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ORIGINAL ARTICLE
Lack of an Exposure Response and Interaction With HLA-DPb1
and DRb1 Polymorphisms in the Development of Beryllium

Toxicity in a High Beryllium Exposure Cohort
Vitri Widyaningsih, PhD, Kenneth Rosenman, MD, Mary Jo Reilly, MS, Ling Wang, PhD,

Dorothy R. Pathak, PhD, Joseph C. Gardiner, PhD, Carol Rice, MD,

Dimitri Monos, PhD, and Milton Rossman, MD
Objective: To evaluate interaction of HLA-DPb1 and DRb1 polymor-

phisms with metrics of beryllium exposure, in the development of beryllium

sensitization (BeS) and chronic beryllium disease (CBD). Methods: A

matched case-control study of 61 CBD, 41 BeS, and 259 controls from

two beryllium-processing facilities. Results: BES and CBD were signifi-

cantly associated with presence of DPbE69. Dose response of exposure was

not observed for the development of BES and CBD with/without adjustment

for DPbE69 (P> 0.05). The DRbE71 polymorphism was more common in

BeS than CBD after adjusting for exposure and maybe a protective factor

(aOR 0.4, 95% CI 0.2 to 0.9) against the progression of BeS to CBD.

Conclusion: No exposure–response association was found, which may

reflect that the workers in this high exposure cohort were above a threshold

level where an exposure–response could be observed.

Keywords: beryllium, genetic–exposure interaction, human leukocyte

antigen polymorphisms

O n May 20, 2017, the new final occupational safety and health
administration regulation on beryllium, which decreased the

permissible exposure limit (PEL) to 0.2 mg/m3 8-hour time-weighted
average, went in to effect.1 However, there is still concern that
genetically susceptible workers will not be adequately protected from
developing beryllium toxicity.2 Previous studies have shown incon-
sistency in the exposure–response effect of beryllium exposure on
beryllium toxicity.3–6 Higher exposure to beryllium does not always
cause disease and even low exposure to or opportunistic contact with
beryllium can cause sensitization and disease. Several studies
reported increased risk with higher exposure to beryllium,7–9 whereas
ht © 2019 American College of Occupational and Environmental 
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other studies reported disease with low exposure to beryllium.10–12

These studies have been based on job histories and assignment of
certain job titles (ie, machinist) to a higher exposure category rather
than to actual exposure measurements.13 The exposure–response is
complicated by the strong genetic susceptibility and the limited
number of studies that have incorporated both genetics and exposure
into their exposure analyses.3–5,14 In addition, the physical form and
solubility of beryllium and skin exposure may influence the develop-
ment of chronic beryllium disease (CBD) and confound the ability to
determine an exposure–response to beryllium air levels.15,16

Genetic susceptibility, particularly polymorphism DPbE69
in the HLA system, is an important risk for the development of both
beryllium sensitization (BeS) and CBD.17–19 The association of
CBD and BeS with the DPbE69 polymorphism in the HLA system
was first reported in 199320 and has been replicated in subsequent
investigation across multiple different populations.19 Further studies
have shown that the non-0201 alleles of HLA-DPB1 Glu69 were
important risk factors for BeS and CBD,14,21–23 that certain gen-
otypes such as HLA-DPB1�02:01:02DPB1�17:02 were at
extremely high risk,2 that HLA-DRArg74 was associated with
BeS,24 while DQ-B1-G86, DRB1-S11,25 DRB1-S13, DQB1–
06,22 were associated with CBD, and DRB-Glu7123 and TNF-a-
30824 were associated with both BeS and CBD. The pathophysio-
logical effect of the genetic polymorphism has been explained as an
enhancement of the presentation of the positively charged BEþ2 to
the cell and a subsequent increase in the risk of sensitization.26

The objective of this paper is to evaluate both the overall
exposure–gene interaction and the interaction between different
forms of beryllium and different beryllium metrics (ie, peak) and
HLA-DPB1 Glu69 and other genetic polymorphisms in the devel-
opment of BeS and CBD.

