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ABSTRACT
Objectives Chronic beryllium disease (CBD) is
a hypersensitivity granulomatous pulmonary disease
caused by exposure to the metal beryllium (Be2+). Our
objective was to extend current knowledge of the
genetics of beryllium disease by examining all HLA-DPB1
and HLA-DPR1 gene polymorphisms and the interactions
between them.
Methods DNA-based typing of HLA-DPB1 and
HLA-DRB1 loci at the allele level was performed on 65
CBD, 44 beryllium sensitised (BeS) but without CBD and
288 non-affected, beryllium exposed controls.
Results The DPbE69 residue regardless of zygosity, but
particularly if present on non-*0201 alleles, was of
primary importance for the development of CBD and BeS,
while other negatively charged residues DPbDE55, 56
and DPbDE84, 85 incrementally increased, although not
independently, the risk. The DPbE69 positive alleles with
charge �7 or �9 were associated with both CBD and
BeS. The polymorphic residues DPbE69, DPbDE55, 56
and DPbDE84, 85 were responsible for the �9 charge
and the first two residues for the �7 charge.
Conclusions In the absence of DPbE69, DRbE71 is
a risk factor for CBD and BeS. DPbE69 and DRbE71 are
adjacent to other amino acids that are also negatively
charged, suggesting that the positively charged Be2+

modifies the local environment of the epitopes in a way
that promotes interactions between peptides and T cells
and results in CBD. Finally, the protective effect of the
DPB1*0201 positive haplotype may involve particular
polymorphisms outside of the DPB1 gene.

INTRODUCTION
Workers exposed to beryllium have developed both
sensitisation (BeS) and chronic beryllium disease
(CBD).1 As early as the 1950s it was hypothesised
that the disease was immunologically mediated
after it was observed that CBD occurred after both
high and low levels of exposure in a small percentage
of workers.2 Genetic susceptibility to the develop-
ment of CBD was reported in 19933 and to BeS in
20014 and confirmed and refined by subsequent
investigators5e10 among individuals with glutamic
acid at position 69 on the HLA-DPb chain. Studies
with blocking monoclonal antibodies have strongly
suggested the functional significance of this poly-
morphism.11e14 The hypothesised mechanism is
that beryllium is a positive bivalent cation which
may influence peptide binding directly or indirectly
to the HLA molecules.15 This influence may occur
by changing the local electrostatic environment and

affecting peptide binding to the groove of the HLA
class II molecules,14 which in sequence may also
change the interaction of the T cell receptor of
CD4+ Tcells with the HLAepeptide complex. The
HLA system has a major role in the adoptive
immune response. Understanding the change initi-
ated by beryllium in those who are genetically
susceptible will not only help to better control
beryllium toxicity but also is important to under-
standing other immunologically mediated diseases.
Previous studies have found that 62e97% of

individuals with CBD or BeS are HLA-DPbE69
positive but that 30e40% of beryllium exposed
workers who do not develop CBD or BeS are also
positive. Thus, other genetic and/or exposure
metrics play a role in determining which individ-
uals develop CBD and BeS. Investigators have
examined whether individuals who were homozy-
gous for DPbE69 containing alleles6 7 10 or who
had particular alleles containing DPbE69 (ie,
DPB1*0201 negative alleles) were at higher risk for
developing CBD.16 The other class II genes of the
HLA complex that have received a lot of attention

What this paper adds

< This study confirmed that individuals with
glutamic acid at position 69 on the HLA-DPb
chain are at increased susceptibility for devel-
oping chronic beryllium disease (CBD) and/or
beryllium sensitisation (BeS).

< However, not all individuals with CBD or BeS are
HLA-DPb69 positive and 30e40% of beryllium
exposed workers are HLA-DPb 69 positive but
do not develop CBD or BeS.

< This study identified certain DPbE69 alleles
(DPB1*0201 negative alleles) and polymor-
phisms of the HLA-DRb chain, particularly
DRbE71, that were important in addition to
DPbE69 in explaining genetic susceptibility to
the development of CBD and/or BeS.

< This study found that the total negative charge
contributed by specific polymorphisms within
the DPb chain are associated with CBD and BeS
but only in conjunction with DPbE69.

< The genetic polymorphisms identified in our
study appear to be functionally important in how
peptides are presented to T cells and therefore
are directly involved in the pathophysiology of
CBD and/or BeS.

