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The Journal of Immunology

Chronic Beryllium Disease, HLA-DPB1, and the DP Peptide
Binding Groove

Lori J. Silveira,*,† Erin C. McCanlies,‡ Tasha E. Fingerlin,† Michael V. Van Dyke,*,†

Margaret M. Mroz,* Matthew Strand,*,† Andrew P. Fontenot,x Natalie Bowerman,x

Dana M. Dabelea,† Christine R. Schuler,‡ Ainsley Weston,‡ and Lisa A. Maier*,†,x

Multiple epidemiologic studies demonstrate associations between chronic beryllium disease (CBD), beryllium sensitization (BeS),

and HLA-DPB1 alleles with a glutamic acid residue at position 69 (E69). Results suggest that the less-frequent E69 variants (non-

*0201/*0202 alleles) might be associated with greater risk of CBD. In this study, we sought to define specific E69-carrying alleles

and their amino acid sequences in the DP peptide binding groove, as well as their relationship to CBD and BeS risk, using the

largest case control study to date. We enrolled 502 BeS/CBD subjects and 653 beryllium-exposed controls from three beryllium

industries who gave informed consent for participation. Non-Hispanic white cases and controls were frequency-matched by

industry. HLA-DPB1 genotypes were determined using sequence-specific primer PCR. The E69 alleles were tested for association

with disease individually and grouped by amino acid structure using logistic regression. The results show that CBD cases were

more likely than controls to carry a non-*02 E69 allele than an *02 E69, with odds ratios (95% confidence interval) ranging from

3.1 (2.1–4.5) to 3.9 (2.6–5.9) (p < 0.0001). Polymorphic amino acids at positions 84 and 11 were associated with CBD: DD versus

GG, 2.8 (1.8–4.6), p < 0.0001; GD versus GG, 2.1 (1.5–2.8), p < 0.0001; LL versus GG, 3.2 (1.8–5.6), p < 0.0001; GL versus GG, 2.8

(2.1–3.8), p < 0.0001. Similar results were found within the BeS group and CBD/BeS combined group. We conclude that the less

frequent E69 alleles confer more risk for CBD than does *0201. Recent studies examining how the composition and structure of

the binding pockets influence peptide binding in MHC genes, as well of studies showing the topology of the TCR to likely bind

DPB1 preferentially, give plausible biological rationale for these findings. The Journal of Immunology, 2012, 189: 4014–4023.

C
hronic beryllium disease (CBD) is an immunologic lung
disease caused by inhalation of beryllium dust and fume
(1). Exposed workers can develop beryllium sensitization

(BeS), a beryllium-specific, cell-mediated immune response, which
is measured by the beryllium lymphocyte proliferation test (BeLPT)
(2–5). Once workers develop BeS, they may subsequently develop
CBD, a diffuse lung disease characterized by granulomatous in-
flammation in the lung. Differentiation between CBD and BeS
is determined by performing a clinical evaluation consisting of a
lung biopsy and bronchoalveolar lavage. BeS precedes CBD, and
it is estimated that between 3 and 9% (6) of those who are sen-
sitized progress to disease each year. Beryllium exposure is nec-
essary for sensitization and disease, but not all who are exposed
develop sensitization and not all who are sensitized develop dis-
ease. It is currently unknown why some beryllium-exposed workers
develop sensitization and why some beryllium-sensitized workers
progress to CBD and others do not.

Only ∼2–10% of exposed workers develop BeS or CBD, and
there has been a lack of a clear linear exposure response rela-
tionship noted in most, but not all, studies to date (7–9). This
observation has led researchers to investigate genetic factors that
might increase the risk of disease and sensitization. Because BeS
and CBD are triggered by an immunologic response and because
the MHC region on chromosome 6 plays an important role in the
immune system, specific regions of chromosome 6 have been tar-
geted for study. One such region on chromosome 6, the HLA-DPB1
gene, and, in particular, alleles that have a glutamic acid residue at
position 69 (E69) of the b-chain are highly correlated with CBD
and BeS (7, 8, 10, 11). Although E69 is a strong marker of sensi-
tization and disease, questions remain whether certain alleles confer
greater risk of disease than others. Some studies have suggested that
a greater prevalence of a non-*02 E69 variant is found in CBD and
BeS (8, 10–13), whereas others have not (14, 15). Since the time of
these first studies of associations between the HLA-DPB1 gene and
CBD, many new alleles have been identified owing to improve-
ments in typing methods. Wang et al. (16) explored the specific E69
alleles and their relationship with CBD and found a higher risk of
disease with less common E69 alleles (*0601, *0901, *1001, *1301,
*1701, and *1901) than with the most common E69 allele, *0201.
Their numbers of people studied were small (19 persons with CBD
and 34 who were beryllium exposed), so their study was limited in
what relationships they could evaluate. More recently, Van Dyke
et al. (17, 18) found this same relationship in a larger population-
based study even after taking into account the increased risk as-
sociated with exposure.
Snyder et al. (19, 20) took a computational chemistry approach

to examining the relationship found in Wang et al. (16) to identify
common factors among E69 alleles that might group them. These
studies investigated not only a possible biological link to the as-
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sociation between CBD and HLA-DPB1 (negative charge), but
they also attempted to rank the risk of developing CBD based on
the charge of the specific alleles an individual might have. These
investigations have further refined our understanding of the rela-
tionship between the HLA-DPB1 gene and disease.
Regardless, the E69 variants are functional in BeS and CBD.

