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Fig. 3.

Schematic figure of the sphingolipid metabolism in kidney.

Ceramide is involved in apoptosis, inflammation, and cell death, while S1P and dhS1P have roles in anti-apoptosis and cell surviv-
al. S1P receptors are expressed in renal mesangial cell, podocyte, glomerular endothelial cell, and tubular cell and play an import-

ant role in the sphingolipid metabolism in kidney.

Abbreviations: Cer: ceramide, S1P: sphingosine-1-phosphate, Sph: sphingosine, dhSph: dihydrosphingosine, SPHK: sphingosine

kinase, SGPL: S1P lyase, SM: sphingomyelin, SMase: sphingomyelinase, SMS: sphingomyelin synthase.

suffering from chronic kidney disease (CKD) including
chronic glomerulonephritis (CGN), arterial hypertension
(AH), and systemic lupus erythematosus (SLE). CKD is a
long-term condition where the kidneys gradually lose func-
tion. Although renal biopsy is sometimes required to diag-
nose kidney diseases, it is invasive procedure. Therefore,
developing novel noninvasive laboratory tests for the differ-
ential diagnosis of kidney diseases remains an important
task. Ceramide is reportedly involved in apoptosis, inflam-
mation, and cell death38), while S1P and dhS1P play a role
in anti-apoptosis and cell survival (Fig. 3)39742). The results
demonstrated the urinary S1P was higher in patients with
DM than in other groups, whereas dihydroS1P was lower in
the CGN and AH groups compared with control group.
Sphingosine and dihydrosphingosine were higher in the
CGN, AH, and SLE groups than in control group (Fig. 4A).
The urinary ceramides were significantly higher in the
CGN, AH, and SLE groups than in control and DM groups
(Fig. 4B). These findings indicate that the variations in uri-
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nary sphingolipids differ depending on the disease™.

Urinary glycerophospholipids and sphingolipids in
diseases complicated by renal impairment
Glycerophospholipids and sphingolipids might be linked
to both acute and chronic kidney diseases due to their bio-
active functions. We hypothesized that pathophysiological
condition associated with renal complications might alter
the levels of urinary glycerophospholipids and sphingolip-
ids. Consequently, we investigated the variations in the uri-
nary bioactive lipids in the patients with COVID-19, as
these patients often
(COVID-19-associated kidney injuries). COVID-19 patients

were categorized into three groups based on disease sever-

suffer from renal complication

ity: Those who did not require oxygen supplementation,
those who required oxygen but not mechanical ventilation,
and those who required mechanical ventilation. Significant
modulations were observed in the urinary levels of sphingo-

lipids and glycerophospholipids in COVID-19 patients
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Fig. 4. Modulations of the urinary sphinogolipids among kidney diseases.

The urinary levels of (A) sphingosine 1-phosphate (S1P), dihydroS1P (dhS1P), sphingosine, dihydrosphingosine (dhSph), and (B)
ceramides C16:0, C18:0, C18:1, C20:0, C22:0, and C24:0 by kidney disease type—chronic glomerulonephritis (CGN), diabetes
mellitus (DM), arterial hypertension (AH), and systemic lupus erythematosus (SLE)—are shown. Data are shown as the median+
95% confidence interval. *P<0.05, **P<0.01. Figure 4 has been taken from reference 43 and has been partially modified.

compared to controls. Notably, C16:0 Cer exhibited the
most rapid increase between days 4 and 6. Conversely,
C18:1 Cer, C20:0 Cer, C22:0 Cer, C24:0 Cer, Sph, dhSph,

and dhSIP showed significant decreases or a decreasing
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trend during the early phase (days 1-3) in the maximum
severity group 1, before rising again, with a notable
increase in maximum severity group 3 (see Fig. 1 in refer-

ence 44). Among the sphingolipids monitored, C18:0 Cer
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levels declined quickly from days 1 to 3. Regarding moni-
tored glycerophospholipids, including lysophosphatidylcho-
line (lysoPC), lysophosphatidic acid (lysoPA), lysophos-
(lysoPS),
(lysoPE), lysophosphatidylglycerol (lysoPG), lysophospha-

phatidylserine lysophosphatidylethanolamine
tidylinositol (lysoPI), as well as their corresponding phos-
pholipids, exhibited increased levels, with a particularly
notable rise in severe COVID-19 cases (see Fig. 2 in refer-
ence 44). The relationship between these alterations in lipid
levels and acute kidney injury in COVID-19 patients was
also explored. Elevated levels of specific ceramides and
reduced levels of SIP were associated with kidney injury,
indicating that these lipids could be used as biomarkers for
COVID-19-associated renal damage44). The findings indi-
cate that disease progression and kidney injury in COVID-
19 patients can be monitored through urinary lipid profiles.
This could lead to better clinical management and poten-
tially new therapeutic targets aimed at mitigating kidney
damage caused by the virus. The study highlights the signif-
icance of lipidomics in deciphering complex biochemical
changes in COVID-19 and their impacts on different organ

systems.

Urinary bioactive lipids in diseases unrelated to renal
impairment

Sugiomoto et al. had previously demonstrated a significant
modulation of urinary lipid mediators in acute bladder cysti-
tis”. The elevated levels of prostaglandins and leukotrienes
in the urine of patients suffering from cystitis highlight the
potential role of these lipid mediators in mediating inflamma-
tory response during acute bladder infections. These lipid
mediators might contribute to symptoms such as pain and
urinary urgency experienced by these patients. The study
also highlights the significance of other lipid mediators such
as sphingolipids, which might influence cellular signaling
pathways involved in bladder epithelial cell responses to bac-
terial infection. Our findings indicate the possible role of spe-
cific lipid mediators as biomarkers for the diagnosis of blad-
der infections and offer new insights into therapeutic
development. Targeting these lipid pathways might help in
designing novel treatments that could alleviate inflammatory

symptoms and improve patient outcomes.

Artificial intelligence (Al)-based analysis of urinary
sphingolipids

Although simultaneous analyses of urinary bioactive lip-
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ids were useful, single-component analysis indicated that
the bioactive lipid concentrations overlapped among differ-
ent diseases, and hence could not be used as definitive indi-
cators for distinguishing kidney diseases. Therefore, an
attempt at creating a machine learning model to differenti-
ate between kidney diseases based on urinary sphingolip-
ids, using a forementioned Al-based analysis method was
made. SPSS Modeler (IBM), a software application that we
have previously used, includes algorithms such as neural
networks, decision tree analysis (CHAID, Chi-square auto-
matic interaction detection, Random Trees, etc.), support
vector machines, regression analysis (logistic regression,
discriminant analysis, etc.), and Bayesian networks. It auto-
matically selects the optimal algorithm for creating the
model. The sample data were randomly divided into train-
ing and test data sets. An improvement in the prediction
accuracy and precision was observed when sphingolipids
were included as predictor variables compared to using
only existing clinical test data (age, sex, urinary protein,

urinary sediment test results, etc.)43).

Future directions

As described earlier, the LC-MS/MS method developed
by our laboratory demonstrated the involvement of urinary
lipid mediators in chronic kidney diseases and other patho-
physiological conditions. The lipidomics approach using
LC-MS/MS and Al technology on urine specimens might
contribute to understanding various diseases and has poten-
tial benefits in diagnoses and assessment (Fig. 5). Specifi-
cally, urinary bioactive lipids might offer advantages over
traditional urinary biomarkers. Profiling urinary bioactive
lipids enables the evaluation of a patient’s pathological con-
dition through simultaneous analysis of multiple compo-
nents, rather than relying on a single biomarker. For
instance, combining urinary sphingolipids with existing uri-
nary biomarkers can improve the prediction accuracy of
distinguishing kidney diseases, compared to using existing
urinary biomarkers alone (see Fig. 4 in reference 43). Addi-
tionally, a pilot analysis of bioactive lipids may lead to the
discovery of novel biomarkers for disease diagnosis and
prognosis. Previous studies have shown that urinary tetra-
nor-PGEM levels increases as DN progresses and are asso-
ciated with a decline of eGFR, even though urinary micro-
albumin remain a better marker than tetranor-PGEM for
distinguishing DN stages33).

