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Abstract Objective: People exposed to beryllium com-
pounds are at increased risk of developing beryllium
sensitization and chronic beryllium disease (CBD). The
purpose of this short communication is to present
information regarding the potential importance of skin
exposure to beryllium, an exposure and alternate im-
mune response pathway to the respiratory tract, which
has been largely overlooked in epidemiologic and
exposure assessment studies. Methods: We reviewed the
published literature, including epidemiologic, immuno-
logic, genetic, and laboratory-based studies of in vivo
and in vitro models, to assess the state of knowledge
concerning skin exposure to beryllium. Results: Reduc-
tion in inhalation exposure to beryllium has not resulted
in a concomitant reduction in the occurrence of beryl-
lium sensitization or CBD, suggesting that continued
prevalence may be due, in part, to unchecked skin
exposure to beryllium-containing particles. Conclusions:
Recent developments in our understanding of the mul-
tiple exposure pathways that may lead to beryllium
sensitization and CBD suggest that a prudent approach
to worker protection is to assess and minimize both skin
and inhalation exposures to beryllium.
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Beryllium as a strategic resource

Beryllium is a light, hard, silver gray metal with a unique
combination of physical, mechanical, and nuclear
properties not found in any other metal (Stonehouse and
Zenczak 1991). Because of these physicochemical prop-
erties, the metal and its oxide and alloys are widely used
in a large number of technological applications (Kolanz
2001; Weston et al. 2005, in press). The US National
Institute for Occupational Safety and Health has esti-
mated as many as 134,000 current workers in govern-
ment and private industries are potentially exposed to
beryllium in the United States (Henneberger et al. 2004).

Beryllium metal is stiffer than steel and is a neutron
moderator, hence its application as a nuclear trigger. It
is also used in inertial guidance systems, spacecraft,
satellites, and fire control and navigation systems.
Beryllium oxide has a high thermal conductivity and
heat capacity, unusual resistance to thermal shock, and
very low electrical conductivity, making it useful as
substrate material for high-speed integrated circuits or
as electrical insulators in jet aircraft engine igniters. The
metal is most commonly alloyed with copper, producing
a ductile material that is non-sparking, resistant to
fatigue, and highly electrically conductive. Copper-
beryllium alloy products are used in many applications
including electronics and electrical equipment, springs
and non-sparking tools, and wireless communications.

Beryllium sensitization and CBD

A fraction of people exposed to beryllium compounds
become sensitized, meaning that their immune systems
respond to beryllium exposures. The prevalence of
beryllium sensitization in some exposed worker
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populations has been reported to range between 0.8 and
12% (Kreiss et al. 1989, 1993a, 1996, 1997; Henneberger
et al. 2001; Sackett et al. 2004; Stange et al. 2004;
Schuler et al. 2005). Sensitization is thought to precede
the development of chronic beryllium disease (CBD)
(Newman et al. 2005), a slowly progressive respiratory
disease, characterized by the formation of inflammatory
injuries known as granulomas (i.e., compactly grouped
cells that replace normally functioning tissue). The
prevalence of CBD in exposed worker populations is
lower than sensitization prevalence, and has been re-
ported to range between 0.4 and 8% (Kreiss et al. 1989,
1993a, b, 1996, 1997; Henneberger et al. 2001; Sackett
et al. 2004; Stange et al. 2004; Schuler et al. 2005). Not
all individuals who become sensitized may progress to
disease (Newman et al. 2005), suggesting that sensitiza-
tion is a necessary but insufficient condition for disease
development.

Recognition of sensitization and disease

Although beryllium sensitization is asymptomatic, it can
be detected in the laboratory using the beryllium lym-
phocyte proliferation test (BeLPT) (Saltini et al. 1989;
Rossman 2001). The BeLPT measures the proliferation
of lymphocytes obtained from peripheral blood in the
presence of soluble beryllium salts. Although regarded
as the best tool for identifying beryllium-sensitized
individuals, results may vary within and between labo-
ratories (Deubner et al. 2001). Current criteria for
diagnosis of CBD include the evidence of beryllium
sensitization in the presence of non-caseating granulo-
mas and/or mononuclear cell infiltrates in lung tissue
(Newman et al. 2005).