METHODS

Cohort Development
The study population consisted of workers in two beryllium-

processing facilities in eastern Pennsylvania, USA. Facility A was
open from 1958 to 1978, and facility B was open from 1935 to 2000.
A total of 5490 individuals were identified from personnel records
to have worked 2 or more days at these two facilities. The 2869
individuals not known to be dead in 1988 received a letter in 1996 to
participate. A total of 1553 individuals participated in the medical
screening, 560 only completed a questionnaire, 325 could not be
located, 195 worked for the company but not at the beryllium
processing facility and 256 declined all participation. The sample
selection, HLA genotyping of DNA from white cells obtained from
peripheral blood and medical examination have been described in
previous publications in more detail.23 Individuals provided their
work history via a standardized questionnaire either through the
mail or by phone prior to participating in the medical testing. The
medical testing was provided at local hospitals near the two facili-
ties or arrangements were made for the individual to have their
blood collected for genetic analysis and their chest radiograph and
Medicine. Unauthorized reproduction of this article is prohibited 
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spirometry performed at a medical facility located near where they
currently lived. Individuals classified as definite CBD had granu-
loma on a lung biopsy and two positive beryllium lymphocyte
proliferation tests (BeLPTs) or a positive bronchial lavage (BAL)
LPT. Individuals classified as probable CBD had upper lobe fibrosis
on a chest radiograph and two positive BeLPTs or a positive BAL
LPT. Individuals classified as BeS had no granulomas on lung
biopsy, no upper lobe fibrosis on a chest radiograph and either two
positive BeLPTs or a positive BAL LPT.23 Individuals who had
HLA typing of their blood and had a normal chest radiograph,
pulmonary function tests, and negative BeLPTs were eligible to be
controls. The control group was matched by facility, sex, and year of
birth within 5 years. Two, and if available three controls were
chosen for each case. Because of the small number of women, who
had worked at these facilities, no controls could be selected for two
of the women who had BeS. We did not match on duration because
we wished to use duration as one measure of exposure. Similarly we
did not match on decade of hire since improvements in ventilation
ht © 2019 American College of Occupational and Environmental 
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over the years this would have affected the exposure metrics
between the CBD, BeS, and controls. The exposure metrics, see
section below, took into account decade of hire and duration, both of
which are important factors in estimating an individual’s level of
exposure. Complete data on medical testing, genetics, and exposure
estimates were available for 61 CBD, 41 BeS, and 259 controls that
were included in the final analysis. Figure 1 shows how the number
of participants was derived from the overall workforce.

Exposure Metrics
A detailed description of the development of the exposure

measurements has been previously described.23,27 We used histori-
cal air sampling data and work process descriptions to develop a task
exposure matrix and then a job exposure matrix to calculate a daily-
weighted average for every job/year combination and finally each
person was assigned a cumulative, mean, and peak exposure.
Exposure metrics were also calculated by solubility and
physical form.
Medicine. Unauthorized reproduction of this article is prohibited 
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Genetic Testing
Genomic DNA was prepared 4 to 10 years after collection

using Qiagen columns (QiaAmp 96 DNA Blood kit; Qiagen,
Valencia, CA) from a venous whole blood sample that had been
frozen the day after collection.23 The DPB1 gene (exon 2 and 3) was
characterized with high-resolution typing using the PCRSSP
method (Pel-Freez Clinical Systems, Brown Deer, WI). For ambi-
guities or inconsistent patterns of primer amplifications, sequence-
based typing was performed and confirmed by bi-directional
sequencing-based typing of exon 2 (AlleleSEQR HLA-DPB1
SBT kit; Atria Genetics, South San Francisco, CA). Genetic anal-
yses were performed without knowledge of the beryllium disease
status of the participants.

Statistical Analysis
The non-parametric Wilcoxon rank-sum test (for two group

differences) and Kruskal-Wallis tests (for multiple groups differ-
ences) were used to compare duration and type of exposure by
beryllium and/or genetic status while Chi-square tests were used to
compare the different genetic distributions by beryllium status. To
estimate the effect of exposure and genetic polymorphisms on the
risk of CBD and BeS, conditional logistic regression was per-
formed. Analysis was also performed with the exposure levels
categorized into quartiles (25th, 50th, and 75th percentiles), with
the first quartile used as the reference group. This later analysis was
performed to replicate the approach used by Van Dyke et al.4 The
conditional logistic regressions were done for CBD subjects and
their matched controls (total of 216 subjects consisting of 61 CBD
cases and 155 controls) and BeS subjects and their matched controls
(total of 145 subjects consisting of 41 BeS and 104 controls).23,27

The covariants in the three regression models were: (1) log cumu-
lative exposure quartiles; (2) log cumulative exposure quartiles,
DPbE69 and DPbE71 genetic polymorphisms, (3) log cumulative
exposure quartiles, DPbE69 and DPbE71 genetic polymorphisms
and interaction of DPbE71 with log cumulative exposure quartiles.
The interaction between continuous values of log cumulative expo-
sure and DPbE69, and DPbE71 genetic polymorphisms was also
examined. Further analysis was also conducted for the 61 CBD and
41 BeS cases using unconditional logistic regression to assess
factors influencing the development of BeS versus CBD.23
ht © 2019 American College of Occupational and Environmental 

