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Abstract. Microbially contaminated
metal-working fluid (MWF) can cause respi-
ratory symptoms in exposed workers in the
form of exogenous allergic alveolitis/hyper-
sensitivity pneumonitis (HP). The diagnosis
of HP is based, among others, on the iden-
tification of the culprit and the detection of
corresponding specific IgG antibodies (sIgG)
in the patient’s serum. Commercial antigen
tools for the detection of these HP triggers
are rarely available; therefore, antigens from
contaminated MWF workplace samples
were isolated exemplarily for diagnosis of
a suspected HP case. Various MWF-specific
bacteria were identified in the workplace
samples, including Pseudomonas oleovorans,
Pseudomonas alcaliphila, Pseudomonas spec.,
Paenibacillus glucanolyticus, and Coryne-
bacterium amycolatum. The sIgG antigen
binding, detected by ImmunoCAP system
against MWF antigens from workplace sam-
ples and against the identified bacterial anti-
gens, was much stronger in the patient serum
compared to selected reference sera. The
highest sIgG concentrations in the patient’s
serum could be determined against Pseu-
domonas antigens. Inhibition tests showed
cross-reactions of MWF and Pseudomonas
antigens, whereby the Pseudomonas anti-
gens cross-reacted less with each other. For
in-vitro diagnosis in case of suspected HP
caused by contaminated MWEF, workplace-
related antigens are now available.

Introduction

According to official mineral oil data for
the Federal Republic of Germany, in 2017
~ 42,000 tons of non-water-based metal-

working fluids (MWFs), so-called cutting
oils were processed. Additionally, 32,000
tons of water-based MWFs were mixed with
a general emulsion ratio of 5 — 8% oil content
with water, resulting in a total of 400,000 —
660,000 tons of water-based MWF emul-
sions [1]. Depending on the process technol-
ogy (e.g., sawing, grinding, milling, drilling,
gear cutting, thread cutting), different pro-
cessing speeds and lubricating or cooling
effects are required. Therefore, MWFs are
individually mixed with various additives
(e.g., emulsifiers, high-pressure additives,
antioxidants, biocides, etc.) and various oils
(mineral oil-based oils, oils from synthetic-
organic compounds, oils from renewable raw
materials) [5]. In addition to type IV sensiti-
zation of the skin (MWF contact dermatitis),
which can be induced by chemical compo-
nents such as biocides, emulsifiers, or metal
components [10], water-based MWFs can
cause allergic-respiratory problems of type
III/TV sensitization in the form of hypersen-
sitivity pneumonitis (HP). Mostly symptoms
of flu and/or respiratory outbreak were re-
ported in exposed employees 6 — 12 hours
after exposure and can mostly be attributed
to microbial colonization of MWF.

The diagnosis of acute/subacute and
chronic HP can be established if six diag-
nostic features are fulfilled. These include
detection of an offending antigen exposure,
exposure- and/or time-dependent occur-
rence of symptoms, clevated specific IgG
antibodies titer to an appropriate antigen
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in serum, inspiratory crackles on physical
examination, high-resolution computed to-
mography pattern of HP, and decreased oxy-
gen saturation at rest and/or under exercise
or limited diffusion capacity. If all six cri-
teria are fulfilled, an HP is manifest. If one
of the above criteria is missing, it may be
replaced by one of the following: lymphocy-
tosis in bronchoalveolar lavage (BAL), his-
topathological findings of the lung compat-
ible with HP, improvement after avoidance
of suspected exposure, positive inhalation
exposure or provocation test. These diag-
nostic criteria were defined in 2007 by the
HP working group of the German Society
for Pneumology and Respiratory Medicine
(DGP) and the German Society of Allergol-
ogy and Clinical Immunology (DGAKI)
[26] and were largely adopted in a current
position paper of the European Academy of
Allergy and Clinical Immunology (EAACI)
for occupational HP [19].