Clinical laboratory tests are the backbone of medical care
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Fig. 5. Perspective for the clinical use of urinary lipid mediators for kidney diseases.

Schematic overview of the study. Utilizing non-invasive and easily collectible urine samples suitable for analysis, lipid mediators
were measured using LC-MS/MS. Our objective was to establish a novel testing method for diagnosing kidney disease and evaluat-
ing its severity, employing analysis methods that utilize machine learning models.

and play a crucial role as indicators for disease diagnosis,
treatment, severity assessment, and prediction of prognosis.
Traditionally, clinical tests have focused on developing and
evaluating the utility of tests such as tumor markers, that
correspond one-to-one with diseases. However, interest in
Al is on the rise, and this trend is now influencing clinical
laboratory medicine. This has resulted in the current shift
toward using Al for big data analysis to identify diseases
and pathologies from complex data sets. MS allows simul-
taneous multi-component analysis, naturally resulting in a
large volume of data. Al technology is considered efficient
for analyzing such large volumes of data. Recently, terms
like “Al,” “data science,” “big data,” and “machine learning”
have become prevalent in the field of clinical laboratory
medicine’* ™. This trend can be attributed to advancements
in computer performance and software, making them
widely and conveniently accessible.

Clinical laboratories contain vast amounts of data, and it
would be a waste not to utilize Al technology. In fact, sev-
eral studies have reported attempts at constructing high-pre-
cision automated classification systems using Al for image

analysis in applications such as deep learning-based periph-
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eral blood leukocyte classification”” " and automated clas-
sification and malignancy determination of cytology and
histology image551’ % These studies have shown promising
results and have the potential for future clinical application.
Moreover, studies incorporating real-world data for analyz-
ing the diagnosis and treatment characteristics of diabetic
kidney disease, among others, involving not only clinical
laboratory data but also various types of medical informa-
tion have been reported53). In MS, the use of Al technology
to integrate and analyze large volumes of data could enable
the identification of diseases and pathologies from new per-
spectives.

Although MS technology has significant potential for
clinical laboratory testing, there are several challenges for
their effective application in this field. First, the complexity
of the equipment and its operation poses a problem. Mass
spectrometers are expensive and require specialized knowl-
edge and skills to operate, making its widespread use costly
and demanding in terms of training of personnel. Addition-
ally, calibration and maintenance of these devices are
labor-intensive. Next, the standardization of sample prepa-

ration is crucial. Clinical samples are diverse and cannot
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often be used directly for analysis. Establishment of simple
and standardized protocols is needed as complex pre-treat-
ment processes can affect reproducibility and reliability.
Moreover, data analysis and management present signifi-
cant challenges. MS generated extensive data, that requires
advanced techniques for analysis. Proper software and data-
base infrastructure are vital for handling and interpreting
these data effectively.

Despite these challenges, the collaboration between MS
and Al holds significant potential for novel approaches.
Profiling lipid mediators in urine specimens could serve as
novel biomarkers for understanding the pathophysiology of

diseases.
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LC-MS/MS in clinical diagnostics:
Opportunities, technical hurdles, and implementation challenges
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Abstract Mass spectrometry (MS) technology, particularly liquid chromatography-tandem mass spectrometry (LC-MS/

MS), is emerging as a powerful analytical tool in clinical laboratories. This review explores the current state, challenges,

and future prospects of MS integration into routine clinical testing. We discuss the unique advantages of MS, including its

flexibility, specificity, and ability to perform multi-analyte measurements, which address several limitations of conventional

clinical assays. However, the implementation of MS in clinical settings faces hurdles such as operational complexity, cost

considerations, and regulatory challenges.

This paper examines the technical and operational issues that need to be resolved, including sample preparation, method

development, and the need for specialized training. We also highlight the roles that various sectors—including education,

healthcare, industry, and policy-making—must play in facilitating the widespread adoption of MS in clinical laboratories.

The potential of MS to revolutionize clinical diagnostics is significant, offering improved accuracy, expanded test menus,

and new insights into disease processes. The integration of MS into clinical practice represents a crucial step in enhancing

patient care and advancing medical science. This review aims to provide a comprehensive overview of the current land-

scape and future directions of MS in clinical laboratory testing, serving as a resource for laboratory professionals, clini-

cians, and researchers in this rapidly evolving field.
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1. Clinical Laboratory Testing and Mass
Spectrometry Technology

In recent years, Matrix-Assisted Laser Desorption/Ioniza-
tion Time-of-Flight Mass Spectrometry (MALDI-TOF/MS)
has been introduced for microbial identification in clinical
laboratories". Following the 2018 revision of medical fee
schedules in Japan, this technology became eligible for
insurance coverage. As a result, mass spectrometry (MS),
previously recognized primarily as a research tool, is now
emerging as a key analytical instrument in clinical testing.
In March of the same year, MS was added as a new general
term for medical devices under the Act on Securing Qual-
ity, Efficacy and Safety of Products Including Pharmaceuti-
cals and Medical Devices (PMD Act). Several MS manu-
facturers have obtained or are in the process of obtaining
medical device certification. This trend suggests an acceler-
ation in the adoption of not only MALDI-TOF/MS but also
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other technologies such as Liquid Chromatography-Tandem
Mass Spectrometry (LC-MS/MS) in clinical laboratories.
LC-MS/MS, in particular, is expected to see increased utili-
zation due to its high sensitivity, specificity, and other per-
formance characteristics well-suited for clinical testing. For
this reason, there has been much discussion about the intro-
duction of mass spectrometry technologies such as LC-MS/
MS into clinical laboratories™.

During the early stages of the COVID-19 pandemic,
many institutions were conducting PCR tests using
in-house primers and confirming virus detection through
agarose gel electrophoresis. While this approach had a
strong research aspect, it was promptly implemented to
save lives. In the future, we can anticipate similar scenarios
where research-oriented instruments and methods will be
effectively utilized to protect lives in various situations.
MS, the focus of this article, offers several advantages and
can respond to sudden demands. To effectively utilize such
technologies when needed, it is essential for us to become

proficient in their use on a regular basis.

2. Societal Changes Surrounding Clinical
Laboratory Testing

The authors consider MS, particularly LC-MS/MS, to be
a potential solution to various challenges facing clinical
laboratory testing.

Antibodies, essential for clinical testing, are traditionally
obtained from experimental animals. In recent years, there
has been growing concern for animal welfare, especially in
Western countries. Stricter regulations in many nations
have led to increased costs in antibody production4).

Additionally, the issue of crossreactivity in antibodies,
where they react with similar substances other than the tar-
get, often poses problems in clinical testing.

Moreover, recent advancements in deep learning and
machine learning techniques have enabled rapid estimation
of molecular behavior. This is expected to speed up drug
discoverys). While this expands the possibilities for patients
to overcome diseases, it also implies a rapid increase in the
number of analytes that clinical laboratories need to mea-
sure.

Given these social trends, there is a need for technologies
that allow rapid development of measurement methods and
can differentiate between similar substances. LC-MS/MS,
which fulfills these requirements, is becoming an essential

tool for next-generation clinical testing. In recent years,
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manufacturers such as Shimadzu® and Roche have been
marketing specialized LC-MS/MS systems targeting clini-
cal testing. The environment surrounding clinical labora-
tory testing has been changing dramatically in the past few
years, with the infrastructure for utilizing MS gradually tak-
ing shape.

Recently, there has been an increasing trend in including
correlation data with mass spectrometry measurements,
such as LC-MS/MS, in the basic evaluation data of IVD
reagents based on immunoassay principles. This trend
underscores the high reliability of mass spectrometry data
in clinical testing. Furthermore, some manufacturers have
begun to use GC-MS/MS for value assignment of calibra-
tion reagents, further emphasizing the growing importance
of mass spectrometry in ensuring accuracy and reliability in

clinical laboratory testing.

