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Abstract

Previously we showed that alveolar macrophages(AMs) from patients with chronic beryllium 

disease(CBD) and beryllium sensitization(BeS) demonstrated significantly greater cell surface 

CD16(encoded by the FCGR3A gene) than controls. We hypothesized that these differences were 

related to polymorphisms in the FCGR3A gene. This study was to determine the association 

between FCGR3A polymorphisms in CBD, BeS versus controls as well as clinical data, providing 

potential information about disease pathogenesis, risk and activity. 189 CBD/154 BeS /150 

controls (92 Be-exposed-non-diseased and 58 healthy controls) were included in this study. 

Sequence specific primers polymerase chain reaction(PCR-SSP) was used to determine FCGR3A 

158V/F polymorphisms. We found significantly higher frequencies of the 158V allele (OR:1.60 

(CI: 1.17-2.19),p=0.004) and 158VV homozygotes (OR:2.97 (CI:1.48-5.97) p=0.007) in CBD 

versus controls. No differences were found in the frequencies of FCGR3A alleles or genotypes 

between BeS versus controls and CBD versus BeS. Average changes in exercise testing maximum 

workload(Wlm),maximum oxygen consumption(VO2m) and diffusion capacity of carbon 

monoxide(DLCO) demonstrated greater decline over time in those CBD cases with the 158VV 

gene, modelled between 10 and 40 years from first beryllium exposure. The FCGR3A V158F 

polymorphism is associated with CBD compared to BeS and controls and may impact lung 

function in CBD.

Introduction

Chronic beryllium disease (CBD) develops in up to 16% of individuals exposed to beryllium 

(Be) and is characterized by granulomatous inflammation and the accumulation of CD4+ T 
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cells in the lung [1–4]. CBD is preceded by beryllium sensitization (BeS), a beryllium-

specific immune response demonstrated by a blood test called the beryllium lymphocyte 

proliferation test (BeLPT)[5, 6]. BeS and CBD are genetically determined, associated with 

an HLA class II epitope, primarily a glutamic acid at amino acid position 69 (Glu69) in 

HLA-DPB1, and to a lesser extent a glutamic acid at amino acid position 71 in HLA-DRB1 

[7]. Genetic factors important in disease susceptibility and severity are not well-understood, 

although it is clear that exposure is also important in development of disease and more 

severe disease [8]. Studies have shown that beryllium persists within the lungs of individuals 

many years after exposure has ceased [5, 8, 9], suggesting a failure to clear the Be antigen 

from the lungs. This retention of Be may perpetuate an ongoing Be-specific immune 

response in CBD and/or progression from BeS to CBD.

Human FcγRIIIa (CD16) receptor is an extensively glycosylated heterogeneous protein with 

an apparent molecular weight of 50-80 kDa. FCGR3A gene codes for the FcγRIIIa receptor 

present in macrophages, NK and γδ T cells, with low-affinity for IgG-containing immune 

complexes (IC)[10–14]. Cross-linking of FcγRs potently triggers functions such as 

phagocytosis, respiratory burst, degranulation, antibody-dependent cellular cytotoxicity and 

antigen presentation[10, 15]. There is a G559T polymorphism in the FCGR3A gene that 

leads to the substitution of Valine for Phenylalanine at position 158 of the polypeptide chain 

(158V/F). The FcγRIIIa-158V allotype exhibits higher affinity for IgG1 and IgG3 than does 

FcγRIIIa-158F, and is capable of binding IgG4[16, 17]. Higher levels of FCGR3A 

transcripts have been observed among individuals with the FCGR3A-158 V/V versus V/F or 

F/F genotype; increased cell surface CD16 expression by quantitative flow cytometry on NK 

cells from individuals expressing at least one valine at FCGR3A-158 versus F/F (P = 0.029); 

as well as augmented rituximab binding and rituximab-mediated, antibody-dependent 

cellular cytotoxicity (ADCC)[18]. An over-representation of FcγRIIIa-158F allele has been 

reported in patients with systemic lupus erythematosus (SLE)[19–21]. Although the 

FCGR3A-158 V-F polymorphism impacts multiple autoimmune and infectious diseases[15, 

16], the clinical significance of FcγRIIIa in CBD is not known.