The detection of causative triggers/an-
tigens as well as specific IgG in serum are
therefore important criteria for both diagnosis
and assessment of the course of disease. The
comprehensive spectrum of known or com-
mon HP antigens has been published in detail
[18, 25, 27]. The most common sources of
HP antigens are animal proteins (globulins/
feathered albumin, trigger in avian lung),
while metal salts and low-molecular chemi-
cals (isocyanates [24], phthalic anhydrides,
pharmaceuticals, and antibiotics) occur in the
occupational environment. Rather rarely de-
scribed are plant proteins (e.g., cabreuva wood
[2]) as triggers of HP. In contrast, moulds and
bacteria are frequently described as elicitor of
HP. With regard to molds especially occupa-
tional exposure is known as potential HP trig-
gers, e.g., in garbage-workers [11], during
building-restoration, during cheese-sausage
production [17], and in agriculture. Bacterial
antigens are often co-localized with mold an-
tigens but could be also detected solely, e.g.,
in humidifier systems, in hot tubes and table-
top fountains [14], and MWFs [16]. In case
of MWF-HP, the most frequent antigens arise
from bacterial contamination of water-based
MWEFs. In a study investigating 100 samples
of water-based MWFs with additional pre-
serving agents, microbial colonization (> 102
to > 107 cfu/mL) could be measured in 60%
of the samples [7].

Although some, partly potent, MWF an-
tigens are known, the selection of commer-
cially available IgG antigens is very limited.
In this paper, the different steps of antigen
identification and testing in the context of
in vitro diagnosis are described on the basis
of a suspected HP case report of an exposed
worker.

Production of in-vitro
diagnostics from MWF
workplace samples

A 38-year-old male employee com-
plained of typical symptoms of HP after sev-
eral years of working as a machine operator
in a metalworking company. Consequently,
information with respect to suspicion of oc-
cupational HP was reported. In the course
of diagnostic workup, specific IgG antibody
concentration against antigens from the
MWF samples should be measured in the se-
rum of the exposed patient.

For this purpose, a total of four MWF
samples were taken from different work pro-
cesses or machines by an occupational safety
specialist from the Institute for Occupational
Safety of the German Social Accident Insur-
ance (IFA). The microbiological analysis
was carried out by cultivation on casein-
soya-peptone-agar (CASO) plates at IFA.

In parallel, antigen preparation of MWF
samples was conducted at the Institute for
Prevention and Occupational Medicine of
the German Social Accident Insurance (IPA).
The MWF samples were sedimented, super-
natants were removed and stored for further
antigen preparation (supernatant fraction).
MWEF pellets were suspended with extraction
buffer and subsequently treated by ultrasonic
bath to disrupt cell membranes of microbial
material. Cell debris and insoluble particles
were settled by further centrifugation, ex-
tracted antigens remained soluble in the buf-
fer (MWF pellet fraction). On the other hand,
antigens from four MWF supernatants were
precipitated with 80% acetone (final) and re-
suspended in phosphate buffer (MWF super-
natant fraction). The biochemical analysis of
the extracted antigens (pellet and superna-
tant fraction) included the quantification of
the proteins by modified Bradford method
and the qualitative analysis of the proteins in
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Proteins extracted from four metalworking fluid (MWF) samples. A: Silver stain of SDS-PAGE;

B: slgG blot with serum of MWF-exposed patient; C: slgG blot with non-exposed reference serum. Lane 1 -4
proteins from MWF pellet fraction (MWF-13 — MWF-16), lane 6 — 8 proteins from MWF supernatant fraction

(MWF-13 — MWF-16).

Table 1. Serological results — slgG concentrations to KSS antigens.
Serum KSS-13 KSS-14 KSS-15 KSS-16 HSA
bg449 bg450 bg451 bg452 Ro401
I9G (mga/L) | 19G (mga/L) | 19G (mga/l) | 19G (mgu/l) | 19G (mga/L)
KSS-exposed person 141.00 104.00 76.90 24.00 11.00
Reference serum 5.45 5.61 OGS 5.21 6.16

SDS-silver-PAGE. All four MWF workplace
samples (MWF pellet fraction and MWF su-
pernatant fraction) contained antigens that
were visible in silver-stained gel electropho-
resis in the range of 5 — 100 kDa (Figure 1A).