3. Differences from Existing Clinical Testing
Methods

3.1. Advantages
3.1.1. Flexibility

A key advantage of LC-MS/MS is its flexibility in
method development. While chemical reactions or anti-
body-based measurements often require significant time to
establish highly specific assays, MS-based quantification
can be relatively easily set up if the properties of the target
analyte are known and standard materials are available.
This characteristic allows for rapid translation of discover-

ies in basic medical research to clinical applications.

3.1.2. Specificity

One of the major advantages of MS, especially when
combined with separation techniques, is its high specificity.
Immunoassays often struggle to accurately differentiate
between structurally similar compounds, which can be
problematic in clinical settings.

In contrast, LC-MS/MS or GC-MS/MS can separate simi-
lar metabolites through column chromatography before
mass spectrometric analysis. This capability not only
reveals the limitations of existing immunoassays but also
demonstrates the ability to measure analytes with high
specificity. Furthermore, tandem MS, which connects two
MS with a collision cell, can enhance specificity by frag-
menting molecules between MSs (Fig. 1). This process can
emphasize differences between initially similar molecules,

enabling highly accurate differential measurement.
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Advantages of tandem mass spectrometry in determining approximate molecular weight.

An example where two substances of approximate molecular weight that cannot be distinguished by 1stMS can be distinguished by collision

cell cleavage of the molecule.

For example, LC-MS/MS can distinguish between siroli-
mus and everolimus, providing more accurate measure-
ments for these immunosuppressants7). Similarly, it can
specifically measure 25(OH)D, and 25(OH)D; without
interference from other vitamin D metabolites, offering a
more precise assessment of vitamin D status®.

Recent developments in ion mobility spectrometry capa-
ble of separating stereoisomers within the MS promise even
more precise analysis of biological componentsq), further
expanding the potential of mass spectrometry in clinical

laboratory testing.

3.1.3.

Different ionization methods are suited to different types

Versatility

of molecules. Common ionization techniques used with
mass spectrometers include MALDI (for MALDI-TOF/
MS), Electrospray Ionization (ESI) (for LC-MS/MS),
Atmospheric Pressure Chemical Ionization (APCI) (for
LC-MS/MS), and Electron Ionization (EI) (for GC-MS).
Biological components can be broadly classified according
to their suitability for these ionization methods, as shown in
Fig. 2. MALDI and ESI are particularly well-suited for ion-
izing biological components, making them highly versatile

methods for measuring such analytes.
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Fig. 2. Analyzable areas of various ionizations.
Characteristics of polarity and molecular weight of biological
components and the main measurable areas of various mass
spectrometry.

3.1.4. Multi-analyte measurement

A significant difference from conventional clinical testing
methods is the ability to analyze multiple analytes in a sin-
gle run. Traditional clinical tests typically use one specific
reagent for each analyte, requiring separate sampling and
reagents for each item. In contrast, MS allows for simulta-
neous quantification of multiple analytes. For example, our
group uses GC-MS to measure urinary steroid metabo-
liteslm, simultaneously quantifying multiple items to pro-
vide diagnostic information for conditions such as adrenal

hyperplasia. Fig. 3 shows the steroids that are increased in
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Overview of blood and urinary steroids and their metabolism in 21-hydroxylase deficiency (210HD).

The upper part shows blood steroids, while the lower part shows urinary steroids. Each blood steroid is metabolized into the urinary steroid
connected by a dotted line. Areas where metabolism is inhibited in 210HD are marked, and the consequently elevated urinary steroids are

shown in bold.

21-hydroxylase deficiency (210HD). This ability to provide
comprehensive profile information is a unique feature of
MS.

3.2.  Disadvantages
3.2.1. Batch processing

A key advantage of existing clinical testing methods,
such as colorimetry, is the ability to measure multiple sam-
ples simultaneously. Traditional colorimetric methods typi-
cally use a single detector with multiple reaction cells,
enabling concurrent processing of samples. In contrast,
conventional LC-MS/MS systems can only start analyzing
the next sample after completing the current one, resulting
in a significantly different throughput compared to auto-
mated analyzers using colorimetric methods.

However, recent advancements in MS technology are
addressing this limitation. Some innovative approaches
now employ multiple columns (LC) connected to a single

mass spectrometer”). This multi-column LC-MS/MS setup
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allows for simultaneous processing of multiple samples,
potentially increasing throughput.

While this multi-column strategy shows promise for
improving MS throughput, it's important to note that practi-
cal implementation may face challenges. These could
variations

include cost considerations

and potential
between individual columns. Despite these potential hur-
dles, this forward-thinking approach represents an exciting
development in the field. The future evolution of this tech-
nology could significantly impact the efficiency of MS in

clinical laboratory settings.

3.2.2. Peak detection

In current clinical testing, liquid chromatography is used
for tests such as HbAlc measurement. This test separates
hemoglobin using a cation exchange column and calculates
the HbA 1c value from the peak ratio of the HbAlc fraction.
While the instrument automatically calculates peak areas,

occasional issues with automatic detection may arise,
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requiring human verification. Since LC-MS/MS is consid-
ered a highly reliable instrument, its analysis results are
treated as highly trustworthy information. Therefore, it is
crucial to discuss and explore methods for ensuring data
reliability and enhancing the capabilities of medical staff to
verify the data.

It is important to note, however, that LC-MS/MS faces
similar challenges in peak detection as HPLC, given that
the front-end separation in LC-MS/MS is also performed by
HPLC. Issues such as peak misidentification and improper
peak integration can occur, necessitating careful attention
and potentially manual verification, even in LC-MS/MS
analysis.

Furthermore, the use of Selected Reaction Monitoring
(SRM) in LC-MS/MS introduces an additional complexity.
While SRM allows for highly specific detection of target
analytes, it also limits the view to only the specified reten-
tion times and mass transitions. This focused approach,
while beneficial for sensitivity and specificity, can poten-
tially obscure matrix effects that might be more apparent in
a full scan chromatogram. The limited visibility of the over-
all chromatographic profile could make it challenging to
identify unexpected interferences or matrix effects that fall
outside the monitored transitions.

Given these considerations, it is essential to develop
strategies that not only ensure data reliability but also
address the potential limitations of SRM in LC-MS/MS
analysis. This includes methods to identify and account for
possible matrix effects that may not be immediately appar-
ent in SRM mode. By acknowledging and addressing these
challenges, we can maintain the highest standards of data
quality and interpretation in clinical laboratory settings,
while fully leveraging the power and reliability of LC-MS/
MS technology.

3.2.3.

In the Japanese healthcare system, insurance reimburse-

Insurance reimbursement

ment for clinical tests generally requires the use of in vitro
diagnostic (IVD) reagents approved by regulatory authorities.
As mass spectrometry-based tests often lack commercially
available IVD reagents, they are typically not eligible for
insurance reimbursement. This requirement for IVD reagents,
rather than specific measurement methods, is the primary bar-
rier to insurance coverage for MS-based tests in Japan.

In contrast, Laboratory Developed Tests (LDTs) are com-

mon overseas, allowing labs to develop and profit from
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their own testing methods. While LDTs have their own
challenges, such as lack of standardization and external
quality assessment, the approach of developing and imple-
menting advanced measurement methods is considered ben-
eficial for advancing medical care. Recently, discussions
about LDTs have begun in Japan, which may lead to

changes in the future.

3.2.4. Cost

Cost is a crucial factor in introducing equipment to clini-
cal laboratories. Traditionally, LC-MS/MS has been used as
a research instrument. While existing clinical analyzers are
also expensive, the business model for selling to clinical
laboratories differs significantly from that for research labs.
Clinical laboratories perform continuous measurements, so
its common to balance costs including consumables and
maintenance contracts. This approach significantly reduces
initial costs, making it easier for clinical laboratories to
introduce new equipment.

However, simply adopting a business model that recov-
ers costs through consumables and maintenance fees, as is
common with immunoassay analyzers, may not be the opti-
mal solution for LC-MS/MS in clinical settings. While this
approach could potentially lower initial investment costs, it
would likely result in significantly higher consumable and
maintenance costs for users compared to current practices.
This increase in ongoing expenses could potentially conflict
with the previously discussed benefits of laboratory-devel-
oped tests (LDTs) in terms of cost-effectiveness.