TABLE 1. Comparison of Demographic Characteristics Among S
tion, and Controls

Characteristics N (%)

CBD

N¼ 61

BeS

N¼ 41

Gender
Male 57 (93.4) 37 (90.2)
Female 4 (6.6) 4 (9.8)

Race
White 61 (100) 39 (95.1)
Other 0 (0) 2 (4.9)

Plant
Plant 1 28 (45.9) 23 (56.1)
Plant 2 33 (54.1) 18 (43.9)

Smoking
Never 20 (32.8) 16 (39.0)
Ex-smoker 28 (45.9) 19 (46.3)
Current smoker 10 (16.4) 5 (12.2)
Unknown 3 (4.9) 1 (2.4)
Total 61 (17.0) 41 (11.4)

Comparison conducted by chi-square.
�Comparison conducted by Fisher method.

66 � 201
All analyses were conducted with SAS 9.4. Software (SAS Institute
Inc., Cary, NC).

RESULTS
Of the 361 subjects, 94.2% were men and 98.1% were white.

There were more non-whites (4.9% vs 0.0% vs 1.9% [P¼ 0.012])
and women (9.8% vs 6.6% vs 5.0% [P¼ 0.027]) in the BeS versus
the CBD or versus the control group. There were no significant
differences in facility (P¼ 0.585) or history of smoking (P¼ 0.873)
between the BeS, CBD, and control groups (Table 1).

Exposure
Table 2 shows the different metrics by outcome. For com-

bined exposures, the control group had significantly longer duration
and mixed cumulative exposure compared with BeS group
(P¼ 0.001 and P¼ 0.013, respectively). There were also significant
differences in exposures among control, BeS, and CBD groups with
the highest levels in the control group, for mixed cumulative
chemical exposure (P¼ 0.023) and cumulative, mean and peak
mixed physical exposure (P¼ 0.001, 0.025, and 0.005, respectively)
(Table 2). CBD generally had the second highest and BeS the lowest
exposure metrics. However, individuals with BeS had higher mean
and peak values for mixed physical exposure and dust exposure than
those with CBD, though not statistically significant (P> 0.05).

Genetics
The DPbE69 genetic polymorphism frequency differed sig-

nificantly between BeS, CBD, and Controls (P< 0.001) (Table 3).
Individuals with CBD had the highest proportion of DPbE69
(91.8%), followed by those with BeS (78.1%). Thirty-nine percent
of control individuals who tested positive for DPbE69 were not
sensitized and remained disease free (Table 3). On further pair-wise
comparisons, there were significant differences in the proportion of
DPbE69 when comparing BeS versus CBD, BeS versus control, and
CBD versus control. In Hardy-Weinberg Equilibrium (HWE) anal-
yses, the frequencies of DPbE69 homozygotes and heterozygotes
within the control subjects were in equilibrium.

The distributions of DPbE69 non-0201 alleles were signifi-
cantly different between the three outcome groups (P¼ 0.017)
as was the presence of homozygosity of DPbE69 (P< 0.001).
Medicine. Unauthorized reproduction of this article is prohibited 

ubjects With Chronic Beryllium Disease, Beryllium Sensitiza-

Control

N¼ 259

Total

N¼ 361 P Value

0.0267�

246 (95.0) 340 (94.2)
13 (5.0) 21 (5.8)

0.0122�

254 (98.1) 354 (98.1)
5 (1.9) 7 (1.9)

0.5847
133 (51.3) 184 (51.0)
129 (48.7) 177 (49.0)

0.8732
78 (30.1) 114 (31.6)

126 (48.6) 173 (47.9)
38 (14.7) 53 (14.7)
17 (6.6) 21 (5.8)

262 (72.6) 361 (100)
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TABLE 3. Comparison of Gene Distribution Between CBD, BeS, and Control

Frequency (%) P Value�

Gene

CBD

N¼ 61

BeS

N¼ 41

Control

N¼ 259

Total

N¼ 361 Overally
CBD vs

BeS

CBD vs

Control

BeS vs

Control

DPb E69
Positive 56 (91.8) 32 (78.1) 101 (39.0) 189 (52.4) <0.0001 0.048 <0.001 <0.001
Negative 5 (8.2) 9 (21.9) 158 (61.0) 172 (47.6)