The qualitative antigen characterization
was performed as described [12] by sIgG blot
with serum of the occupationally exposed
patient and a non-exposed subject as refer-
ence (Figure 1B, C). Clear IgG binding to
antigens was seen with serum of the MWF-
exposed patient (Figure 1B), with dominant
markers of the protein bands at 10, 15, 27,
60, and 100 kDa and further protein bands
in the pellet and supernatant fractions. The
reference serum tested for the same protein
extracts (Figure 1C) showed only weak IgG
bands on proteins of the MWF pellet frac-
tion. Overall, serological IgG binding of the
exposed subject was significantly stronger
compared to the reference serum.

The IgG binding strength to antigens from
pellet and supernatant fractions was compa-
rable in patient serum, therefore both frac-
tions were combined, biotinylated according
to a standard method [23], and coupled to the
ImmunoCAP solid phase via biotin-streptav-
idin affinity. The measured sIgG response in
patient serum was stronger on MWF samples
13 and 14 than on MWF samples 15 and 16
(Table 1). The slgG concentrations against

three of the four samples were significantly
higher with 77 — 141 mg,/L in the patient
serum compared to the reference serum with
5.5 — 5.7 mgu/L. The highest sIgG response
was measured in MWF samples 13 and 14.

Identification of MWF-specific
bacteria

The microbial analysis of the four MWF
workplace samples was carried out after
cultivation at IFA. Clearly identified micro-
organisms (DNA sequencing or 1d Maldi se-
quencing) were then cultivated and harvested
for antigen preparation on at least ten CASO
agar plates each. The bacterial material was
prepared for antigens in the IPA using Pre-
cellys lysing kit (SK38) and ultrasonic bath
to prepare soluble proteins as described [12].
The qualitative and quantitative protein and
antigen analysis of the bacterial isolates was
performed as described above for the MWF
antigens.

The following prominent bacterial spe-
cies were identified: Pseudomonas oleovo-
rans, Pseudomonas alcaliphila, Pseudomo-
nas spec., Paenibacillus glucanolyticus, and
Corynebacterium amycolatum. The amount
of extractable proteins was in the range of
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Figure 2. Proteins extracted from metalworking fluid (MWF) bacterial isolates. A: Silver stain of SDS-
PAGE; B: slgG blot with serum of MWF exposed patient; C: slgG blot with non-exposed reference serum.
lane 1: Pseudomonas oleovorans, lane 2: Pseudomonas alcaliphila, lane 3: Pseudomonas spec., lane 4:
Paenibacillus glucanolyticus, lane 5: Corynebacterum amycolatum.

Tab. 2. Serological results — slgG concentrations to bacterial isolate antigens.

Pseudomonas | Pseudomonas | Pseudomonas | Paenibacillus | Corynebacterium HSA
alcaliphila oleovorans spec. glucanolyticus amycolatum Ro401
bg457 bg471 bg455 bg454 bg456 1gG (mgp/L)
19G (mgp/L) 19G (mgp/L) 19G (mgp/L) 1gG (mgp/L) 1gG (mgp/L)
KSS-exposed person 615.00 142.00 153.00 29.50 15.40 11.00
Reference
collective (n = 20) 15.37 20.16 12.24 13.03 8.58* 2.75
95" percentile*

* Reference serum (n = 1)

milligrams with protein concentrations be-
tween 1 and 2 mg/mL. An exception was
Corynebacterium amycolatum, here only
microgram amounts could be extracted. The
protein spectra of the bacteria were individu-
ally different in the molecular weight range
of 5—100 kDa (Figure 2A). A qualitative IgG
detection of the bacterial antigens by immu-
noblot with the serum of the MWF-exposed
patient showed a significantly stronger sIgG
antigen binding compared to a reference se-
rum (Figure 2 B, C). Overall, the sIgG bind-
ing strength was stronger against Pseudomo-
nas species than against Paenibacillus and
Corynebacterium. This was seen in both sera
independent of exposure. The highest sIgG
concentration (Table 2) — determined with
the ImmunoCAP system — was measured in
the patient serum against Pseudomonas alca-
liphila with 615 mg,/L. In comparison, the
maximum value and 95% quantile value of
a newly tested reference collective including
n = 20 healthy adults were 15.56 and 15.37
mga/L, respectively.