< An additional material is
published online only. To view
this file please visit the journal
online (http://oem.bmj.com).
1Department of Medicine,
Michigan State University, East
Lansing, Michigan, USA
2Department of Medicine,
University of Pennsylvania,
Philadelphia, Pennsylvania, USA
3Department of Biostatistics and
Bioinformatics, Emory
University, Atlanta, Georgia,
USA
4Department of Environmental
Health, University of Cincinnati,
Cincinnati, Ohio, USA
5Department of Pathology and
Laboratory Medicine, The
Children’s Hospital of
Philadelphia, University of
Pennsylvania, School of
Medicine, Philadelphia,
Pennsylvania, USA
6Department of Pediatrics,
University of Pennsylvania,
School of Medicine,
Philadelphia, Pennsylvania, USA

Correspondence to
K D Rosenman, Michigan State
University, 117 West Fee Hall,
East Lansing, MI 48824, USA;
rosenman@msu.edu

Accepted 27 September 2010
Published Online First
23 December 2010

Occup Environ Med 2011;68:487e493. doi:10.1136/oem.2010.055046 487

Original article

 group.bmj.com on June 8, 2011 - Published by oem.bmj.comDownloaded from 

http://oem.bmj.com/
http://group.bmj.com/


in relation to the risk for the development of beryllium disease
are the genes of the DR family.16 Among DPbE69 negative
subjects, findings have been reported related to the HLA-DRB1
gene, such as the association of DRbF47 with beryllium hyper-
sensitivity (CBD and BeS together)17 and the association of
DRB1*1301 with CBD.6 Bill et al11 found that fibroblasts
expressing mutated DP2 molecules at position 69 (E to K)
and also fibroblasts expressing DR13 molecules at position 71
(E to R) were capable of inducing beryllium specific proliferation
and INF-g expression by lung CD4+ T cells. Findings that
suggest that there may be other HLA-related markers besides the
DPB1 and DRB1 genes that influence the development of BeS or
CBD has led to investigations of other genetic markers,
including butyrophilin-like 2 (BTNL2) polymorphisms,18 trans-
forming growth factor b (TGF-b1) polymorphisms19 20 and
tumour necrosis factor (TNF) polymorphisms.21 22

This manuscript expands on previous research on the genetics
of beryllium by examining all HLA-DPB1 and HLA-DPR1 gene
polymorphisms and interactions between them in a cohort with
a high prevalence of CBD and BeS.23 Preliminary results of the
genetic analysis were presented at the 2007 American Thoracic
Society International Conference.24

METHODS
A total of 5490 workers were on the payroll for 2 or more days at
one of two beryllium production facilities in eastern Pennsyl-
vania. Facility A was open from 1958 to 1978 and employed
1349 individuals during that time and facility B was open from
1935 to 2000 and employed 4141 individuals during that time.
Using various databases it was determined, that as of the end of
1988, 328 (24.3%) individuals from facility A and 2293 (55.4%)
individuals from facility B had died. The first mailings to
members of the cohort not identified to have died in 1988
began in 1996. Follow-up calls were conducted until the indi-
vidual declined or agreed to participate. In 1996, 148 (11%)
individuals from facility A and 177 (4.3%) individuals from
facility B could not be located. Among the 873 workers from
facility A who were reached and invited to participate in
a medical screening, 160 said they worked for the company but
did not work at the beryllium production facility, 65 declined to
participate, 86 completed a questionnaire only and 562 partici-
pated in the medical screening. Among the 1671 workers
from facility B contacted about the medical screening, 35 said
they worked for the company but not at the beryllium
production facility, 191 declined to participate, 474 completed
a questionnaire only and 971 participated in the medical
screening. Accordingly, a total of 1533 individuals participated in
the medical screening, 256 declined and 560 completed a ques-
tionnaire only. The medical screening occurred from 1996
through 2001.