Dermal exposure

Evidence suggests that skin contact with beryllium
materials, including salts (Curtis 1951) and particles
(Tinkle et al. 2003), are relevant to the development of
beryllium sensitization. Historically, emphasis has been
on the control of inhalation exposures to below the
occupational exposure limit of 2 lg beryllium/m3 of
air; however, compliance with this mass-based expo-
sure limit has proven ineffective in significantly
reducing the occurrence of beryllium sensitization and
CBD (Kreiss et al. 1996; Eisenbud 1998). The contin-
ued occurrence of beryllium sensitization and CBD
may partially reflect inadequacy in the current occu-
pational exposure limit for inhalation of beryllium.
However, prevalences of sensitization and CBD at a
copper-beryllium alloy finishing facility were similar to
prevalences observed in other beryllium production
facilities despite historical airborne beryllium exposure
levels an order of magnitude below 2 lg beryllium/m3

(Schuler et al. 2005). Thus, a model to describe
beryllium exposures leading to adverse health effects is

that skin exposure may be sufficient to cause an im-
mune response (i.e., beryllium sensitization), while
inhalation exposure even at levels below 2 lg beryl-
lium/m3 may be necessary for manifestation of lung
disease (i.e., CBD).

Levels of skin exposure to beryllium salts, metal,
oxides, alloys, and other beryllium-containing com-
pounds have not been evaluated in the workplace. Skin
as a route of exposure to poorly soluble particles of
beryllium is highly plausible. For example, Tan et al.
(1996) observed that poorly soluble titanium dioxide
particles can penetrate intact human skin. Tinkle et al.
(2003) observed in vitro that polystyrene latex spheres
<1 lm in diameter, when coupled with flexing motion,
can penetrate intact human skin. It should be noted
that an upper bound size limit for particle penetration
of skin may only apply to intact skin. It is not
unreasonable that particles >1 lm in diameter that
come into contact with damaged (e.g., open cuts or
abrasions) or otherwise compromised (e.g., diseased)
skin can cross the skin barrier. Note that CBD cases at
a copper-beryllium alloy finishing facility were more
likely to have reported ulcers or small craters in the
skin, compared to employees without disease (Schuler
et al. 2005). Skin exposure to soluble beryllium salts
can cause beryllium sensitization in humans (Curtis
1951), and evidence suggests that skin contact with
poorly soluble beryllium oxide particles can cause
beryllium sensitization in mice (Tinkle et al. 2003).

Beryllium-containing materials vary widely in terms
of their physicochemical properties, including particle
size, morphology, surface area, and chemistry (Stefaniak
et al. 2003, 2004). In turn, bioavailability (i.e., the degree
to which beryllium ions become available to the target
organ following exposure), which may be pertinent to
the risk of beryllium sensitization and CBD, also varies
widely among beryllium-containing materials. Beryllium
salts (sulfate, chloride, fluoride, and others) are highly
soluble and may induce sensitization (Curtis 1951), but
are not commonly considered to cause CBD. Beryllium
particles (metal, oxides, alloys, and others) are relatively
insoluble and may be retained in the body for years, a
condition which is sufficient for the formation and
growth of granulomas (Stefaniak et al. 2003). In vitro
studies of the dissolution of beryllium from particles
using an extracellular simulant lung fluid (Finch et al.
1988), canine alveolar macrophages (Eidson et al. 1991),
a phagolysosomal simulant fluid (Stefaniak et al. 2005),
and a murine macrophage cell line model (Day et al.
2005) indicate that beryllium may become bioavailable
following exposure.