Analysis of cross-reactivity
among MWF and bacterial
antigens

Potential cross-reactions of antigens and
bacterial isolates were investigated by Im-
munoCAP inhibition tests. Therefore, one
antigen was coupled to ImmunoCAP solid
phase, and sIgG binding in patient serum
was inhibited by pre-incubation of another
antigen in liquid phase (so-called inhibitor).
The reduction of sIgG binding to antigen
solid phase was calculated compared to pre-
incubation with PBS instead of inhibitor.

Specific IgG binding to MWF antigens
(from sample 14) was reduced each by at
least 70% by pre-incubation of serum with
Pseudomonas antigen extracts (Figure 3A).
This can be seen as evidence for Pseudomo-
nas contamination in MWF sample. How-
ever, since the slgG binding of the patient
serum was not completely inhibited by a
single Pseudomonas species, an additive an-
tigen effect could be possible or additional,
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slgG inhibition test with patient serum. A: Metalworking fluid antigens (solid phase) with differ-

ent bacterial antigens as inhibitors; B: Pseudomonas alcaliphila antigens (solid phase) with different

Pseudomonas antigens as inhibitor.

not yet identified antigens are included in
MWF samples. With Paenibacillus antigens
as inhibitors, sIgG binding to MWF antigens
was reduced by only 9%. This indicates that
microbial cultivation alone does not provide
any indication of the quantitative composi-
tion of the MWF antigens. There could be
confounders in selection of culture media
conditions or cultivation period that promote
growth of some microbial species but is sub-
optimal for other species.

Due to the low protein concentration of
the Corynebacterium antigen extract and also
the low sIgG concentration in the serum of
the MWF exposed to Corynebacterium anti-
gens, this inhibition approach was not tested.

The most prominent sIgG antigen of the
MWF exposed was Pseudomonas alcaliphi-
la. Inhibition with other Pseudomonas anti-
gens showed a 43% reduction in sIgG bind-
ing for both Pseudomonas oleovorans and
Pseudomonas spec. Thus, cross-reactivity
of the Pseudomonas antigens was shown in
the MWF-exposed patient, but was below
50%. It could be concluded that the amount
of 10 pg inhibitor for autoinhibition of P.
alcaliphila to P alcaliphila solid phase
(15 pg/ImmunoCAP) was sufficient for a
complete reduction (> 80%), but the same
amount of 10 pg was not sufficient for in-
hibition with other Pseudomonas species.
This suggests that different sIgG epitopes are
present on different Pseudomonas antigens.

Discussion

The preparation of soluble proteins
from water-based MWF workplace samples
showed that potential IgG antigens were
present. The quality of MWF and bacterial
antigens was determined by sIgG immunob-
lot. But why is it important to quantify con-
centration of sIgG in patient serum? In prin-
ciple, the presence of slgG antibodies is not
a marker for the disease per se, and absence
of sIgG antibodies does not exclude an HP.
However, an increased sIgG concentration in
patient serum compared to reference serum/
reference collective indicates exposure. With
corresponding clinical symptoms of an HP
and a positive sIgG result, the probability of
an HP is higher in an exposed patient com-
pared to a non-exposed patient [9, 15].

In order to make a valid statement regard-
ing measured slgG concentrations, a well
characterized reference collective is impor-
tant [20]. In the suspected HP case presented
here, 20 randomized control sera from a sIgG
reference value study [20] were tested for
MWEF bacterial isolates. The sIgG concentra-
tion on Pseudomonas alcaliphila measured
in patient serum was 30 times higher than the
maximum value or the 95% quantile value of
the reference collective and can therefore be
evaluated as a positive criterion for an MWF
HP. Based on a reliable diagnosis of HP, tai-
lored therapies and prevention strategies can
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take place [13]. Quantitative test systems such
as ImmunoCAP, Immulite, and Sandwich
ELISA are usually more sensitive compared
to exclusively qualitative test systems such
as Ouchterlony [25, 18]. However, the slgG
concentrations of different test systems should
never be compared directly, as there are sig-
nificant, test-specific differences [30].

