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Abstract: Background: Occupational exposure to industrial Metalworking Fluid (MWF) col-
onized by Mycobacterium immunogenum (MI) has been associated with immune lung disease hy-
persensitivity pneumonitis (HP) in machinists. This warrants regular fluid monitoring for early de-
tection of mycobacterial proteins, especially those with antigenic potential.

Objective: To detect and identify dominant MI proteins and antigens directly from the field-drawn
in-use MWF using an integrated immunoproteomic-immunoinformatic approach.

Methods: An MI-positive MWF selected by DNA-based screening of several field-drawn MWF
samples was cultured to isolate the colonizing strain and profiled for dominant circulating
cell-free (cct) MI proteins, including antigens using an integrated immunoproteomic (1D- and 2D-
gel fractionation of seroreactive proteins combined with shotgun proteomic analysis using
LC-MS/MS) and immunoinformatic strategy.
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Results: A new MI strain (MJY-27) was identified. The gel fractionated MI protein bands (1D-
gel) or spots (2D-gel) seroreactive with anti-MI sera probes (Rabbit and Patient sera) yielded 86
MI proteins, 29 of which showed peptide abundance. T-cell epitope analysis revealed high
(90-100%) binding frequency for HLA-I & II alleles for 13 of the 29 proteins. Their antigenicity
analysis revealed the presence of 6 to 37 antigenic determinants. Interestingly, one of the identi-
fied candidates corresponded to an experimentally validated strong B- and T-cell antigen (AgD)
from our laboratory culture-based studies.
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Conclusion: This first report on dominant proteins, including putative antigens of M. immuno-
genum prevalent in field in-use MWF, is a significant step towards the overall goal of developing
fluid monitoring for exposure and disease risk assessment for HP development in machining envi-
ronments.

Keywords: Metalworking fluid, Mycobacterium immunogenum, protein, T-cell antigen, hypersensitivity pneumonitis, epitope,
HLA allele.

1. INTRODUCTION

Machining fluids, a.k.a. metalworking fluids (MWFs)
are used in metal operations for lubrication, cooling, and me-
tal removal. Modern MWF formulations are complex aque-
ous fluids that can be either oil-in-water emulsions (semi-
synthetic fluids) or water-based synthetic fluids. The com-
plexity of these fluids can favor the growth of a variety of
microorganisms, including pathogens, particularly non-tuber-
culous mycobacteria [1]. According to the National Institute
for Occupational Safety and Health (NIOSH) estimates,

about 1.2 million workers in different machining environ-
ments are potentially exposed to the aerosol mist of in-use
MWEF [2]. Machinists repeatedly exposed to microbial-con-
taminated MWF aerosols may develop respiratory condi-
tions including hypersensitivity pneumonitis (HP), asthma,
or other respiratory symptoms over a period of time [3, 4].
HP is a particularly difficult disease to diagnose because of
the inhalation of antigens [5-7]. In recent decades, several
cases and outbreaks of machinist’s HP a.k.a machine opera-
tor’s lung (MOL) have been reported in automotive plants
and other machining operations [2]. According to recent re-
views [8, 9], MWF exposure has become the most common
and recognized cause of occupational HP, having been rare
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before 2000. It is now well recognized, based on human and
animal studies, that machinist’s HP pathology can be caused
by repeated exposures to bioaerosols generated from the my-
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cobacteria-contaminated MWFs, particularly those contain-
ing Mycobacterium immunogenum that frequently colonizes
these industrial fluids [3, 10-20]. In this regard, our laborato-
ry has been instrumental in isolating multiple genotypes of
MI from different MWF samples originating from diverse in-
dustrial MWF operations [21, 22]. Despite a recognized etio-
logical role of MI in MWF-linked HP, it is not known which
cell-free circulating proteins of this agent accumulate in the
machining fluids that actually contribute to the immuno-
genicity leading to a MOL/HP lung in the exposed machin-
ists. Our working hypothesis is that M. immunogenum pro-
teins selectively induced under the prevailing field MWF
conditions contribute to the circulating antigenic pool in the
contaminated MWF. While recent efforts by us [20, 23-25]
and other labs [26] have led to identification of immunoreac-
tive proteins of MI from its laboratory-grown cultures in
defined media, nothing is known on such antigenic proteins
elaborated in industrial in-use MWF matrix. Our focus in
the current study was to detect and identify dominant MI
antigenic proteins directly from the field-drawn in-use MWF
using an integrated immunoproteomic-immunoinformatic ap-
proach. Dominant MI proteins identified using LC-MS/MS
were subjected to in silico prediction of T-cell and B-cell epi-
topes using Propred analysis and antigenicity analysis. Field
MWF-associated mycobacterial proteins and their antigenic
peptides/epitopes identified in this study could be exploited
for the development of assays for routine fluid monitoring,
including point-of-use tests/platforms to assess exposure and
disease risk in machining environments.

