willcocks LC, Lyons PA, Clatworthy MR, et al. Copy number of FCGR3B, which is 
associated with systemic lupus erythematosus, correlates with protein expression and 
immune complex uptake. Journal of Experimental Medicine. 2008;205(7):1573-1582. 
doi:10.1084/jem.20072413 

https://doi.org/10.1182/blood.V91.2.673


 50 

156. Recke A, Vidarsson G, Ludwig RJ, et al. Allelic and copy-number variations of FcγRs 
affect granulocyte function and susceptibility for autoimmune blistering diseases. Journal of 
Autoimmunity. 2015/07/01/ 2015;61:36-44. doi:https://doi.org/10.1016/j.jaut.2015.05.004 

157. Fossati G, Moots RJ, Bucknall RC, Edwards SW. Differential role of neutrophil Fcγ 
receptor IIIB (CD16) in phagocytosis, bacterial killing, and responses to immune complexes. 
https://doi.org/10.1002/art.10230. Arthritis & Rheumatism. 2002/05/01 2002;46(5):1351-
1361. doi:https://doi.org/10.1002/art.10230 

158. McKinney C, Merriman TR. Meta-analysis confirms a role for deletion in FCGR3B in 
autoimmune phenotypes. Human Molecular Genetics. 2012;21(10):2370-2376. 
doi:10.1093/hmg/dds039 

159. Fanciulli M, Norsworthy PJ, Petretto E, et al. FCGR3B copy number variation is 
associated with susceptibility to systemic, but not organ-specific, autoimmunity. Nature 
Genetics. 2007/06/01 2007;39(6):721-723. doi:10.1038/ng2046 

160. Barbosa FB, Simioni M, Wiezel CEV, et al. Copy number variation in the susceptibility 
to systemic lupus erythematosus. PLOS ONE. 2018;13(11):e0206683. 
doi:10.1371/journal.pone.0206683 

161. Asano K, Matsumoto T, Umeno J, et al. Impact of Allele Copy Number of 
Polymorphisms in FCGR3A and FCGR3B Genes on Susceptibility to Ulcerative Colitis. 
Inflammatory Bowel Diseases. 2013;19(10):2061-2068. doi:10.1097/MIB.0b013e318298118e 

162. Robinson JI, Carr IM, Cooper DL, et al. Confirmation of association of FCGR3B but not 
FCGR3A copy number with susceptibility to autoantibody positive rheumatoid arthritis. 
Human mutation. 2012;33(4):741-9. doi:10.1002/humu.22031 

163. Graf SW, Lester S, Nossent JC, et al. Low copy number of the FCGR3B gene and 
rheumatoid arthritis: a case-control study and meta-analysis. Arthritis Research & Therapy. 
2012/02/07 2012;14(1):R28. doi:10.1186/ar3731 

164. Mamtani M, Anaya JM, He W, Ahuja SK. Association of copy number variation in the 
FCGR3B gene with risk of autoimmune diseases. Genes & Immunity. 2010/03/01 
2010;11(2):155-160. doi:10.1038/gene.2009.71 

165. McKinney C, Fanciulli M, Merriman ME, et al. Association of variation in Fcγ receptor 
3B gene copy number with rheumatoid arthritis in Caucasian samples. Annals of the 
Rheumatic Diseases. 2010;69(9):1711. doi:10.1136/ard.2009.123588 

166. Wang L, Yang X, Cai G, et al. Association study of copy number variants in FCGR3A and 
FCGR3B gene with risk of ankylosing spondylitis in a Chinese population. Rheumatology 
International. 2016/03/01 2016;36(3):437-442. doi:10.1007/s00296-015-3384-0 

167. McKinney C, Broen JCA, Vonk MC, et al. Evidence that deletion at FCGR3B is a risk 
factor for systemic sclerosis. Genes & Immunity. 2012/09/01 2012;13(6):458-460. 
doi:10.1038/gene.2012.15 

168. Nossent JC, Rischmueller M, Lester SUE. Low Copy Number of the Fc-γ Receptor 3B 
Gene <em>FCGR3B</em> Is a Risk Factor for Primary Sjögren’s Syndrome. The Journal of 
Rheumatology. 2012;39(11):2142. doi:10.3899/jrheum.120294 

https://doi.org/10.1016/j.jaut.2015.05.004
https://doi.org/10.1002/art.10230
https://doi.org/10.1002/art.10230


 51 

169. Boross P, Arandhara VL, Martin-Ramirez J, et al. The Inhibiting Fc Receptor for IgG, 
FcγRIIB, Is a Modifier of Autoimmune Susceptibility. The Journal of Immunology. 
2011;187(3):1304-1313. doi:10.4049/jimmunol.1101194 

170. Espeli M, Niederer HA, Traherne JA, Trowsdale J, Smith KGC. Genetic variation, Fcγ 
receptors, KIRs and infection: the evolution of autoimmunity. Current Opinion in Immunology. 
2010/12/01/ 2010;22(6):715-722. doi:https://doi.org/10.1016/j.coi.2010.10.003 

171. Verbeek JS, Hirose S, Nishimura H. The Complex Association of FcγRIIb With 
Autoimmune Susceptibility. Front Immunol. 2019;10:2061. doi:10.3389/fimmu.2019.02061 

172. Chen J-Y, Wang C-M, Chang S-W, et al. Association of FCGR3A and FCGR3B Copy 
Number Variations With Systemic Lupus Erythematosus and Rheumatoid Arthritis in 
Taiwanese Patients. https://doi.org/10.1002/art.38813. Arthritis & Rheumatology. 
2014/11/01 2014;66(11):3113-3121. doi:https://doi.org/10.1002/art.38813 

173. Hujoel MLA, Handsaker RE, Sherman MA, et al. Protein-altering variants at copy 
number-variable regions influence diverse human phenotypes. Nature Genetics. 2024/04/01 
2024;56(4):569-578. doi:10.1038/s41588-024-01684-z 

174. Lejeune J, Thibault G, Ternant D, Cartron G, Watier H, Ohresser M. Evidence for linkage 
disequilibrium between Fcgamma RIIIa-V158F and Fcgamma RIIa-H131R polymorphisms in 
white patients, and for an Fcgamma RIIIa-restricted influence on the response to therapeutic 
antibodies. J Clin Oncol. 2008:5489-91; author reply 5491-2. vol. 33. 

175. Lejeune J, Piègu B, Gouilleux-Gruart V, Ohresser M, Watier H, Thibault G. FCGR2C 
genotyping by pyrosequencing reveals linkage disequilibrium with FCGR3A V158F and FCGR2A 
H131R polymorphisms in a Caucasian population. MAbs. Nov-Dec 2012;4(6):784-7. 
doi:10.4161/mabs.22287 

176. Hargreaves CE, Iriyama C, Rose-Zerilli MJJ, et al. Evaluation of high-throughput 
genomic assays for the Fc gamma receptor locus. PLoS ONE. 
2015;doi:10.1371/journal.pone.0142379 

177. de Haas M, Koene HR, Kleijer M, et al. A triallelic Fc gamma receptor type IIIA 
polymorphism influences the binding of human IgG by NK cell Fc gamma RIIIa. The Journal of 
Immunology. 1996;156(8):2948.  

178. Koene HR, Kleijer M, Algra J, Roos D, von dem Borne AEGK, de Haas M. FcγRIIIa-158V/F 
Polymorphism Influences the Binding of IgG by Natural Killer Cell FcγRIIIa, Independently of 
the FcγRIIIa-48L/R/H Phenotype. Blood. 1997/08/01/ 1997;90(3):1109-1114. 
doi:https://doi.org/10.1182/blood.V90.3.1109 

179. Mackin SR, Desai P, Whitener BM, et al. Fc-γR-dependent antibody effector functions 
are required for vaccine-mediated protection against antigen-shifted variants of SARS-CoV-2. 
Nature Microbiology. 2023/04/01 2023;8(4):569-580. doi:10.1038/s41564-023-01359-1 

180. Ullah I, Prévost J, Ladinsky MS, et al. Live imaging of SARS-CoV-2 infection in mice 
reveals that neutralizing antibodies require Fc function for optimal efficacy. Immunity. 
2021/09/14/ 2021;54(9):2143-2158.e15. doi:https://doi.org/10.1016/j.immuni.2021.08.015 

181. Ullah I, Beaudoin-Bussières G, Symmes K, et al. The Fc-effector function of COVID-19 
convalescent plasma contributes to SARS-CoV-2 treatment efficacy in mice. Cell Reports 
Medicine. 2023/01/17/ 2023;4(1):100893. doi:https://doi.org/10.1016/j.xcrm.2022.100893 

https://doi.org/10.1016/j.coi.2010.10.003
https://doi.org/10.1002/art.38813
https://doi.org/10.1002/art.38813
https://doi.org/10.1182/blood.V90.3.1109
https://doi.org/10.1016/j.immuni.2021.08.015
https://doi.org/10.1016/j.xcrm.2022.100893


 52 

182. Zohar T, Loos C, Fischinger S, et al. Compromised Humoral Functional Evolution Tracks 
with SARS-CoV-2 Mortality. Cell. 2020/12/10/ 2020;183(6):1508-1519.e12. 
doi:https://doi.org/10.1016/j.cell.2020.10.052 

183. Grunst MW, Uchil PD. Fc effector cross-reactivity: A hidden arsenal against SARS-CoV-
2’s evasive maneuvering. Cell Reports Medicine. 2022/02/15/ 2022;3(2):100540. 
doi:https://doi.org/10.1016/j.xcrm.2022.100540 

184. Case JB, Mackin S, Errico JM, et al. Resilience of S309 and AZD7442 monoclonal 
antibody treatments against infection by SARS-CoV-2 Omicron lineage strains. Nature 
Communications. 2022/07/02 2022;13(1):3824. doi:10.1038/s41467-022-31615-7 