Pseudomonas fluorescens and Pseudo-
monas aeroginosa, Ochrobactrum anthropi,
Actinobacter Iwolffii, Mycobacterium immu-
nogenum, Mycobacterium chelonae and My-
cobacterium gordonae have been described
as triggers of HP in exposure to MWF [15,
18, 25]. Pseudomonas and Mycobacteria
antigens were found to be particularly domi-
nant in MWF antigens [3, 22, 27, 28, 29, 32].
In the present case, no Mycobacteria were
identified, but pseudomonads (Pseudomonas
oleovorans, Pseudomonas alcaliphila, Pseu-
domonas spec.) were identified by microbial
cultivation and subsequent mass spectromet-
ric analysis. High concentration of sIgG in
patient serum against Pseudomonas antigens
as well as strong inhibition with Pseudo-
monas antigens on MWF demonstrated the
dominant role of Pseudomonas antigens.

How often do Pseudomonas species oc-
cur in workplace samples of water-based
MWEF? The investigation by Dilger et al. [7]
showed that ~ 70% of identified microbial
contaminations in MWF samples were Pseu-
domonas species. A further extensive evalu-
ation (summarized in DGUV Information
209-051 [6]) of 1,500 air or MWF samples
from exposure database MEGA of IFA also
identified pseudomonads as typical MWF
germs. Pseudomonas oleovorans and Pseu-
domonas alcaligenes were identified in more
than 20 MWF samples and Pseudomonas
aeruginosa in 10 — 19 MWF samples. Myco-
bacteria of the species immunogenum, chelo-
nae, gordonae were identified less frequently
(< 10/1,500 samples) in MWF samples.

The identification of Mycobacteria in
MWF samples is difficult by classical agar
cultivation, but can be optimized with PCR-
based test systems [31]. In MWF samples
from ten metal processing plants (USA and
Canada) examined using PCR-based tests,
95% of samples showed contamination with
mycobacteria. However, the detection of
exposure to mycobacteria, pseudomonads
and other microorganisms alone is not suf-

ficient for a diagnosis of HP. Important is a
standardized, cultivation-independent test of
relevant MWF HP antigens, and even more
precise would be a biochemical identifica-
tion of individual IgG-binding proteins [21].
In a corresponding study, Roussel et al. [21]
identified six IgG-binding proteins from My-
cobacterium immunogenum and expressed
these antigens recombinantly for serological
IgG diagnostics.

However, since normally neither major
antigens (mostly proteins or glycoproteins
relevant for IgG binding) nor commercial
test solutions are known for new or rare an-
tigen sources, it is important to use validated
and standardized materials and extraction pro-
cesses when producing allergen extracts [4, 8].
This starts with optimal cultivation conditions
of the bacteria to be tested regarding culture
media, cultivation temperatures and times.
The extraction should be performed under
physiological conditions as far as possible,
whereby antigenic proteins must be protected
from enzymatic degradation by non-proteino-
genic protease inhibitors. In addition, a rapid
extraction procedure with appropriate cooling
of the extracts should be used. The antigen-
protein content should be determined and anti-
gen quality should be examined in SDS-PAGE
and by immunoblot. Antigens prepared in this
way can then be used in sensitive and quantita-
tive test systems for quantitative determination
of sIgG concentrations in patient sera.

For evaluation of measured sIgG concen-
trations, there is no general classification, as
it is common for IgE concentrations in e.g.
CAP-classes, but for each antigen a cor-
responding reference range has to be deter-
mined, as described in [20]. It is important
that reference sera are obtained from healthy
individuals without exposure to investigated
antigens. Furthermore, reference sera should
be matched with patient serum regarding
slgG to non-antigenic proteins such as hu-
man serum albumin (HSA) or maltose-binding
protein (MBP).

MWF and bacterial antigen extracts and
tests prepared for our current HP patient cor-
respond to the above mentioned criteria and
are now available for further tests of MWF-
induced HP. Additionally, a MWF antigen
screening tool was developed and testing can
be requested as well via https://www.ipa-
dguv.de/ipa/research/baproj-e/index.jsp.
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