2. MATERIALS AND METHODS

2.1. Molecular Screening for MI-contaminated Field in-
use MWF Sample and Strain Identification

The rabbit anti-MI serum was commercially obtained.
Microbial-contaminated in-use water-based metalworking
fluid (MWF) samples used in this study were obtained from
an industrial collaborator. The samples were screened for
the presence of mycobacteria using a genus-specific PCR
method developed in our earlier studies [27] based on the 65
kilodalton heat shock protein (hsp65) gene, as elaborated in
the later part of this section. When combined with restriction
analysis, this PCR-based assay can further differentiate M.
immunogenum from closely related species of the M. chelon-
ae - M. abscessus complex [28]. A mycobacteria-positive
(Myco") MWF sample was thus selected, and a new M. im-
munogenum genotype/strain (designated MJY-27) was isolat-
ed and identified from this fluid as a part of this study. This
involved culturing the Myco+ MWF sample using conventio-
nal microbiological approach and identifying the resulting
mycobacterial isolates using morphological and DNA-based
techniques [27]. Briefly, the selected field MWF sample was
centrifuged (8000 rpm for 20 min. at 4°C), and the resulting
cell pellet was spread-plated on Middlebrook 7H10 agar
(30°C) to isolate the colonizing Mycobacterium species. The
mycobacterial nature of the colonies was tentatively identi-
fied based on colony morphology and acid-fast staining. The
putative colonies were individually grown in Middlebrook
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7H9 broth (Difco Laboratories, Sparks, MD, USA) using a
shaker incubator (30°C and 225 rpm) for further identifica-
tion and speciation using our Amplified hsp65 Restriction
Analysis (AHSPRA) method developed for the purpose
[27]. This PCR-based detection and speciation method in-
volved the amplification of a 667 bp fragment of the my-
cobacterial heat shock protein (4sp) gene using the follow-
ing primer pairs: Hsp667 Forward: (5’-GGCCAAGA-
CAATTGCGTACG-3") and Hsp667 Reverse: (5°-G-
GAGCTGACCAGCAGGATG-3’). The PCR amplicons
were identified by restriction pattern analysis using BbvI.
All the isolates from Myco+ sample were confirmed as M.
immunogenum. Further analysis of this MI isolate using am-
plicon DNA sequencing coupled with BLAST search and
multiple sequence alignment against the hsp gene’s 667 bp
sequences for the previously known MI genotypes con-
firmed it to be a new genotype (designated as MJY-27).

2.2. Preparation of Total Microbial Protein Samples Di-
rectly from field MWF Samples

Myco” MWF sample was centrifuged as above to se-
parate the cell pellet and the supernatant fractions. The cell
pellet was stored at -80°C for future use after washing thrice
with 10 mM Tris-HCI (pH 7.5) containing protease inhibitor
cocktail (Sigma, St. Louis, MO). The supernatant was fur-
ther made cell-free by filtration using a 0.22-micron sterile
filter. Filtered MWF supernatant was precipitated using 10%
TCA to isolate the total microbial proteins present in the
fluid [25]. The precipitated proteins were washed thrice with
acetone and the washed protein pellet was air-dried and sus-
pended in 10 mM Tris-HCI (pH 7.5) containing protease in-
hibitor cocktail (Sigma, St. Louis, MO). Protein concentra-
tion in this total protein extract was estimated by DC assay
(Bio rad).