185. Bates TA, Lu P, Kang YJ, et al. BNT162b2-induced neutralizing and non-neutralizing 
antibody functions against SARS-CoV-2 diminish with age. Cell Reports. 2022/10/25/ 
2022;41(4):111544. doi:https://doi.org/10.1016/j.celrep.2022.111544 

186. Richardson SI, Madzorera VS, Spencer H, et al. SARS-CoV-2 Omicron triggers cross-
reactive neutralization and Fc effector functions in previously vaccinated, but not 
unvaccinated, individuals. Cell Host & Microbe. 2022/06/08/ 2022;30(6):880-886.e4. 
doi:https://doi.org/10.1016/j.chom.2022.03.029 

187. Shimizu J, Sasaki T, Yamanaka A, et al. The potential of COVID-19 patients’ sera to cause 
antibody-dependent enhancement of infection and IL-6 production. Scientific Reports. 
2021/12/09 2021;11(1):23713. doi:10.1038/s41598-021-03273-0 

188. Wang Z, Deng T, Zhang Y, et al. ACE2 can act as the secondary receptor in the FcγR-
dependent ADE of SARS-CoV-2 infection. iScience. 2022;25(1)doi:10.1016/j.isci.2021.103720 

189. Wang S, Wang J, Yu X, et al. Antibody-dependent enhancement (ADE) of SARS-CoV-2 
pseudoviral infection requires FcγRIIB and virus-antibody complex with bivalent interaction. 
Communications Biology. 2022/03/24 2022;5(1):262. doi:10.1038/s42003-022-03207-0 

190. Gao Q, Bao L, Mao H, et al. Development of an inactivated vaccine candidate for SARS-
CoV-2. Science. 2020/07/03 2020;369(6499):77-81. doi:10.1126/science.abc1932 

191. Hasan A, Al-Mulla MR, Abubaker J, Al-Mulla F. Early insight into antibody-dependent 
enhancement after SARS-CoV-2 mRNA vaccination. Human Vaccines & Immunotherapeutics. 
2021/11/02 2021;17(11):4121-4125. doi:10.1080/21645515.2021.1969855 

192. Laczkó D, Hogan MJ, Toulmin SA, et al. A Single Immunization with Nucleoside-
Modified mRNA Vaccines Elicits Strong Cellular and Humoral Immune Responses against SARS-
CoV-2 in Mice. Immunity. 2020;53(4):724-732.e7. doi:10.1016/j.immuni.2020.07.019 

193. Combes AJ, Courau T, Kuhn NF, et al. Global absence and targeting of protective 
immune states in severe COVID-19. Nature. 2021/03/01 2021;591(7848):124-130. 
doi:10.1038/s41586-021-03234-7 

194. Hackney JA, Shivram H, Vander Heiden J, et al. A myeloid program associated with 
COVID-19 severity is decreased by therapeutic blockade of IL-6 signaling. iScience. 
2023/10/20/ 2023;26(10):107813. doi:https://doi.org/10.1016/j.isci.2023.107813 

195. Vietzen H, Danklmaier V, Zoufaly A, Puchhammer-Stöckl E. High-affinity FcγRIIIa 
genetic variants and potent NK cell-mediated antibody-dependent cellular cytotoxicity (ADCC) 
responses contributing to severe COVID-19. Genetics in Medicine. 2022/07/01/ 
2022;24(7):1449-1458. doi:https://doi.org/10.1016/j.gim.2022.04.005 

https://doi.org/10.1016/j.cell.2020.10.052
https://doi.org/10.1016/j.xcrm.2022.100540
https://doi.org/10.1016/j.celrep.2022.111544
https://doi.org/10.1016/j.chom.2022.03.029
https://doi.org/10.1016/j.isci.2023.107813
https://doi.org/10.1016/j.gim.2022.04.005


 53 

196. López-Martínez R, Albaiceta GM, Amado-Rodríguez L, et al. The FCGR2A rs1801274 
polymorphism was associated with the risk of death among COVID-19 patients. Clinical 
Immunology. 2022/03/01/ 2022;236:108954. 
doi:https://doi.org/10.1016/j.clim.2022.108954 

197. Yuan FF, Tanner J, Chan PKS, et al. Influence of FcγRIIA and MBL polymorphisms on 
severe acute respiratory syndrome. Tissue Antigens. 2005/10/01 2005;66(4):291-296. 
doi:https://doi.org/10.1111/j.1399-0039.2005.00476.x 

198. Cooper N, Stasi R, Cunningham-Rundles S, Cesarman E, McFarland JG, Bussel JB. 
Platelet-associated antibodies, cellular immunity and FCGR3a genotype influence the 
response to rituximab in immune thrombocytopenia. https://doi.org/10.1111/j.1365-
2141.2012.09184.x. British Journal of Haematology. 2012/08/01 2012;158(4):539-547. 
doi:https://doi.org/10.1111/j.1365-2141.2012.09184.x 

199. Robinson JI, Md Yusof MY, Davies V, et al. Comprehensive genetic and functional 
analyses of Fc gamma receptors influence on response to rituximab therapy for autoimmunity. 
EBioMedicine. Dec 2022;86:104343. doi:10.1016/j.ebiom.2022.104343 

200. Anolik JH, Campbell D, Felgar RE, et al. The relationship of FcγRIIIa genotype to degree 
of B cell depletion by rituximab in the treatment of systemic lupus erythematosus. Arthritis & 
Rheumatism. 2003/02/01 2003;48(2):455-459. doi:https://doi.org/10.1002/art.10764 

201. Ruyssen-Witrand A, Rouanet S, Combe B, et al. Fcγ receptor type IIIA polymorphism 
influences treatment outcomes in patients with rheumatoid arthritis treated with rituximab. 
Ann Rheum Dis. Jun 2012;71(6):875-7. doi:10.1136/annrheumdis-2011-200337 

202. Lee YH, Bae SC, Song GG. Functional FCGR3A 158 V/F and IL-6 -174 C/G polymorphisms 
predict response to biologic therapy in patients with rheumatoid arthritis: a meta-analysis. 
Rheumatol Int. Oct 2014;34(10):1409-15. doi:10.1007/s00296-014-3015-1 

203. Quartuccio L, Fabris M, Pontarini E, et al. The 158VV Fcgamma receptor 3A genotype 
is associated with response to rituximab in rheumatoid arthritis: results of an Italian 
multicentre study. Ann Rheum Dis. Apr 2014;73(4):716-21. doi:10.1136/annrheumdis-2012-
202435 

204. Pál I, Szamosi S, Hodosi K, Szekanecz Z, Váróczy L. Effect of Fcγ-receptor 3a (FCGR3A) 
gene polymorphisms on rituximab therapy in Hungarian patients with rheumatoid arthritis. 
RMD Open. 2017;3(2):e000485. doi:10.1136/rmdopen-2017-000485 

205. Jiménez Morales A, Maldonado-Montoro M, Martínez de la Plata JE, et al. 
FCGR2A/FCGR3A Gene Polymorphisms and Clinical Variables as Predictors of Response to 
Tocilizumab and Rituximab in Patients With Rheumatoid Arthritis. J Clin Pharmacol. Apr 
2019;59(4):517-531. doi:10.1002/jcph.1341 

206. Avila-Pedretti G, Tornero J, Fernández-Nebro A, et al. Variation at FCGR2A and 
functionally related genes is associated with the response to anti-TNF therapy in rheumatoid 
arthritis. PLoS One. 2015;10(4):e0122088. doi:10.1371/journal.pone.0122088 

207. Dávila-Fajardo CL, van der Straaten T, Baak-Pablo R, et al. FcGR genetic polymorphisms 
and the response to adalimumab in patients with rheumatoid arthritis. Pharmacogenomics. 
2015;16(4):373-81. doi:10.2217/pgs.14.178 

https://doi.org/10.1016/j.clim.2022.108954
https://doi.org/10.1111/j.1399-0039.2005.00476.x
https://doi.org/10.1111/j.1365-2141.2012.09184.x
https://doi.org/10.1111/j.1365-2141.2012.09184.x
https://doi.org/10.1111/j.1365-2141.2012.09184.x
https://doi.org/10.1002/art.10764


 54 

208. Sakai H, Tanaka Y, Tazawa H, et al. Effect of Fc-γ Receptor Polymorphism on Rituximab-
Mediated B Cell Depletion in ABO-Incompatible Adult Living Donor Liver Transplantation. 
Transplant Direct. Jun 2017;3(6):e164. doi:10.1097/txd.0000000000000683 

209. Tutt AL, James S, Laversin SA, et al. Development and Characterization of Monoclonal 
Antibodies Specific for Mouse and Human Fcγ Receptors. Journal of immunology (Baltimore, 
Md : 1950). 2015;195(11):5503-16. doi:10.4049/jimmunol.1402988 

210. Dahal LN, Roghanian A, Beers SA, Cragg MS. FcγR requirements leading to successful 
immunotherapy. Immunological Reviews. 2015;268(1):104-122. doi:10.1111/imr.12342 

211. Cartron G, Dacheux L, Salles G, et al. Therapeutic activity of humanized anti-CD20 
monoclonal antibody and polymorphism in IgG Fc receptor FcgammaRIIIa gene. Blood. Feb 1 
2002;99(3):754-8.  

212. Persky DO, Dornan D, Goldman BH, et al. Fc gamma receptor 3a genotype predicts 
overall survival in follicular lymphoma patients treated on SWOG trials with combined 
monoclonal antibody plus chemotherapy but not chemotherapy alone. Haematologica. Jun 
2012;97(6):937-42. doi:10.3324/haematol.2011.050419 

213. Ghielmini M, Rufibach K, Salles G, et al. Single agent rituximab in patients with 
follicular or mantle cell lymphoma: clinical and biological factors that are predictive of 
response and event-free survival as well as the effect of rituximab on the immune system: a 
study of the Swiss Group for Clinical Cancer Research (SAKK). Ann Oncol. Oct 
2005;16(10):1675-82. doi:mdi320 [pii] 

10.1093/annonc/mdi320 

214. Kim DH, Jung HD, Kim JG, et al. FCGR3A gene polymorphisms may correlate with 
response to frontline R-CHOP therapy for diffuse large B-cell lymphoma. Blood. Oct 15 
2006;108(8):2720-5. doi:10.1182/blood-2006-01-009480 

215. Zhang W, Wang X, Li J, Duan MH, Zhou DB. Fcgamma receptor IIIA polymorphisms and 
efficacy of rituximab therapy on Chinese diffuse large B-cell lymphoma. Chin Med J (Engl). Jan 
20 2010;123(2):198-202.  