DPb E69 homozygosity
Homozygous 10 (16.4) 8 (19.5) 17 (6.6) 35 (9.7) <0.0001 0.104 <0.001 <0.001
Heterozygous 46 (75.4) 24 (58.5) 84 (32.4) 154 (42.7)
Negative 5 (8.2) 9 (22.0) 158 (61.0) 172 (47.6)

DPb E69–0201 alleles
0201 alleles 28 (45.9) 17 (41.5) 72 (27.8) 117 (32.4) 0.017 0.136 <0.001 <0.001
Non-0201 alleles 28 (45.9) 15 (36.6) 29 (11.2) 72 (20.0)
DPbE69 negative 5 (8.2) 9 (21.9) 158 (61.0) 172 (47.6)

DRb E71
Positive 16 (26.2) 20 (48.8) 60 (23.2) 96 (26.6) 0.003 0.020 0.613 0.001
Negative 45 (73.8) 21 (51.2) 199 (76.8) 265 (73.4)

DRb Serine 11
Positive 44 (72.1) 32 (78.1) 174 (67.2) 250 (69.3) 0.325 0.501 0.456 0.163
Negative 17 (27.9) 9 (21.9) 85 (32.8) 111 (30.7)

DRb Serine 13
Positive 38 (62.3) 30 (73.2) 162 (62.6) 230 (63.7) 0.408 0.253 0.971 0.188
Negative 23 (37.70) 11 (26.8) 97 (37.4) 131 (36.3)

DRb Arginine 74
Positive 10 (16.4) 5 (12.2) 47 (18.1) 62 (17.2) 0.634 0.557 0.748 0.350
Negative 51 (83.6) 36 (87.8) 212 (81.9) 299 (62.8)

DRb Asparagine 37
Positive 18 (29.5) 20 (48.8) 94 (36.3) 132 (36.6) 0.138 0.048 0.318 0.126
Negative 45 (70.5) 21 (51.2) 165 (63.7) 229 (63.4)

DRb Histidine 32
Positive 27 (44.3) 21 (51.2) 114 (44.0) 162 (44.9) 0.686 0.490 0.972 0.389
Negative 34 (55.7) 20 (48.8) 145 (56.0) 199 (55.1)

DRb Phenyl alanine 47
Positive 46 (75.4) 30 (73.2) 196 (75.7) 272 (75.3) 0.942 0.799 0.965 0.730
Negative 15 (24.6) 11 (26.8) 63 (24.3) 89 (24.7)

DRb Tyrosine 26
Positive 10 (16.4) 5 (12.2) 50 (19.3) 65 (18.0) 0.511 0.557 0.600 0.274
Negative 51 (83.6) 36 (87.8) 209 (80.7) 296 (82.0)

BeS, beryllium sensitization; CBD, chronic beryllium disease P values in bold are <.05
�Comparisons conducted by Chi Squares tests.
yThree groups comparison of CBD, BeS, and controls.
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However, there were no statistically significant differences between
CBD and BeS in the presence of the alleles or zygosity.

DRbE71 genetic polymorphism frequency also differed sig-
nificantly among the three groups (P¼ 0.003) (Table 3). There were
significant differences in the proportion of DRbE71 polymorphism
between BeS and CBD (48.8% vs 26.2%, P¼ 0.020), and BeS and
controls (48.8% vs 26.6%, P¼ 0.001).

Genetic–Exposure Interaction
Table 4 shows the descriptive levels of exposure among

CBD, BeS, and control individuals by their DPbE69status.
Although not significant, control subjects who were DPbE69
positive, had had a lower exposure than control subjects who were
DPbE69 negative. In individuals with CBD and BeS, exposure
metrics were in the opposite direction with exposure having been
non-significantly greater in those who were DPbE69 positive
versus DPbE69 negative. Table 5 shows that control individuals
with the non-0201 allele had had a non-significant but higher
exposure than those with the 0201 alleles. And CBD and BeS
individuals with the non-0201 allele had had lower non-significant
cumulative but not mean or peak exposure compared with those
with 0201 alleles (Table 5).
ht © 2019 American College of Occupational and Environmental 
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When we restricted the analysis to the 189 subjects who were
positive for DPbE69 (Table 6), controls continued to have longer
duration of exposure followed by CBD and BeS (P¼ 0.022).
Individuals with CBD had higher non-significant exposures com-
pared with individuals with BeS, particularly in the cumulative and
peak measures of exposures.

We found no significant associations between CBD and level
of exposure either categorized by quartiles (Table 7, Model 1). In the
adjusted analysis, Model 2, adjustment for presence of DPbE69 did
not change the relationship between level of exposure and CBD,
however, DPbE69 was a significant predictor for CBD, (adjusted
odds ratio [aOR] 28.6, 95% CI 6.7 to 121.5, P< 0.001). There was
no significant association between the DRbE71 polymorphism and
CBD (aOR 1.7, 95% CI 0.8 to 3.7, P¼ 0.203) adjusting for log
cumulative exposure and DPbE69 (Table 7, Model 2).