In our previous studies, we showed that alveolar macrophages (AMs) from CBD and BeS 

demonstrated significantly greater cell surface CD16 expression than controls[3]. However, 

Be exposure in vitro decreased CD16 expression and phagocytosis by CBD and BeS AMs. 

Given the important roles that FcγRIIIa plays in binding, phagocytosis and clearance of 

immune complexes, we hypothesized that these differences were related to polymorphisms 

in the FCGR3A gene, which has been associated with other autoimmune disorders, such as 

sarcoidosis and SLE, as well as protein levels. In this study, we aimed to investigate the 

association of FCGR3A V158F with the susceptibility and clinical markers of CBD. It is the 

first analysis demonstrating the association between the V158F polymorphism of FCGR3A 

gene and CBD and with lung function in CBD.

Results

Subject Demographics

The demographics of the subjects are shown in Table 1. No significant differences in the 

age, race and smoking status were noted in BeS, CBD and Be-exposed control subjects. The 
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majority of BeS, CBD subjects and Be-exposed controls were male and Caucasian, typical 

of Be-industries. The Be-non exposed controls were more likely to be female and younger 

(p<0.05) than Be-exposed controls. Not surprisingly, CBD subjects had a statistically 

significant increase in total BAL WBC count and BAL lymphocytes % compared with BeS 

subjects (p < 0.05). The BAL BeLPT peak stimulation index was higher in CBD than in BeS 

subjects (P < 0.05).

Furthermore, compared to BeS, CBD subjects had lower PaO2r, higher Aado2r and higher 

Aado2m, adjusted for age, gender and race (p < 0.05). FEV1 and TLC have significant 

differences between CBD and BeS subjects, adjusted for age, gender, race and height (p < 

0.01). Furthermore, TLC % predicted has significant differences between CBD and BeS 

subjects (p < 0.05). These demonstrate the impact of granulomatous inflammation. No 

significant differences were found in Wlm, vo2m, pao2b, FEV1% pred , FVC, DLCO, and 

DLCO % pred between CBD and BeS subjects.

FCGR3A 158V/F allele and genotype associate with CBD disease risk

As demonstrated in Supplement Figure 1, both the PCR-SSP and DNA sequencing detected 

the FCGR3A variants. No differences were found in the frequencies of FCGR3A alleles or 

genotypes between Be-exposed controls and Be-non exposed controls (Table 2). Therefore, 

we combined the two controls groups together to enhance power for analysis.

The genotype frequencies for the controls (p=0.46) and CBD subjects (p=0.14) 

polymorphisms were in the Hardy-Weinberg equilibrium. However those for BeS (p=0.008) 

were not. Genotype frequencies of FCGR3A SNPs are listed in Table 2. There were 

significant differences for the FCGR3A 158V/F polymorphisms comparing CBD cases to 

the controls. The 158V allele was significantly higher (OR:1.60 (CI: 1.17-2.19),p=0.004), 

158VV homozygotes (OR:2.97 (CI:1.48-5.97) p=0.007) were also higher in CBD versus 

controls (Table 3). No differences were found in the frequencies of FCGR3A alleles or 

genotypes between BeS versus controls and versus CBD.

Effect of genotypes of FCGR3A gene on pulmonary function testing

The effect of FCGR3A genotypes on pulmonary function test in the CBD subjects were 

measured at time of initial CBD diagnosis. The pulmonary function tended to be higher in 

those with the FCGR3A 158FF genotype. Specifically, FVC %pred (p=0.07) and DLCO % 

pred (p=0.09) were higher in CBD subjects with the158FF in comparison with those with 

other genotypes (Table 4).

Differences in rates of CBD lung function progression were evaluated for associations with 

FCGR3A polymorphisms using mixed effects models, along with time from first beryllium 

exposure.

There are 57 FF, 76 FV and 33 VV subjects in this study. Our results showed the average 

changes of Wlm (p=0.0217), VO2m(p=0.0097), DLCOU(p=0.0240) over time modeled 

between 10 and 40 years from first beryllium exposure in those CBD cases with 158VV of 

FCGR3A gene demonstrated a greater decline (Figure 1) than those with 158 FF (p<0.05). 
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No association was noted between the FCGR3A polymorphisms and FEV1 and aado2m 

over time (Data not shown).