Specifically, in E69 carrying individuals, Abs to HLA-DP will
block beryllium-stimulated proliferation and cytokine production
(21). This has led to our understanding that E69 is important in
presentation of an unknown antigenic form of beryllium to a be-
ryllium-specific T cell through its surface TCR. More recently,
a crystalline structure of the HLA-DP2 molecule with an HLA-DR
a-chain peptide in the peptide binding groove has been solved
(22). The investigators theorized that the shape of the peptide
binding groove offers a possible explanation for how beryllium
can access the glutamic acid at this position, resulting in T cell
activation. Questions still persist regarding other aspects of the
HLA structure that might be equally (or even more) powerful in
allowing beryllium access to the peptide binding groove.
With the ongoing investigation into the relative relationships

between specific HLA-DPB1 alleles and risk of CBD (7, 8, 10–14),
the main objective of this study was to evaluate the associations
between specific HLA-DPB1 alleles and the presence or absence
of CBD utilizing the largest number of cases and controls to date.
We hypothesized that the risk of CBD would be higher in specific
lower E69 frequency alleles (non-*02) and that these less frequent
alleles (LFAs) would have similar amino acid configurations in
the peptide binding groove in this region. We also investigated
whether the negative surface charges of the alleles of subjects with
CBD would be lower in total than the charges found in the con-
trols. These hypotheses have implications for Ag peptide binding
to HLA-DP molecules and subsequent interaction with the TCR.

Materials and Methods
Study population and design

Subjects for this case-control study were enrolled from patients seen at
National Jewish Health or workers who were previously recruited by the
National Institute for Occupational Safety and Health during plant-wide
surveys. Approximately 1.5 controls were frequency matched by indus-
try for each case to ensure that results were not biased by industry. Only
those subjects with complete and high-resolution genotyping were included.
All study subjects either provided informed consent according to a protocol
reviewed by the Human Subjects Institutional Review Board at National
Jewish Health, or through the National Institute for Occupational Safety and
Health’s Human Studies Review Board, and this study protocol was ap-
proved by the Institutional Review Boards at both institutions. The study
population was comprised of 275 CBD subjects, 197 BeS subjects, 30
subjects with either CBD or BeS, and 653 beryllium-exposed control

subjects. All study subjects were white. Some of the subjects in this study
were included in prior smaller studies of CBD and BeS risk related to E69
(8, 10, 17, 18), although some subjects were only included in this study.

Case definition

For the purposes of this study, a subject with CBD was defined as one who
had demonstrated two positive BeLPT results plus either of the following:
granulomas or other pathological abnormalities consistent with CBD on
lung biopsy, or demonstration of granulomatous inflammation based on
an abnormal bronchoalveolar lymphocyte proliferation test along with a
bronchoalveolar lymphocyte differential .15%. A subject with BeS was
defined as having demonstrated two positive BeLPTs, but with none of the
other two criteria supporting a CBD diagnosis. Subjects who had positive
BeLPTs but had not undergone any further diagnostic tests were catego-
rized for this study as CBD or BeS and were used in analyses that com-
bined CBD and BeS as one case group (n = 30 noted above).

Sequence-specific primer PCR determination of the
HLA-DPB1 and allele groupings of the HLA-DPB1 gene

Genomic DNA was prepared from peripheral blood cells. HLA-DPB1
genotyping was performed with blinding to the subject’s disease status
using sequence-specific primer PCR methodology developed by Welsh and
Bunce (23) for the National Jewish Health subjects and allele-specific
sequencing described by Weston et al. (24) for the National Institute for
Occupational Safety and Health subjects.

Alleles were grouped as E69 when they had a glutamic acid at position
69 (e.g., *0201, *0202, *0601, *0801, *0901, *1001, *1301, *1601, *1701,
*1901) and non-E69 when they did not. We also made the following allele
groupings for comparison purposes. Alleles *0201 and *0202 (*02s) were
grouped together, as their amino acid sequences were identical except at
three positions (Table I). The *0601, *0901, *1001, and *1701 alleles were
grouped together because their amino acid structures were more similar to
each other, all had charges of 29, and they were the most different from
the *0201s (eight to nine amino acids different). The *0801, *1301, *1601,
and *1901 alleles were combined with the *02 group for some compar-
isons as noted in Results, because their amino acid structures were more
similar to the *02 group (for the *0801, *1601, and *1901 alleles, which
had only four to six amino acids different) or they had the same charge
(*1301), and this was done to ensure the integrity of the model. There were
other rarer alleles that are not mentioned in this study, but the same pro-
cedure was used for grouping.

Statistical analysis

The HLA-DPB1 gene was evaluated for departures from Hardy–Weinberg
equilibrium using the exact test according to Guo and Thompson (25) in
the CBD, BeS, case group (CBD and BeS combined), and controls sepa-
rately. When the departure in the control subjects was considered signifi-
cant (p , 0.05), no further evaluation was considered.

There were four dichotomous outcome variables in this study: CBD
versus control, BeS versus control, case (CBD plus BeS) versus control, and
CBD versus BeS. In all of these comparisons except the case versus control,
the n = 30 group with either CBD or BeS was excluded. Unconditional
logistic regression models were developed to test associations of interest.
Comparisons were made between outcome variables and carriage of one
and two alleles individually compared with not carrying the allele when the

Table I. Amino acid structure of HLA-DPB1 alleles at polymorphic sites

Allele 8 9 11 33 35 36 55 56 57 65 69 76 84 85 86 87 Charge

*0201 L F G E F V D E E I E M G G P M 27
*0202 L F G E L V E A E I E M G G P M 26
*7101 L F G E F V A A E I E M G G P M 25
*0601 V Y L E F V D E D L E M D E A V 29
*0901 V H L E F V D E D I E V D E A V 29
*1001 V H L E F V D E E I E V D E A V 29
*1701 V H L E F V D E D I E M D E A V 29
*0801 L F G E F V D E E I E V D E A V 29
*1601 L F G E F V D E E I E M D E A V 29
*1901 L F G E F V E A E I E I D E A V 28
*1301 V Y L E Y A A A E I E I D E A V 27
*0101 V Y G E Y A A A E I K V D E A V 25
*0301 V Y L E F V D E D L K V D E A V 27
*0401 L F G E F A A A E I K M G G P M 23