216. Liu D, Tian Y, Sun D, Sun H, Jin Y, Dong M. The FCGR3A polymorphism predicts the 
response to rituximab-based therapy in patients with non-Hodgkin lymphoma: a meta-
analysis. Ann Hematol. Sep 2016;95(9):1483-90. doi:10.1007/s00277-016-2723-x 

217. Musolino A, Naldi N, Bortesi B, et al. Immunoglobulin G Fragment C Receptor 
Polymorphisms and Clinical Efficacy of Trastuzumab-Based Therapy in Patients With HER-
2/neu–Positive Metastatic Breast Cancer. Journal of Clinical Oncology. 2008/04/10 
2008;26(11):1789-1796. doi:10.1200/JCO.2007.14.8957 

218. Gavin PG, Song N, Kim SR, et al. Association of Polymorphisms in FCGR2A and FCGR3A 
With Degree of Trastuzumab Benefit in the Adjuvant Treatment of ERBB2/HER2–Positive 
Breast Cancer: Analysis of the NSABP B-31 Trial. JAMA Oncology. 2017;3(3):335-341. 
doi:10.1001/jamaoncol.2016.4884 

219. Roca L, Diéras V, Roché H, et al. Correlation of HER2, FCGR2A, and FCGR3A gene 
polymorphisms with trastuzumab related cardiac toxicity and efficacy in a subgroup of 
patients from UNICANCER-PACS 04 trial. Breast Cancer Res Treat. Jun 2013;139(3):789-800. 
doi:10.1007/s10549-013-2587-x 



 55 

220. Tamura K, Shimizu C, Hojo T, et al. FcγR2A and 3A polymorphisms predict clinical 
outcome of trastuzumab in both neoadjuvant and metastatic settings in patients with HER2-
positive breast cancer. Annals of oncology : official journal of the European Society for Medical 
Oncology. 2011;22(6):1302-7. doi:10.1093/annonc/mdq585 

221. Wang DS, Wei XL, Wang ZQ, et al. FcγRIIA and IIIA polymorphisms predict clinical 
outcome of trastuzumab-treated metastatic gastric cancer. Onco Targets Ther. 2017;10:5065-
5076. doi:10.2147/ott.s142620 

222. Wang W, Somers EB, Ross EN, et al. FCGR2A and FCGR3A Genotypes Correlate with 
Farletuzumab Response in Patients with First-Relapsed Ovarian Cancer Exhibiting Low CA125. 
Cytogenet Genome Res. 2017;152(4):169-179. doi:10.1159/000481213 

223. Bibeau F, Lopez-Crapez E, Di Fiore F, et al. Impact of Fc{gamma}RIIa-Fc{gamma}RIIIa 
polymorphisms and KRAS mutations on the clinical outcome of patients with metastatic 
colorectal cancer treated with cetuximab plus irinotecan. J Clin Oncol. Mar 2009;27(7):1122-
9. doi:10.1200/JCO.2008.18.0463 

224. Etienne-Grimaldi MC, Bennouna J, Formento JL, et al. Multifactorial pharmacogenetic 
analysis in colorectal cancer patients receiving 5-fluorouracil-based therapy together with 
cetuximab-irinotecan. Br J Clin Pharmacol. May 2012;73(5):776-85. doi:10.1111/j.1365-
2125.2011.04141.x 

225. Calemma R, Ottaiano A, Trotta AM, et al. Fc gamma receptor IIIa polymorphisms in 
advanced colorectal cancer patients correlated with response to anti-EGFR antibodies and 
clinical outcome. J Transl Med. Nov 21 2012;10:232. doi:10.1186/1479-5876-10-232 

226. Liu G, Tu D, Lewis M, et al. Fc-γ Receptor Polymorphisms, Cetuximab Therapy, and 
Survival in the NCIC CTG CO.17 Trial of Colorectal Cancer. Clin Cancer Res. May 15 
2016;22(10):2435-44. doi:10.1158/1078-0432.ccr-15-0414 

227. Rodríguez J, Zarate R, Bandres E, et al. Fc gamma receptor polymorphisms as predictive 
markers of Cetuximab efficacy in epidermal growth factor receptor downstream-mutated 
metastatic colorectal cancer. European Journal of Cancer. 2012/08/01/ 2012;48(12):1774-
1780. doi:https://doi.org/10.1016/j.ejca.2012.01.007 

228. Shepshelovich D, Townsend AR, Espin-Garcia O, et al. Fc-gamma receptor 
polymorphisms, cetuximab therapy, and overall survival in the CCTG CO.20 trial of metastatic 
colorectal cancer. Cancer Med. Nov 2018;7(11):5478-5487. doi:10.1002/cam4.1819 

229. Trotta AM, Ottaiano A, Romano C, et al. Prospective Evaluation of Cetuximab-Mediated 
Antibody-Dependent Cell Cytotoxicity in Metastatic Colorectal Cancer Patients Predicts 
Treatment Efficacy. Cancer Immunol Res. ©2016 American Association for Cancer Research.; 
2016:366-74. vol. 4. 

230. Magnes T, Melchardt T, Hufnagl C, et al. The influence of FCGR2A and FCGR3A 
polymorphisms on the survival of patients with recurrent or metastatic squamous cell head 
and neck cancer treated with cetuximab. Pharmacogenomics J. May 22 2018;18(3):474-479. 
doi:10.1038/tpj.2017.37 

231. Erbe AK, Wang W, Goldberg J, et al. FCGR Polymorphisms Influence Response to IL2 in 
Metastatic Renal Cell Carcinoma. Clin Cancer Res. May 1 2017;23(9):2159-2168. 
doi:10.1158/1078-0432.ccr-16-1874 

https://doi.org/10.1016/j.ejca.2012.01.007


 56 

232. Dahan L, Norguet E, Etienne-Grimaldi MC, et al. Pharmacogenetic profiling and 
cetuximab outcome in patients with advanced colorectal cancer. BMC Cancer. Nov 25 
2011;11:496. doi:10.1186/1471-2407-11-496 

233. Park SJ, Hong YS, Lee JL, et al. Genetic polymorphisms of FcγRIIa and FcγRIIIa are not 
predictive of clinical outcomes after cetuximab plus irinotecan chemotherapy in patients with 
metastatic colorectal cancer. Oncology. 2012;82(2):83-9. doi:10.1159/000335959 

234. Carlotti E, Palumbo GA, Oldani E, et al. FcgammaRIIIA and FcgammaRIIA 
polymorphisms do not predict clinical outcome of follicular non-Hodgkin's lymphoma patients 
treated with sequential CHOP and rituximab. Haematologica. Aug 2007;92(8):1127-30. 
doi:10.3324/haematol.11288 

235. Mitroviç Z, Aurer I, Radman I, Ajdukoviç R, Sertiç J, Labar B. FCgammaRIIIA and 
FCgammaRIIA polymorphisms are not associated with response to rituximab and CHOP in 
patients with diffuse large B-cell lymphoma. Haematologica. Jul 2007;92(7):998-9. 
doi:10.3324/haematol.10327 

236. Prochazka V, Papajik T, Gazdova J, et al. FcγRIIIA receptor genotype does not influence 
an outcome in patients with follicular lymphoma treated with risk-adapted 
immunochemotherapy. Neoplasma. 2011;58(3):263-70. doi:10.4149/neo_2011_03_263 

237. Fabisiewicz A, Paszkiewicz-Kozik E, Osowiecki M, Walewski J, Siedlecki JA. FcγRIIA and 
FcγRIIIA polymorphisms do not influence survival and response to rituximab, 
cyclophosphamide, doxorubicin, vincristine, and prednisone immunochemotherapy in 
patients with diffuse large B-cell lymphoma. Leuk Lymphoma. Aug 2011;52(8):1604-6. 
doi:10.3109/10428194.2011.574760 

238. Liu F, Ding H, Jin X, et al. FCGR3A 158V/F polymorphism and response to frontline R-
CHOP therapy in diffuse large B-cell lymphoma. DNA Cell Biol. Sep 2014;33(9):616-23. 
doi:10.1089/dna.2013.2333 

239. Váróczy L, Zilahi E, Gyetvai A, et al. Fc-gamma-receptor IIIa polymorphism and gene 
expression profile do not predict the prognosis in diffuse large B-cell lymphoma treated with 
R-CHOP protocol. Pathol Oncol Res. Jan 2012;18(1):43-8. doi:10.1007/s12253-011-9414-7 

240. Dornan D, Spleiss O, Yeh RF, et al. Effect of FCGR2A and FCGR3A variants on CLL 
outcome. Blood. Nov 18 2010;116(20):4212-22. doi:10.1182/blood-2010-03-272765 

241. Farag SS, Flinn IW, Modali R, Lehman TA, Young D, Byrd JC. Fc gamma RIIIa and Fc 
gamma RIIa polymorphisms do not predict response to rituximab in B-cell chronic lymphocytic 
leukemia. Blood. Feb 15 2004;103(4):1472-4. doi:10.1182/blood-2003-07-2548 

2003-07-2548 [pii] 

242. Ghesquières H, Cartron G, Seymour JF, et al. Clinical outcome of patients with follicular 
lymphoma receiving chemoimmunotherapy in the PRIMA study is not affected by FCGR3A and 
FCGR2A polymorphisms. Blood. 2012;120(13):2650-2657. doi:10.1182/blood-2012-05-
431825 