Both the DPbE69 and DRbE71 polymorphisms were signif-
icantly associated with BeS (aOR 7.8, 95% CI 2.7 to 22.4,
P< 0.001; and aOR 2.6, 95% CI 1.1 to 6.2, P¼ 0.035, respectively)
(Table 7, Model 2). For the risk of developing BeS versus CBD, the
presence of DRbE71 was a significant protective factor (aOR 0.4,
95% CI 0.2 to 0.9, P 0.024) adjusting for log cumulative exposure
(Table 7, Model 2). Exposure was not associated with development
Medicine. Unauthorized reproduction of this article is prohibited 
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TABLE 4. Comparison of Cumulative, Log Cumulative, Mean, and Peak Exposure Between CBD, BeS, and Control Groups
Based on HLA-DPbE69 Presence

Outcome Exposure N HLA-DPbE69 Mean (SD) P Value�

CBD Cumulative 56 Positive 307.65 (737.52) 0.969
5 Negative 109.36 (109.36)

Log Cumexp 56 Positive 4.15 (1.89) 0.969
5 Negative 3.94 (1.77)

Mean 56 Positive 8.16 (21.42) 0.752
5 Negative 2.10 (2.13)

Peak 56 Positive 15.28 (32.23) 0.703
5 Negative 2.92 (2.43)

BeS Cumulative 32 Positive 166.95 (337.12) 0.306
9 Negative 69.40 (87.12)

Log Cumexp 32 Positive 3.76 (1.98) 0.306
9 Negative 3.03 (1.97)

Mean 32 Positive 9.43 (19.79) 0.181
9 Negative 3.67 (7.36)

Peak 32 Positive 13.42 (24.44) 0.171
9 Negative 4.20 (7.20)

Control Cumulative (mg-yr/m3) 101 Positive 312.17 (759.35) 0.406
158 Negative 1020.03 (2635.02)

Log Cumexp 101 Positive 4.27 (2.10) 0.406
158 Negative 4.70 (2.28)

Mean 101 Positive 6.83 (16.25) 0.720
158 Negative 7.62 (16.55)

Peak 101 Positive 11.84 (22.37) 0.450
158 Negative 38.98 (168.32)

Exposures metrics are expressed as mg-yr/m3 unit for cumulative and Log Cumexp and mg/m3 for mean and peak. BeS, beryllium sensitization; CBD, chronic beryllium disease.
�Comparison was conducted by Wilcoxon rank-sum test.

JOEM � Volume 62, Number 1, January 2020 Lack of an Association Between Exposure and Beryllium Toxicity
of CBD versus BeS nor was there a significant interaction between
log cumulative exposure and DRbE71 (P> 0.05).

Table 7 (Model 3) showed the regression results with gene
and log cumulative exposure quartiles interaction terms added. The
BeS and CBD patients in the highest log cumulative exposure
quartile (more than or equal to 5.76 mg/m3) were all DPbE69
positive. Therefore, we could only examine DPbE71 and exposure
interaction terms. In supplementary Table 1, http://links.lww.com/
JOM/A668 we examined the DPbE69 and DPbE71 polymorphisms
and exposure interaction using exposure as a continuous variable.

In Supplementary Tables 2–4, http://links.lww.com/JOM/
A668, the results are shown for DPbE69 negative, DRbE71 posi-
tive, and DRbE71 negative polymorphisms, and the different
measures of exposure, respectively. The results were non-significant
except for those related to mixed dust/fume exposure (Supplemental
Table 4, http://links.lww.com/JOM/A668).