To address these challenges, a new business model may
be necessary. One potential approach could involve manu-
facturing products using mature, relatively inexpensive
technologies, coupled with innovations to extend the lifes-
pan of the equipment. Additionally, instead of relying
solely on visible consumables for cost recovery, manufac-
turers could explore new revenue streams. For example,
they could offer value-added services such as add-ons that
simplify data analysis or provide SRM datasets for measur-
ing a wider range of substances.

This shift towards a more data-centric, service-oriented
model could help balance the need for cost recovery with
the unique advantages of LC-MS/MS technology. It would
allow clinical laboratories to benefit from the specificity
and flexibility of mass spectrometry while managing costs
more effectively. Moreover, this approach aligns better with

the potential for LDTs and the evolving needs of personal-
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ized medicine.

Ultimately, the successful integration of LC-MS/MS into
routine clinical testing will require collaboration between
instrument manufacturers, clinical laboratories, and regula-
tory bodies to develop sustainable, cost-effective solutions
that maintain analytical quality while supporting innovation

in laboratory medicine.

4. Technical Challenges to be Addressed
4.1.

Sample preparation is crucial not only for MS but for all

Sample preparation

separation analysis techniques. Analyzing samples without
proper preparation can reduce column lifespan and lead to
contamination of the ion source and ion suppression due to
the introduction of unwanted substances. These issues can
decrease instrument sensitivity and the robustness of analyt-
ical results.

While focusing on sample preparation can improve ana-
Iytical results, it also increases time, effort, and costs. In
clinical testing, where speed and cost-effectiveness are as
important as result accuracy, it's necessary to understand the
clinically acceptable level of uncertainty and thoroughly
discuss and consider the intensity of sample preparation.

In recent years, various manufacturers have introduced
automated sample preparation systems6). Standalone sam-
ple preparation devices often offer a high degree of flexibil-
ity and can perform appropriate sample preparation. On the
other hand, sample preparation systems integrated with
mass spectrometers often feature simplified preparation
methods, which may not always provide sufficient sample
preparation. However, if it can be confirmed in advance
that there are no issues with measurement accuracy, stabil-
ity, or sensitivity, simplified preparation methods should be
welcomed as they can lead to time and cost savings. It is
important to note that validation to confirm these aspects

must be conducted very carefully.

4.2.  Column separation

In clinical applications, column separation requires a bal-
ance of high resolution, low pressure, cost-effectiveness,
and robustness. High resolution is essential for accurate
analyte identification and quantification, while low pressure
operations can reduce wear on the system and extend its
lifespan. Cost-effectiveness is crucial in clinical settings
where high-volume testing is common, and robustness

ensures reliable performance over time with minimal main-
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tenance.

Similar to sample preparation, using longer columns,
specialized gradients, or unique eluents can lead to better
analytical results. However, these approaches can also
result in time loss, complexity in method development, and
reduced versatility of eluents. Its crucial to carefully con-
sider these factors in column analysis, especially in clinical
settings where time and resource management are critical.

For instance, the ability to measure various substances
using the same column and eluent is advantageous in clini-
cal laboratories. Higher column robustness can lead to time
and cost savings. While UPLC is common in research-ori-
ented LC-MS/MS, lower pressure HPLC systems are less
prone to troubles, which can be beneficial in clinical set-
tings where samples of various natures are analyzed. The
robustness of the instrument itself is also an important con-
sideration in clinical testing.

It's worth noting that there are ongoing efforts to develop
column-free separation techniques, such as ion mobility
spectrometrylz). While these methods are still in develop-
ment for clinical applications, they hold promise for simpli-
fying the analytical process and potentially reducing main-

tenance requirements in the future.

4.3.  MS-specific pitfalls

As MS detection is based on m/z calculated from exact
mass and charge number, it presents new pitfalls different
from existing measurement methods. Unlike research use,
clinical samples may contain unexpected substances due to
medication or disease states. While pitfalls in immunoas-
says using antibodies are widely recognized, MS-specific
pitfallsw’m) are likely to become apparent gradually as more
samples are analyzed.

Ion suppression and ion enhancement are often problem-
atic’”. Care is needed when analysing human samples,
which contain a wide variety of substances. In particular,
they are susceptible to influence when analysed in a short
period of time. In addition, when using deuterium as an
internal standard, it is known that exchange reactions
between hydrogen and deuterium occur in the ion source'?,
so the choice of internal standard is also important. In addi-
tion, even when using SRM, which is a feature of MS/MS,
specificity may be reduced in some cases. For example, in
the phenomenon known as crosstalk, if the product ion size

is the same, false peaks may appearm.
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4.4.  Maintenance

In clinical testing, instrument downtime can lead to inter-
ruptions in medical care, so frequent maintenance may not
always be possible. Therefore, greater robustness is
required compared to research laboratory use. Additionally,
as not all users may be experts in MS, maintenance should
be designed to be as quick and easy as possible. Moreover,

when used as a medical device, 24/7 support is essential.

5. Operational Challenges to be Addressed
5.1

Determining which analytes to measure with this tech-

Choice of analytes

nology is crucial. As shown in Fig. 1, LC-MS/MS can mea-
sure a wide range of substances, but it also has its limita-
tions as mentioned earlier. Its necessary to discuss which
analytes would best leverage this instruments capabilities,
understanding both its advantages and disadvantages. In
particular, the ability to simultaneously measure multiple
analytes in a single analysis is a major strength, and it's
desirable to choose methods that maximize this feature.

From a clinical laboratory perspective, LC-MS/MS offers
a unique advantage in its ability to establish measurement
systems relatively easily compared to immunological meth-
ods that require antibody production. Many IVD reagent
manufacturers only develop analytical methods when they
can recover investments such as antibody production. This
means that even if a disease marker shows excellent perfor-
mance, if the patient population is small, it may be difficult
to justify the cost of antibody development. LC-MS/MS has
the potential to address these hidden demands and solve
various social issues by measuring analytes that might oth-
erwise be overlooked due to economic constraints.

When selecting analytes for LC-MS/MS in clinical set-
tings, laboratories should consider not only the technical
capabilities of the instrument but also the clinical need,
potential impact on patient care, and the ability to fill gaps
in current testing methodologies. This approach can lead to
the development of novel biomarkers and more comprehen-
sive diagnostic panels that may not be feasible with tradi-

tional immunoassays.

5.2.  Development of versatile methods

Considering measurement accuracy, sensitivity, and spec-
ificity, it would be ideal to optimize columns, eluents, gra-
dients, and sample preparation for each analyte. However,

frequently changing columns or eluents can cause problems
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and lead to downtime. Developing more versatile methods
(using the same column or eluent for multiple analyses) can
reduce the frequency of these changes, leading to improved
convenience.

While the development of completely versatile methods
remains challenging, advancements in HPLC technology
offer practical solutions. Modern HPLC systems now allow
the use of multiple eluents and columns on a single device.
These features can be particularly beneficial in clinical lab-
oratory settings where large numbers of samples need to be
analyzed. By leveraging these capabilities, laboratories can
strike a balance between optimized methods for specific
analytes and operational efficiency.

For instance, automated column and solvent switching
systems can be programmed to change setups between
batches of different tests, minimizing manual intervention
and reducing the risk of errors. This approach allows for the
use of optimized conditions for each analyte or group of
analytes while maintaining high throughput and minimizing
downtime. Furthermore, some systems offer parallel analy-
sis capabilities, allowing simultaneous runs with different
conditions, which can significantly increase overall effi-

ciency in a clinical laboratory setting.

5.3. Shortage of laboratory staff proficient in MS

As MS is not yet common in clinical laboratories, there
is still a shortage of clinical laboratory technicians profi-
cient in MS techniques. To address this issue, the Japanese
Society for Biomedical Mass Spectrometry has established
a certification system. It is hoped that through such initia-

tives, correct utilization of the technology will progress.