To account for the contribution of both the inha-
lation and dermal routes to bodily beryllium exposure,
improved monitoring techniques are needed. Poten-
tially, biological monitoring of beryllium or beryllium
derivatives in biological fluids could be used to assess
total bodily exposure. Early attempts at biological
monitoring for beryllium observed that beryllium lev-
els in urine were indicative of exposure, but did not
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correlate to exposure history or severity of disease
(Klemperer et al. 1951; DeNardi et al. 1953; Stoeckle
et al. 1969). However, recent advances in analytical
chemistry methods have greatly improved the feasi-
bility of biological monitoring for beryllium (Wegner
et al. 2000; Apostoli and Schaller 2001). Using
inductively coupled plasma-mass spectroscopy, Apos-
toli and Schaller (2001) demonstrated that levels of
airborne beryllium correlated with levels of urinary
beryllium among metallurgical workers. These data
hold promise for development of validated biological
markers that account for external exposure via inha-
lation and dermal contact with beryllium, internal
exposure, and biologically-effective dose.

Immunology and genetics

Immunologic and genetic factors are pertinent to the
development of beryllium sensitization and CBD. The
beryllium-stimulated immune response is characterized
by the involvement of a Major Histocompatibility
Class II-restricted, CD4+ T helper 1 cell response.
Antigen presentation to the T cell occurs via Human
Leukocyte Antigen (HLA) molecules on the surface of
antigen-presenting cells, in the case of the lung, mac-
rophages and, in the case of the skin, Langerhans cells
(Abbas et al. 2000). The involvement of HLA mole-
cules implies that an HLA-T cell receptor interaction
occurs, evidence for which is the demonstration that in
vitro the beryllium-specific proliferative response can
be blocked by anti HLA-antibodies (Saltini et al. 1989;
Fontenot et al. 1998; Rossman 2001). A beryllium-
specific clonal expansion then occurs that is driven by
proinflammatory cytokines (TNF-a and IL-6) (Saltini
et al. 1989; Tinkle and Newman 1997).

The finding that the beryllium-specific proliferative
response can be blocked by anti-HLA-antibodies
prompted molecular epidemiologic investigation of
HLA-DP, DQ and DR DNA-sequence variants. The
most closely associated haplotypes are those of HLA-
DPB1 that code for a glutamic acid residue at the
69th position (E69) in the amino acid sequence of
the mature protein (Weston et al. 2005, in press). The
HLA-DPB1 gene family currently has 113 known
DNA-sequence variants (http://www.ebi.ac.uk/imgt/).
Thirty-nine variants code for E69 (GAG), 69 code for a
lysine residue at the 69th position (AAG), and five code
for an arginine residue at the 69th position (AGG). It
appears that HLA-DPB1 haplotypes most closely
associated with CBD code for HLA molecules that
have relatively intense negative charge in and around
the binding groove of the molecules (Snyder et al.
2003), suggesting that HLA molecules may readily bind
positively charged beryllium ions. In addition, there is
some evidence implicating an A/G polymorphism
(TNF-a-308*02) in the promoter region of TNF-a
(Saltini et al. 2001).

Summary statement

The use of control technologies (i.e., engineering,
administrative, and respiratory protective equipment) to
reduce inhalation exposures to below 2 lg beryllium/m3

has not significantly reduced the occurrence of beryllium
sensitization and CBD. The continued prevalence of
beryllium sensitization and CBD may be due, in part, to
unchecked skin exposure to beryllium-containing parti-
cles. We hypothesize that skin exposure to beryllium
may be sufficient to cause sensitization, while inhalation
is necessary for progression to lung disease. In light of
our current understanding of the multiple exposure and
immune pathways that may lead to sensitization and
disease, a prudent approach is to assess and minimize
both skin and inhalation exposures to beryllium in the
workplace.