243. Kenkre VP, Hong F, Cerhan JR, et al. Fc Gamma Receptor 3A and 2A Polymorphisms Do 
Not Predict Response to Rituximab in Follicular Lymphoma. Clin Cancer Res. Feb 15 
2016;22(4):821-6. doi:10.1158/1078-0432.ccr-15-1848 



 57 

244. Strefford JC, Nowicka M, Hargreaves CE, et al. Single-nucleotide Fcγ receptor 
polymorphisms do not impact obinutuzumab/rituximab outcome in patients with lymphoma. 
Blood Advances. 2021;5(15):2935-2944. doi:10.1182/bloodadvances.2020003985 

245. Ghesquières H, Larrabee BR, Haioun C, et al. FCGR3A/2A polymorphisms and diffuse 
large B-cell lymphoma outcome treated with immunochemotherapy: a meta-analysis on 1134 
patients from two prospective cohorts. Hematol Oncol. Dec 2017;35(4):447-455. 
doi:10.1002/hon.2305 

246. Motzer RJ, Robbins PB, Powles T, et al. Avelumab plus axitinib versus sunitinib in 
advanced renal cell carcinoma: biomarker analysis of the phase 3 JAVELIN Renal 101 trial. Nat 
Med. Nov 2020;26(11):1733-1741. doi:10.1038/s41591-020-1044-8 

247. Zhang W, Gordon M, Schultheis AM, et al. FCGR2A and FCGR3A polymorphisms 
associated with clinical outcome of epidermal growth factor receptor expressing metastatic 
colorectal cancer patients treated with single-agent cetuximab. J Clin Oncol. Aug 20 
2007;25(24):3712-8. doi:25/24/3712 [pii] 

10.1200/JCO.2006.08.8021 

248. Ying HQ, Wang F, Chen XL, et al. FCGR2A, FCGR3A polymorphisms and therapeutic 
efficacy of anti-EGFR monoclonal antibody in metastatic colorectal cancer. Oncotarget. Sep 29 
2015;6(29):28071-83. doi:10.18632/oncotarget.4872 

249. Zhang W, Azuma M, Lurje G, et al. Molecular predictors of combination targeted 
therapies (cetuximab, bevacizumab) in irinotecan-refractory colorectal cancer (BOND-2 
study). Anticancer Res. Oct 2010;30(10):4209-17.  

250. van de Donk N, Casneuf T, Di Cara A, et al. Impact of Fc gamma receptor 
polymorphisms on efficacy and safety of daratumumab in relapsed/refractory multiple 
myeloma. Br J Haematol. Feb 2019;184(3):475-479. doi:10.1111/bjh.15122 

251. Rugo HS, Im SA, Cardoso F, et al. Efficacy of Margetuximab vs Trastuzumab in Patients 
With Pretreated ERBB2-Positive Advanced Breast Cancer: A Phase 3 Randomized Clinical Trial. 
JAMA Oncol. Apr 1 2021;7(4):573-584. doi:10.1001/jamaoncol.2020.7932 

252. Beers SA, Glennie MJ, White AL. Influence of immunoglobulin isotype on therapeutic 
antibody function. Blood. Mar 3 2016;127(9):1097-101. doi:10.1182/blood-2015-09-625343 

253. Mayes PA, Hance KW, Hoos A. The promise and challenges of immune agonist antibody 
development in cancer. Nat Rev Drug Discov. Jul 2018;17(7):509-527. 
doi:10.1038/nrd.2018.75 

254. Bulliard Y, Jolicoeur R, Windman M, et al. Activating Fc γ receptors contribute to the 
antitumor activities of immunoregulatory receptor-targeting antibodies. J Exp Med. Aug 26 
2013;210(9):1685-93. doi:10.1084/jem.20130573 

255. Bulliard Y, Jolicoeur R, Zhang J, Dranoff G, Wilson NS, Brogdon JL. OX40 engagement 
depletes intratumoral Tregs via activating FcγRs, leading to antitumor efficacy. Immunol Cell 
Biol. Jul 2014;92(6):475-80. doi:10.1038/icb.2014.26 

256. Selby MJ, Engelhardt JJ, Quigley M, et al. Anti-CTLA-4 antibodies of IgG2a isotype 
enhance antitumor activity through reduction of intratumoral regulatory T cells. Cancer 
Immunol Res. Jul 2013;1(1):32-42. doi:10.1158/2326-6066.cir-13-0013 



 58 

257. Dahan R, Sega E, Engelhardt J, Selby M, Korman AJ, Ravetch JV. FcγRs Modulate the 
Anti-tumor Activity of Antibodies Targeting the PD-1/PD-L1 Axis. Cancer Cell. Sep 14 
2015;28(3):285-95. doi:10.1016/j.ccell.2015.08.004 

258. Simpson TR, Li F, Montalvo-Ortiz W, et al. Fc-dependent depletion of tumor-infiltrating 
regulatory T cells co-defines the efficacy of anti-CTLA-4 therapy against melanoma. The 
Journal of experimental medicine. Aug 26 2013;210(9):1695-710. doi:10.1084/jem.20130579 

259. Romano E, Kusio-Kobialka M, Foukas PG, et al. Ipilimumab-dependent cell-mediated 
cytotoxicity of regulatory T cells ex vivo by nonclassical monocytes in melanoma patients. Proc 
Natl Acad Sci U S A. May 12 2015;112(19):6140-5. doi:10.1073/pnas.1417320112 

260. Arce Vargas F, Furness AJS, Litchfield K, et al. Fc Effector Function Contributes to the 
Activity of Human Anti-CTLA-4 Antibodies. Cancer Cell. Apr 9 2018;33(4):649-663.e4. 
doi:10.1016/j.ccell.2018.02.010 

261. Snyder A, Makarov V, Merghoub T, et al. Genetic basis for clinical response to CTLA-4 
blockade in melanoma. N Engl J Med. Dec 4 2014;371(23):2189-2199. 
doi:10.1056/NEJMoa1406498 

262. Sopp J, Cragg MS. Deleting Malignant B Cells With Second-Generation Anti-CD20 
Antibodies. J Clin Oncol. Aug 1 2018;36(22):2323-2325. doi:10.1200/JCO.2018.78.7390 

263. Lim SH, Vaughan AT, Ashton-Key M, et al. Fc gamma receptor IIb on target B cells 
promotes rituximab internalization and reduces clinical efficacy. Blood. 2011;118(9):2530-40. 
doi:10.1182/blood-2011-01-330357 

264. Lee CS, Ashton-Key M, Cogliatti S, et al. Expression of the inhibitory Fc gamma receptor 
IIB (FCGR2B, CD32B) on follicular lymphoma cells lowers the response rate to rituximab 
monotherapy (SAKK 35/98). Br J Haematol. Jan 2015;168(1):145-8. doi:10.1111/bjh.13071 

265. Nowicka M, Hilton LK, Ashton-Key M, et al. Prognostic significance of FCGR2B 
expression for the response of DLBCL patients to rituximab or obinutuzumab treatment. Blood 
Adv. Aug 10 2021;5(15):2945-2957. doi:10.1182/bloodadvances.2021004770 

266. Vaughan AT, Iriyama C, Beers SA, et al. Inhibitory FcγRIIb (CD32b) becomes activated 
by therapeutic mAb in both cis and trans and drives internalization according to antibody 
specificity. Blood. 2014;123(5):669-77. doi:10.1182/blood-2013-04-490821 

267. Tipton TR, Roghanian A, Oldham RJ, et al. Antigenic modulation limits the effector cell 
mechanisms employed by type I anti-CD20 monoclonal antibodies. Blood. Mar 19 
2015;125(12):1901-9. doi:10.1182/blood-2014-07-588376 

268. Offit K, Wong G, Filippa DA, Tao Y, Chaganti RS. Cytogenetic analysis of 434 
consecutively ascertained specimens of non-Hodgkin's lymphoma: clinical correlations. Blood. 
Apr 1 1991;77(7):1508-15.  

269. Tilly H, Rossi A, Stamatoullas A, et al. Prognostic value of chromosomal abnormalities 
in follicular lymphoma. Blood. Aug 15 1994;84(4):1043-9.  

270. Callanan MB, Le Baccon P, Mossuz P, et al. The IgG Fc receptor, FcgammaRIIB, is a target 
for deregulation by chromosomal translocation in malignant lymphoma. Proceedings of the 
National Academy of Sciences of the United States of America. Jan 4 2000;97(1):309-14.  