DISCUSSION
Our results continue to show the importance of DPbE69

presence, alleles, and zygosity in the development of beryllium
toxicity. In addition, we demonstrated the significance of DRbE71
in reducing the likelihood the development of BeS progression to
CBD. We were unable to identify a significant exposure–response
association of beryllium exposure for the development of CBD or
BeS even after controlling for the DPbE69 and DRbE71 polymor-
phisms. The mean levels of exposure in our cohort were above the
new occupational safety and health administration PEL of 0.2 mg/
m3 8-hour time-weighted average and also generally above the
previous PEL of 2.0 mg/m3 8-hour time-weighted average. It is
possible that above a certain threshold level of exposure that an
exposure–response cannot be identified. Additionally, no effort to
ensure skin protection was used at the two facilities in the cohort and
we cannot factor in the amount of skin exposure into the
exposure analysis.
ht © 2019 American College of Occupational and Environmental 
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Suggestive interactions between genetics and exposure that
we did observe were that despite having the highest exposure,
control individuals without either the DPbE69 or DRbE71 poly-
morphisms remained free of CBD and BeS. Additionally, we
observed non-significant differences in exposures in individuals
with positive DPbE69 and DRbE71. Those with CBD generally had
higher combined, chemical, and physical cumulative exposures
compared with those with BeS. However, the gene–exposure
interaction terms were generally non-significant except for DRbE71
and mixed dust exposure (Table 7 and Supplementary Tables 2–4,
http://links.lww.com/JOM/A668). Although our analysis was con-
ducted using one of the largest cohorts (361 subjects) to date for
examining the effect of beryllium exposure and genetics, the lack of
statistical significance for a dose–response relationship with or
without adjustment for genetics, may be attributable to insufficient
sample size. Our calculation showed that to detect a significant
difference in the prevalence of CBD at different levels of exposure
defined in our paper (less than 2.78, 2.78 to less than 4.44, 4.44 to
less than5.76, more than or equal to 5.76) with 80% power, would
require 679 individuals with CBD and 228 with BeS in each
exposure level.

Consistent with a previous report on this cohort, the highest
exposure metrics were found in control individuals, followed by
CBD and BeS.27 This mainly reflects a longer duration of work for
the controls as the mean exposures, although greater in controls than
individuals with CBD or BeS, did not differ as much as the
cumulative values.

Several previous studies have reported that higher exposure
to beryllium does not always cause disease and that even low
exposure to or opportunistic contact with beryllium can cause
sensitization and even disease.10–12,28,29 The results in our paper
agree with the lack of a dose–response as reported in the above
studies.30–32 We could not corroborate the findings reported by Van
Dyke et al4 of an exposure–response association in the development
Medicine. Unauthorized reproduction of this article is prohibited 
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TABLE 5. Comparison of Cumulative, Log Cumulative, Mean, and Peak Exposure Between CBD, BeS, and Control Groups
Based on HLA-DPbE69 Allele Type

Outcome Exposure N HLA-DPbE69 Mean (SD) P Value�

CBD Cumulative, mg-yr/m3 28 Non-0201 176.31 (483.19) 0.185
28 0201 438.99 (915.84)
5 Negative 109.36 (118.91)

Log Cumexp 28 Non-0201 3.69 (1.79) 0.185
28 0201 4.61 (1.90)
5 Negative 3.94 (1.77)

Mean, mg/m3 28 Non-0201 10.27 (28.03) 0.947
28 0201 6.05 (11.83)
5 Negative 2.10 (2.13)

Peak, mg/m3 28 Non-0201 18.43 (39.74) 0.582
28 0201 12.12 (22.71)
5 Negative 2.92 (2.43)

BeS Cumulative 15 Non-0201 132.27 (141.99) 0.315
17 0201 197.55 (447.69)
9 Negative 69.40 (87.12)

Log Cumexp 15 Non-0201 4.03 (1.90) 0.315
17 0201 3.52 (2.07)
9 Negative 3.03 (1.97)

Mean 15 Non-0201 12.91 (24.7) 0.327
17 0201 6.36 (14.26)
9 Negative 3.67 (7.46)

Peak 15 Non-0201 14.68 (25.50) 0.374
17 0201 12.31 (24.20)
9 Negative 4.20 (7.20)

Control Cumulative 29 Non-0201 407.15 (1036.79) 0.411
72 0201 273.91 (618.90)
158 Negative 1020.03 (2635.02)

Log Cumexp 29 Non- 0201 4.60 (2.07) 0.411
72 0201 4.14 (2.11)
158 Negative 4.70 (2.28)

Mean 29 Non-0201 8.15 (20.56) 0.600
72 0201 6.30 (14.29)
158 Negative 7.62 (16.55)

Peak 29 Non- 0201 13.27 (23.32) 0.334
72 0201 11.26 (22.12)
158 Negative 38.98 (168.32)

Exposures metrics are expressed as mg-yr/m3 unit for cumulative and Log Cumexp and mg/m3 for mean and peak. BeS, beryllium sensitization; CBD, chronic beryllium disease.
�Comparison was conducted by Kruskal Wallis non-parametric test.
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of CBD and BeS. Possible explanations for the difference are: (1)
the mean beryllium exposure in our cohort were higher (0.79, 1.59,
and 3.81 vs 0.001, 0.03, and 0.17 mg/m3 for 25th, 50th, and 75th
percentiles, respectively) than in Van Dyke’s cohort; and/or (2) our
exposure metrics were based on job personnel records and collected
well before medical examinations were conducted to determine
disease status. In contrast, Van Dyke assigned exposures based on a
job history obtained via an interview of the subject, which was
conducted after the medical examination. This approach may have
introduced recall bias and potential exposure misclassification4,27;
and (3) we assigned controls through exact matching based on sex,
plant, and year of birth, while Van Dyke et al4,5 assigned controls
through frequency matching based on sex, race, work status, and
decade of hire.