2.3. Immunoproteomic Identification of MI-specific Pro-
teins in MWF

The total protein extract from the Myco' MWF sample
was subjected to 1D- and 2D- SDS-polyacrylamide gel elec-
trophoresis (SDS-PAGE). With an aim to capture antigenic
proteins, the gels were subjected to immunoblot analysis us-
ing anti-MI rabbit sera (RS) probe or human HP patient sera
(HS) probe as primary antibody (1:200) followed by reac-
tion with HRP-conjugated goat anti-rabbit antibody (1:3000
dilution) or goat anti-human IgG antibody (Sigma USA). Fi-
nally, the blot was developed by chemiluminescence detec-
tion using ECL kit (Pierce Chemical, Rockford, IL, USA).
RS probe represented anti-MI polyclonal serum raised in rab-
bits against a mixture of extracellular and intracellular pro-
tein extracts pooled from previously isolated six different
MI genotypes, namely MJY-3, -4, -10, -13, -14, and -22
[22]. HS probe was derived by pooling sera from five physi-
cian-diagnosed HP patients (machinists), as described previ-
ously [24]. Total protein extract was directly separated on
12% SDS-PAGE using the conventional 1D-gel elec-
trophoresis. The 2D-gel electrophoresis was performed as de-
scribed previously [25] with slight modifications. Briefly,
the isoelectric focusing (IEF) step was performed on a 7 cm
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immobiline dry strip pH 4-7 (GE Healthcare, Piscataway,
NJ). The strip after rehydration was focused using sequential
steps with the following parameters: step 1 (50 V, 12 h),
step 2 (100 V, 1 h), step 3 (500 V, 2 h), step 4 (1000 V, 1 h),
step 5 (2000 V, 2 h), step 6 (8000 V, 2 h). The proteins re-
solved on the IEF strip were then separated in the second di-
mension using 12% SDS-PAGE at 70 V. The 1D- and 2D-
gels were stained with SYPRO Ruby (Bio rad) for band/spot
visualization and imaging. For Western blot analysis, a re-
peat gel (each for 1D and 2D) run in parallel was blotted on-
to nitrocellulose membrane using wet transfer protocol and
analysis was performed using the anti-MI RS probe or HS
probe (generated as described above). Protein identification
by liquid chromatography-tandem mass spectrometry (L-
C-MS/MS). The immunoreactive gel bands (1D) and gel
spots (2D), picked up using direct excision and spot picker,
respectively, were destained with 50% acetonitrile (AC-
N)/25 mM NH,HCO, for 2-3 h. After reduction by 10 mM
DTT and alkylation with 55 mM iodoacetamide, the gel pie-
ces were washed with 100 mM NH,HCO,. They were dehy-
drated with ACN, dried in a SpeedVac, and subjected to di-
gestion with trypsin (Promega, Madison, WI) for 18 h at
37°C. Peptides were extracted successively with 5% formic
acid (FA)/50% ACN and 100% ACN. The dried digests
were re-suspended in 20 pl of a solution of 2.5% ACN and
2.5% FA in water and 4 pl of the digest was analyzed by
LC-MS/MS on a linear ion trap (LTQ) mass spectrometer
(ThermoFisher Scientific). Peptides were loaded onto a 100
pm x 120 mm capillary fused silica column packed with
MAGIC C18 (5 pm particle size, 20 nm pore size, Michrom
Bioresources, CA) at a flow rate of 500 nL/min. Peptides
were separated by a gradient of 5-40% ACN / 0.1% FA over
33.9 min, 40-100% ACN /0.1% FA in 1 min, and 100%
ACN /0.1% FA for 5 min, followed by an immediate return
to 2.5% ACN /0.1% FA and an isocratic hold at 2.5% ACN
/0.1% FA until the next injection. Peptides were introduced
into the linear ion trap via a nanospray ionization source and
a laser-pulled ~3 pum orifice with a spray voltage of 1.8 kV.
Mass spectrometry data were acquired in a data-dependent
“Top 10” acquisition mode, in which a survey scan from m/z
360-2000 is followed by 10 collision-induced dissociation
(CID) tandem mass spectrometry MS/MS scans of the most
abundant ions. MS/MS scans were acquired with the follow-
ing parameters: isolation width: 2 m/z, normalized collision
energy: 35%, Activation Q: 0.250 and activation time = 30
ms. Dynamic exclusion was enabled (repeat count: 2; repeat
duration: 30 sec; exclusion list size: 180; exclusion duration:
60 sec). The minimum threshold was 500. Product ion spec-
tra were searched using the SEQUEST HT search engine im-
plemented on the Proteome Discoverer 1.4 (ThermoFisher
Scientific, Waltham, MA, USA) against a curated Uniprot
Mycobacterium immunogenum database (UP000037962) in
forward and reverse orientations. Search parameters were as
follows: (1) full trypsin enzymatic activity; (2):-maximum
missed cleavages = 2; (3) min. peptides length = 6; (4) mass
tolerance at 2 Da for precursor ions and 0.8 Da for fragment
ions; (5) Dynamic modifications on methionine (+15.9949
Da: oxidation); (6) 4 maximum dynamic modifications al-
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lowed per peptide; and (7) static modification on cysteine
(+57.0215 Da: carbamidomethylation). For the 2D-gel spot
identification, peptides were filtered according to XCorr cri-
teria of 1.5, 2.0, 2.25 for singly, doubly, and triply charged
peptides, and a minimal number of peptides = 2. All protein
identification information, including the proteins that were
identified with only one peptide, are summarized in the Ta-
bles S1-S4. For the secretory proteome profiling by 1D- pro-
teomics (analyzed in duplicate using rabbit and human sera
as probe), the false positive rate of the search results was
limited to less than 1% by the Target/Decoy PSM Validator
node in the Proteome Discoverer workflow. Proteins that
were identified in both replicates with more than 2 peptides
were included for further analysis.

2.4. In-silico 1dentification of T-cell Epitopes in the Domi-
nant MI Proteins

The dominant MI proteins, including putative immunore-
active candidates identified above using LC-MS/MS were
further analyzed by subjecting their derived amino acid se-
quence to in silico prediction of T-cell epitopes using Pro-
pred I program on the Propred analysis server
(www.imtech.res.in) as described elsewhere [29]; this pro-
gram predicts promiscuous binding regions for 47 and 51 dif-
ferent HLA class I and II alleles, respectively. This allowed
us to predict the candidate T-cell antigens based on detect-
ing T-cell epitopes in their sequence.

2.5. Prediction of Antigenic Determinants (B-cell Epi-
topes) in the Identified MI Proteins

Antigenic regions (antigenic determinants) within a pro-
tein that elicit an antibody response (B-cell epitopes) were
predicted using antigenic peptide prediction tool
(http://imed.med.ucm.es/Tools/antigenic.pl) [30]. This tool's
prediction is based on the amino acid residues present in the
experimentally known segmental epitopes.

3. EXPERIMENTAL DESIGN

An overall study design and workflow is depicted in Fig.

.
4. RESULTS

4.1. M. immunogenum Genotype Isolated from the Field
in-use MWF

Screening of field-drawn MWF samples using a combi-
nation of molecular and microbiological approaches enabled
identification of the required Myco' MWF sample (Fig. 1).
Culturing the Myco+ sample followed by molecular specia-
tion yielded a new M. immunogenum isolate arbitrarily desig-
nated as MJY-27 based on our ongoing numbering scheme
for field MWF isolates. Individual colony isolates were iden-
tified using acid-fast staining (genus level) and our previous-
ly developed [27] PCR-restriction analysis method (species
level); the latter involved amplification of a 667 bp product
from the mycobacteria-specific ssp gene (Figs. 2A, B) fol-
lowed by BbvI restriction pattern analysis. Two restriction
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STUDY WORKFLOW

Selection of Myco+ MWF samples (PCR & Sequencing)

4

Immunoproteomics on released proteins in MWF
Using Anit-MI Rabbit sera or HP patients Sera
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4
| ID- immunoproteomics | | 2D- immunoproteomics
(RS Probe & HS Probe) (RS Probe)
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—)‘ Immunoinformatic analysis of 29 dominant proteins |<_

‘ Predicted T-cell antigens ”Predicted B-cell antigens ‘

Fig. (1). Overall study design and workflow.

ction bands on the gel confirmed the isolated species as M.
immunogenum (Fig. 2D). This was further confirmed by de-
termining the PCR amplicon sequence (Fig. 2C), which
showed the closest match (> 97% identity) with known M.
immunogenum sequences; however, there is a lack of abso-
lute similarity with the Asp667 amplicon sequences from
any of the known MI genotypes [27] indicating that this iso-
late is a new genotype of M. immunogenum.