None of the subjects in this cohort were included in previous
publications of genetic testing including those where there were
overlapping authors.5 17

Any individual with two positive beryllium lymphocyte
proliferation tests (LPTs) and/or a chest radiograph reading of
$1/0 in parenchymal profusion by at least two of three B
readers (physicians certified to interpret chest radiographs for
pneumoconiosis) was referred for bronchoscopy, the testing of
lavage fluid for beryllium lymphocyte proliferation and a trans-
bronchial biopsy. The BeLPTwas considered positive when the
proliferation of blood lymphocytes to three different concen-
trations of BeSO4 at 5 and 7 days when both the stimulation
index (SI) (the ratio of the counts per minutes (CPMS) of the
stimulated cells to the CPMS of the unstimulated cells) was
greater than normal and the result was statistically significant
(the standardised log of the SI was greater than 3.1). The indi-
viduals eligible for genetic testing met the definitions for CBD
(which was non-caseating granuloma on lung biopsy and posi-
tive lavage or two positive blood LPTs), probable CBD (which
was a positive lavage LPT or positive radiograph and two posi-
tive blood LPTs) or BeS (which was two positive blood LPTs) or
were controls with completely normal results (table 1). Indi-
viduals meeting the definitions for CBD or probable CBD were
combined in the analysis as the CBD group. Twenty of our CBD
cases had not had lung biopsies and met the criteria for CBD
based on their lavage or radiographic findings (table 1). Two
controls, matched by facility, gender and year of birth within
3 years whose results on chest radiograph and LPT testing were
totally normal, were selected for each individual with CBD or
sensitisation. A total of 288 of the 1299 individuals who
participated in the medical screening and had completely normal
testing for CBD and/or sensitisation, were selected as controls
and had genetic testing. Another 99 individuals had some
abnormality but did not meet the definition for CBD or BeS and
were not included in the potential group of controls.
Among the individuals who participated in the medical

screening, 80 met the definition for CBD and 55 for BeS. Fifteen
individuals with CBD or probable CBD and 11 with BeS were
not tested because they did not provide either consent or blood
for the genetic testing. These 26 individuals did not differ by age,
gender or race from those who had genetic testing.
Genomic DNAwas prepared 4e10 years after collection using

Qiagen columns (QiaAmp 96 DNA Blood kit; Qiagen, Valencia,
California, USA) from a venous whole blood sample that had
been frozen the day after collection. The DPB1 gene (exon 2 and
3) was characterised with high resolution typing using the PCR-
SSP method (Pel-Freez Clinical Systems, Brown Deer, Wisconsin,
USA). For ambiguities or inconsistent patterns of primer
amplifications, sequence-based typing was performed and
confirmed by bi-directional sequencing-based typing of exon 2

Table 1 Minimum criteria for beryllium disease categories

Disease category
Number of
subjects Bronchial lavage Biopsy granuloma Chest radiograph Beryllium LPT

CBD 37 +BeLPT Positive * *

8 Negative or not done Positive * Two +BeLPTs

Probable CBD 7 +BeLPT Not done * *

13 Negative or not done Not done Fibrosis any zone Two +BeLPTs

Possible CBD 18 Not done Not done Fibrosis any zone �BeLPT or single +BeLPT and no re-test

Sensitisation 44 Not done Negative or not done Normal Two +BeLPTs

Possible sensitisation 81 Negative or not done Negative or not done Normal Single +BeLPT and no retest or �BeLPT retest

*Test result does not affect disease categorisation.
BE, beryllium; CBD, chronic beryllium disease; LPT, lymphocyte proliferation test.
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(AlleleSEQR HLA-DPB1 SBT kit; Atria Genetics, South San
Francisco, California USA). A new allele was identified and was
named DPB1*1902.25 DRB1 typing was performed by sequence-
based typing. All genetic analyses were performed without
knowledge of whether the sample was from a CBD, BeS or
control participant.

Pearson’s c2 tests or Fisher ’s exact test and logistic regression
were used to compare the frequency of genetic markers between
the groups. The false discovery rate was used to indicate
statistical significance26 except when examining a priori associ-
ations. Multiple tests regarding the interactive relationship
among the different HLA residues, homozygosity and linkage
disequilibrium were evaluated by the method of Svejgaard and
Ryder.27 28 The calculations and analyses of negative charge of
different HLA-DPB1 alleles positive for the DPbE69 residue were
performed as described by Snyder et al.29 The HardyeWeinberg
equilibrium (HWE) was used for the analysis of homozygosity
and heterozygosity.

This study was approved by the Michigan State Human
Subject Review Board, and separate consent forms were used for
medical screening and genetic testing.

RESULTS
Sixty-five individuals with CBD, 44 with BeS and 288 controls
had genetic testing.