 59 

271. Chen W, Palanisamy N, Schmidt H, et al. Deregulation of FCGR2B expression by 1q21 
rearrangements in follicular lymphomas. Oncogene. 2001/11/01 2001;20(52):7686-7693. 
doi:10.1038/sj.onc.1204989 

272. Vaughan AT, Chan CH, Klein C, Glennie MJ, Beers SA, Cragg MS. Activatory and 
inhibitory Fcγ receptors augment rituximab-mediated internalization of CD20 independent of 
signaling via the cytoplasmic domain. J Biol Chem. Feb 27 2015;290(9):5424-37. 
doi:10.1074/jbc.M114.593806 

273. Arthur SE, Jiang A, Grande BM, et al. Genome-wide discovery of somatic regulatory 
variants in diffuse large B-cell lymphoma. Nature Communications. 2018;9(1):1-14. 
doi:10.1038/s41467-018-06354-3 

274. Roghanian A, Teige I, Mårtensson L, et al. Antagonistic Human FcγRIIB (CD32B) 
Antibodies Have Anti-Tumor Activity and Overcome Resistance to Antibody Therapy In Vivo. 
Cancer Cell. 2015;27(4):473-488. doi:10.1016/J.CCELL.2015.03.005 

275. Elias S, Kahlon S, Kotzur R, Kaynan N, Mandelboim O. Obinutuzumab activates FcγRI 
more potently than other anti-CD20 antibodies in chronic lymphocytic leukemia (CLL). 
Oncoimmunology. 2018;7(6):e1428158. doi:10.1080/2162402x.2018.1428158 

276. Gorini G, Ciotti MT, Starace G, Vigneti E, Raschellà G. Fcγ Receptors are Expressed on 
Human Neuroblastoma Cell Lines: Lack of Correlation with N-Myc Oncogene Activity. 
International Journal of Neuroscience. 1991/01/01 1991;62(3-4):287-297. 
doi:10.3109/00207459108999781 

277. Cassard L, Cohen-Solal JFG, Galinha A, et al. Modulation of tumor growth by inhibitory 
Fcγ receptor expressed by human melanoma cells. The Journal of Clinical Investigation. 11/15/ 
2002;110(10):1549-1557. doi:10.1172/JCI15454 

278. Cohen-Solal JFG, Cassard L, Fournier EM, Loncar SM, Fridman WH, Sautès-Fridman C. 
Metastatic Melanomas Express Inhibitory Low Affinity Fc Gamma Receptor and Escape 
Humoral Immunity. Dermatology Research and Practice. 2010/06/28 2010;2010:657406. 
doi:10.1155/2010/657406 

279. Witz IP, Ran M. FcR may function as a progression factor of nonlymphoid tumors. 
Immunologic Research. 1992/12/01 1992;11(3):283-295. doi:10.1007/BF02919134 

280. Cassard L, Cohen-Solal JFG, Fournier EM, et al. Selective expression of inhibitory Fcγ 
receptor by metastatic melanoma impairs tumor susceptibility to IgG-dependent cellular 
response. https://doi.org/10.1002/ijc.23870. International Journal of Cancer. 2008/12/15 
2008;123(12):2832-2839. doi:https://doi.org/10.1002/ijc.23870 

281. Zusman T, Gohar O, Eliassi H, et al. The murine Fc-gamma (Fc gamma) receptor type II 
B1 is a tumorigenicity-enhancing factor in polyoma-virus-transformed 3T3 cells. Int J Cancer. 
Jan 17 1996;65(2):221-9.  

282. Hussain K, Hargreaves CE, Roghanian A, et al. Upregulation of FcγRIIb on monocytes is 
necessary to promote the superagonist activity of TGN1412. Blood. 2015;125(1):102-10. 
doi:10.1182/blood-2014-08-593061 

283. Hussain K, Liu R, Smith RCG, et al. HIF activation enhances FcγRIIb expression on 
mononuclear phagocytes impeding tumor targeting antibody immunotherapy. Journal of 

https://doi.org/10.1002/ijc.23870
https://doi.org/10.1002/ijc.23870


 60 

Experimental & Clinical Cancer Research. 2022/04/07 2022;41(1):131. doi:10.1186/s13046-
022-02294-5 

284. Roghanian A, Hu G, Fraser C, et al. Cyclophosphamide Enhances Cancer Antibody 
Immunotherapy in the Resistant Bone Marrow Niche by Modulating Macrophage FcγR 
Expression. Cancer Immunology Research. 2019;7(11):1876-1890. doi:10.1158/2326-
6066.CIR-18-0835 

285. Birts CN, Savva C, Laversin SA, et al. Prognostic significance of crown-like structures to 
trastuzumab response in patients with primary invasive HER2 + breast carcinoma. Scientific 
Reports. 2022/05/24 2022;12(1):7802. doi:10.1038/s41598-022-11696-6 

286. Arce Vargas F, Furness AJS, Solomon I, et al. Fc-Optimized Anti-CD25 Depletes Tumor-
Infiltrating Regulatory T Cells and Synergizes with PD-1 Blockade to Eradicate Established 
Tumors. Immunity. Apr 18 2017;46(4):577-586. doi:10.1016/j.immuni.2017.03.013 

287. Farley CR, Morris AB, Tariq M, et al. FcγRIIB is a T cell checkpoint in antitumor 
immunity. JCI Insight. Feb 22 2021;6(4)doi:10.1172/jci.insight.135623 

288. Bennion KB, Tariq M, Wyatt MM, et al. FcγRIIB expressed on CD8(+) T cells limits 
responsiveness to PD-1 checkpoint inhibition in cancer. Sci Transl Med. Aug 23 
2023;15(710):eadd1868. doi:10.1126/scitranslmed.add1868 

289. Jiang Y, Hirose S, Sanokawa-Akakura R, et al. Genetically determined aberrant down-
regulation of FcgammaRIIB1 in germinal center B cells associated with hyper-IgG and IgG 
autoantibodies in murine systemic lupus erythematosus. Int Immunol. Oct 1999;11(10):1685-
91. doi:10.1093/intimm/11.10.1685 

290. Jiang Y, Hirose S, Abe M, et al. Polymorphisms in IgG Fc receptor IIB regulatory regions 
associated with autoimmune susceptibility. Immunogenetics. May 2000;51(6):429-35. 
doi:10.1007/s002510050641 

291. Espéli M, Clatworthy MR, Bökers S, et al. Analysis of a wild mouse promoter variant 
reveals a novel role for FcγRIIb in the control of the germinal center and autoimmunity. J Exp 
Med. Nov 19 2012;209(12):2307-19. doi:10.1084/jem.20121752 

292. Bonnerot C, Choukroun V, Marloie MA, Fridman WH. Two distinct regions of the mouse 
beta Fc gamma R gene control its transcription. Immunobiology. Aug 1992;185(2-4):222-34.  

293. Xiu Y, Nakamura K, Abe M, et al. Transcriptional Regulation of Fcgr2b Gene by 
Polymorphic Promoter Region and Its Contribution to Humoral Immune Responses1. The 
Journal of Immunology. 2002;169(8):4340-4346. doi:10.4049/jimmunol.169.8.4340 

294. MacParland SA, Liu JC, Ma X-Z, et al. Single cell RNA sequencing of human liver reveals 
distinct intrahepatic macrophage populations. Nature Communications. 2018/10/22 
2018;9(1):4383. doi:10.1038/s41467-018-06318-7 

295. Gage BK, Liu JC, Innes BT, et al. Generation of Functional Liver Sinusoidal Endothelial 
Cells from Human Pluripotent Stem-Cell-Derived Venous Angioblasts. Cell Stem Cell. Aug 6 
2020;27(2):254-269.e9. doi:10.1016/j.stem.2020.06.007 

296. Olferiev M, Masuda E, Tanaka S, Blank MC, Pricop L. The role of activating protein 1 in 
the transcriptional regulation of the human FCGR2B promoter mediated by the -343 G -> C 
polymorphism associated with systemic lupus erythematosus. The Journal of biological 
chemistry. 2007;282(3):1738-46. doi:10.1074/jbc.M605808200 



 61 

297. Dahal LN, Dou L, Hussain K, et al. STING Activation Reverses Lymphoma-Mediated 
Resistance to Antibody Immunotherapy. Cancer research. 2017;77(13):3619-3631. 
doi:10.1158/0008-5472.CAN-16-2784 

298. Gessner JE, Grussenmeyer T, Dumbsky M, Schmidt RE. Separate Promoters from 
Proximal and Medial Control Regions Contribute to the Natural Killer Cell-specific 
Transcription of the Human FcγRIII-A (CD16-A) Receptor Gene*. Journal of Biological 
Chemistry. 1996/11/29/ 1996;271(48):30755-30764. 
doi:https://doi.org/10.1074/jbc.271.48.30755 

299. Kuo HC, Chang JC, Yu HR, et al. Identification of an association between genomic 
hypomethylation of FCGR2A and susceptibility to Kawasaki disease and intravenous 
immunoglobulin resistance by DNA methylation array. Arthritis Rheumatol. Mar 
2015;67(3):828-36. doi:10.1002/art.38976 

300. Chang LS, Lo MH, Li SC, Yang MY, Hsieh KS, Kuo HC. The effect of FcγRIIA and FcγRIIB 
on coronary artery lesion formation and intravenous immunoglobulin treatment responses in 
children with Kawasaki disease. Oncotarget. Jan 10 2017;8(2):2044-2052. 
doi:10.18632/oncotarget.13489 

301. Haridan US, Mokhtar U, Machado LR, et al. A Comparison of Assays for Accurate Copy 
Number Measurement of the Low-Affinity Fc Gamma Receptor Genes FCGR3A and FCGR3B. 
PLOS ONE. 2015;10(1):e0116791. doi:10.1371/journal.pone.0116791 

302. Nagelkerke SQ, Schmidt DE, de Haas M, Kuijpers TW. Genetic Variation in Low-To-
Medium-Affinity Fcγ Receptors: Functional Consequences, Disease Associations, and 
Opportunities for Personalized Medicine. Frontiers Media S.A.; 2019. p. 2237-2237. 