4.2. Identification of Cell-free MI Proteins Predominant
in the Field in-use MWF

In 1D-immunoproteomic analysis of the total protein ex-
tract from a field-drawn MWF sample (Myco"), the im-
munoblots showed five large immunoreactive bands (light to
strong intensity) with both anti-MI rabbit serum (RS) probe
and human sera (HS) probe (Figs. 3A & B).

LC-MS/MS analysis of these immunoreactive bands led
to the identification of a total of 71 proteins (Table sheets SI
and S2). Forty-four proteins were common in both, while 15
and 12 proteins were unique to the human HP patient-sera
probe and rabbit- anti-MI serum probe, respectively. To con-
firm these and to identify any additional seroreactive pro-
teins, 2D immunoproteomics was performed using RS probe
on both Myco+ (Fig. 4A) and Myco- (Fig. 4B) MWF sam-
ples. A total of 30 seroreactivity proteins were identified in
the 2D immunoproteomic analyses for the Myco+ MWF
sample (Table S3) while the MWEF™ (negative) sample did
not react to the RS probe used.

Of these, 15 proteins were the same as detected by 1D-
proteomic analysis above (13 were detected by both RS and
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HS probes while 2 were detected by only the HS probe).
The remaining 15 seroreactive proteins were uniquely detect-
ed in 2D-proteomic analysis (Fig. 5).

We further narrowed the candidate count based on abun-
dance of the peptides (cut off >4) in LC-MS/MS analysis. A
total of 29 proteins were considered abundant. Ten of these
top abundant candidates are listed here as putative antigens
with accession numbers and protein names in decreasing or-
der of abundance: AOAONICHW4 (Dioxygenase) >
AOAON1CG85(homocysteine methyltransferase)>
AOAONICDY96 (Catalase) > AOAONILYKI1 (Dehydroge-
nase) > AOAONOKP56 (Enolase) > AOAONOKQE7 (Copper
oxidase) > AOAONILVDS (Uncharacterized protein) >
AOAONTCEWO (Adenosylhomocysteinase) > AOAONOKN-
L1 (Succinate-CoA ligase) > AOAONOKMSS (Aldehyde de-
hydrogenase).

4.3. Functional Distribution of the Abundant Proteins

The dominant proteins identified in this study were ana-
lyzed for functional clustering using the information re-
trieved from the UniProt Knowledgebase (UniProtKB)
(http://www.uniprot.org/). Functional distribution of these
proteins for biological processes (Fig. 6) showed that 32%
belonged to oxidation-reduction processes, 14% to
metabolic processes, and 46% to other processes, including
glycolytic process (7%), TCA cycle (4%), aminopeptidases
(4%), methyl transferases (4%), response to stress condi-
tions (3%), fatty acid synthesis (4%), protein synthesis (7%)
and refolding (3%), amino acid biosynthesis (4%), and nu-
cleotide metabolism (3%). The remaining 11% belonged to
the ‘unknown function’ category.

4.4. In silico Prediction of T-cell Epitopes in the Abun-
dant Immunoreactive Proteins

To predict putative T-cell antigens among the identified
29 abundant proteins from the seroreactive fractions (band-
s/spots), T-cell epitope analysis was performed using their
full amino acid sequences retrieved from the Uniprot protein
database for M. immunogenum. All 29 proteins showed
strong HLA I and HLA II binding potential, albeit with vary-
ing frequency, based on Propredl and Proped analysis for
HLA class I and II alleles, respectively. For HLA I binding
(47 alleles), all candidate proteins were found to bind with
more than 50% frequency, of which 13 candidates showed
binding to 90-100% of the alleles (Fig. 7). For HLA II bind-
ing (51 alleles), 13 of the candidate antigens could bind with
90-100% frequency, whereas only 2 candidate proteins
showed binding with less than 50% frequency.

The predicted HLA I and II binding epitopes and corre-
sponding HLA T and II alleles are presented in Table 1. The
top 10 protein IDs with binding to the highest number of
HLA T alleles (in parenthesis) in decreasing order are:
AOAONOKP56 (47) > AOAON1LWES (46) >A0AON1CBE4
(46) > AOAONILVNS (45) = AOAONILV45(45)
>A0AONICIVO (45) > AOAON1CGS85(45) > AOAONI1-
CI37(44) 2A0AON1CFU4 (44) 2A0AON1CEWO (44). The
top 10 protein IDs with binding to the highest number of
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HLAII alleles (in parenthesis) in decreasing order are:
AOAON1CGS5 (50) > AOAON1CI37 (50) > AOAON1CFU4
(50) > AOAONOKPF9 (50) > AOAONOKLTI1 (50) >

A
Acid fast staining
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AOAONICDY6 (50) > AOAONICEWO (49) > A0AONI1-
LYK1 > AOAONICHS54 (49) > AOAONILWES (48). The
protein IDs shown in bold are also part of the ‘top 10 list of

most abundant proteins’.