Average age, gender, race and average exposure were similar in
the three groups. The BeS group was more likely to have worked
in facility A and to have had shorter duration of work (table 2).
The numbers and frequency of individuals (phenotypic
frequency) positive for each of the different DPB1 and DRB1
alleles in control, BeS and CBD cases are shown in the online
supplement.

The prevalence of individuals positive for the HLA-DPbE69
residue was 60 of 65 (92.3%) among those with CBD (OR 19.14
(95% CI 7.10 to 55.92) p¼1.8310-16), 35 of 44 (79.5%) among
those with BeS (OR 6.20 (95% CI 2.73 to 14.47) p¼3.82310-7)
and 111 of 288 (38.5%) among controls. The respective attrib-
utable risk per cent was 95% and 84%. There was no significant
difference between CBD and BeS subjects in the prevalence of
homozygotes and heterozygotes for HLA-DPbE69, but both
were significantly different compared to controls (figure 1).
HWE analysis found that the frequencies of DPbE69 homozy-
gous and heterozygous subjects within the control and the BeS
populations were in equilibrium, but in the CBD population the
expected number of homozygous subjects was 19, while the
observed was 10, and the expected number of heterozygous
subjects was 32, while the observed was 50 (p¼0.0175).

The distribution of the non-DPB1*0201 alleles among DPbE69
positive subjects was statistically increased in the CBD subjects
but not in the BeS subjects (CBD subjects 29 of 60 (48.3%); BeS
subjects 16 of 44 (45.7%); controls 36 of 111 (32.4%); CBD OR

1.95 (95% CI 0.97 to 3.91) p¼0.041 and BeS OR 1.19 (95% CI
0.54 to 2.63) p¼0.64). Among the 20 non-0201 alleles containing
HLA-DPbE69 in our study group, 10 were more frequent in
individuals with CBD (*0202, *0301, *0601, *0901, *1001,
*1101, *1401,*1601, *1701 and *7101) and 10 were less frequent
(*0101, *0401, *0501, *1301,*1901, *2001, *2301, *2901, *4501
and *4601).
The distribution of DPbDE 55, 56 containing alleles in CBD

subjects was significantly different compared to controls (CBD:
60 of 65 (92.3%); controls: 177 of 288 (61.5%); OR 7.53 (95% CI
2.79 to 21.99) p¼3.3310-7) and BeS subjects (BeS: 37 of 44
(84.1%); OR 3.31 (95% CI 1.36 to 8.46) p¼0.004). However,
DPbE69 and DPbDE55, 56 were in strong statistically significant
linkage disequilibrium in the CBD, BeS and control groups and
DPbE69 was statistically significantly independent from DPbDE
55, 56 in CBD and BeS. The combined presence of these epitopes
versus their combined absence had a statistically significant
effect in both CBD and BeS.
In addition to DPbDE55, 56, DPbV8, DPbH9, DPbL11,

DPbV36, DPbD57 and DPbDEAV 84e87 were significantly
positively associated with CBD, while DPbA55, DPbA56 and
DPbK69 were significantly negatively associated with CBD.
DPbH9, DPbV36 and DPbDEAV84e87 were also significantly
positively associated with BeS. DPbL11 and DPbV36 behaved
like DPbDE55, 56; they were in linkage disequilibrium with
DPbE69 and they did not have a significant independent
contribution among DPbE69 subjects for both CBD and BeS
individuals. DPbV8, DPbD57 and DPbDEAV84e87 were not in
linkage disequilibrium with DPbE69 and they did not have an
significant independent contribution among DPbE69 subjects,
while DPbE69 did have a significant contribution in the presence
of any of these residues. This observation was true for both CBD
and BeS groups.
In contrast to the other residues, DPbH9 presented a different

picture. Among CBD subjects, DPbH9 and DPbE69 were in
significant linkage disequilibrium, but while DPbH9 had an
significant independent contribution among E69 positive
subjects, DPbE69 did not have a significant independent
contribution among DPbH9 positive subjects. Among BeS
subjects, DPbH9 and DPbE69 were in significant linkage
disequilibrium and neither had a significant independent
contribution in the presence of the other. When the same resi-
dues were examined for their differential distribution among
CBD and BeS subjects, there were no statistically significant
differences between the two groups.
The above findings indicate that the primary association was