303. Siriboonrit U, Tsuchiya N, Sirikong M, et al. Association of Fcγ receptor IIb and IIIb 
polymorphisms with susceptibility to systemic lupus erythematosus in Thais. 
https://doi.org/10.1034/j.1399-0039.2003.00047.x. Tissue Antigens. 2003/05/01 
2003;61(5):374-383. doi:https://doi.org/10.1034/j.1399-0039.2003.00047.x 

304. Bournazos S, Bournazou I, Murchison JT, et al. Copy Number Variation of 
<i>FCGR3B</i> Is Associated with Susceptibility to Idiopathic Pulmonary Fibrosis. Respiration. 
2011;81(2):142-149. doi:10.1159/000321997 

305. Kløve-Mogensen K, Terp SK, Steffensen R. Comparison of real-time quantitative PCR 
and two digital PCR platforms to detect copy number variation in FCGR3B. J Immunol Methods. 
Mar 2024;526:113628. doi:10.1016/j.jim.2024.113628 

306. Bharuthram A, Paximadis M, Picton AC, Tiemessen CT. Comparison of a quantitative 
Real-Time PCR assay and droplet digital PCR for copy number analysis of the CCL4L genes. 
Infect Genet Evol. Jul 2014;25:28-35. doi:10.1016/j.meegid.2014.03.028 

307. Lv J, Yang Y, Zhou X, et al. FCGR3B copy number variation is not associated with lupus 
nephritis in a Chinese population. Lupus. 2010/02/01 2009;19(2):158-161. 
doi:10.1177/0961203309350319 

308. Lander ES, Linton LM, Birren B, et al. Initial sequencing and analysis of the human 
genome. Nature. 2001/02/01 2001;409(6822):860-921. doi:10.1038/35057062 

309. Alkan C, Coe BP, Eichler EE. Genome structural variation discovery and genotyping. Nat 
Rev Genet. May 2011;12(5):363-76. doi:10.1038/nrg2958 

https://doi.org/10.1074/jbc.271.48.30755
https://doi.org/10.1034/j.1399-0039.2003.00047.x
https://doi.org/10.1034/j.1399-0039.2003.00047.x


 62 

310. Treangen TJ, Salzberg SL. Repetitive DNA and next-generation sequencing: 
computational challenges and solutions. Nature reviews Genetics. 2011;13(1):36-46. 
doi:10.1038/nrg3117 

311. Chaisson MJP, Sanders AD, Zhao X, et al. Multi-platform discovery of haplotype-
resolved structural variation in human genomes. Nat Commun. 04 2019;10(1):1784. 
doi:10.1038/s41467-018-08148-z 

312. Kircher M, Witten DM, Jain P, O'Roak BJ, Cooper GM, Shendure J. A general framework 
for estimating the relative pathogenicity of human genetic variants. Nat Genet. Mar 
2014;46(3):310-5. doi:10.1038/ng.2892 

313. Shendure J, Balasubramanian S, Church GM, et al. DNA sequencing at 40: past, present 
and future. Nature. 2017;550(7676):345-353. doi:10.1038/nature24286 

314. Sudmant PH, Rausch T, Gardner EJ, et al. An integrated map of structural variation in 
2,504 human genomes. Nature. Oct 2015;526(7571):75-81. doi:10.1038/nature15394 

315. Tan G, Opitz L, Schlapbach R, Rehrauer H. Long fragments achieve lower base quality 
in Illumina paired-end sequencing. Sci Rep. 02 2019;9(1):2856. doi:10.1038/s41598-019-
39076-7 

316. Jain M, Koren S, Miga KH, et al. Nanopore sequencing and assembly of a human 
genome with ultra-long reads. Nature Biotechnology. 2018;36(4):338-345. 
doi:10.1038/nbt.4060 

317. Miga KH, Koren S, Rhie A, et al. Telomere-to-telomere assembly of a complete human 
X chromosome. Nature. 2020/09/01 2020;585(7823):79-84. doi:10.1038/s41586-020-2547-7 

318. Payne A, Holmes N, Rakyan V, Loose M. BulkVis: a graphical viewer for Oxford 
nanopore bulk FAST5 files. Bioinformatics. 07 2019;35(13):2193-2198. 
doi:10.1093/bioinformatics/bty841 

319. ONT. What is the ultra-long DNA Sequencing kit (SQK-ULK114)? Accessed 10/04/2021, 
2021. https://nanoporetech.com/support/library-prep/kit-descriptions-and-use/what-is-the-
ultra-long-dna-sequencing-kit-sqk-ulk114 

320. Logsdon GA, Vollger MR, Eichler EE. Long-read human genome sequencing and its 
applications. Nat Rev Genet. Jun 2020;doi:10.1038/s41576-020-0236-x 

321. Chan S, Lam E, Saghbini M, et al. Structural Variation Detection and Analysis Using 
Bionano Optical Mapping. In: Bickhart DM, ed. Copy Number Variants: Methods and Protocols. 
Springer New York; 2018:193-203. 

322. Beyter D, Ingimundardottir H, Eggertsson HP, et al. Long read sequencing of 1,817 
Icelanders provides insight into the role of structural variants in human disease. bioRxiv. 
2019:848366. doi:10.1101/848366 

323. Jain M, Olsen HE, Turner DJ, et al. Linear assembly of a human centromere on the Y 
chromosome. Nature Biotechnology. 2018;36(4):321-323. doi:10.1038/nbt.4109 

324. Mantere T, Kersten S, Hoischen A. Long-Read Sequencing Emerging in Medical 
Genetics. Front Genet. 2019;10:426. doi:10.3389/fgene.2019.00426 

325. Vollger MR, Dishuck PC, Sorensen M, et al. Long-read sequence and assembly of 
segmental duplications. Nat Methods. 01 2019;16(1):88-94. doi:10.1038/s41592-018-0236-3 

https://nanoporetech.com/support/library-prep/kit-descriptions-and-use/what-is-the-ultra-long-dna-sequencing-kit-sqk-ulk114
https://nanoporetech.com/support/library-prep/kit-descriptions-and-use/what-is-the-ultra-long-dna-sequencing-kit-sqk-ulk114


 63 

326. Ross MG, Russ C, Costello M, et al. Characterizing and measuring bias in sequence data. 
Genome Biology. 2013/05/29 2013;14(5):R51. doi:10.1186/gb-2013-14-5-r51 

327. Ebbert MTW, Jensen TD, Jansen-West K, et al. Systematic analysis of dark and 
camouflaged genes reveals disease-relevant genes hiding in plain sight. Genome Biology. 
2019;20(1)doi:10.1186/s13059-019-1707-2 

328. Mahmoud M, Harting J, Corbitt H, et al. Closing the gap: Solving complex medically 
relevant genes at scale. medRxiv. Mar 18 2024;doi:10.1101/2024.03.14.24304179 

329. Logsdon GA, Vollger MR, Hsieh P, et al. The structure, function and evolution of a 
complete human chromosome 8. Nature. 2021/04/07 2021;doi:10.1038/s41586-021-03420-
7 

330. Nurk S, Koren S, Rhie A, et al. The complete sequence of a human genome. Science. 
2022/04/01 2022;376(6588):44-53. doi:10.1126/science.abj6987 

331. Wang T, Antonacci-Fulton L, Howe K, et al. The Human Pangenome Project: a global 
resource to map genomic diversity. Nature. 2022/04/01 2022;604(7906):437-446. 
doi:10.1038/s41586-022-04601-8 

332. Liao W-W, Asri M, Ebler J, et al. A draft human pangenome reference. Nature. 
2023/05/01 2023;617(7960):312-324. doi:10.1038/s41586-023-05896-x 

333. Eichler EE. Recent duplication, domain accretion and the dynamic mutation of the 
human genome. Trends Genet. Nov 2001;17(11):661-9. doi:10.1016/s0168-9525(01)02492-1 

334. Porubsky D, Ebert P, Audano PA, et al. A fully phased accurate assembly of an individual 
human genome. bioRxiv. 2019:855049. doi:10.1101/855049 

335. Chaisson MJ, Huddleston J, Dennis MY, et al. Resolving the complexity of the human 
genome using single-molecule sequencing. Nature. Jan 2015;517(7536):608-11. 
doi:10.1038/nature13907 

336. Huddleston J, Chaisson MJP, Steinberg KM, et al. Discovery and genotyping of 
structural variation from long-read haploid genome sequence data. Genome Res. 05 
2017;27(5):677-685. doi:10.1101/gr.214007.116 

337. Pendleton M, Sebra R, Pang AW, et al. Assembly and diploid architecture of an 
individual human genome via single-molecule technologies. Nat Methods. Aug 
2015;12(8):780-6. doi:10.1038/nmeth.3454 

338. Mills RE, Walter K, Stewart C, et al. Mapping copy number variation by population-
scale genome sequencing. Nature. 2011/02/01 2011;470(7332):59-65. 
doi:10.1038/nature09708 

339. Conrad DF, Pinto D, Redon R, et al. Origins and functional impact of copy number 
variation in the human genome. Nature. 2010/04/01 2010;464(7289):704-712. 
doi:10.1038/nature08516 

340. Jeffares DC, Jolly C, Hoti M, et al. Transient structural variations have strong effects on 
quantitative traits and reproductive isolation in fission yeast. Nature Communications. 
2017/01/24 2017;8(1):14061. doi:10.1038/ncomms14061 



 64 

341. Lucas Lledó JI, Cáceres M. On the Power and the Systematic Biases of the Detection of 
Chromosomal Inversions by Paired-End Genome Sequencing. PLOS ONE. 2013;8(4):e61292. 
doi:10.1371/journal.pone.0061292 

342. Teo SM, Pawitan Y Fau - Ku CS, Ku Cs Fau - Chia KS, Chia Ks Fau - Salim A, Salim A. 
Statistical challenges associated with detecting copy number variations with next-generation 
sequencing. (1367-4811 (Electronic)) 

343. Tattini L, D'Aurizio R, Magi A. Detection of Genomic Structural Variants from Next-
Generation Sequencing Data. Frontiers in bioengineering and biotechnology. 2015;3:92-92. 
doi:10.3389/fbioe.2015.00092 

344. Leger A, Amaral PP, Pandolfini L, et al. RNA modifications detection by comparative 
Nanopore direct RNA sequencing. bioRxiv. 2019:843136. doi:10.1101/843136 

345. Liu H, Begik O, Lucas MC, et al. Accurate detection of m(6)A RNA modifications in native 
RNA sequences. Nature communications. 2019;10(1):4079-4079. doi:10.1038/s41467-019-
11713-9 

346. Lorenz DA, Sathe S, Einstein JM, Yeo GW. Direct RNA sequencing enables m(6)A 
detection in endogenous transcript isoforms at base-specific resolution. RNA (New York, NY). 
2020;26(1):19-28. doi:10.1261/rna.072785.119 

347. Rand AC, Jain M, Eizenga JM, et al. Mapping DNA methylation with high-throughput 
nanopore sequencing. Nat Methods. Apr 2017;14(4):411-413. doi:10.1038/nmeth.4189 