B
Hsp65 amplicon

M+C 1a2a3b U1 U2U3U4U5U6 U7 U8 U9 U10-C

C
Hsp6S sequence

>Hspcl-Hsp667F_A08.ab1
NNNNNNNNNNNNNNNNNNNNNNNNNNNCGNNNNTCNA
CGCCCTCGCTGACGCGGTCAAGGTGACGCTGGGCCC
CAAGGGTCGCAACGTCGTCTTGGAGAAGAAGTGGGG
CGCCCCCACGATCACCAACGATGGTGTTTCCATCGCC
AAGGAGATCGAGCTGGAGGATCCGTACGAGAAGATC
GGCGCCGAGCTGGTCAAGGAAGTTGCCAAGAAGACC
GATGACGTCGCGGGTGACGGCACTACTACCGCCACCG
TGCTCGCTCAGGCCTTGGTCAAGGAAGGCCTGCGTAA
CGTCGCCGCCGGCGCCAACCCGCTCGGCCTGAAGCG
CGGCATCGAGAAGGCCGTGGAGGCTGTTACCAGTGC
CCTGCTGGCTTCCGCCAAGGAGATCGACACCAAGGAG
CAGATCGCGGCCACCGCGGGCATCTCCGCTGGTGACC
AGTCCATCGGCGATCTGATCGCCGAGGCCATGGACAA
GGTTGGCAACGAGGGTGTCATCACCGTCGAGGAGTCC
AACACCTTCNGCCTGCAACTGGAGCTCACCGAAGGCA
TGCGCTTCGACAAGGGCTACNTCTCGGGTTACTTCGT
GACCGACGCCGAGCGACNGGAANCCGTCCTGGACGA
TCCCTACATCCTGCTGGTCAGCTCCNCNNCATGATTA
ANGTGTTGGTNNNNNCCGACGGTTATGACACCNACGA
TTCTCACCTGGCCCTGGGTCNCTGAGACCNGACCNCC
CACGGAANGNNNACCNNCGNAAAATTGCNCGCTGGCC
CNNNATCCTGCTCCCTAAGTNANNNNTC

667 bp

D
Bbvl restriction analysis

M UC U1 U2 U3 U4 US U6 U7 U8 U9 U10

Fig. (2). Isolation and identification of M. immunogenum strain MJY-27 from MWF. Panel A: Acid-fast staining confirming mycobacterial
identity of the isolate from MWF. Panel B: PCR amplification of 667 bp mycobacterial heat shock protein (hsp65) gene fragment, resolved
on agarose gel (Lane 1, 100 bp DNA ladder; Lane 2, positive control; Lanes 3, 4, & 5, different MWF samples; Lanes 6-15, unknown
colonies isolated from MWF; Lane 16, negative PCR control). Panel C: DNA sequencing result for the 667 bp PCR product. Panel D: Bbvl
restriction pattern analysis of the 667 bp PCR product generated from different colony isolates (U1-U10) as compared to the negative control
(UC, abbreviated for Uncut DNA); Results in Panels C and D confirmed the M. immunogenum identity of the mycobacterial isolate. (4 high-
er resolution / colour version of this figure is available in the electronic copy of the article).
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A B

250 kd
150 kd
100 kd RS1 HS1
75 kd
50 kd
RS2 HS2
37kd
RS3
HS3
25kd
RS4
20 kd HS4
15 kd
RSS HSS

10 kd

Fig. (3). Identification of dominant MI proteins from MWF by 1D-immunoproteomics (shot-gun approach). Panels A and B: Immunoblot
profiles for 1D-gels of total protein extract when probed using anti-MI rabbit serum (Panel A) and pooled sera from machinist HP patients
(Panel B). Lanes 1& 2, MI-positive total protein sample (50 and 100 pug per lane). The protein mixture was separated in the 10kDa-250 kDa
range on the gels and was harvested as five gel fractions (RS1-RS5 or HS1-HS5) for downstream proteomic analysis. Representative images
from multiple runs are presented. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

A B

M pH4 > pH7 M pH4 > pH7

250 kd
150 kd
100 kd

75 kd

50 kd

37 kd

25 kd
20 kd

15 kd

10 kd

Myco+ MWF Sample Myco- MWF Sample

Fig. (4). Identification of dominant MI seroreactive proteins from in-use MWF by 2D-immunoproteomics using anti-MI rabbit serum probe.
Immunoblot images of the 2D-gel profile of proteins isolated from Myco+ MWF (Panel A) and Myco MWF (Panel B) were generated using
an anti-MI rabbit serum (RS) probe. Representative images from multiple runs are presented. (4 higher resolution / colour version of this fig-
ure is available in the electronic copy of the article).
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A B
HS probe (1D) RS probe (1D)

HS probe (1D) RS probe (1D)

RS probe (2D)

Fig. (5). Venn diagrams of MI proteins identified from MWF in 1D- and 2D-immunoproteomics based on anti-MI rabbit serum (RS) probe
and human patient sera-based (HS) probe. Panel A: Proteins identified by 1D-immunoproteomics using RS and HS probes. Panel B: Com-
parison of all proteins identified by 1D- and 2D- immunoproteomics using RS and HS probes. (4 higher resolution / colour version of this
figure is available in the electronic copy of the article).