References

Abbas AK, Lichtman AH, Pober JS (2000) Cellular and molecular
immunology. Saunders, Philadelphia

Apostoli P, Schaller KH (2001) Urinary beryllium—a suitable tool
for assessing occupational and environmental beryllium expo-
sure? Int Arch Occup Environ Health 74:162–166

Curtis GH (1951) Cutaneous hypersensitivity due to beryllium: a
study of thirteen cases. Arch Dermat Syphilol 64:470–482

Day GA, Hoover MD, Stefaniak AB, Dickerson RM, Peterson EJ,
Esmen NA, Scripsick RC (2005) Bioavailability of beryllium
oxide particles: an in vitro study in murine macrophages. Exp
Lung Res 31:341–360

DeNardi JM, VanOrdstrand HS, Curtis GH, Zielinski J (1953)
Berylliosis: summary and survey of all clinical types observed in
a twelve-year period. AMA Arch Ind Hyg Occup Med 8:1–24

Deubner DC, Goodman M, Iannuzzi J (2001) Variability, predic-
tive value, and uses of the beryllium blood lymphocyte prolif-
eration test (BLPT): preliminary analysis of the ongoing
workforce study. Appl Occup Environ Hyg 16:521–526

Eidson AF, Taya A, Finch GL, Hoover MD, Cook C (1991)
Dosimetry of beryllium in cultured canine pulmonary alveolar
macrophages. J Toxicol Environ Health 34:433–448

Eisenbud M (1998) The standard for control of chronic beryllium
disease. Appl Occup Environ Hyg 13:25–31

Finch GL, Mewhinney JA, Eidson AF, Hoover MD, Rothenberg
SJ (1988) In vitro dissolution characteristics of beryllium oxide
and beryllium metal aerosols. J Aerosol Sci 19:333–342

Fontenot AP, Kotzin BL, Comment CE, Newman LS (1998)
Expansions of T-cell subsets expressing particular receptor
variable regions in chronic beryllium disease. Am J Respir Cell
Mol Biol 18:581–589

Henneberger PK, Cumro D, Deubner DD, Kent MS, McCawley
M, Kreiss K (2001) Beryllium sensitization and disease among
long-term and short-term workers in a beryllium ceramics
plant. Int Arch Occup Environ Health 74:167–176

Henneberger PK, Goe SK, Miller WE, Doney B, Groce DW (2004)
Industries in the United States with airborne beryllium expo-
sure and estimates of the number of current workers potentially
exposed. J Occup Environ Hyg 1:648–659

Klemperer FW, Martin AP, Van Riper J (1951) Beryllium excre-
tion in humans. AMA Arch Ind Hyg Occup Med 4:251–256

Kolanz M (2001) Introduction to beryllium: uses, regulatory his-
tory, and disease. Appl Occup Environ Hyg J 16:559–567

Kreiss K, Newman LS, Mroz MM, Campbell PA (1989) Screening
blood test identifies subclinical beryllium disease. J Occup Med
31:603–608

163



Kreiss K, Mroz MM, Zhen B, Martyny JW, Newman LS (1993a)
Epidemiology of beryllium sensitization and disease in nuclear
workers. Am Rev Respir Dis 148:985–991

Kreiss K, Wasserman S, Mroz MM, Newman LS (1993b) Beryl-
lium disease screening in the ceramics industry: blood lym-
phocyte test performance and exposure-disease relations.
J Occup Med 35:267–274

Kreiss K, Mroz MM, Newman LS, Martyny J, Zhen B (1996)
Machining risk of beryllium disease and sensitization with
median exposures below 2 lg/m3. Am J Ind Med 30:16–25

Kreiss K,MrozMM,ZhenB,WiedemannH, BarnaBP (1997)Risks
of beryllium disease related to work processes at a metal, alloy,
and oxide production plant. Occup Environ Med 54:605–612

Newman LS, Mroz MM, Balkissoon R, Maier LA (2005) Beryl-
lium sensitization progresses to chronic beryllium disease: a
longitudinal study of disease risk. Am J Respir Crit Care Med
171:54–60

Rossman MD (2001) Chronic beryllium disease: a hypersensitivity
disorder. Appl Occup Environ Hyg 16:615–618

Sackett HM, Maier LA, Silveira LJ, Mroz MM, Ogden LG,
Murphy JR, Newman LS (2004) Beryllium medical surveillance
at a former nuclear weapons facility during cleanup operations.
J Occup Environ Med 46:953–961