6. Tasks for Each Sector to Promote Wide-
spread Adoption
6.1.

The educational sector needs to provide technical train-

Educational sector

ing in MS to future users (medical doctors, clinical labora-
tory technicians and pharmacist) and raise awareness about
the advantages and disadvantages of this technology. While
its essential to have operators who can actually use the
equipment, doctors and others who will make decisions
based on the results also need to understand the characteris-
tics of this method.

6.2. Medical sector

The medical sector needs to actively incorporate and uti-
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lize MS technology. One approach is to use MS as a solu-
tion to problems with existing tests. Another is to use MS to
rapidly apply discoveries from basic medical science to
clinical medicine. Through such activities, its necessary to

unlock the potential of MS technology.

6.3.  MS manufacturing and sales sector

Clinical laboratory settings have different needs com-
pared to research settings. Therefore, manufacturers need to
develop products tailored to clinical laboratory environ-
ments and establish business models that differ from those
used for research laboratory sales. As existing MS manufac-
turers may not be fully familiar with medical settings, coop-
eration between LC manufacturers already established in
clinical testing and MS manufacturers to produce and sell
clinical testing-oriented equipment could lower the barrier

to entry into the medical field.

6.4. Academic organizations and policy-making/im-
plementation sectors (Government, etc.)

Academic organizations need to promote the use of this
new technology while also developing guidelines for its
use. These guidelines should be established by experts,
cover issues anticipated in clinical laboratory use, and be
widely applicable. The Japanese Society for Biomedical
Mass Spectrometry has established a “Mass Spectrometry
Testing Standardization Working Group” to work towards
future clinical laboratory applications.

Furthermore, the policy-making and implementation sec-
tors, including the government, are required to engage in
active discussions on how to support and appropriately
apply to medical care not only MS technology but also
other advanced technologies expected to emerge in the
future.

7. Conclusion

MS technology has the potential to complement and
address some of the limitations of current clinical labora-
tory testing methods. While there are several challenges to
its widespread implementation, active discussion among
various stakeholders is expected to lead to solutions for a
range of social issues.

This technology offers unique capabilities that can sig-
nificantly enhance the field of clinical diagnostics. As we
move forward, its crucial to balance the technical advan-

tages of MS with practical considerations for clinical use.
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The journey towards integrating MS into routine clinical
practice will require collaborative efforts from multiple sec-
tors—education, healthcare, industry, and policy-making.

By addressing the challenges outlined in this review and
leveraging the strengths of MS, we can potentially revolu-
tionize certain aspects of clinical testing. This could lead to
more accurate diagnoses, better patient care, and new
insights into disease processes.

The future of clinical laboratory testing is likely to
involve a harmonious integration of traditional methods
and advanced technologies like MS. As we continue to
develop and refine these techniques, we move closer to a
future where personalized, precise, and comprehensive

diagnostic tools are readily available in clinical settings.
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Identification of Armadillo repeat-containing X-linked protein 4 (ARMCX4)
as a new serum biomarker for pancreatic cancer
using quantitative proteomic analysis with tandem mass tags
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Abstract Pancreatic ductal adenocarcinoma (PDAC) accounts for 85-90% of all pancreatic tumors. The median surviv-
al of PDAC cases is less than 6 months, and the recent 5-year survival rate is about 8%. One of the main reasons for the
poor prognosis is the lack of early diagnostic markers for PDAC. To overcome this problem and improve the outcomes of
patients with PDAC, there is an urgent need to identify highly sensitive and specific markers for early detection. CA19-9
and CEA are widely used serum markers for PDAC, but are not sufficiently accurate for use as early diagnostic markers.
In this study, we used the tandem mass tag (TMT) method to generate comparative protein profiles of culture supernatant
of PDAC cell lines, and then compared the serum levels of candidate proteins to evaluate their ability to discriminate be-
tween PDAC cases and healthy volunteers. TMT labelling and LC-MS/MS were used for comparative analyses of secreted
proteins in culture media obtained from six human PDAC cell lines to identify serum biomarkers for PDAC. In validation
studies, the discriminatory power of candidate proteins was evaluated. Among 33 candidates, ARMCX4 was identified as
a protein with increased levels in all six cell lines and was selected for further analysis. Serum sialylated ARMCX4 levels

were significantly higher in early stage of PDAC patients than in healthy volunteers and patients with chronic pancreatitis

Medical Mass Spectrometry “Laboratory Medicine” Vol. 8 No. 2

(p<<0.01). These results suggest that ARMCX4 may be a useful biomarker for detection of PDAC.

Key words: ARMCX4, CA19-9, pancreatic ductal adenocarcinoma, serum, biomarker

Introduction
Pancreatic ductal adenocarcinoma (PDAC) has a poor
prognosis and is one of the leading causes of cancer death”.

Despite improvements in therapeutic strategies, the esti-
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mated S5-year survival rate of PDAC is only 8%, mainly
because the disease is often diagnosed at a very late stagez).
Thus, there is a need to detect PDAC in patients in a pre-
symptomatic state, but a recent data compilation showed
that about 50% of cases were in Stage IV at the time of
diagnosis. Early diagnosis is difficult due to the anatomical
characteristics of the pancreas, which is a long and thin
organ located dorsal to the stomach and large intestine. This
prevents clear images of the entire pancreas being obtained
on abdominal ultrasonographyS).

The rate of patients with PDAC with subjective symp-
toms at Stage 0 or 1, for which a favorable prognosis can
be expected, is only 25%, and the positive rates of common

tumor markers such as CEA and CA19-9 are extremely low



November 2024

Medical Mass Spectrometry “Laboratory Medicine” Vol. 8 No. 2

. .. .4
in clinical pracuce)

, resulting in fewer opportunities for
referrals to a hospital. The Japanese database of PDAC
indicates 5-year survival rates of patients with diagnosis at
Stages 0 (non-invasive), A and IB of 85.8%, 68.7%, and
59.7%, respectively4), but the diagnostic rates at these
respective stages are only 1.7%, 4.1%, and 6.3%'. Patients
with a tumor of <10mm account for only 0.8% of cases”.
Therefore, detection and diagnosis of PDAC at an early
stage and earlier use of multidisciplinary therapy including
surgical resection and chemotherapy are required to
improve outcomes.

Recent developments of proteomics technology have
allowed various approaches to identification of biomarkers.
Serum/plasma proteome analyses with use of mass spec-
trometry (MS) is a useful tool to analyze peptides and pro-
teins in biological samples, and has identified many candi-
date markers’ . We have detected apolipoprotein C-1,
C4b-binding protein a-chain and prosaposin as tumor mark-
ers for PDAC, but these markers have yet to reach practical
use. In contrast, type 1 sugar chain-related markers, such as
CA19-9, DUPAN-2 and Span-1, are used in clinical prac-
tice. In the current study, a glycoprotein Sambucus sieboldi-
ana (SSA) lectin was used for comparative analysis using
the tandem mass tag (TMT) method to examine cell secre-
tory proteins and find new candidate tumor markers. An
enzyme-linked immunosorbent assay (ELISA) using SSA
lectin was established to evaluate the clinical importance of

the candidate markers.

Materials and Methods
PDAC cell lines

Human PDAC cell lines (BxPC-3, PANC-1, MIA PaCa-2,
Capan-2, Capan-1, and AsPC-1) were purchased from
ATCC.

Patient serum samples

Blood samples were obtained from 34 patients with
PDAC, 11 patients with chronic pancreatitis (PT), and 36
age/gender-matched healthy volunteers (HVs) as controls.
Samples were obtained from patients histologically diag-
nosed with PDAC and PT in the Department of General
Surgery, Chiba University Hospital, and from HVs at
Kashiwado Hospital.
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Magnetic bead sample preparation using a Glycopro-
tein Isolation Kit

Paramagnetic non-porous particles coupled with the SSA
lectin ligand (MB-SSA; Bruker Daltonics, Bremen, Ger-
many) were used to process the culture supernatant and
serum samples. Binding, washing and elution solutions
were prepared according to the manufacturer’s instructions.
MB-SSA binding solution (10uL) and PDAC cell line cul-
ture supernatant (5uL) were transferred to a 0.2-mL thin-
walled tube. A homogenous magnetic-particle solution
(10uL) was added, mixed, and incubated for Smin. The
tubes were placed in an 8X12-well magnetic-bead separator
(MBS; Bruker Daltonics) for 30s for magnetic fixation of
the MB-SSA particles. The supernatant was aspirated and
the tubes were removed from the MBS device. Washing
solution (100uL) was added and carefully mixed with the
magnetic beads. The tube was placed back in the MBS
device and moved back and forth sequentially between
adjacent wells on each side of the magnetic bar of the
device. After fixation of the magnetic beads for 30s, the
supernatant was aspirated. This washing procedure was
repeated three times. After the final washing step, the
bound molecules were eluted by incubation with 10uL
MB-SSA elution solution for 1min, before the cluate was

collected using the MBS device.