Fatty acid metabolism
Aminopeptidase 4% Methyl transferase

4% 4%  Protein biosynthesis
7%

TCA cycle

4% \
Amino acid biosynthesis .-

4%

Fig. (6). Functional distribution of the abundant MI proteins identified from MWEF. Pie-chart showing functional clustering of the abundant
proteins of M. immunogenum identified from in-use MWF. Clustering for various biological processes was done using the information re-
trieved from UniProt Knowledgebase (UniProtKB) (http://www.uniprot.org/). (4 higher resolution / colour version of this figure is available
in the electronic copy of the article).
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Fig. (7). In-silico prediction of T-cell epitopes in the identified abundant proteins. T cell antigenic epitopes were predicated using Propred1
for HLA I and Propred for HLAII alleles. Asterisk (*) Sign on the bars shows antigenic epitopes binding to more than 50-100% HLA alleles,
whereas the Number (#) sign on the bars shows epitopes binding to less than 50% HLA alleles. The Y-axis represents % binding to HLA alle-
les; the X-axis represents the MI protein IDs. (4 higher resolution / colour version of this figure is available in the electronic copy of the arti-
cle).
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Antigenic Determinants

Abundant proteins

Fig. (8). In-silico prediction of antigenic determinants (B cell epitopes) in the abundant proteins identified from the seroreactive fractions of
MI proteins. Antigenic determinants/epitopes within a protein that elicit an antibody response were predicted using antigenic peptide predic-
tion tool (http://imed.med.ucm.es/Tools/antigenic.pl). Y-axis represents number of antigenic regions found within a protein sequence ; X-
axis represents the MI protein IDs. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).
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4.5. Identification of Metal-binding T-cell Antigens

We analyzed the predicted T-cell antigens for metal-bind-
ing domains. Surprisingly, eight of the candidate T-cell anti-
gens (those showing HLA-binding T-cell epitopes) were
found to be metal binders. These proteins were predicted to
possess metal ion binding domains for metals such as Cu,
Mg, Fe, Mn, and Zn. The identified metal ion-binding pro-
teins and their corresponding domains are presented in
Table 2.

4.6. A Functionally Validated T-cell Antigen among the
Identified Dominant Antigen Candidates

One of the predicted T-cell antigen candidates (Acces-
sion # AOAON1CIJ2) identified from MWF in this study co-
incided with AgD, an experimentally validated T-cell anti-
gen reported from Laboratory-grown MI cultures in our pre-
vious studies [20, 23, 25]. Briefly, this antigen showed a
strong T-cell reactivity in the MI-exposed splenocytes from
mice, in terms of I[FN-y release in re-challenge experiments.
The antigen also activated the naive CD4" T cells as demons-
trated by ELISPOT assay for IFN-y.

4.7. In silico Predicted Antigenic Determinants (B-cell
Epitopes) in the Identified Dominant MI Proteins

The abundant proteins were analyzed for the presence of
antigenic determinants in their sequence by the method of
Kolaskar and Tongaonkar (1990) [30], which is based on the
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occurrence of amino acid residues in experimentally deter-
mined epitopes. The algorithm calculates the average anti-
genic propensity of the whole proteins, and the peptides hav-
ing an average propensity higher than one propensity of
whole protein are considered antigenic. Our results for these
abundant proteins are shown in Fig (8). The abundant pro-
teins showed antigenic determinants ranging from 6 to 37.
The top 10 antigenic proteins showing the highest antigenic
determinants (in parenthesis) in decreasing order are
AOAONI1CI37 (37) > OAONILWES (31) > AOAON1CGS85
(27) > AOAONICEWO0 (26)> AOAONILVNS (24)>
AOAONICIVO (22)> AOAONOKMS55 (22)> AOAON1CILI2
(20) >A0AONOKQE7 (20) >A0AON1LXH?7 (20). Among th-
ese, five proteins (shown in bold) were also the most abun-
dant proteins list. Furthermore, the antigen AOAON1CIJ2
with 20 antigenic determinants coincided with a pre-validat-
ed T cell antigen (AgD) in our previous study. The antigenic
epitopes of these top 10 proteins are shown in Table S5.

5. DISCUSSION

Machinists exposed to mycobacteria-colonized MWF
are at an increased risk of developing MOL/HP or other res-
piratory conditions as evidenced by several cases and out-
breaks [3, 11, 14]. M. immunogenum (MI) has been widely
recognized as the etiological agent of Machinist’s HP based
on both epidemiological [1, 2, 14] and animal model [18]
studies and many different strains of MI have thus far been

Table 1. Inmuno-informatic analysis data for the identified T-cell antigens of M. immunogenum from in-use Myco-positive MWF.

Protein ID . . Promiscuous AA Start Posi- HLAII Promiscuous AA Start
. HLALI Alleles | HLAI Binders . b . . HLAII Alleles| . b . .
(Accession Number) Epitope’ / Frequency tion Binders|Epitope’ / Frequency'| Position
A0A0 NOKKK?7 43 26 NPTLLAKAV (11) 89 45 19 LRPNIPIMI (13) 171
F8SQ63 41 32 GMLDCKNAL (11) 19 37 14 LRIKGAKDV (17) 40
AOAONILYK1* 41 24 DPIARTVTL (18) 83 49 23 IVILGAGIG (15) 49
AOAONILWNG6 29 14 EPQPELAAL(15) 30 33 9 YVLVFAVGA (13) 145
AOAONILWES 46 48 IESRYFTSL (12) 276 48 29 IKKIGVLGA (16) 318
AOAONILVNS* 45 58 LPVASVLAV (10) 80 48 27 VLLVGVRPS (21) 23
FRIKRAVTA (19) 44
AOAONILVDS 40 21 RAVTASLLL (16) 49 38 10 LKVLAKRGI (17) 111
LINVLKLRS (26) 135
AOAONILVSS 36 13 VAVVGLGGL (16) 178 45 25 IKFAGICHS (18) 34
AOAONILV45* 45 17 MTLTDGTEL (117) 117 44 22 VGRDDTVAYV (10) 176
AOAON1CPK9 35 12 VLFDAVTGL(14) 182 40 12 WRLMNLAVL (21) 45
AOAONICJVO 45 33 KPLAGKVAI (10) 209 39 17 VRFILSAKS (32) 177
AO0AONICI1J2 35 13 APVVRVSAL (20) 170 47 25 VVRVSALKA (18) 171
) IRGLDTISA (21) 535
AO0AONICI37* 44 43 LPETNIIKL(12) 77 50 37
MRPSATFNS (21) 729
AO0AONICHW4* 38 14 DPAKVAELL (16) 160 36 17 YRQLPAALQ(17) 131
IVRERVLEI (20) 69
AOAON1CH54 40 21 LPIALAHRL(16) 149 49 21
VRLDTVVLS (22) 190