348. An N, Fleming AM, White HS, Burrows CJ. Nanopore detection of 8-oxoguanine in the 
human telomere repeat sequence. ACS nano. 2015;9(4):4296-4307. 
doi:10.1021/acsnano.5b00722 

349. Simpson JT, Workman RE, Zuzarte PC, David M, Dursi LJ, Timp W. Detecting DNA 
cytosine methylation using nanopore sequencing. Nat Methods. Apr 2017;14(4):407-410. 
doi:10.1038/nmeth.4184 

350. Lee I, Razaghi R, Gilpatrick T, et al. Simultaneous profiling of chromatin accessibility 
and methylation on human cell lines with nanopore sequencing. bioRxiv. 2019:504993. 
doi:10.1101/504993 

351. Lu H, Giordano F, Ning Z. Oxford Nanopore MinION Sequencing and Genome Assembly. 
Genomics, Proteomics & Bioinformatics. 2016;14(5):265-279. doi:10.1016/j.gpb.2016.05.004 

352. Inoue K, Lupski JR. Molecular mechanisms for genomic disorders. Annu Rev Genomics 
Hum Genet. 2002;3:199-242. doi:10.1146/annurev.genom.3.032802.120023 

353. Lupski JR. Genomic disorders: structural features of the genome can lead to DNA 
rearrangements and human disease traits. Trends Genet. Oct 1998;14(10):417-22. 
doi:10.1016/s0168-9525(98)01555-8 

354. Sharp AJ, Cheng Z, Eichler EE. Structural variation of the human genome. Annu Rev 
Genomics Hum Genet. 2006;7:407-42. doi:10.1146/annurev.genom.7.080505.115618 

355. Mahaweni NM, Olieslagers TI, Rivas IO, et al. A comprehensive overview of FCGR3A 
gene variability by full-length gene sequencing including the identification of V158F 
polymorphism. Scientific Reports. 2018;8(1)doi:10.1038/s41598-018-34258-1 



 65 

356. Sherman RM, Salzberg SL. Pan-genomics in the human genome era. Nat Rev Genet. 04 
2020;21(4):243-254. doi:10.1038/s41576-020-0210-7 

357. Rhie A, McCarthy SA, Fedrigo O, et al. Towards complete and error-free genome 
assemblies of all vertebrate species. Nature. 2021/04/01 2021;592(7856):737-746. 
doi:10.1038/s41586-021-03451-0 

358. Need AC, Goldstein DB. Next generation disparities in human genomics: concerns and 
remedies. Trends Genet. Nov 2009;25(11):489-94. doi:10.1016/j.tig.2009.09.012 

359. Bustamante CD, De La Vega FM, Burchard EG. Genomics for the world. Nature. 
2011/07/01 2011;475(7355):163-165. doi:10.1038/475163a 

360. Schneider VA, Graves-Lindsay T, Howe K, et al. Evaluation of GRCh38 and de novo 
haploid genome assemblies demonstrates the enduring quality of the reference assembly. 
Genome Res. May 2017;27(5):849-864. doi:10.1101/gr.213611.116 

361. Trinchieri G, Valiante N. Receptors for the Fc fragment of IgG on natural killer cells. Nat 
Immun. Jul-Oct 1993;12(4-5):218-34.  

362. Park JG, Isaacs RE, Chien P, Schreiber AD. In the absence of other Fc receptors, Fc 
gamma RIIIA transmits a phagocytic signal that requires the cytoplasmic domain of its gamma 
subunit. J Clin Invest. Oct 1993;92(4):1967-73. doi:10.1172/jci116790 

363. Masuda M, Roos D. Association of all three types of Fc gamma R (CD64, CD32, and 
CD16) with a gamma-chain homodimer in cultured human monocytes. J Immunol. Dec 15 
1993;151(12):7188-95.  

364. Mócsai A, Ruland J, Tybulewicz VL. The SYK tyrosine kinase: a crucial player in diverse 
biological functions. Nat Rev Immunol. Jun 2010;10(6):387-402. doi:10.1038/nri2765 

365. Kimberly RP, Ahlstrom JW, Click ME, Edberg JC. The glycosyl phosphatidylinositol-linked 
Fc gamma RIIIPMN mediates transmembrane signaling events distinct from Fc gamma RII. J 
Exp Med. Apr 1 1990;171(4):1239-55. doi:10.1084/jem.171.4.1239 

366. Zhou MJ, Brown EJ. CR3 (Mac-1, alpha M beta 2, CD11b/CD18) and Fc gamma RIII 
cooperate in generation of a neutrophil respiratory burst: requirement for Fc gamma RIII and 
tyrosine phosphorylation. J Cell Biol. Jun 1994;125(6):1407-16. doi:10.1083/jcb.125.6.1407 

367. Green JM, Schreiber AD, Brown EJ. Role for a glycan phosphoinositol anchor in Fc 
gamma receptor synergy. J Cell Biol. Dec 1 1997;139(5):1209-17. doi:10.1083/jcb.139.5.1209 

368. Coxon A, Cullere X, Knight S, et al. FcγRIII Mediates Neutrophil Recruitment to Immune 
Complexes: A Mechanism for Neutrophil Accumulation in Immune-Mediated Inflammation. 
Immunity. 2001;14(6):693-704. doi:10.1016/S1074-7613(01)00150-9 

369. Marois L, Paré G, Vaillancourt M, Rollet-Labelle E, Naccache PH. Fc gammaRIIIb triggers 
raft-dependent calcium influx in IgG-mediated responses in human neutrophils. J Biol Chem. 
Feb 4 2011;286(5):3509-19. doi:10.1074/jbc.M110.169516 

370. Todd RF, 3rd, Petty HR. Beta 2 (CD11/CD18) integrins can serve as signaling partners 
for other leukocyte receptors. J Lab Clin Med. May 1997;129(5):492-8. doi:10.1016/s0022-
2143(97)90003-2 



 66 

371. Bruggeman CW, Houtzager J, Dierdorp B, et al. Tissue-specific expression of IgG 
receptors by human macrophages ex vivo. PLoS One. 2019;14(10):e0223264. 
doi:10.1371/journal.pone.0223264 

372. Li H. Minimap2: Pairwise alignment for nucleotide sequences. Bioinformatics. 
2018;doi:10.1093/bioinformatics/bty191 

373. Brudno M, Steinkamp R, Morgenstern B. The CHAOS/DIALIGN WWW server for 
multiple alignment of genomic sequences. Nucleic Acids Res. Jul 1 2004;32(Web Server 
issue):W41-4. doi:10.1093/nar/gkh361 

374. Reth M. Antigen receptor tail clue. Nature. Mar 30 1989;338(6214):383-4. 
doi:10.1038/338383b0 

375. Cambier JC. Antigen and Fc receptor signaling. The awesome power of the 
immunoreceptor tyrosine-based activation motif (ITAM). J Immunol. Oct 1 1995;155(7):3281-
5.  

376. Daëron M. Building up the family of ITIM-bearing negative coreceptors. Immunol Lett. 
Dec 1996;54(2-3):73-6. doi:10.1016/s0165-2478(96)02652-1 

377. Madeira F, Madhusoodanan N, Lee J, et al. The EMBL-EBI Job Dispatcher sequence 
analysis tools framework in 2024. Nucleic Acids Res. Jul 5 2024;52(W1):W521-w525. 
doi:10.1093/nar/gkae241 

378. Chen S, Francioli LC, Goodrich JK, et al. A genomic mutational constraint map using 
variation in 76,156 human genomes. Nature. Jan 2024;625(7993):92-100. 
doi:10.1038/s41586-023-06045-0 

379. Zook JM, Catoe D, McDaniel J, et al. Extensive sequencing of seven human genomes to 
characterize benchmark reference materials. Sci Data. Jun 7 2016;3:160025. 
doi:10.1038/sdata.2016.25 

380. Wenger AM, Peluso P, Rowell WJ, et al. Accurate circular consensus long-read 
sequencing improves variant detection and assembly of a human genome. Nat Biotechnol. 
Oct 2019;37(10):1155-1162. doi:10.1038/s41587-019-0217-9 

381. Shafin K, Pesout T, Lorig-Roach R, et al. Nanopore sequencing and the Shasta toolkit 
enable efficient de novo assembly of eleven human genomes. Nature Biotechnology. 
2020/09/01 2020;38(9):1044-1053. doi:10.1038/s41587-020-0503-6 

382. Wu L-y, Zhou Y, Qin C, Hu B-l. The effect of TNF-alpha, FcγR and CD1 polymorphisms 
on Guillain–Barré syndrome risk: Evidences from a Meta-Analysis. Journal of 
Neuroimmunology. 2012/02/29/ 2012;243(1):18-24. 
doi:https://doi.org/10.1016/j.jneuroim.2011.12.003 

383. Mansour LA, Girgis MY, Abdulhay M, ElEinein EIA, ElHawary R, Hanna MOF. 
Polymorphisms of Immunoglobulin G Fc Receptors in Pediatric Guillain–Barré Syndrome. 
Neuropediatrics. 2016/05/12 2016;47(03):151-156. doi:10.1055/s-0036-1579633 

384. Flinsenberg TWH, Janssen WJ, Herczenik E, et al. A novel FcγRIIa Q27W gene variant is 
associated with common variable immune deficiency through defective FcγRIIa downstream 
signaling. (1521-7035 (Electronic)) 

https://doi.org/10.1016/j.jneuroim.2011.12.003


 67 

385. Zhou XJ, Lv JC, Bu DF, et al. Copy number variation of FCGR3A rather than FCGR3B and 
FCGR2B is associated with susceptibility to anti-GBM disease. Int Immunol. Jan 2010;22(1):45-
51. doi:10.1093/intimm/dxp113 

386. Pérez-Romero CA, Sánchez IP, Naranjo-Piedrahita L, et al. Frequency analysis of the 
g.7081T>G/A and g.10872T>G polymorphisms in the FCGR3A gene (CD16A) using nested PCR 
and their functional specific effects. Genes Immun. Jan 2019;20(1):39-45. 
doi:10.1038/s41435-017-0001-0 