As previously reported CBD group had the highest propor-
tion of DPbE69 but the highest proportion of homozygosity
occurred in individuals with BeS14,21 and there was a higher
proportion of DPbE69 non-0201 alleles in CBD and BeS cases
compared with controls.14,21,26 Control individuals with DPbE69
non-0201 alleles had higher exposures than those with DPbE69
0201 alleles the opposite of what we expected since DPbE69 non-
0201 alleles, are more common in individuals with CBD and BeS
(Table 3).
ht © 2019 American College of Occupational and Environmental 
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The importance of DRbE71 in beryllium toxicity, in accor-
dance with a previous report on this cohort, was reconfirmed in this
analysis.23 There was a significantly higher proportion of DRbE71
in individuals with BeS cases (48.8%) compared with CBD and
controls (proportions respectively 26.2% and 23.2%). In further
analyses, we also found that all diseased individuals (CBD and BeS)
had either or both DPBbE69 or DRbE71 polymorphisms, compared
with only 32.4% of controls.

Controlling for genetic susceptibility, we observed that
among those positive for DPbE69 there was a non-statistically
significant trend suggesting an exposure–response in regard to
peak exposure (Table 4). Previous reports have suggested the
importance of the type of beryllium exposure in the development
of CBD and BeS, as well as progression to CBD in sensitized
individuals.15,19 We found no significant difference by exposure,
that is, peak exposure, peak chemical mixed, and peak soluble.
However, we did find that CBD individuals generally had higher
metrics of exposure compared with BeS subjects, which suggests an
exposure–response for the development of CBD from BeS
(Table 4).

Although we found no significant association of exposure
with disease development and no significant genetic and exposure
interactions in our multivariable model, individuals who were
Medicine. Unauthorized reproduction of this article is prohibited 
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TABLE 7. Multivariable Conditional Logistic Regression Using Log Cumulative Exposure Quartiles

Model 1 Model 2 Model 3

Variable OR (95% CI) P-Value OR (95% CI) P-Value OR (95% CI) P-Value

Development of CBD�

Exposure
Log cumulative exposure <2.78 Ref Ref
2.78�Log cumulative exposure< 4.44 1.2 (0.5–2.9) 0.8 (0.3–2.5) 0.8 (0.2–2.6) 0.66
4.44�Log cumulative exposure< 5.76 1.1 (0.4–2.7) 0.490 1.1 (0.4–3.1) 0.847 1.2 (0.4–3.7) 0.80
Log cumulative exposure� 5.76 0.6 (0.2–1.5) 0.7 (0.2–2.0) 1.0 (0.3–3.6) 0.94

Genetic
DPbE69 positive (Ref¼ negative) 28.6 (6.7–121.5) <.001 34.7 (7.5–161.2) <0.001
DRbE71 positive (Ref¼ negative) 1.7 (0.8–3.7) 0.203 3.3 (0.2–43.5) 0.37

Genetic� exposure
DRbE71 Positive and 2.78�Log

cumulative exposure< 4.44
1.0 (0.1–19.77) 0.99

DRbE71 positive and 4.44�Log
cumulative exposure< 5.76

0.4 (0–9.2) 0.60

DRbE71 positive and log
cumulative exposure� 5.76

0.2 (0–4.6) 0.30

Development of BeS�

Exposure
Log cumulative exposure <2.78 Ref Ref
2.78�Log cumulative exposure< 4.44 0.8 (0.2–2.6) 0.6 (0.1–2.7) 1.6 (0.3–8.5) 0.60
4.44�Log cumulative exposure< 5.76 0.8 (0.3–2.1) 0.233 0.8 (0.2–2.7) 0.403 1.2 (0.2–6.5) 0.82
Log cumulative exposure � 5.76 0.3 (0.1–1.0) 0.3 (0.1–1.2) 0.4 ((0.1–2.4) 0.29