Discussion

This is the first study to identify associations between CBD, disease progression over time 

and FCGR3A polymorphisms (rs396991). We found significantly higher frequencies of the 

158V allele, and 158VV homozygotes in CBD versus controls. Furthermore, the FCGR3A 

polymorphism had clinical relevance in CBD, and pulmonary function tended to be higher in 

those CBD subjects with the FCGR3A 158FF genotype. Similarly, the average changes in 

exercise testing and lung function test, such as Wlm, VO2m and DLCO over time modeled 

between 10 and 40 years from first beryllium exposure in those CBD subjects with 158VV 

of FCGR3A gene demonstrated a greater decline than those with 158 FF and 158FV.

CBD is a noncaseating granulomatous lung disorder due to beryllium exposure. Genetic 

susceptibility contributes to the development of BeS and progression of BeS to CBD. 

Previous studies showed that the granulomatous response in CBD is dictated by functional 

genetic susceptibility factors in the E69 gene variant in conjuction with exposure[22]. The 

replication of genes outside the HLA Class II region has been limited using candidate gene 

studies, although we have defined functional factors associated with more severe CBD and 

more severe sarcoidosis[9]. Specifically, TGF-β and CCR5 variants were associated with 

more severe sarcoidosis and CBD lung function and radiographic abnormalities[23, 24]. 

Similarly, in this study we found 158VV variants associated with more severe CBD lung 

function, suggesting that these variants are impacting lung inflammation and physiology. 

However, unlike these variants, we found that the FCGR3A 158VV variant was associated 

with CBD compared to controls, suggesting that it may play a role in risk for disease as well 

as disease severity. Similar to our study, FCGR3A polymorphisms have been associated with 

severity of diseases, including early rheumatoid arthritis (RA) [25], pulmonary tuberculosis 

[26], and sarcoidosis[27]. The striking finding that 158VV is associated with CBD lung 

function and gas exchanges decline (lower Wlm, VO2m and DLCOU) over time on average 

(p=0.0217, 0.0097, 0.0240, respectively), suggested that FCGR3A 158VV homozygous 

genotype could contribute to the accelerated lung function decline in CBD.

Beryllium persists in the lungs for many years even after exposure stops, raising the question 

as to whether there are issues with host clearance or beryllium solubility that results in the 

inability to clear beryllium antigen from the lungs. Furthermore, persistent beryllium 

exposure has the potential to activate a long-lasting immune response, and result in CBD in 

workers years after last exposure[28]. Macrophages play an essential role in the process of 

beryllium clearance and are also the main effector cells during the formation of beryllium 

induced granuloma. Our previous studies showed that alveolar macrophages from CBD and 

BeS have significantly higher CD16 expression levels and higher phagocytosis function than 

controls[3]. However, the biological mechanisms underlying these increased CD16 levels 

and phagocytosis remain unclear. Many studies have shown that the CD16 V158F 

polymorphism (rs396991) is related to macrophage phagocytic function; we postulate that 

this may also be the case in CBD.
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Single-nucleotide polymorphism (SNP) and mutations in FCGR3A have been associated 

with a number of immune mediated diseases , including systemic lupus erythematosus 

(SLE), rheumatic arthritis (RA), sarcoidosis and other autoimmune diseases[16, 19–21, 29]. 

Relevant to CBD, previous studies showed that the 158F and 158FF prevalence were much 

higher in stage I sarcoidosis, another granulomatous lung disease of unknown cause and a 

milder form of this disease. These same variants have also been associated with decreased 

FCGRIIIa affinity and clearance of immune complexes (ICs) [27]. Specifically, the V158F 

polymorphism has been implicated in the binding and phagocytotic function of 

macrophages; the 158VV genotype presented a higher ICs binding and a more effective 

macrophage ingestion of ICs. The enhanced phagocytic ability of macrophage followed by 

increased antigen presentation, may result in significant cytokines release and even an 

autoimmune response. On the contrary, the 158FF genotype has been associated with lower 

IC binding ability and fewer ICs ingested by macrophages, leading to lower cytokines 

production[3, 27]. In our study, we found an increased frequency of the 158V allele and 

158VV genotype in CBD subjects compared to controls. Since the 158V polymorphic 

variant is associated with a very effective uptake of ICs by FCGRIIIa, this may result in 

excessive antigen presentation, activation of monocytes, macrophages, dendritic and Natural 

Killer cells, subsequent production of cytokines and initiation of an autoinflammatory 

process, all of which may contribute to granuloma information. It is plausible that 158V 

plays an important role in CBD granuloma formation and disease pathogenesis.