387. Makowsky R, Wiener HW, Ptacek TS, et al. FcγR gene copy number in Kawasaki disease 
and intravenous immunoglobulin treatment response. Pharmacogenet Genomics. Sep 
2013;23(9):455-62. doi:10.1097/FPC.0b013e328363686e 

388. Yamamoto K, Sugita N, Kobayashi T, Okuda K, Van De Winkel JG, Yoshie H. Evidence for 
a novel polymorphism affecting both N-linked glycosylation and ligand binding of the IgG 
receptor IIIB (CD16). Tissue Antigens. Apr 2001;57(4):363-6. doi:10.1034/j.1399-
0039.2001.057004363.x 

 



ptel qtelChromosome 1

Extracellular

Intracellular

FCGR2A FCGR3A FCGR2C FCGR3B FCGR2BFCGR1A

ITAM

ITAM

ITIM

ITAM

ITAM

GPI

ITAM

ITAM

H/R F/V
X/Q

I/T

HNA 
SNPs

FcγRIIbFcγRIIIbFcγRIIcFcγRIIIaFcγRIIaFcγRI

Activating Decoy; Activating# Inhibitory

High-affinity Low-affinity

Monomeric IgG Multivalent Fc ligand in the context of antibody:antigen ICs, cells or pathogens opsonized with IgG

131-R131-H

35 ± 552 ± 12

1.0 ± 0.14.5 ± 1.0

9.1 ± 1.38.9 ± 0.1

2.1 ± 0.21.7 ± 0.4

158-V158-F

20 ± 211.7 ± 1.9

0.7 ± 0.10.3 ± 0.0

98 ± 1577 ± 11

2.5 ± 0.22.0 ± 0.5

1.2 ± 0.1

0.2 ± 0.0

1.7 ± 0.2

2.0 ± 0.4

SHNA2NA1

2.0 ± 0.32.2 ± 0.32.0 ± 0.3

NMNMNM

11.1± 2.79.1±3.111.1±2.7

NMNMNM

1.2 ± 0.1

0.2 ± 0.0

1.7 ± 0.2

2.0 ± 0.4

650 ± 280

NM

610 ± 320

340 ± 190

hIgG1

hIgG2

hIgG3

hIgG4

Stimulate immunity via phagocytosis, cytotoxicity, degranulation, antigen presentation and cytokine secretion  
(varies due to both receptor and cell type)♮

Inhibit signalling from 
stimulatory receptors

+++
+
+
+
++
-
+/-
+/-
+/-
-
-
-
-
-

+++
+++
+
+
+
+

+++
+++
+
-
-
-
+
+

+/-
++/+++

++
++
+++
++
-
+
+/-
++++
-
-
-
-

-
-
-
-
-
-
-
-
-
*
-
-
-
-

-
-
-
-
-
-

+++++
+/-
-
-
-
-
-
+/-

+/-
++/+++

-
++
+
-
+
+
+
-

++++
-
-

+++

Classical monocytes

Non-classical monocytes

Splenic macrophages

Kupffer macrophages

Alveolar macrophages

Bone marrow macrophages

Neutrophils

Eosinophils

Dendritic cells

NK cells

B-cells

T-cells

Platelets

Basophils

Function

Major role

Binds to

Known as

Expression

Ig
G

 A
ff

in
ity

log10 (Ka)
3
2

1

0
-1



FCGR2A

FCGR2C

FCGR2B

ENST00000271450

ENST00000466542

ENST00000358671

chr1:161505456

chr1:161581339

chr1:161663142

161519829

161599803

161678654

P12318

P31995

P31994

chr1:161505456

chr1:161581339

chr1:161663142

161519829

161599803

161678654

ITAM

ITAM

ITIM

0 2000 4000 6000 8000bp

Matched nucleotides between
aligned FCGR2A/B/C genes

2A & 2C 2B & 2C 2A & 2B & 2C
2A & 2B Unmatched between 2A, 2B or 2C

Protein
Feature

Signal peptide Extracellular Transmembrane
Cytoplasmic

C

B

D
FCGR3A

FCGR3B

ENST00000443193

ENST00000650385

chr1:161541758

chr1:161623195

161549818

161631176

P08637

O75015

chr1:161541758

chr1:161623195

161549818

161631176GPI anchor

0 1000 2000 3000 4000bp

Matched nucleotides between
aligned FCGR3A/B genes

3A & 3B
Unmatched between 3A & 3B

Protein
Feature

Signal peptide Extracellular Transmembrane
Cytoplasmic Propeptide

A
FCGR2A HSPA6 FCGR4 FCGR2B

FCGR2A HSPA6 FCGR4 FCGR2B

FCGR2A HSPA6 FCGR3A HSPA7 FCGR3B FCGR2BFCGR2C

Non-allelic Homologous Recombination (NAHR)

Segmental Duplication

FCGR2A & FCGR2C
FCGR2A & FCGR2B

FCGR2B & FCGR2C

Unmatched between FCGR2A, FCGR2B or FCGR2C
FGCR2A & FCGR2B & FCGR2C

FCGR3A & FCGR3B

Unmatched between FCGR3A & FCGR3B

Segmental
duplication

Proximal repeat
Distal repeat

161500000 161550000 161600000 161650000

161500000 161550000 161600000 161650000

FCGR2A FCGR2BFCGR2CFCGR3A FCGR3BHSPA6 HSPA7

FCGR2A FCGR2BFCGR2CFCGR3A FCGR3BHSPA6 HSPA7

Chr1 reference coordinate (GRCh38)

% identity

95.5

94.4

93.0

87.0

80.8



Chromosome 1

161500000 161550000 161600000 161650000

 

FCGR2A HSPA6 FCGR3A FCGR2C HSPA7 FCGR3B FCGR2B
ENST00000271450 ENST00000309758 ENST00000443193 ENST00000466542 ENST00000445535 ENST00000650385 ENST00000358671

CNR1
CNR2

CNR3
CNR4

CNR5

 

FCGR2A−131H/R

p.His132Arg
c.497A>G

chr1:161509955
rs1801274

FCGR3A−158F/V

p.Phe158Val
c.526T>G

chr1:161544752
rs396991

FCGR2C−57X/Q

p.Ter57Gln
c.169T>C

chr1:161589597 
rs759550223

FCGR2B−232I/T

p.Ile232Thr
c.695T>C

chr1:161674008
rs1050501

 

FCGR2C intron 6
splice sites

FCGR2C promoter
haplotype

FCGR3B HNA
haplotype

FCGR2B promoter
haplotype

 c.−386G>C
chr1:161581052

rs149754834

c.−120T>A
chr1:161581318

rs34701572

c.798+1A>G
chr1:161595591

rs76277413 

c.799−1C>G
chr1:161599629

rs430178

p.Ile106Val
c.316A>G

chr1:161629781
rs2290834

p.Asn82Asp
c.244A>G

chr1:161629853
rs147574249

p.Ala78Asp
c.233C>A

chr1:161629864
rs5030738

p.Asn65Ser
c.194A>G

chr1:161629903
rs448740

p.Leu38=
c.114T>C

chr1:161629983
rs527909462

p.Ser36Arg
c.108C>G

chr1:161629989
rs200688856

c.−386G>C
chr1:161662856 

rs3219018

c.−120T>A
chr1:161663122

rs780467580

0
5

10
15
20
25

 

0

50

100

150

 

0

20

40

60

 

0

20

40

60

80

 

0
20
40
60
80

 

0

20

40

60

 

M
on

oc
yt

es
AT

AC
-s

eq

Short-read 2x148bp

Long-read based on short reads

Short-read 
2x75bp

H
G

00
2

W
ho

le
 g

en
om

e 
se

qu
en

ci
ng

SMRT long reads

CCS SMRT long reads

Nanopore long reads

gnomAD
variants

SN
Ps

 o
f i

nt
er

es
t

C
op

y 
N

um
be

r 
R

eg
io

ns

Median: 3.7kb, N50: 6.7kb

Median: 9kb, N50: 12.2kb

Median: 13.4kb, N50: 13.7kb

Median: 7.4kb, N50: 47.1kb

Low affinity FCGR locus


	FCGRs_ImmunologicalReview_final_amended
	Sarah Frampton1, Rosanna Smith2, Lili Ferson1, Jane Gibson1, Edward J Hollox3, 4, Mark S Cragg2,4, and Jonathan C Strefford1, 4
	1 Cancer Genomics Group, School of Cancer Sciences, Faculty of Medicine, University of Southampton, Southampton, UK.
	2 Antibody and Vaccine Group, Centre for Cancer Immunology, School of Cancer Sciences, Faculty of Medicine, University of Southampton, Southampton, UK.
	3 Department of Genetics, Genomics and Cancer Sciences, College of Life Sciences, University of Leicester, Leicester, UK.
	4 shared senior authorship
	Summary
	Functional importance of FcyRs
	Evolution of FCGRs
	High-affinity FCGRs
	Low-affinity FCGRs

	FCGR genetics in mice

	Sequence variation at the FCGR locus
	FCGR1
	FCGR2A
	FCGR3A
	FCGR2C
	FCGR3B
	FCGR2B

	Structural variation at the FCGR locus
	History
	Structure
	Functional consequences
	Disease consequences

	Linkage disequilibrium and population variation
	Influence of FCGR genetics on COVID-19
	Impact of FCGR genotypes on immunotherapy
	Role of FCGR2B in cancer and associations with treatment resistance
	Regulation of the low affinity FCGR locus
	Limitations in FCGR research and benefits of long-range genomics
	Current limitations
	The potential benefits of increased sequence read length
	The application of long-read technologies to the FCGR locus


	Summary and future directions
	Figure 1. Function, IgG affinity and expression of the six human Fcγ receptors (FcγRs).


	Figure1
	Figure2_pdf
	Figure3_pdf