Saltini CS, Winestock K, Kirby BA, Pinkston P, Crystal RG (1989)
Maintenance of alveolitis in patients with chronic beryllium
disease by beryllium-specific helper T cells. N Engl J Med
320:1103–1109

Saltini C, Richeldi L, Losi M, Amicosante M, Voorter C, van den
Berg-Loonen E, Dweik RA, Wiedemann HP, Deubner DC,
Tinelli C (2001) Major histocompatibility locus genetic markers
of beryllium sensitization and disease. Eur Respir J 18:677–684

Schuler CR, Kent MS, Deubner DC, Berakis MT, McCawley M,
Henneberger PK, Rossman MD, Kreiss K (2005) Process-re-
lated risk of beryllium sensitization and disease in a copper-
beryllium alloy facility. Am J Ind Med 47:195–205

Snyder JA, Weston A, Tinkle SS, Demchuk E (2003) Electrostatic
potential on human leukocyte antigen: implications for putative
mechanism of chronic beryllium disease. Environ Health Per-
spect 111:1827–1834

Stange AW, Furman FJ, Hilmas DE (2004) The beryllium lym-
phocyte proliferation test: relevant issues in beryllium health
surveillance. Am J Ind Med 46:453–462

Stefaniak AB, Hoover MD, Dickerson RM, Peterson EJ, Day GA,
Breysse PN, Kent MS, Scripsick RC (2003) Surface area of
respirable beryllium metal, oxide, and copper alloy aerosols and
implications for assessment of exposure risk of chronic beryl-
lium disease. Am Ind Hyg Assoc J 64:297–305

Stefaniak AB, Hoover MD, Day GA, Dickerson RM, Peterson EJ,
Kent MS, Schuler CR, Breysse PN, Scripsick RC (2004)
Characterization of physicochemical properties of beryllium
aerosols associated with prevalence of chronic beryllium dis-
ease. J Environ Monit 6:523–532

Stefaniak AB, Guilmette RA, Day GA, Hoover MD, Breysse PN,
Scripsick RC (2005) Characterization of phagolysosomal sim-
ulant fluid for study of beryllium aerosol dissolution. Toxicol In
Vitro 19:123–134

Stoeckle JD, Hardy HL, Weber AL (1969) Chronic beryllium
disease. Long-term follow-up of sixty cases and selective review
of the literature. Am J Med 46:545–559

Stonehouse AJ, Zenczak S (1991) Properties, production processes,
and applications. In: Rossman MD, Preuss O, Powers MB (eds)
Beryllium: biomedical and environmental aspects. Williams and
Wilkins, Baltimore, pp 27–55

Tan MH, Commens CA, Burnett L, Snitch PJ (1996) A pilot study
on the percutaneous absorption of microfine titanium dioxide
from sunscreens. Australas J Dermatol 37:185–187

Tinkle SS, Newman LS (1997) Beryllium-stimulated release of tu-
mor necrosis factor-alpha, interleukin-6, and their soluble
receptors in chronic beryllium disease. Am J Respir Crit Care
Med 156:1884–1891

Tinkle SS, Antonini JM, Rich BA, Roberts JR, Salmen R, DePree
K, Adkins EJ (2003) Skin as a route of exposure and sensiti-
zation in chronic beryllium disease. Environ Health Perspect
111:1202–1208

Wegner R, Heinrich-Ramm R, Nowak D, Olma K, Poschadel B,
Szadkowski D (2000) Lung function, biological monitoring,
and biological effect monitoring of gemstone cutters exposed to
beryls. Occup Environ Med 57:133–139

Weston A, Snyder J, McCanlies EC, Schuler CR, Kreiss K,
Demchuk E (2005) Immunogenetic factors in chronic beryllium
disease. Mut Res (in press)

164


	Sec1
	Sec2
	Sec3
	Sec4
	Sec5
	Sec6
	Bib
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30
	CR31
	CR32
	CR33
	CR34
	CR35
	CR36
	CR37