Genetic
DPbE69 positive (Ref¼ negative) 7.8 (2.7–22.4) <0.001 9.1 (3.0–27.4) <0.001
DRbE71 positive (Ref¼ negative) 2.6 (1.1–6.2) 0.035 7.2 (1.3–39.1) 0.02

Genetic� exposure
DRbE71 positive and 2.78�Log

cumulative exposure< 4.44
0.1 (0–1) 0.05

DRbE71 positive and 4.44�Log
cumulative exposure< 5.76

0.4 (0–4.6) 0.48

DRbE71 positive and log
cumulative exposure� 5.76

0.4 (0–6.8) 0.53

Development of BeS vs CBDy

Exposure
Log cumulative exposure <2.78 Ref Ref Ref
2.78�Log cumulative exposure< 4.44 1.6 (0.5–4.5) 1.5 (0.5–4.5) 0.8 (0.2–3.0) 0.73
4.44�Log cumulative exposure< 5.76 1.2 (0.4–3.3) 0.715 1.2 (0.4–3.6) 0.857 1.1 (0.3–4.6) 0.89
Log cumulative exposure� 5.76 1.9 (0.5–6.9) 1.6 (0.4–5.9) 1.2 (0.2–6.4) 0.80

Genetic
DRbE71 positive 0.4 (0.2–0.9) 0.024 0.2 (0–0.9) 0.04

Genetic� exposure
DRbE71 Positive and 2.78�Log

cumulative exposure< 4.44
6.7 (0.6–70.1) 0.11

DRbE71 Positive and 4.44�Log
cumulative exposure < 5.76

1.4 (0.1–13.7) 0.79

DRbE71 Positive and log cumulative
exposure � 5.76

3.3 (0.2–51.7) 0.40

Model 1 included log cumulative exposure quartiles. Model 2 included log cumulative exposure quartiles, DPbE69 and DRbE71. Model 3 included log cumulative exposure
quartiles, DPbE69, DRbE71, and DRbE71� log cumulative exposure quartiles. P values in bold are <.05

�Indicates conditional logistic regression and.
yIndicates unconditional logistic regression.
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negative for DPBbE69 had non-statistically significant higher cumu-
lative exposure than controls that carried the DPBbE69 polymor-
phism. This result is consistent with the absence of this susceptibility
polymorphism being protective for beryllium toxicity and explains
the significantly higher cumulative exposure in controls.

We found that the DRbE71 polymorphism had the possibility
of being protective in the progression of BeS to CBD. This association
should be examined in a larger cohort, and consideration be given to a
possible mechanism. Both homozygosity of DPBbE6922,33 and
longer duration or higher exposures have been identified as possibly
increasing the risk of progressing from BeS to CBD.34,35
ht © 2019 American College of Occupational and Environmental 
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Our results imply that there are other important factors in
addition to the magnitude and type of exposure and DPBbE69 and
DRbE71 polymorphisms. Other factors that might influence the
interaction of exposure and genetics are the structural changes in
peptides and protein related to beryllium exposure and an autoimmu-
nity process36,37 and/or the local environment of the epitopes.25,38

Limitations of our study include potential measurement error
of exposure based on the use of limited historical exposure sampling
data and no assessment of exposure from skin absorption. Another
limitation of our study was the potential differences between the two
facilities. Our analyses showed that both the type and levels of
Medicine. Unauthorized reproduction of this article is prohibited 
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exposures in facility B were substantially higher and that employees
at facility B had significantly higher cumulative, mean, and peak
exposure compared with facility A.39 The longer duration, different
production process, and earlier starting of operations at facility B
likely contributed to the different exposure levels, as industrial
hygiene controls were improved over time. To address these differ-
ences, we matched cases with controls within each facility to control
for any effect specific to one facility. All workers, whether or not
they still worked were invited to participate. Therefore workers who
left work because of beryllium related changes were still invited to
participate. However the healthy worker effect may have still been a
factor since 47.7% of the workers had died before our medical
screening was initiated so those workers who died from CBD prior
to the initiation of our medical screening would not have been
included. A final limitation is the sample size of our cohort.

CONCLUSION
Although our results show no clear exposure–response asso-

ciation between the magnitude or type of exposure and beryllium
disease, we found that the control individuals with the highest
exposure are those who did not have the HLA-DPBbE69 polymor-
phism and may remain healthy because they are not genetically
susceptible (Table 3B). In addition, we found that HLA-DRbE71
was increased in those with BeS and may decrease the risk of
progressing from BeS to CBD. The significance of DRbE71 in the
development of beryllium toxicity especially in the absence of
DPbE69, as well as the role of this polymorphism in decreasing
the risk of progressing from CBD to BeS, warrants further research.
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