(Table 1) Contd......
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Protein ID . . Promiscuous AA Start Posi- HLAII Promiscuous AA Start
) HLALI Alleles | HLAI Binders . b . i HLAII Alleles| . . b . .
(Accession Number) Epitope’ / Frequency tion Binders|Epitope’ / Frequency’| Position
VPELAGKTL (8)
AOAON1CGS85* 45 51 277,296 50 33 VVVLARALS(30) 355
WRTNLQSAL (8)
LRTISTLLD (20) 91
AOAONICFU4 44 16 TLYSSLAVL (16) 279 50 23 WRGIPIIPS (34) 212
VRFTGINRS (21) 262
AOAONICEWO0* 44 30 DPINALQAL (18) 298 49 26 VRLNIKPQV(24) 369
VQVMPVAEA
AOAON1CD96* 30 11 AGTLVREVL (10) 425 50 22 25) 257
AOAON1CBE4* 46 50 KLQERLAKL(12) 362 42 21 LVVNKIRGT(11) 259
AOAON1CBO05 40 18 ITLNRPKAL (13) 17 25 10 MMCDLITAA(8) 113
VRLRFINDS(23) 425
AO0AONOKQE7 34 20 GPGAAVRQF (10) 59 47 26 VRLRIVNAG (18) 269
LRVRTVNNL(16) 104
YRMMPRATF
AOAONOKPF9 42 33 KALLRNAEL(12) 51 50 26 (33) 342
AOAONOKPAG6 38 12 SGPLVAAVL (12) 68 9 6 IRGDFALET (7) 102
AOAONOKPS56* 47 48 AGLALFRYL (11) 125 37 18 LRIEETLGD (12) 402
TAQAKKEAL (11) 267
AOAONOKNLI1 27 12 KTPSETAKL (11), 284 28 15 LVGITPNNI (14) 144
284

AOAONOKMSS* 44 27 LSLVLSEPL 140 46 19 LVLSEPLGV(26) 141
AAVDAAKEL IRLAATAIS (41) 122

AOAONOKLT1 40 25 66 50 22
(15) VVGIRVNTI (24) 182
AOAONILXH7 39 17 FLIGGLDDL(10) 456 48 25 VVNTGNTIA (6) 78

Note: *Antigens that were also detected in 2D proteomics; a H

LA1 and II binders are the epitopes which bind to class I and class II HLA alleles; b Promiscuous epitopes are the li-

gands which bind to maximum number of alleles in query; ¢ Frequency of the promiscuous epitope to bind different alleles.
Abbreviation: AA (Amino acid).

Table 2. Identification of metal-binding protein antigens.

Binding Metal-ion Molecular
Protein ID Protein Name
Metal Ion Binding Position Weight (KDa)
AO0AONOKQE?7 Copper oxidase Cu 486-497 55.0
AO0AON1CDY6 Catalase Fe 335-335 54.688
AO0AON1CGS85 |5-Methyltetrahydropteroyltriglutamate--homocysteine methyltransferase Zn 643-643; 645-645; 728-728 81.642
o Mg 19-19; 289-289
AOAON1CH54 S-Adenosylmethionine synthase 42.815
K 45-45; 281-281
AO0AONICI37 Isocitrate dehydrogenase Mg/Mn 352-352; 551-551; 555-555 82.148
AOAON1LV45 Alcohol dehydrogenase Zn 62-76 38.294
AOAONI1LVS5 Alcohol dehydrogenase Zn 62-76 36.933
266-266; 271-271;
AOAONILVNS Probable cytosol aminopeptidase Mn 289-289; 348-348; 51.964
350-350
241-241; 283-283;
AO0AONOKP56 Enolase Mg 310-310 45,038

isolated from the in-use industrial MWF in our efforts [22]
including the current study. Despite knowledge of the etio-