with DPbE69 for both CBD and BeS and that the other residues
found to be associated did not by themselves confer an addi-
tional risk beyond and above that of the DPbE69 residue. The
importance of the DPbH9 residue for CBD but not for BeS will
have to be re-evaluated upon examination of a different and/or
larger data set. Among DPbE69 positive, DPB1*0201 negative
CBD but not BeS subjects, the epitope DPbDE55, 56 occurred
more often (27 of 29 (93.1%)) than among DPbE69 positive,
DPB1*0201 negative controls (18 of 36 (50.0%); OR 13.50 (95%
CI 2.51 to 96.16) p¼1.53310-4) as did DPbV36 and DPbI76,
which were negatively associated. DPbDE55, 56 and DPbV36
were in strong linkage disequilibrium and neither had a signifi-
cant independent effect in the presence or absence of the other.
No significant differential distributions of any DPb or DRb
residues were identified among all DPbE69 combined or
DPB1*0201 positive only subjects.
HLA-DPB1 alleles positive for a DPbE69 residue that also

included 9 or 7 negatively charged amino acids were significantly

Table 2 Demographic characteristics of participants

Characteristic

Chronic beryllium
disease

Beryllium
sensitisation Controls

n[65 n[44 n[288

Age, years 59.969.9 58.5613.2 59.7611.2

Male sex, % 94 91 92

Caucasian, % 100 98 98

Facility A, % 49 57 52

Average duration of work, years 9.5612.7 4.266.1 11.2613.5

Average exposure, mg/m3 8.2621.9 7.6616.7 7.3616.4

Data are presented as mean6SD.
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associated with CBD and BeS (figure 2). No statistical differ-
ences were found for total negative charge categorised as <�13,
versus �13 to <�16, versus �16 to �18 (CBD vs control,
c2¼0.22, p¼0.895; BeS vs control, c2¼2.11, p¼0.348; CBD vs
BeS, c2¼1.45, p¼0.484).

Among the DPbE69 negative individuals with CBD or BeS,
the DRbE71 residue was significantly increased: five of five
(100%) CBD subjects versus 34 of 177 (19.2%) controls; and nine
of nine (100%) BeS subjects versus 34 of 177 (19.2%) controls
(table 3).

Among DPbE69 negative CBD subjects, five of five (100%)
were positive for DRbN37 versus 56 of 177 (31.6%) controls
(table 3), but this difference was not significant. The DRbN37
residue was significantly increased when comparing DPbE69
negative BeS to controls (9 of 9 (100%) BeS subjects vs 56 of 177
(31.6%) controls).

Similarly among DPbE69 negative CBD subjects, five of five
(100%) were positive and among controls 61 of 177 (34.5%)
were positive for the DRbH32 residue. This difference was not
significant. However, the DRbH32 residue was significantly
differentially distributed between DPbE69 negative BeS and
controls (9 of 9 (100%) BeS subjects vs 66 of 177 (37.3%)
controls) (table 3).
Residues E71, N37 and H32 in pairs, were in linkage disequi-

librium in both BeS and controls. Neither E71, N37 nor H32
were distributed differently among individuals stratified for any
of the three amino acids.
Among DPbE69 negative BeS subjects, DRbS11 and DRbS13

were not statistically increased among BeS subjects. Both resi-
dues were in strong linkage disequilibrium with DRbE71, in
both control and BeS subjects. When the population of alleles
was stratified for DRbS11 or DRbS13, the distribution of
DRbE71 was significantly increased among BeS subjects as
compared to controls (DRbS11: OR 10.54 (95% CI 2.43 to 52.30)
p¼0.0031; DRbS13: OR 9.00 (95% CI 2.07 to 44.75) p¼0.004).
When the population of alleles was stratified for DRbE71,
neither the DRbS11 nor the DRbS13 residues demonstrated any
differential distributions. Table 3 summarises all the DRB1
residues previously reported as being associated with CBD or
BeS. We found no association for arginine 74, phenylalanine 47
or tyrosine 26 whether corrected or uncorrected.
Evaluation of the whole cohort for the distribution of DPbE69

and/or DRb71 found that 65 of 65 (100%) CBD subjects, 44 of
44 (100%) BeS subjects and 145 of 288 (50.3%) controls were
positive for either of these amino acids. These associations
for both CBD and BeS were highly significant: p¼7.1310-14

and p¼2.37310-11, respectively (OR and CI undefined as one
cell is zero).