Noted are positions for amino acids that are polymorphic for specific alleles and corresponding charges.
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allele frequencies were $5%. When the allele carriage was ,5%, the
comparison was made between the outcome variable and carriage of one or
two of the alleles of interest versus no carriage of that allele. A logistic
regression model was constructed that compared the allele genotypes
to address the question of differential risk. Models also were developed
comparing the charge between cases and controls and the polymorphic
amino acid sequences in the binding grooves between cases and controls.
For the binding groove analysis, we compared all of the polymorphic amino
acid sequences in the binding grooves of the HLA-DPB1 gene as described
in Dai et al. (22). When two amino acids in the same pocket were in
complete linkage disequilibrium, only one of the amino acids was included
in the analysis. All comparisons were made with the amino acid or the
amino acid sequences associated with the *02 or *0201 allele as the ref-
erent group, as this group was noted to have lower risk of CBD compared
with other E69 variants in prior studies. These comparisons were made in
all subjects and in those with only the E69 genotype to help define dif-
ferential risk of CBD in those with E69. SAS version 9.2 (SAS Institute,
Cary, NC) was used for all statistical tests, all of which were two-sided,
and p , 0.05 was considered significant.

Results
Demographics and allele frequencies

Table I contains examples of the amino acid structures of several of
the HLA-DPB1 alleles. Table II displays the demographics for our
white population by diagnosis. There were a total of 1155 subjects in
this study comprising 275 subjects with CBD, 197 with BeS, 30 with
CBD or BeS, and 653 controls. The composition of the study pop-
ulations was similar between groups and predominantly male. Most
(70%) of our study population was from the nuclear industry, whereas
the remaining 30% worked in manufacturing or machining facilities.
Genotypic frequencies of the alleles conformed to Hardy–

Weinberg equilibria in the controls (p = 0.27) but not for the CBD
subjects (p # 0.0001), BeS subjects (p = 0.04), or CBD and BeS
groups (p # 0.0001). Table III lists the allele frequencies of our
study subjects for the DPB1 region of chromosome 6. The most
frequently observed allele in all of the groups was a non-E69 allele,
*0401, present in 25% of the observed alleles of the CBD subjects,
32% of observed alleles in the BeS subjects, and 45% of the con-
trols’ observed alleles. The second most common allele was *0201,
comprising between 23 and 26% of observed alleles in the CBD
and BeS subjects. The *0201 allele was only present in ∼13% of
the controls, however. Other E69-containing alleles that were car-
ried at a frequency of at least 5% in at least one of the comparison
groups were *0601, *1001, and *1701 (with non-E69 alleles of
*0101, *0301, *0402). By combining those less frequent E69
alleles, a carrier frequency of between 47 and 53% was noted in
the CBD, BeS, and the combined CBD/BeS case groups. Only
19.4% of the controls carried these E69 alleles.

E69 allele associations with CBD and beryllium sensitization

We evaluated the odds of allele carriagewith regard to case status as
noted in Table IV. Increasing the number of E69 alleles increases
the risk of CBD. Carriage of one copy of an E69 allele was 10-fold
more likely in the CBD subjects compared with the control sub-
jects, whereas carriage of two copies of E69 alleles was 30.8-fold

more likely in the CBD subjects than the controls, with no overlap
found in confidence intervals. Similar findings were seen when all
CBD and BeS subjects were combined and compared with con-
trols, as well as when comparing the BeS subjects to the control
subjects. When evaluated separately, the non-E69 alleles were
associated with lower risk of both CBD and BeS (data not shown),
whereas the E69 alleles evaluated individually were found to in-
crease the risk of both CBD and BeS.
Because the cases were not in Hardy–Weinberg equilibrium,

we compared genotypes based on carriage of the *02 allele versus
genotypes with carriage of the non-*02 E69 alleles (LFAs, includ-
ing *0601, *0801, *0901, *1001, *1301, *1601, *1701, and *1901)
to evaluate the differential risk associated with these LFAs. We
evaluated two models to compare the *02 and LFA genotypes.
One model included the *02/LFA genotypes with the *02/*02 and
*02/non-E69 genotype group as a lower bound for the odds ratio.
The other model included the *02/LFA in the LFA/LFA group as
an upper bound for the odds ratio that compared the odds of
carriage of the LFA group to the odds of carriage of the *02 group
between CBD and controls. The bound for the odds of carriage of
these LFAs compared with the most common E69 alleles (*02)
was 2.1 (1.4–3.1)-fold higher in the CBD subjects than in the
controls. The upper bound for these odds was 3.0 (2.8–4.4)-fold
higher (data not shown). Similar patterns were seen when the BeS
and CBD cases were combined. We were particularly interested in
a subset of the less frequent E69 alleles (specifically, *0601, *0901,
*1001, and *1701) with similar amino acid sequences as outlined in
Materials and Methods, so we combined the remainder of the less
frequent E69 alleles with the *02s and compared them with the
group of interest listed above. When grouped in this way, the odds
ratios were 3.1 (2.1–4.5) for the lower bound and 3.9 (2.6–5.9) for
the upper bound.