Tandem mass tag (TMT) labelling

Reduction and alkylation were performed as described
previouslys). A TMT sixplex Isobaric Label Reagent Set
(Thermo Fisher Scientific, Rockford, IL, USA) was used
according to the manufacturer's instructions. Tubes contain-
ing the different isobaric chemical tags (0.8 mg each) were
added to 41 uL of anhydrous acetonitrile and dissolved for
Smin with occasional vortexing at room temperature. TMT
solution (20uL) was added to each tube and allowed to
react at room temperature for 60 min. A volume of 4L of
5% hydroxylamine was added to each sample and the mix-
ture was incubated for 15min to quench the reaction”.
Samples were finally pooled and lyophilized. Analyses
were performed using samples of 20 4L of glycoprotein-iso-
lated PDAC cell line culture supernatant (n=6).

Protein identification and quantification by LC-MS/
MS analysis
Trypsin-digested peptides were injected into a trap col-

umn (C18, 5um, 0.3X5mm) (IonPac; Thermo Fisher Scien-
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tific, Rockford, IL, USA) and an analytical column (C18,
3um, 0.075X120mm) (C18 packed emitter column; Nikkyo
Technos, Tokyo, Japan) attached to an HPLC system (Ulti-
mate 3000; Thermo Fisher Scientific). The flow rate of the
mobile phase was 300nL/min. The solvent composition of
the mobile phase was programmed to change in 120-min
cycles, with varying mixing ratios of solvent A (2% aceto-
nitrile and 0.1% formic acid) to solvent B (90% acetonitrile
and 0.1% formic acid), as described previously9). Purified
peptides from HPLC were moved to a hybrid ion-trap Fou-
rier transform mass spectrometer (LTQ-Orbitrap XL;
Thermo Scientific) and analyzed using previously estab-
lished parameters9). A database search engine (Proteome
Discoverer; Thermo Scientific) was used to identify and
quantify proteins from the mass, tandem mass and reporter
ion spectra of peptides. Peptide mass data were matched by
searching the UniProt database (https://www.uniprot.org/
proteomes/?query=") using the search parameters: peptide
mass tolerance=2 ppm and fragment tolerance=0.6 Da, with
the enzyme parameter set to trypsin, allowing up to one
missed cleavage variable modification, methionine oxida-
tion, and cysteine alkylation. The minimum criteria for pro-
tein identification were filtered with Xcorr vs. charge state
and a false discovery rate (FDR)<<1%.

ELISA

Immobilization of antibodies on a polystyrene microtiter
plate: Anti-rARMCX4 polyclonal antibody (Proteintech
Group Inc.) dissolved in PBS buffer was dispensed into a
96-well polystyrene microtiter plate (Thermo Fisher Scien-
tific) at 0.5mg/well and incubated for 1day at 4°C. The
plate was washed three times with PBS containing 0.05%
Tween-20 (PBST). The microtiter plate was coated with
20% NOF102 containing 10% sucrose for 1 day at 4°C.

ELISA conditions: After washing the microtiter plate
with PBST, 100-xL aliquots of 10-times diluted plasma
samples were added in duplicate to wells. The plates were
incubated at room temperature for 1 h and then washed
three times. HRP-conjugated SSA lectin (Vector Laborato-
ries, Burlingame, CA, USA) in PBST (100xL) was added
to each well and the plate was incubated at room tempera-
ture for 30 min. The plate was washed three times and then
100uL of TMB solution (Roche Diagnostics) was added.
After room-temperature incubation for 10min, 100uL of
stop solution was added and the absorbance at 450 nm was

measured.
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Other procedures

CA19-9 was measured using a Lumipulse Presto CA19-9
kit (Fujirebio, Tokyo, Japan). CEA was measured using a
Lumipulse Presto CEA kit (Fujirebio).

Statistical analysis

Statistical analysis was performed using IBM SPSS Sta-
tistics 19 (SPSS, Chicago, IL, USA). Numerical data are
presented as the mean=*standard deviation (SD). Differ-
ences in non-parametric data between two groups were ana-
lyzed by Mann-Whitney U-test, with P<<0.05 considered
significant. Receiver operating characteristic (ROC) curves
were constructed to assess the sensitivity, specificity, and
areas under the ROC curves (AUCs).

Results
Identification of ARMCX4 by TMT labeling and LC-
MS/MS analysis (Table 1)

Establishment of an ELISA for sialylated ARMCX4

Within-run and between-run reproducibility: The preci-
sion of the assay was determined using two sialylated
ARMCX4 concentrations of 1.8 and 10.5AU/mL. With-
in-assay CVs were determined with eight replicates of each
sample. Between-assay CVs were determined based on
assays performed on 5 different days (two replicates of
each sample per day). The within-run CV was 7.0-9.1%
and the between-run CV was 9.4-11.6%.

Interference: Interference was assessed in samples con-
taining 10.5AU/mL sialylated ARMCX4. Potential interfer-
ence materials were added to plasma at various concentra-
tions. There was no substantial interference from
hemoglobin (up to 5000mg/L), free bilirubin (up to
207mg/L), ditaurobilirubin (up to 204 mg/L), chyle (up to
1400 formazine turbidity units, equal to 1176 mg/L tri-
glyceride), ascorbic acid (up to 500 mg/L), and rheumatoid

factor (up to 500 U/L).

Sialylated ARMCX4 levels are increased in sera of
patients with PDAC

Serum sialylated ARMCX4 levels were measured in 34
PDAC cases, 11 PT cases and 36 HVs (Table 1). As shown
in Fig. 1, sialylated ARMCX4 levels in PDAC patients (6.8
+5.0AU/mL) were significantly greater than those in HVs
(2.4£2.6AU/mL) and PT patients (2.3£3.3AU/mL)
(PDAC vs. HVs: P<0.001, PDAC vs. PT: P<0.01; Mann-
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Table 1. Protein identities revealed from mass spectrometry analysis
No. Accession Protein name MIA PaCa-2 PANC-1 BxPC-3 CaPan-1 CaPan2 ASPC-1
1 P02765 Alpha-2-HS-glycoprotein v v v v
2  B3KQK3  Calumenin v v v
3 P31944 Caspase-14 v v v v
4  P01024 Complement C3 v v v v
5 P01034 Cystatin-C v v v v
6 P81605 Dermcidin v v v v
7 P15924 Desmoplakin v v v v
8 B4DUV1 Fibulin-1 v v v v v
9 Q96RW7  Hemicentin-1 v v
10 LOR4T3 Histone H2B v v v v
11 Q86YZ3  Hornerin v v v v v
12 Q57985 Inter-alpha-trypsin inhibitor heavy chain H2 4 v v v
13 Q5T749 Keratinocyte proline-rich protein v v v v
14 QI13751 Laminin subunit beta-3 v v v v
15 Q13753 Laminin subunit gamma-2 v v v v v
16 P61626 Lysozyme C v v v v
17  P08582 Melanotransferrin v v v v
18 QS5SH9A7  Metalloproteinase inhibitor 1 v v v v
19 P80188 Neutrophil gelatinase-associated lipocalin v v v v v
20 QO96NS83 Podocalyxin v v v v
21 014944 Proepiregulin v v v v v
22 P12273 Prolactin-inducible protein v v v
23 P07602 Prosaposin v v v v
24 P41222 Prostaglandin-H2 D-isomerase v v v v
25 B4DNK4  Pyruvate kinase v v v v v
26 075326 Semaphorin-7A v v v
27  P10599 Thioredoxin v v v v
28 B3GNe6l Truncated E-cadherin v 4 4
29 D6RBJ7 Vitamin D-binding protein v v v v v
30 C9JEVO Zinc-alpha-2-glycoprotein v v
31 P81605 Dermcidin v v v v
32 P02788 Lactotransferrin v v v
33  Q5H9R4  Armadillo repeat-containing X-linked protein 4 v v v v v v

Whitney U-test). Serum sialylated ARMCX4 levels were
measured in 34 PDAC according to UICC Stage (Fig. 2).
Serum sialylated ARMCX4 levels for stage I, II, IIT and IV
were 7.0£4.6 AU/mL, 5.84.3 AU/mL, 4.8£3.6 AU/mL and
9.5+2.4 AU/mL, respectively.