DISCUSSION
Our cohort is one of the largest cohorts of CBD and BeS cases
involving the complete typing of DRB1 and DPB1 genes of the

Figure 2 ORs of alleles with �9 or �7 charge among individuals with
chronic beryllium disease (CBD) or beryllium sensitisation (BeS) who are
DPbE69 positive versus controls who are DPbE69 positive.

Figure 1 Prevalence of HLA-DPbE69
by beryllium disease category and
zygosity.

490 Occup Environ Med 2011;68:487e493. doi:10.1136/oem.2010.055046

Original article

 group.bmj.com on June 8, 2011 - Published by oem.bmj.comDownloaded from 

http://oem.bmj.com/
http://group.bmj.com/


HLA class II molecules, including the comprehensive examina-
tion of the role of every single polymorphic residue in both
isotypes, linkage disequilibrium between the residues as well as
the role of homozygosity and negative charges. Members of our
cohort had longer latency periods from first and last exposure to
beryllium than most previously reported cohorts.

We confirmed the previously reported association of HLA-
DPbE69 residue with both CBD (OR 19.14 (95% CI 7.10 to
55.92)) and BeS (OR 6.20 (95% CI 2.73 to 14.47)) with attrib-
utable risks of 95% and 84%, respectively.5e12 Differences in
ORs for CBD and BeS reported between studies in the literature
probably reflect study differences in confirming CBD (if confir-
mation rates are low, then individuals who truly have CBD are
more likely to be classified as BeS only), latency since first or last
exposure to beryllium (in studies with longer latency periods
individuals will have had additional time to progress to CBD
from BeS) and sample size.

We found, as did previous investigators, that homozygosity
for DPbE69 is increased among CBD6 7 10 and BeS6 7 subjects in
reference to the control group but not for CBD versus BeS6 7

(figure 1). The increased numbers of homozygous DPbE69 alleles
observed in CBD populations was not in excess of that expected
by HWE and therefore was a reflection of the increased DPbE69
positive alleles observed in CBD populations and not because
homozygosity was a risk factor for the development of CBD.

Like previous investigators, we found that the less common
DPbE69 positive, DPB1*0201 negative alleles were more
common in CBD individuals than among controls.10 New
results from our study potentially explain this association. Only
the DPbDE55, 56 epitope and no other residue was associated
with CBD individuals who were DPbE69 positive and
DPB1*0201 negative. Since the DPB1*0201 allele is also positive
for the DPbDE55, 56 epitope, we hypothesise that other genes
on the DPB1*0201 haplotype or protective polymorphisms
outside of the DPB1 gene have a protective role that causes
DPbDE55, 56 to be not associated with CBD among DPB1*0201
positive subjects.

In another approach to assess the association of different
DPbE69 positive alleles with CBD and BeS, Snyder et al found an
increase in alleles with a �9 charge as compared to alleles with
a �7 charge among subjects with CBD but not subjects with
BeS and an increase in the total negative charge in CBD versus
controls and CBD versus BeS.29 We found that among the
DPbE69 positive alleles with a �7 charge, the amino acids at
positions DPb55 and DPb56, were D and E, respectively (except
for the allele DPB1*1301 that was DPbAA55, 56, DPbDE84, 85)

and that all the �9 charge positive alleles were DPbE69,
DPbDE55, 56 and DPbDE84, 85 positive. DPbE69 and DPbDE55,
56 (�7 charge) increase the risk of developing CBD and BeS, and
DPbE69, DPbDE55, 56 and DPbDE84, 85 (�9 charge) confer an
even greater risk of developing CBD and BeS (figure 2). The
residues DPbDE55, 56 and DPbDE84, 85, which were in linkage
disequilibrium with DPbE69 did not confer a risk independent of
DPbE69 except for the increased risk for CBD in individuals with
the DPbDE55, 56 epitope and DPB1*0201 negative haplotypes.
In addition to the variable positions at DPbE69, DPbDE55, 56