Electrostatic charge and disease associations

Tables V, VI, and VII display associations found between disease
and charge. Associations were evaluated before and after E69 ad-
justment to examine any added information gained from including
charge after the association of E69 was taken into account. Subjects
whose alleles had one or two29 or27 charges were more likely to
have CBD or BeS than did the controls, CBD versus controls (7.3
[5.6–13.3], p , 0.0001), or BeS versus controls (4.7 [3.1–7.1], p ,
0.0001), whereas there was no relationship found after E69 adjust-
ment. Next, we compared29 carriers and27 carriers and found that
29 carriers were 5.6 (3.6–8.8)-fold more likely than the27 carriers
to have CBD than to be a control, and 3.5 (2.1–5.9)-fold more likely
to have BeS than to be a control (Table IV). Similar relationships for
CBD and BeS were seen after adjusting for E69 (Table VII).

Binding groove-related amino acid changes and outcome risk

Finally, we examined the polymorphic amino acid sequences in
the binding groove of the HLA-DPB1 gene based on the crystal
structure of Dai et al. (22) (Figs. 1, 2, 3, and 4). Associations

Table II. Demographic information by diagnosis

CBD (n = 275)
CBD/BeS
(n = 30) BeS (n = 197)

Control
(n = 653) Total (n = 1155)

Gender
Male 231 (84.0) 24 (80.0) 163 (82.3) 578 (88.5) 996 (86.2)

Industry
Machining 20 (34.5) 1 (1.7) 3 (5.2) 34 (58.6) 58 (5.0)
Nuclear 182 (22.3) 29 (3.6) 143 (17.6) 461 (56.5) 815 (70.6)
Primary beryllium 73 (25.9) 0 (0.0) 51 (18.1) 158 (56.0) 282 (24.4)

Demographic counts (percentages) by case status are shown.
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between cases and controls for polymorphisms within the binding
groove are presented in Figs. 1–4 for all study subjects (Figs. 1A–
4A) and also limited to those who had one or two E69 alleles
(Figs. 1B–4B). For example, in pocket 1, there were four poly-
morphic positions (84, 85, 86, 87), but all four positions were in
100% linkage disequilibrium, so the results of the associations be-
tween polymorphisms at position 84 and case status are equivalent
to the associations between the other polymorphisms and case
status. CBD subjects were more likely to have two aspartic acids

(DD; 2.8 [1.8–4.6]) or a glycine and aspartic acid (GD; 2.1 [1.5–
2.8]) compared with two glycines (GG) in pocket 1 (position 84)
of the binding groove than in the controls. In pocket 4, subjects
were 5.4 (2.4–12.3)- and 2.3 (1.3–4.2)-fold more likely to have
CBD than to be a control when they had two glutamic acid and
methionine combinations (EM/EM) or glutamic acid/valine and
lysine/methionine (EV/KM) instead of glutamic acid/valine and
lysine/methionine (EM/KM) at positions 69 and 76. Those with
two lysines/methionines (KM/KM) or lysine/valine and lysine/

Table III. Frequencies of HLA-DPB1 alleles and their associated charges

E69
CBD

(2N = 550)
BES

(2N = 394)
Casea

(2N = 1004)
Control

(2N = 1306) Charge

One or two copies E69 292 (53.1) 184 (46.7) 510 (50.7) 254 (19.4)
No copies E69 258 (46.9) 211 (53.3) 496 (49.3) 1052 (80.6)
*0101 N 15 (2.7) 13 (3.3) 28 (2.8) 75 (5.7) 25
*0201 Y 131 (23.8) 104 (26.4) 253 (25.2) 165 (12.6) 27
*0202 Y 7 (1.3) 3 (0.8) 11 (1.1) 7 (0.5) 26
*0301 N 28 (5.1) 19 (4.8) 52 (5.2) 107 (8.2) 27
*0401 N 137 (24.9) 128 (32.5) 282 (28.1) 594 (45.5) 23
*0402 N 48 (8.7) 20 (5.1) 71 (7.0) 167 (12.8) 25
*0501 N 7 (1.3) 10 (2.5) 18 (1.8) 28 (2.1) 26
*0601 Y 44 (8.0) 26 (6.6) 75 (7.5) 11 (0.8) 29
*0801 Y 3 (0.5) 1 (0.2) 4 (0.4) 0 (0.0) 29
*0901 Y 16 (2.9) 10 (2.5) 29 (2.9) 10 (0.7) 29
*1001 Y 36 (6.5) 14 (3.6) 51 (5.1) 21 (1.6) 29
*1101 N 9 (1.6) 2 (0.5) 11 (1.1) 27 (2.1) 25
*1301 Y 19 (3.5) 10 (2.5) 33 (3.3) 28 (2.1) 27
*1401 N 5 (0.9) 4 (1.0) 9 (0.9) 22 (1.7) 27
*1501 N 3 (0.5) 5 (1.3) 9 (0.9) 8 (0.6) 23
*1601 Y 7 (1.3) 6 (1.5) 13 (1.3) 3 (0.2) 29
*1701 Y 27 (4.9) 10 (2.5) 38 (3.8) 8 (0.6) 29
*1801 N 0 (0.0) 0 (0.0) 0 (0.0) 1 (0.1) 25
*1901 Y 2 (0.4) 0 (0.0) 2 (0.2) 2 (0.2) 28
*1001 N 1 (0.2) 4 (1.0) 5 (0.5) 9 (0.7) 27
*2301 N 0 (0.0) 3 (0.8) 3 (0.3) 4 (0.3) 23
*2501 N 0 (0.0) 0 (0.0) 0 (0.0) 1 (0.1) 27
*3601 N 0 (0.0) 0 (0.0) 0 (0.0) 1 (0.1) 26
*3901 N 2 (0.4) 0 (0.0) 2 (0.2) 0 (0.0) 23
*4901 N 0 (0.0) 0 (0.0) 0 (0.0) 1 (0.1) 25
*5101 N 0 (0.0) 0 (0.0) 0 (0.0) 2 (0.2) 25
*5901 N 0 (0.0) 0 (0.0) 0 (0.0) 2 (0.2) 25
*7101 Y 0 (0.0) 1 (0.3) 1 (0.1) 0 (0.0) 25
*7201 N 1 (0.2) 0 (0.0) 1 (0.1) 1 (0.1) 23
*7501 N 1 (0.2) 0 (0.0) 1 (0.1) 0 (0.0) 25
*8901 N 1 (0.2) 0 (0.0) 1 (0.1) 0 (0.0) 25
*9101 N 0 (0.0) 1 (0.3) 1 (0.1) 0 (0.0) 27
*9801 N 0 (0.0) 0 (0.0) 0 (0.0) 1 (0.1) 27