logical agent, there is no reliable fluid monitoring platform
to assess the build-up of mycobacterial proteins in MWF
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and there is a pressing need to identify the offending anti-
gens of this etiological agent. These knowledge gaps have
hampered the development of exposure assessment and ear-
ly intervention strategies and diagnostic tools for machin-
ist’s HP. While some information has been generated on my-
cobacterial antigens using laboratory media-grown cultures
of M. immunogenum [25, 26], it is unclear whether the same
antigens are secreted in the machining fluid matrix and what
their abundance level is, as there are no reports yet on direct
identification of mycobacterial antigens from these indus-
trial fluids. Here, we report first identification of such
MWF-associated immunoreactive proteins directly from the
field samples of MWF containing M. immunogenum. We be-
lieve that under prevailing harsh fluid conditions in MWF,
specific cell-free proteins accumulate in the fluid, contribut-
ing to the antigen pool in the circulating MWF as well as the
resulting aerosols, something that is critical for the onset of
HP or other respiratory conditions. Identification of the most
abundant seroreactive members of this antigen repertoire
could therefore, provide a key to understanding the etiologi-
cal and personal exposure aspects of HP development and
can be exploited for developing fluid monitoring and inter-
vention strategies. The use of immunoproteomic fractiona-
tion coupled with LC-MS/MS analysis allowed the identifi-
cation of dominant putative immunoreactive proteins of MI
from the in-use field MWF. A total of 71 MI proteins were
identified (Fig. 3 and Tables S1 & S2) in 1D- immunopro-
teomics, whereas 30 were identified in 2D-immunoproteom-
ic analysis. Of these, 29 proteins were adjudged to be the
most abundant based on the number of peptides appearing in
the LC-MS/MS spectra. HP is a T-cell mediated disorder
[16, 31, 32], so the identification of T-cell antigens is critical
in understanding the pathology and diagnosis of the disease.
In order to understand whether the identified 29 abundant
proteins have T-cell antigen characteristics, we employed
the Propred analysis which has been widely used to predict
T-cell epitopes/antigens and the corresponding human HLA
alleles [29, 33, 34] that these can bind. Based on this in-sil-
ico analysis for T-cell epitopes, all 29 candidates showed epi-
topes like CD" T cell antigens. Nearly half (thirteen) of these
were strong (90- 100%) HLA I and II allele binders when
queried against 47 and 51 known alleles of HLA I and 11
available on the server; the other half had lower binding fre-
quencies ranging 20 to 90% of the known HLA alleles. Anal-
ysis for antigenicity showed the presence of multiple anti-
genic regions (antigenic determinants) in the identified abun-
dant proteins revealing their highly antigenic nature. The
identification of metal-binding T-cell antigenic proteins in
the current study is significant as it may be relevant to the de-
velopment of immune-mediated diseases such as HP. The
role of metals in antigen presentation and activation of T
cells by superantigens containing zinc binding sites such as
staphylococcal enterotoxin A (SEA) and other superantigens
has been well demonstrated [35]. Furthermore, zinc has
been shown to regulate the activation of T cells by acting as
an ionic signaling messenger [36, 37]. In light of the above
observations, the identification of metal-binding T cell anti-
gen candidates in our study from MWF is significant and
may lead to new research questions for understanding the
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machinist HP pathology. Notably, one of the predicted T--
cell antigen candidates identified in the study resembled a T-
cell antigen (Ag D) experimentally validated in our prior ef-
forts on laboratory media-grown MI cultures [20, 24]. This
indicated the functional relevance of the predicted T-cell
antigen candidates in this study. Further validation research
will focus on specific epitopes of these candidate antigens
based on their ability to activate T cells and their relevance
in HP pathology. The best peptides to use as immunogens
that can trigger an antibody response can be discovered by
the prediction of antigenic determinants by Kolaskar and
Tongaonkar (1990) method [30], which is based on the oc-
currence of amino acid residues in experimentally deter-
mined epitopes. Using this analysis, we found the most anti-
genic proteins among the 29 abundant proteins. Five of the
most abundant proteins were also among the top ten anti-
gens. The functionally validated T- cell antigen (Ag D) [20,
24] was also among the top 10 antigens. Further most of the
top antigens were also among the metal-binding proteins. In-
terestingly, the metal binder protein AOAON1CI37 was the
top scorer for antigenic determinants [36]. Therefore, these
highly antigenic protein candidates identified based on im-
munoproteomics and antigenic mapping methods will be util-
ized to functionally validate their best epitopes for the devel-
opment of fluid monitoring immunoassays and platforms.

CONCLUSION

In conclusion, this is the first report on identifying domi-
nant mycobacterial proteins directly from the industrial in-
use metalworking fluid and ascertaining their antigenic po-
tential. Among the 29 dominant proteins identified, several
showed strong HLA-binding potential, implying them as can-
didate T-cell antigens, and the presence of high number of
antigenic determinants (6 to 37), showing their potential to
trigger antibody response. In addition, metal-binding T-cell
antigens were identified for the first time from this source,
implying their potential role in machinist HP pathology.
Identified dominant proteins could be directly useful for
monitoring mycobacterial antigen load in the in-use MWF
fluids in occupational settings and may prove critical in the
development of novel point-of-use tools/platforms for rou-
tine fluid monitoring and personal exposure/risk assessment
in machinists. Furthermore, this study will open up new av-
enues to design larger epidemiological studies to understand
antigen exposure routes and intervention measures in indus-
trial settings prone to machinist lung disease.

LIST OF ABBREVIATIONS

MWF = Metalworking Fluid

MI = Mycobacterium Immunogenum

MJY-27 = Mycobacterium Immunogenum Strain
MIJY-27

CCF = Circulating Cell-free

LC-MS/MS

Liquid Chromatography—mass Spec-
trometry
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AgD = Antigen D

HP = Hypersensitivity Pneumonitis

MOL = Machine operator’s Lung

AHSPRA = Amplified hsp65 Restriction Analysis
Method

1D = One-dimensional

2D = Two-dimensional

BLAST = Basic Local Alignment Search Tool

HSP65 = 65 Kilodalton Heat Shock Protein

DC assay = Detergent Compatible Protein Assay

HLA = Human Leukocyte Antigen

LTQ = Linear lon Trap

HS = Human Serum

RS = Rabbit Serum
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