and DPbDE84, 85, DPbE67, DPbE68 and DPbE82 are conserved
and are acidic residues, so when an allele is DPbE69 or DPbDE84,
85 positive, the DPbEEE67e69 or DPbELDE82e85 epitope is
characterised by a triple negative charge. Furthermore, the
DPb57, although polymorphic, is almost always negatively
charged (D and E), so when DPb55, 56 is negatively charged
there is another negatively charged triplet in the b chain. The
DPb67e69 epitope is in the middle and the top of the b chain
and the other two epitopes, the DPb55e57 and the DPb82e85,
are located at the two ends of the b chain, influencing the
opening of the cleft. Besides these linear sequences, the spatial
configuration brings DPb26 and 69 and perhaps other negative
charged residues into close proximity. When beryllium interacts
with these residues, possibly by forming a tetrahedron with
adjacent DPbE69, DPbE26 residues and two molecules of
water,29 it neutralises the negative charges and facilitates
peptideeDP complexes which stimulate specific Tcell responses.
Amicosante et al have hypothesised that Be2+ presentation may
be mediated by selected peptides expressing amino acid residues
with high affinity for pocket 4 of the DP molecule and with high
electron donor capability.15 Future crystallographic data
involving Be2+ and the peptideeMHC complex and evaluation
of the binding of peptide and Tcell responses in the presence or
absence of beryllium are needed to explain how DPbE69,
DPbDE55, 56 and DPbDE84, 85 epitopes interact. That the
DPbDE55, 56 epitope may have an effect on the binding of
beryllium or peptide is consistent with data showing the loca-
tion of the DPbD55 is equivalent to D57 of the DQb chain,
which is associated with type 1 diabetes30 and the DPbDE55,
56 epitope is equivalent to the DQbRLD55e57 epitope,
which is associated with acute inflammatory demyelinating
polyneuropathy.31

Similarly to previous investigators, we found that a small
percentage of individuals with CBD or BeS were HLA-DPbE69
negative (7.7% and 20.5%, respectively).16 Inhibition of beryllium
stimulated T cell proliferation assays by anti-DR monoclonal

Table 3 Results of analyses of HLA-DRb with DPb by glutamic status at position 69 and disease status for DRb residues previously reported in the
medical literature

DRb residues

DPbE69+ DPbE69L

Previous findings from the medical literature
CBD BeS CBD BeS
n[60 n[35 n[5 n[9

Arginine 74 NA NA NA NA E69� only, CBD and BeS combined17

Asparagine 37 NA (�) NA NA (+) + E69� only, CBD and BeS combined17

E69+ and E69�, CBD and BeS combined5

Glutamate 71 NA NA + + E69� only, CBD13

E69+ and E69�, CBD and BeS combined5

Histidine 32 NA (�) NA NA + E69� only, CBD and BeS combined17

Phenylalanine 47 NA NA NA NA E69� only, CBD and BeS combined17

Serine 11 NA NA NA NA (+) E69+ and E69�, CBD and BeS combined5

Serine 13 NA NA NA NA (+) E69� only, CBD and BeS combined17

Tyrosine 26 NA NA NA NA E69� only, CBD and BeS combined17

+, positive statistical association (p<0.05); �, negative statistical association (p<0.05); NA, no association; NA (+/�), no statistical association after correction but trend in the direction
shown in parentheses.
BeS, beryllium sensitised; CBD, chronic beryllium disease.
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antibodies in DPbE69 negative subjects argues for a role of the DR
molecule in the development of CBD and BeS.17

New findings in our analysis show that DRbE71 was signifi-
cantly increased in both CBD and BeS subjects compared to
controls, while DRbN37 and DRbH32 were significantly
increased among BeS but not among CBD subjects. However,
since a small number of DPbE69 negative subjects limited our
statistical power, and we used a statistical correction factor
because of multiple comparisons, it is possible that DRbN37 and
DRbH32 also play a role in CBD. When these three residues
were evaluated for strength of association in the BeS group, they
were all in strong linkage disequilibrium among themselves and
none were more strongly associated with BeS than the other.

DRbS11 and DRbS13 have been previously suggested to be
associated with BeS and CBD. We found an association among
BeS but not CBD subjects. Peptide binding studies and T cell
functional assays are needed to evaluate if beryllium-influenced
peptide binding patterns are different for DR molecules and may
affect the ensuing T cell responses such that they only lead to
BeS and not CBD.