Frequencies (percentages) are shown.
aCases included CBD (n = 275), BeS (n = 197), and those cases with either BeS or CBD (n = 30).

Table IV. E69 allele associations with case status

Association, Copies
CBD versus
Control p Value

BeS versus
Control p Value

CBD or BeS versus
Control p Value

CBD versus
BeS p Value

E69, two versus none 30.8 (16.6–57.2) ,0.0001 14.0 (7.1–27.3) ,0.0001 22.8 (13.3–39.2) ,0.0001 2.2 (1.1–4.2) 0.017
E69, one versus none 10.1 (6.8–15.0) ,0.0001 6.8 (4.5–9.9) ,0.0001 8.4 (6.6–11.3) ,0.0001 1.5 (0.91–2.5) 0.11
DPB1-0201/02, two versus none 5.2 (2.0–13.6) 0.0008 3.6 (1.1–11.7) ,0.03 5.4 (2.2–12.9) 0.0009 1.4 (0.48–4.2) 0.52
DPB1-0201/02, one versus none 2.4 (1.8–3.3) ,0.0001 3.1 (2.2–4.4) ,0.0001 2.7 (2.1–3.4) ,0.0001 0.77 (0.53–1.1) 0.18
DPB1-0601, one or two versus none 10.8 (5.5–21.3) ,0.0001 9.2 (4.5–19.0) ,0.0001 10.2 (5.4–19.5) ,0.0001 1.2 (0.70–2.0) 0.55
DPB1-0901, one or two versus none 4.4 (1.9–10.1) 0.0004 3.8 (1.5–9.5) 0.0042 4.4 (2.1–9.43) 0.0001 1.2 (0.52–2.6) 0.72
DPB1-1001, one or two versus none 4.5 (2.6–7.9) ,0.0001 2.3 (1.1–4.6) 0.0196 3.4 (2.0–5.7) ,0.0001 2.0 (1.04–3.8) 0.038
Non-02 versus 02 genotypea 3.1 (2.1–4.5) ,0.0001 1.7 (1.1–2.6) 0.0110 2.4 (1.7-3.3) ,0.0001 1.7 (1.1–2.5) 0.01
Non-E69 versus 02 0.14 (0.09–0.22) ,0.0001 0.17 (0.11–0.26) ,0.0001 0.15 (0.11–0.21) ,0.0001 0.77 (0.45–1.3) 0.32
Non-02 versus 02 genotypeb 3.9 (2.6–5.9) ,0.0001 2.3 (1.5–3.7) 0.0002 3.1 (2.2–4.6) ,0.0001 1.8 (1.2–2.4) 0.004
Non-E69 versus 02 0.13 (0.09–0.20) ,0.0001 0.17 (0.11–0.26) ,0.0001 0.15 (0.11–0.20) ,0.0001 0.84 (0.49–1.4) 0.54

Odds ratios (95% confidence intervals) by case control comparison are shown.
aLower limit for odds ratio: 02 = (02 and non-E69) or (02 and non-02-E69) or (02 and 02) non-02 = (non-02-E69 and non-02-E69) or (non-02-E69, non-E69) non-02 = 0601,

0901, 1001, 1701.
bUpper limit for odds ratio: 02 = (02 and non-E69) or (02 and 02) non-02 = (non-02-E69 and non-02-E69) or (non-02-E69, non-E69) or (02 and non-02-E69) non-02 = 0601,

0901, 1001, 1701.

The Journal of Immunology 4017

 at C
D

C
 Public H

ealth L
ibrary on D

ecem
ber 3, 2012

http://jim
m

unol.org/
D

ow
nloaded from

 

http://jimmunol.org/


methionine (KV/KM), in contrast, were less likely to have CBD,
with odds ratios of 0.10 (0.06–0.17) and 0.12 (0.04–0.34), re-
spectively. At amino acid position 11 in pocket 6 of the binding
groove, CBD subjects were more likely than controls to have two
leucines (LL; 3.2 [1.8-5.6]) and a glycine/leucine (GL; 2.8 [2.1–
3.8]) than two glycines (GG) (Fig. 3). In the binding groove of
pocket 9, CBD subjects were less likely to have two sets of two
alanines (AA/AA) or two alanines and valine/aspartic acid (AA/
VD) compared with two sets of valine/aspartic acid (VD/VD) at
amino acid positions 36 and 55 than controls, with odds ratios of
0.13 (0.08–0.21) and 0.51 (0.36–0.71), respectively (Fig. 4). Similar
results were seen when comparisons were made between the poly-
morphic regions in the binding grooves and E69-only cases and
controls (Figs. 1–4).
The same trends were seen in all binding pockets for the BeS

subjects and the CBD and BeS combined group compared with
controls, although not all comparisons were statistically significant
(Figs. 1–4). For the CBD versus BeS comparisons, the amino
acids in the binding groove at pocket 4 appear to be best at dif-
ferentiating between the two groups (Fig. 2). Comparisons be-
tween the CBD, BeS, and CBD/BeS combined groups in the E69
carriers were consistent with those of the entire study group.