Sialylated ARMCX4 is superior to CA19-9 for early
detection of PDAC

Serum levels of sialylated ARMCX4, CA19-9, and CEA
in 34 PDAC cases according to UICC Stage (Stage I: n=13,
Stage II: n=10, Stage I1I: n=9, Stage IV: n=2) and those in
36 HVs and 11 PT cases are shown in Table 2. Cutoffs for
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the three markers were set at levels that gave 95.4% speci-
ficity for PDAC compared with HVs and PT: 7.6 AU/mL,
37.7U/mL and 5.2 ng/mL for sialylated ARMCX4, CA19-9,
and CEA, respectively. In the 34 PDAC cases, the respec-
tive sensitivities of the markers were 44.1%, 41.1% and
32.3%. The sialylated ARMCX4 level was above the cutoff
in 10 (52.6%) of 19 PDAC cases in which the serum level
of CA19-9 was below its cutoff value.

ROC curves were used to evaluate the sialylated
ARMCX4 and CA19-9 levels required for distinguishing
PDAC cases from HVs and PT cases. The AUCs for distin-

guishing between cancer (PDAC) and non-cancer (HVs and
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PT) were 0.875 for sialylated ARMCX4 and 0.775 for
CA19-9. These results suggest that serum sialylated
ARMCX4 expression may be a better diagnostic PDAC

biomarker than serum CA19-9 expression (Fig. 3).
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Fig. 1. Serum sialylated ARMCX4 levels in healthy volun-
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Fig. 2. Serum sialylated ARMCX4 levels in pancreatic

ductal adenocarcinoma according to UICC Stage.

To evaluate whether sialylated ARMCX4 is useful for
early detection of PDAC, serum ARMCX4, CA19-9 and
CEA levels in patients with early stage PDAC (stages I and
II) were compared with those in non-cancer cases (HVs and
PT cases). In 24 early stage PDAC cases, the sensitivities
of sialylated ARMCX4, CA19-9 and CEA at cutoff levels
that gave 95.4% specificity were 45.8%, 29.2% and 20.8%,
respectively. The AUCs of ROC curves for distinguishing
between PDAC and non-cancer cases were 0.874 for
sialylated ARMCX4 and 0.681 for CA19-9. Taken together,
these results indicate that ARMCX4 is superior to CA19-9
as an early diagnostic biomarker for PDAC (Fig. 4).

Discussion

ARMCX4 was identified as a glycoprotein that was pres-
ent in the culture supernatant of six examined cell lines of
human PDAC. ARMCX4 is a member of the Armadillo
repeat family of proteins and is involved in tumor develop-
ment'”. In this family, ARMCXI1 has been shown to be

Sensitivity

0.2+ m— Serum sialylated ARMCX4
====Serum CA19-9

0o T T T T
00 02 04 06 08 10

1- Specificity

Fig.3. ROC analyses of serum levels of sialylated
ARMCX4 and CA19-9 between PDAC cases and
non-cancer (HVs and PT) subjects.

The AUCs were 0.875 for sialylated ARMCX4 and
0.775 for CA19-9.

Table 2. Summary of the levels of sialylated ARMCX4, CA19-9 and CEA in sera of subjects

Non-cancer Pancreatic cancer
Biomarker
HVs (n=36) PT (n=11) Stage [+1I (n=24)  Stage III (n=9) Stage IV (n=2)
Sialylated ARMCX4 (AU/mL) 2.4%2.6 2.3£33 8.0x4.9 4.8£3.6 9.5£2.4
CA19-9 (U/mL) 12.5£8.9 13.7£9.5 84.3£171.9 272.9£409.8 451.7£1368.5
CEA (ng/mL) 2.4%1.5 2.8%€1.9 5.8+10.2 7.2%10.8 8.3*x12.4

HVs=healthy volunteers; PT=pancreatitis. The levels are shown as mean=*s.d.
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Fig. 4. ROC analyses for serum levels of sialylated

ARMCX4 and CA19-9 between early stage (stages
I and II) PDAC cases and non-cancer (HVs and
PT) subjects.

The AUCs were 0.874 for sialylated ARMCX4 and
0.681 for CA19-9.

related to stomach cancer”’lz), prostate cancerm, and uri-
nary bladder cancerm, and ARMCX2 is related to stomach
cancer' ; however, there is no report of a relationship of
PDAC with ARMCX4.

Improvement of therapeutic outcomes of PDAC requires
early detection and treatment with surgical resection.
Screening tests in health checkups can be used for early
detection of many cancers, but this is challenging for
PDAC". In blood tests, an increase of hepatic enzymes is
found in many cases, and CA19-9 is also a specific marker
of PDAC'”. A nationwide study showed increases of
CA19-9 and CEA in 69.0% and 18.0% of all registered
cases of PDAC, respectively. This increase was higher in
patients with advanced cancer, and there was almost no
increase in early stage cases .

In recent years, new biomarkers have been found due to
development of proteomics technique, but many of these
biomarkers are still not used in clinical practice. Ideally in
biomarker development, control and disease groups are
compared using a semiquantitative method to select candi-
date markers in the discovery phase. Some candidate mark-
ers are then transferred to the validation phase that may
include use of an ELISA.

This approach was used in this study to identify serum
sialylated ARMCX4 as a new PDAC marker. Serum
sialylated ARMCX4 levels were 2.4%2.6, 2.3+3.3, and 6.8
+5.0AU/mL in HVs, patients with PT, and patients with
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PDAC, respectively, with a significant difference (p<<0.01)
between PDAC cases and HVs+PT cases, but not between
PT cases and HVs. In addition, 46% of patients with stage I
PDAC were positive for serum sialylated ARMCX4,
whereas only 15% of these patients were positive for
CA19-9. These results indicate that ARMCX4 is comple-
mentary to conventional markers and may be useful for

detection of PDAC in clinical practice.
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Deep learning pathway-based metabolic code for screening of Alzheimer’s disease

in postmortem cerebrospinal fluid
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Abstract Typical metabolic markers of Alzheimer's disease (AD) provide new insights leading to early diagnostic strate-
gies and laboratory medicine. The metabolomics approach can further advance this goal by discovering valuable metabolic
pathways. Metabolomics generates a huge amount of data for validating the fine characteristics in biological samples. Fine
characteristics in many fields are detected by artificial intelligence, especially, by deep learning (DL) techniques. Howev-
er, when DL is applied to huge amounts of raw data, its performance is degraded by over-training and a large number of
incorrect predictions. Here we propose an accurate low-capacity pathway-based metabolic code (PBMC) for DL of wide-
ly targeted metabolomics (W-TMet) data obtained by liquid chromatography with tandem mass spectrometry (LC-MS/
MS). The method distinguishes the postmortem cerebrospinal fluid (p-CSF) of AD patients from that of control subjects.
The W-TMet data were detected via a derivatized LC-MS/MS assay, which evaluated the diversity of 91 detectable amine
metabolites in p-CSF. After averaging and density-contrasting the exhaustive information of each metabolite, we created
PBMC images for a convolutional neural network. The AD vs. controls were distinguished with >80% accuracy. Positive
AD diagnoses were misclassified when their pathological evaluation matched that of the control sample. For a visual clari-

fication, the PBMC images were analyzed by gradient-weighted class activation mapping, which highlighted the significant

metabolic pathways of AD. Many of the AD metabolic-marker candidates were associated with tryptophan metabolism.