There are some limitations to this study. The FCGR3A polymorphisms for BeS (p=0.008) 

were not in Hardy-Weinberg equilibrium. Deviations from HWE can be very informative. In 

case subjects, deviation from HWE, assuming sources of error have been eliminated, may 

indicate the association of a locus with disease. In cases, this deviation could be due to 

genetic drift, immigration, non-random mating, new mutations, natural selection, or 

combinations of these effect. It is possible that these factors have impacted HWE in our 

cases of BeS, as we did not find problems with our genotype calls when we sequenced BeS 

cases compared to the call for our CBD cases or controls. However, this finding is 

perplexing and limits our conclusions. The other limitation in our study is whether this 

variant is functional. We were unable to assess the functional aspects of this variant as we 

used DNA from cases and controls from prior studies and could not evaluate the function of 

the FcGR in these same subjects.

In summary, the V158F polymorphism of FCGR3A gene is associated with CBD compared 

to BeS and controls and may impact the lung function in CBD. We revealed an increase in 

the occurrence of 158V allele and 158VV homozygotes of FCGR3A gene in CBD versus 

controls. Furthermore, our data also suggested that FCGR3A 158VV homozygous 

genotypes could contribute to the accelerated lung function decline in CBD. The FCGR3A 

polymorphisms may serve as a risk factor of CBD.

Materials and Methods

Study population.

All participants gave informed written consent in accordance with the Declaration of 

Helsinki, and the study was approved by National Jewish Health (NJH) Institutional Review 
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Board (IRB). 189 CBD subjects, 154 BeS subjects and 150 controls (92 Be-exposed non-

diseased and 58 healthy controls) were enrolled in this study, drawn from subjects seen 

clinically at NJH. The diagnosis of CBD was established using previously defined criteria, 

including the presence of granulomatous inflammation on lung biopsy, and a positive 

proliferative response of blood and/or bronchoalveolar (BAL) cells to BeSO4 in vitro. The 

diagnosis of BeS was established based on a positive proliferative response of blood cells to 

BeSO4 in vitro on the BeLPT and the absence of granulomatous inflammation on lung 

biopsy. Individuals were considered to be current smokers if they had smoked daily for at 

least the last 3 months.

Indices of CBD disease severity

Clinical evaluations were completed on initial evaluation (baseline) and during follow-up 

over time on the cases, usually annually or biannually. We evaluated data obtained from 

pulmonary function testing, exercise testing, and chest radiography. The forced expiratory 

volume in 1 second (FEV1) and forced expiratory vital capacity (FVC) were measured with 

a pneumotachograph. Total lung capacity (TLC) was measured in a constant pressure body 

plethysmograph. The single-breath method of Ogilvie et al[30] was used to evaluate the 

diffusion capacity of carbon monoxide (DLCO). Gas exchange and maximal exercise 

capacity were determined with a 380 B cycle ergometer (Siemens-Elema) with continuous 

cardiac rhythm and arterial oxygen content monitoring[31] . An indwelling arterial line 

measured arterial blood gases at rest and after each minute of exercise. Results are reported 

as the arterial partial pressure of oxygen, (PaO2) at rest (PaO2r) and during maximal 

exercise (PaO2m) and the alveolar-to-arterial oxygen pressure difference (AaDO2), at rest 

(AaDO2r) and during maximal exercise (AaDO2m) and work load at maximum exercise 

(Wlm). There were 160 CBD cases that had on average 10.3 visits (range 1–14); others did 

not have additional follow up after diagnosis, as they were recently diagnosed or lost to 

follow-up.

DNA sample preparation

Genomic DNA was isolated using a Paxgene blood DNA kit according to the manufacturer’s 

instruction (Qiagen, Valencia, CA). DNA concentration was determined on a NanoDrop 

ND-1000. The purified DNA samples were stored at −20 °C as stock and we avoided 

frequently thawing and freezing.