Discussion
This study examines E69 associations with CBD and BeS in ad-
dition to evaluating the interrelationships between alleles, elec-
trostatic charge, and location of amino acids in the peptide binding
pockets to better define the risk related to E69 alleles and CBD and
BeS. To our knowledge, the present study includes the largest
number of CBD and BeS cases evaluated to date. We have con-
firmed that there is differential risk of CBD and BeS based on the
presence of specific HLA-DPB1 E69 alleles, with the more
common *02 alleles conferring the lowest risk compared with the
lower frequency E69 alleles, as has been suggested but not proven
in previous studies. Our results also support previously reported
findings of an association between more negative computed elec-
trostatic charge and higher disease risk due to the association
between the LFAs and CBD. Lastly, we have evaluated amino acid
differences in the pockets within the binding groove of HLA-
DPB1, which provides a plausible explanation for the differen-

tial risk associated with carriage of the various E69 alleles. This
allows an assessment of the potential interactions occurring in the
trimolecular complex between the yet-undefined beryllium Ag, the
MHC, and the TCR.

E69 in CBD and BeS

Although there have been multiple studies examining the associ-
ation between the HLA-DPB1 gene (E69 carriage specifically) and
CBD, there has been lack of consistency regarding the risk asso-
ciated with the carriage of various E69 alleles. In their initial paper,
Richeldi et al. (14) found HLA-DPB1 *0201 present in 54% of
cases and only 18% of controls, whereas in Wang et al. (16) the
*0201 allele was only present in 34% of cases. In our study in
2003 (8), we found that 39.4% of cases and 24.3% of controls
carried the *0201 alleles. More recently, Rosenman et al. (11)
found that the distribution of non-DPB1*0201 within E69-positive
subjects was statistically increased in the CBD but not the BeS
subjects. As noted by McCanlies et al. (10), the limited sample
sizes of these earlier studies likely contributed to these different
findings and, subsequently, the limited associations that could be
explored. To our knowledge, our study is the first to have a sig-
nificantly larger number of cases and controls, almost as large as
all of the subjects included in the previous studies published to
date. We were able to explicitly look at and find significant asso-
ciations with the LFAs and amino acids in the binding pockets,
associations not noted in prior studies. In addition to the limited
sample sizes in past studies, it has been difficult to accurately
compare *0201/0202 carriage with the less frequent E69 allele
group carriage in terms of risk of disease owing to failure of the
cases to conform to Hardy–Weinberg equilibrium, and thus the
inability to analyze these results using an allele test. In some
studies it was unclear whether departures from Hardy–Weinberg
equilibrium were assessed or how the comparisons of alleles were
performed analytically, limiting the ability to combine the results
of these previous studies or to reanalyze these results in combi-
nation in a meta-analysis to address these questions. In our study
we determined upper and lower bounds for the odds ratios, pro-
viding a clear approach for assessing this important comparison.
Our study results, in conjunction with the others noted above,
clearly show that the less frequent E69 alleles confer greater risk

Table V. Charge associations with disease

One or Two at 29 and
One or Two at 27

versus Othera p Value

One or Two at 29 and One
or Two at 27 versus Other

after E69 Adjustment p Value

CBD versus controls 7.3 (5.6–13.3) ,0.0001 1.3 (0.62–2.5) 0.52
BeS versus controls 4.7 (3.1–7.1) ,0.0001 0.72 (0.33–1.6) 0.40
Case versus control 6.7 (4.9–9.1) ,0.0001 1.0 (0.59–1.7) 0.99
CBD versus BeS 1.8 (1.1–3.2) 0.03 1.7 (0.61–4.8) 0.31

Odds ratios (95% confidence intervals) for case control comparisons are shown.
aAny other combination of charges not including 29 or 27.

Table VI. Charge associations with disease

One or Two at 29 and
None at 27 versus

One or Two at 27 and
None at 29 p

One at 29 and One at 27
versus One or Two at 27

and None at 29 p Othera versus 27 p

CBD versus controls 5.6 (3.6–8.8) ,0.0001 7.3 (4.0–13.4) ,0.0001 0.20 (0.13–0.32) ,0.0001
BeS versus controls 3.5 (2.1–5.9) ,0.0001 4.6 (2.1–5.9) ,0.0001 0.30 (0.20–0.47) ,0.0001
Case versus control 4.6 (3.0–6.9) ,0.0001 5.9 (3.3–10.3) ,0.0001 0.24 (0.17–0.33) ,0.0001
CBD versus BeS 1.6 (1.01–2.5) 0.047 1.6 (0.91–2.7) 0.10 0.67 (0.38–1.2) 0.18

Odds ratios (95% confidence intervals) for case control comparisons are shown.
aAny other combination of charges not including 29 or 27.
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than do the *02 alleles for CBD and BeS. Since the time that these
original studies were published, more accurate methods have been
developed to identify alleles, along with an increase in the number
of known E69 alleles. It is possible that the associations that we
found in our study are due to linkage disequilibrium between the
LFA and another relevant risk-related gene in the MHC region,
and this should be investigated further.