Other investigators have attributed their findings of an asso-
ciation of DRbN37 and DRbH32 with a combined group of
CBD and BeS DPbE69 negative subjects to linkage disequilib-
rium with DRbF47 and not to a direct role of DRbN37.17 We did
not find an association with DRbF47 and no linkage disequi-
librium was observed between DRbF47 and DRbN37 or
between DRbF47 and DRbH32. In our study, in the absence of
the DPbE69 residue, only the DRB1 locus with the poly-
morphism that corresponds to DRbE71 was significant for both
CBD and BeS.

The significance of DRbE71 has been demonstrated in func-
tional assays where DR molecules with E71 induced beryllium
specific proliferation and IFN-g expression by lung CD4 positive
T cells9 and the association is consistent with previous studies
that have shown that the DRb71 position in pocket 4 of the HLA
molecule influences the charge of the P4 pocket32 and is critical
for both peptide binding and T cell interactions in pemphigus
vulgaris,33 rheumatoid arthritis,34 35 multiple sclerosis,36e38

tuberculoid leprosy39 and epithelial ovarian carcinoma.40

All CBD and BeS subjects were positive for DPbE69 and/or
DRbE71, but only about 50% of the control subjects were posi-
tive for either of the two residues. Although these HLA poly-
morphisms appear necessary for developing CBD and/or BeS, the
fact that there are controls exposed to beryllium without sensi-
tisation or disease indicates that additional factors contribute to
disease outcomes. Current factors being studied include other yet
to be identified genetic polymorphisms, and cumulative, peak or
type of exposure (ie, particle size or physical property) that may
interact with genetic variability.8 41 42 Further analysis with
stratification based on the specific HLA polymorphisms should
reveal differences in genome-wide association studies that will
go beyond HLA polymorphisms. In our previous publication
we were unable to show an exposureeresponse relationship for
CBD or BeS for facility A, the smaller of the two facilities.23 The
results presented here may assist in refining exposure metrics
potentially related to geneeenvironment interactions at the
HLA-DPb1 and HLA-DRb1 loci.

One limitation of our study was the statistical power when
we stratified by DPbE69 negative CBD or BeS subjects, with five
and nine subjects respectively, and our use of conservative
correction factors. Most of the comparisons had power <0.50.
Although comparing CBD or BeS to control, the comparisons of
either zygosity for DPbE69, non-0201 alleles in DPbE69 positive
individuals, DRbN37 in DPbE69 negative individuals, and

DRbH32 in E69 negative individuals had power >0.50. A second
limitation was that only 55% of the individuals with two
positive BeLPT test results and a normal chest radiograph agreed
to have bronchoscopy. Based on the results of those who had
bronchoscopy, one would expect up to 48% of the 44 individuals
who we classified as BeS would have had granuloma and
therefore should have really been classified as CBD.23 Inversely,
one could argue that some of the probable CBDs (ie, positive
lavage but normal chest film or abnormal chest film and sensi-
tisation but subject never biopsied to determine if they had
granuloma) were not CBD but rather sensitisation only. This
potential misclassification of BeS and CBD would reduce the
likelihood of seeing differences between the CBD and BeS
subjects but not in comparison to the control group. Despite
studies that have reported on false negative rates for BeLPT
testing,43 the chance of misclassification between CBD or BeS
and controls in our study was minimal because of the long
latency from first exposure to the time of medical screening
among our subjects, the lack of ongoing exposure because the
facilities were closed, the longer duration of exposure in the
controls despite matching on year of birth and because we
routinely performed chest radiographs on all participants no
matter what their BeLPT result, which were then evaluated by
three B readers. All of the above factors would reduce the like-
lihood of controls being cases or becoming cases in the future,
unlike studies in currently exposed cohorts where repeat
screenings have identified additional exposed workers developing
positive results.44 45 One other issue related to the long latency
from first exposure and time to medical screening in our cohort
is that if there is an association between genetics and severity of
CBD such that it affects survival, then those with the most
progressive forms of CBD would had died prior to participation
in our medical screening.
The results of this study continue to expand our knowledge

about the genetics of beryllium disease. Specific HLA molecules
definitively play a significant role in this immunologically
mediated disease. Additional studies will need to focus on both
the interaction of different HLA polymorphisms as well as the
identification of other genetic factors besides HLA poly-
morphisms. Ideally these pursuits will contribute to interven-
tions that will prevent the occurrence of beryllium disease as
well as provide insight into other conditions with similar
pathological mechanisms.
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