Sequence-specific primer Polymerase Chain Reaction (PCR-SSP) for FCGR3A Genetic 
Polymorphisms

PCR-SSP was used for the FCGR3A 158V/F polymorphism determination[16]. We used a 

common reverse primer (5’-CAACTCAACTTCCCAGTGTGAT-3’) that ensured gene 

specificity for FCGR3A and either a forward 158F-specific primer (5’-

TACTTCTGCAGGGGGCTTT-3’) or a primer specific for 158V allele (5’-

TACTTCTGCAGGGGGCTTG-3’). Both 158F and 158V PCR product were 147 bp. Each 

allele specific primer contained intentional single-nucleotide mismatches to provide allele 

specificity. In order to eliminate false negatives, we also added a common forward primer 

(5’-TCAGGATCTGGGTGGTACG-3’) that could generate a 423 bp product in all PCR 

reactions. The PCR-SSP reaction for 158F allele was performed with 20 ng of genomic 
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DNA, 0.3 μM 158F-specific forward primers and common forward primers, 0.5 μM 

common reverse primers, and 10 μL PCR Green master mix (Promega, San Luis Obispo, 

CA,) in a total volume of 20 μL. A temperature profile for 158F allele comprised 5 minutes 

at 95 °C, followed by 30 cycles of amplification (30 seconds at 95 °C, 1 min of annealing at 

57 °C and 30 seconds at 72 °C), then followed by a final elongation at 72 °C for 7 min. All 

the PCR products were analyzed on a 2% agarose gel containing 0.05% ethidium bromide 

(EB). The genotypes were read blinded to subjects’ status. 10% of the samples were 

genotyped a second time to ensure appropriate genotyping.

Genomic DNA sequencing

To confirm the FcgRIIIA genomic sequence and above genotypes, primers were designed to 

amplify a portion of exon 4 of FCGR3A which corresponds to EC2. The forward primer (5’-

TCAGGATCTGGGTGGTACG-3’, corresponding to nt 4692-4710). The reverse primer (5’-

CAACTCAACTTCCCAGTGTGAT-3’, corresponds to nt 5091–5112). The 423 bp PCR 

product containing the V158F nucleotide polymorphic site was purified from a 2% agarose 

gel with the QIAquick Gel Extraction Kit. Fluorescence-based automated cycle sequencing 

of PCR product was performed by Eton Bioscience Inc. Ten subjects from each group were 

chosen at random to confirm their genotyping with DNA sequencing.

Statistical Analysis:

Chi-square test and odds ratio (OR, 95% CI) were used to evaluate the difference and 

relative risk in allele and genotype distribution between the groups. The association of 

FCGR3A genotypes and pulmonary function parameters was evaluated using analysis of 

variance (ANOVA) and Mixed models. In all the analyses, Wlm, vo2m, pao2r, pao2b, 

aado2r and aado2m were adjusted by age, gender and race; FEV1 L, FVC L, TLC L, and 

DLCO were adjusted by age, gender, race and height, but FEV1% pred, FVC % pred, TLC 

%pred and DLCO % pred were not adjusted. The statistical analysis was performed using 

commercially available software (SAS software, version 9.4. A p<0.05 was taken as 

statistically significant and all tests were two-sided).
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Figure 1. 
Average changes of Wlm(1A), VO2m(1B), DLCOU(1C) over time modelled between 10 

and 40 years from first beryllium exposure in those CBD, adjusted for gender, race and age, 

demonstrating a greater decline in the 158VV of FCGR3A gene.
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Table 1.

Clinical characteristics of Healthy control, BeS, and CBD subjects.

CBD (n=189) BeS (n=154) Be-exposed controls (n=92) Be-non exposed 
controls (n=58)

Age (yr) 53 (29-73) 57 (30-84) 66 (44-84) 36(20-70)*

Gender (M/F) 154/31/4 112/40/2* 68/23/1 17/40/1*

Race (W/BLACK/ASIAN/other/no data) 148/9/1/1/30 146/6/0/0/2 83/6/1/1/0 55/1/2/0/1

Hispanic ethnicity (His/Non His/No data) 17/157/15 17/136/1 11/80/1 0/57/1*

Smoking status (CS/FS/NS/no data) 13/77/90/9 19/52/77/6* No data No data

BAL cells 39.5(2.1-154.3) 22.6(3.8-122)** NA NA

Total WBC count (millions)