Influence of amino acid changes on Ag binding

Many of the cell-based studies evaluating the immune response
to beryllium have focused on the HLA-DPB1 *0201 allele as the
most common E69 variant. These studies have highlighted the
functional nature of the E69 gene in beryllium-stimulated prolif-
eration and cytokine production and the pivotal interaction be-
tween a potential beryllium Ag, the TCR, and the HLA-DPB1
molecule. Specifically, by blocking HLA-DP with mAbs, beryllium-
stimulated proliferation and Th1 cytokine production are inhibited.
The HLA-DP2 structure provides a model to better understand the
amino acids in the HLA complex and their interaction with a pu-
tative beryllium Ag (Fig. 5, adapted to LFAs) (22), and our data
allow us to further this understanding. There may be three ways

that alleles with their amino acids may influence the trimolecular
complex. First, amino acid changes may influence how well the
MHC molecule binds to the Ag peptide (25). Second, differences
in the residues in direct contact with the TCR may change the
T cell responses (26). Third, changes in the amino acid residues in
the pockets may change the shape and charge of the groove,
restricting which peptides and the TCR might bind (27).

Ag peptide binding

Some of the variation in amino acids noted in the LFAs occurs in
the pockets of the Ag binding groove. It has been suggested that
residues 84–87 at pocket 1 and residues 11 and 69 at pockets 6 and
4, respectively, may play key roles in HLA-DP function and Ag
binding (28). Our findings indicate that the aspartic acid substi-
tution at position 84 in pocket 1 and the leucine substitution at
position 11 in pocket 6 increase the risk of disease. Pockets 1 and
6 of both HLA-DP*0201 and HLA-DP*0401 have been found to
have a similar structure and the same amino acids present at the
polymorphic positions 84 and 11, with a glycine at both of these
positions, although the charge associated with these two DPB1
alleles is different owing to E69 in *0201 (29, 30). Both pockets 1

Table VII. Charge associations with disease after adjustment for E69 status

One or Two at 29 and
None at 27 versus

One or Two at 27 and
None at 29 p

One at 29 and One at 27
versus One or Two at 27

and None at 29 p value Othera versus 27 p

CBD versus controls 4.1 (2.5–6.5) ,0.0001 3.3 (1.7–6.5) ,0.0005 0.83 (0.41–1.7) 0.60
BeS versus controls 2.4 (1.5–4.1) 0.0007 2.5 (1.2–5.3) 0.02 1.4 (0.65–3.1) 0.38
Case versus control 3.3 (2.1–5.0) ,0.0001 2.7 (1.4–5.1) 0.0021 1.01 (0.60–1.7) 0.96
CBD versus BeS 1.7 (1.04–2.6) 0.03 1.3 (0.67–2.5) 0.44 0.60 (0.21–1.7) 0.33

Odds ratios (95% confidence intervals) for case control comparisons are shown.
aAny other combination of charges not including 29 or 27.

FIGURE 1. Comparisons of amino acid differences in HLA-DPB1 binding pocket 1. Odds ratios for amino acid differences at position 84 between cases and

controls are shown. In these figures, each datum point represents the odds ratio whereas the lines surrounding the points represent 95% confidence intervals.

Comparisons were made between CBD versus control, BeS versus control, case versus control, and CBD versus BeS in (A) all subjects and (B) restricted to

subjects having one or two E69 alleles. Subjects with two aspartic acids at position 84 are 2.8-fold as likely to have CBD than do controls compared with those

subjects who have two glycines. This association was also evident when the analysis was restricted to subjects having one or two E69 alleles.
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and 6 are largely hydrophobic pockets (22, 31). Thus, the change
in amino acids from a relatively neutral glycine without a side
chain to an aspartic acid at amino acid position 84 and leucine at
amino acid position 11 in the LFAs in these hyprophobic pockets
would likely alter the peptide binding in pockets 1 and 6, re-
spectively, both of which are key anchor pockets for peptide

binding, as we have modeled in Fig. 5 based on the crystal
structure of HLA-DP2. Specifically, the presence of aspartic acid
at amino acid position 84 with a charge might repel a peptide or
result in a more positive amino acid at pocket 1 in the Ag peptide,
whereas the leucine at position 11 would provide stearic bulk.
These changes could potentially impact the amino acids in the Ag

FIGURE 2. Comparison of amino acid differences in HLA-DPB1 binding pocket 2. Odds ratios for amino acid differences at positions 69 and 76

between cases and controls are shown. In these figures, each datum point represents the odds ratio whereas the lines surrounding the points represent 95%

confidence intervals. Comparisons were made between CBD versus control, BeS versus control, case versus control, and CBD versus BeS in (A) all subjects

and (B) restricted to subjects having one or two E69 alleles. Subjects with two glutamic acids at position 69 are 5.4-fold as likely to have CBD than do

controls, and 2.9-fold as likely to be BeS than do controls compared with subjects with only one glutamic acid at this position. These associations were also

evident in subjects restricted to having one or two E69 alleles. There is also a trend that with two glutamic acids at this same position a subject is more

likely to have CBD than be BeS compared with subjects with only one glutamic acid at this position.
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peptide that would bind in the groove, the peptide binding affinity,
or the peptide binding configuration to provide a more optimal Ag
presentation and subsequently BeS and/or CBD.

TCR binding to the MHC complex

In addition to impacting peptide binding, amino acid changes in
DPB1 can induce major functional changes in T cell recognition of
MHC/peptide complexes, as studies suggest that each MHC pocket
contributes to T cell recognition of peptides (32, 33). Although
some T cells are able to recognize a limited number of MHC
complexes, others are less limited in MHC recognition. Studies to
date indicate that the T cells in the lung with CBD patients display
an oligoclonal TCR Vb expansion within an individual, with

conserved CDRs in these TCR Vb regions noted between indi-
viduals with CBD (34). A recent study from our group suggests
that the TCR–peptide/MHC binding demonstrates an abnormal
binding footprint that results in the TCR binding primarily to the
HLA-DPB chain with little interaction with the a-chain (27). As
a result, changes in the amino acid structure at sites other than E69
could impact the TCR–peptide/MHC binding and could explain
the differential disease risk based on allele type.

Conformation and charge of the binding groove

The recent crystallization of the HLA-DPB1*0201 structure with
a self HLA-DRa peptide revealed the conformation of the binding
groove and its pockets (22). The structure of pocket 4 is made up

FIGURE 3. Comparison of amino acid differences in HLA-DPB1 binding pocket 3. Odds ratios for amino acid differences at position 11 between cases and

controls are shown. In these figures, each datum point represents the odds ratio whereas the lines surrounding the points represent 95% confidence intervals.

Comparisons were made between CBD versus control, BeS versus control, case versus control, and CBD versus BeS in (A) all subjects and (B) restricted to

subjects having one or two E69 alleles. Subjects with two leucines at position 11 are 3.2-fold more likely to have CBD than do controls compared with

subjects with two glysines. Also those subjects with two leucines at position 11 are 2.9-fold more likely to have CBD than be BeS compared with subjects

with two glysines at this same position. These associations were also evident when the analysis was restricted to subjects having one or two E69 alleles.

FIGURE 4. Comparisons of amino acid differences in HLA-DPB1 binding pocket 4. Odds ratios for amino acid differences at positions 36 and 55

between cases and controls. In these figures, each datum point represents the odds ratio whereas the lines surrounding the points represent 95% confidence

intervals. Comparisons were made between CBD versus control, BeS versus control, case versus control, and CBD versus BeS in (A) all subjects and (B)

restricted to subjects having one or two E69 alleles. Subjects with two alanines at positions 36 and 55 are 13% less likely to have CBD than do controls, and

subjects who have one alanine and one valine at position 36 and one alanine and one aspartic acid at position 55 are 51% less likely to have CBD than do

controls. These associations were also evident when the analysis was restricted to subjects having one or two E69 alleles.
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of three glutamic acids, one at 69, along with the invariant posi-
tions 26 and 68. It is interesting that the groove between the
peptide backbone and the DPB0201 b-chain a helix is larger than
others in humans and mice (22). The conformational change also
results in a solvent-exposed pocket amino acid in the peptide, and
its size is sufficient to allow beryllium to bind in pocket 4, in
addition to a peptide. This conformation explains the association
that we and others have reported between CBD and E69 carriage.
To extend this understanding to other pockets, it is necessary to
examine the crystalline structures of other E69, non-*0201 alleles,
and ideally with the peptide that binds beryllium, as the HLA-DR
a-chain peptide does not stimulate beryllium-responsive TCRs
in vitro. Such an investigation will help resolve our hypothesis that
amino acid differences from the DPB0201 in the other binding
pockets that result in structural changes associated with the lower
frequency E69 alleles might allow for beryllium to bind more
easily, either through more direct peptide accessibility to the MHC
molecule or through a stronger bond with the TCR.
In addition to affecting conformation, changes in amino acids

may affect charge in the binding groove, as indicated by a relatively
negative charge in P4 for DP2 with the glutamic acids at position
69, 26, and 68. As the structural data are currently limited to the
HLA-DP2 molecule, the impact of the amino acid changes at
positions 84, 11, and others in the non-0201 DP molecules are
unknown. Prior to defining the crystal structure, Snyder et al. (19,
20) defined the electrostatic potential at the molecular surface of
each HLA-DP molecule and showed that the LFAs possessed a
greater net negative charge than did the *0201 alleles. We used
a similar analysis to see whether we could further refine the

associations noted between the less frequent E69 alleles and the
*0201 alleles. When a direct comparison was made between 29
versus 27 charges, the association was greater for the –9 charge
than for the 27 charge for all case-control comparisons made,
both before and after E69 adjustment. The 29 charges are asso-
ciated with LFAs *0601, *0801, *0901, *1001, *1601, and *1701,
whereas *0201 and *1301 are associated with the 27 charge.
However, overall, they did not give significantly more information
than did the allele comparisons that we made. However, the results
from our study, as well as those of Dai et al. (22) and Snyder et al.
(20), taken together with the calculated high binding affinities for
beryllium, suggest that an adverse immune response, leading to
CBD, is triggered by chemically specific metal–protein interactions.

Limitations

As with any study, there are limitations to this study. Although we
had greater numbers of cases and controls than in previous studies
evaluating the HLA-DPB1 region and CBD, if our study size had
been larger we would potentially have had the power to evaluate
additional comparisons. Additionally, there is a potential problem
of possible misclassification of subjects between those who have
CBD, those who are BeS, and those who are classified as controls,
as ongoing surveillance and clinical evaluation define cases of BeS
who develop CBD and workers who develop BeS. We are con-
tinually updating our diagnoses as subjects change statuses, and we
have thus kept misclassification to a minimum. If anything, disease
misclassification should prevent us from finding associations, not
overestimating associations, noted in this study.
In conclusion, this study confirmed our hypothesis that the risk of

CBD was higher in the LFAs, and that these LFAs have similar
amino acid configurations in the peptide binding groove, especially
in the p1 and p6 pockets, which serve as the key anchoring pockets
of HLA-DP. These changes are similar to those found in other
studies, but confirm that of the E69 alleles, the LFAs pose greater
risk of BeS and CBD than do the *02 alleles. It is likely that these
alterations may impact peptide binding, TCR binding, and or MHC
binding groove conformation and charge. As noted above, the next
steps are to define the difference in TCR–peptide/MHC binding in
these HLA-DPB1 LFAs compared with the *02 molecules. Once
putative peptides are defined, it will be helpful to ascertain the
difference in the binding affinity of beryllium peptides to the
various alleles.
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