BAL cells Lymphocytes (%) 28.6(0.7-84) 7.4(0.7-48)** NA NA

Peak stimulation index 30.3(0.5-515.3) 1.9(0-20.5)** NA NA

Wlm 175 (50-320) 15040-280) NA NA

Vo2m 2.01(0.79-3.21) 1.74(0.85-3.37) NA NA

Pao2r 71 (36-87) 73(52-91)** NA NA

Pao2b 76 (38-99) 78(35-97) NA NA

Aado2r 11 (0-44) 8.9(0.3-27.1)** NA NA

Aado2m 17.0 (0.3-117) 15.0(0.2-44)* NA NA

FEV1(L) 3.13(1.1-5.9) 3.13(1.2-5.0)* NA NA

FEV1% pred 93(35-126) 94(35-129) NA NA

FVC(L) 4.15(1.22-7.23) 4.01(1.83-6.42) NA NA

FVC %pred 90(31-126) 92.5(51-129)* NA NA

TLC(L) 6.60(3.09-10.65) 6.82(3.85-9.38)** NA NA

TLC %pred 106(46-154) 111(73-157)** NA NA

DLCO 29.94(7.83-57.60) 27.17(11.95-51.33) NA NA

DLCO % pred 89(20-152) 86(34-138) NA NA

*
P<0.05

**
P<0.01 Wlm, Vo2m, Pao2r, Pao2b, Aado2r, Aado2m were adjusted for gender, race, age, while FEV1, FVC, TLC, DLCOU were adjusted for 

gender, race, age, and height.
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Table 2

Comparative analysis of the frequency of genotypes and alleles of FCGR3A gene in Be-exposed controls and 

Be-non exposed controls (%)

Be-non exposed controls (n=58) Be-exposed controls (n=92) X2 P value

GENOTYPE

158FF 24(41.4) 42(45.7) 2.834 0.242

158FV 31(53.4) 39(42.4)

158VV 3(5.2) 11(11.9)

ALLELE

F 79 123 0.225 0.362

V 44 61
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Table 3

A comparative analysis of the frequency of genotypes of FCGR3A gene between CBD, BeS and healthy 

controls

FCGR3A alleles(%) CBD (n=189) BES (n=154) Health control (n=150) CBD vs control BES vs control

X2 (P) OR(95%CI) X2 (P) OR(95%CI)

GENOTYPE

158FF 65(34.4) 80(51.9) 66(44) 10.013 (0.007) 0.336 (0.168-0.675) 5.724 (0.057) 0.771(0.366-1.625)

158FV 83(43.9) 52(33.8) 70(46.7) 0.356 (0.613) 0.405(0.204-0.803) 5.263 (0.021) 0.473(0.221-1.011)

158VV 41(21.7) 22(14.3) 14(9.3) Ref 1 Ref 1

ALLELE

F 213(56.3) 212(68.8) 202(67.3) 8.499 (0.004) 0.626(0.457-0.859) 0.157 (0.692) 1.071 (0.762-1.507)

V 165(43.7) 96(31.2) 98(32.7) Ref 1 Ref 1
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Table 4.

Effect of genotypes of FCGR3A gene on pulmonary function test in the CBD patients at time of initial CBD 

diagnosis (FEV1, FVC, TLC, DLCOU were adjusted for gender, race, age, and height).

FEV1 FEV1PP FVC FVCPP TLC TLCPP DLCOU DLCOUPP

FF 3.3 (1.6-5.9) 96 (47-123) 4.21 (2.37-7.23) 91 (68-121) 6.70 (4.63-9.38) 107.5 (77-137) 29.91 (15.37-51.41) 93 (44-140)

FV 3.1 (1.1-4.8) 89 (35-126) 4.13 (1.22-6.57) 85 (31-126) 6.67 (3.09-9.64) 104 (46-137) 31.64 (7.83-57.60) 89 (20-152)

VV 3.0 (2.0-4.5) 92 (50-123) 3.92 (2.60-6.08) 94 (62-122) 6.5 (3.99-10.65) 104 (73-154) 27.73 (15.53-40.15) 86 (43-122)

p value 0.19 0.415 0.09 0.249 0.55 0.136 0.09 0.207
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