Key words: widely targeted metabolomics, Alzheimers disease, deep-learning, pathway-based metabolic code, tryptophan

metabolism

Introduction

The identification of biofluid-based markers for Alzhei-
mer’s disease (AD) and related neurodegenerative disorders
can accelerate the early diagnosis and treatment of such dis-

orders in clinical trials' . Cerebrospinal fluid (CSF) mark-
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ers are known as reliable indicators of dementia-related
neuroinflammation and neurodegeneration5’6). Highly sensi-
tive and selective assays can detect the typical metabolic
CSF markers in peripheral blood. Blood markers can also
enable clinical examination of the efficacy of the drug
development process and low-cost, non-invasive risk man-
agement of future progression in asymptomatic elderly peo-
ple7). Metabolites invoking an inflammatory cascade have
been especially implicated in AD and related dementia pro-
gressions). Relevant markers have identified several key
metabolites, namely, nicotinamide adenine dinucleotide,
short-chain fatty acids, cholesterol metabolism, and metab-
olites of the kynurenine pathwaygflz)‘ Although the meta-
bolic pathways related to neuroinflammation with dementia

events have been reported, how the metabolic pathogenesis
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in CSF manifests in blood remains unclear.

Biofluid-based markers of dementia can be detected
through liquid chromatography coupled with tandem mass
spectrometry (LC-MS/MS), which has become an import-
ant tool in metabolomics” > Metabolic behavior in bio-
logical samples has been probed with untargeted and/or tar-

geted metabolomics approachesm).

Although untargeted
metabolomics based on LC-MS assay have identified new
markers of pathological states, many challenges remain,
such as poor identification of chemicals in databases, over-
whelming numbers of unidentified peaks, limitations of
data acquisition, and huge datasets containing many chemi-
cal candidates. Thus, accurate identification of the chemi-
cals in a metabolic pathway is a challenging task'”. Previ-
ously, we performed an LC-MS assay of untargeted
metabolomics and identified the polyamine pathway in the
AD brain'. However, identifying a few or unidentified
metabolic pathways among the 5000 detectable peaks in the
large LC-MS dataset consumed much time and effort'™"?.
To improve the detection efficiency, we derived a new
LC-MS/MS assay for semi-untargeted metabolomics and/or
widely targeted metabolomics (W-TMet) that distinguishes
between AD and controls in biological samples such as
postmortem CSF (p-CSF)ZO’zl). For W-TMet, we can
reframe the derivatized LC-MS/MS assay to evaluate the
diversity of the numerous metabolites in biological sam-
ples. To this end, we chemically tagged the function-
al-group selectivity22724). Nevertheless, the finely fluctuat-
ing characteristics of biological samples are difficult to
discern among the vast numbers of quantitative metabolites
generated in W-TMet. A promising technique for analyzing
the characteristics of metabolomics is artificial intelligence.
As representative classification technology, machine learn-
ing was first attracted attention™. Although, these methods
can be employed easily, efficiently, and simply without
human error, these are needed to careful tuning of hyperpa-
rameter, and the risk of over-training cannot be avoided
resulting increased likelihood of incorrect predictions on
huge amounts of raw data. In addition, it is difficult to inter-
pret the factor that leads to classification for mechanistic
aspect. Variable experimental settings and differences
among the calculated values of W-TMet from detectable
peaks in W-TMet lead to a non-ideal distribution that devi-
ates from the predefined assumption in learning. Herein, we
devise a convolutional neural network (CNN) that detects

metabolic pathways among W-TMet data using an accurate,
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efficient, easily implemented deep learning (DL) path-
way-based metabolic code (PBMC) from laboratory medi-
cine. Sharma et al. developed a CNN-based approach that
transforms omics data into the adjacent pixels of a two-di-
mensional (2D) input-feature matrix based on RNA-Seq
data in biological laboratory’s grad626). The CNN-based
methodology of Lopez-Garcia et al. transforms individual
RNA-Seq data into gene-expression 2D-images and lever-
ages the information extracted from various tumor samples
for in vitro"". The researchers reported that a CNN not only
sorts 2D-images more accurately than DL engineering but
also transfers the acquired knowledge to other applications
such as clinical diagnosiszs’Zg).

The present paper discusses W-TMet based on a derivat-
ized LC-MS/MS assay of patients’ biofluids. Applying the
PBMC, we adjust the quantitative values and contrasting
density in 2D-images to fit the exhaustive information and
determine the concentration of each metabolite of interest.
We first validate the individualized PBMC on a metabolic
model mimicking a pathological picture, which corre-
sponds to DL-based AD classification using a CNN in labo-
ratory’s small scale. We then validate the proposed method
on confirmed p-CSF samples. Accurate discovery of the
metabolic pathway is essential for visualization by gradi-

ent-weighted class activation mapping (Grad-CAM).

Materials and Methods
Materials

A comprehensive metabolic analysis was performed on
121 target metabolites using those of standards and 33
internal standards (ISs) obtained from well-known reagent
companies in Supplement infromation. 9-Fluorenylmethyl
chloroformate (FMOC),
(NaHCO,), distilled water for amino acid analysis, ethanol
(HPLC grade), acetonitrile (HPLC grade), and formic acid
(FA) (LC/MS grade) were obtained from Fujifilm Wako
Pure Chemical Co. (Osaka, Japan). Purified water obtained
from a PURELAB Flex 5 system (ELGA, London, UK)

was used in all experiments.

sodium hydrogen carbonate

LC-MS/MS equipment and condition

The derivatized LC-MS/MS assay for W-TMet was per-
formed on an ACQUITY UPLC H-Class PLUS device cou-
pled to a triple quadrupole mass spectrometer (Xevo TQD,
Waters, Milford, MA). Reverse-phase chromatographic sep-

aration was achieved by gradient elution on an ACQUITY
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UPLC BEH C18 column (1.7 um, 2.1 X 150 mm; Waters) at
a column temperature of 50°C. The LC-MS/MS conditions
are shown in the Supporting Information. The retention
times (#,) and peak areas under the chromatograms were
determined using the multiple reaction monitoring (MRM)
method. The MRM transitions and MS parameters (colli-
sion energy and cone voltage of each analyte) were experi-
mentally determined using analytical standards. The dwell
time was automatically set by the software. The detailed
MS/MS parameters of the 121 analytes and 33 ISs are
shown in Table S1.

Derivatization of the amine metabolites

A stock solution containing 1004M of each standard was
prepared by diluting the mixed standard solutions with
50:50 (v/v) ethanol/water. The working solutions and pre-
treated p-CSF samples were derivatized using FMOC
reagent as previously reported. Preparations of 0.1M
NaHCO; in water (pH 9.0) and 40mM FMOC in acetoni-
trile were successively added to the reaction mixtures. After
leaving the resulting alkaline mixtures at room temperature
for 10 min, the derivatization reaction was stopped by add-
ing 1% FA in 50:50 (v/) acetonitrile/water, creating an
acidic condition. The solution was removed in a CVE-3110
centrifugal evaporator (EYELA, Tokyo, Japan) and the resi-
due was dissolved in the LC mobile phase. A 5-uL aliquot
of each solution was analyzed via LC-MS/MS assay.

Sample information and p-CSF sample preparation
The bioanalysis was authorized by the Ritsumeikan Uni-
versity ethics panel (BKC-LSMH-2022-035). Thirty-eight
human p-CSF samples collected from controls (#=23) and
AD patients (n=15) with pathological evaluations after
autopsy were provided from the Fukushimura Brain Bank
at Fukushimura Hospital30’3l). The subjects were confined to
patients with a diagnosis of gradual premortem memory
loss and visual confirmation of plaques and/or tangles in
the brain. Characteristic senile plaques (SP) and neurofibril-
lary tangles (NFT) in the p-CSF samples were evaluated
based on their three-stage (A, B, C) and six-stage (I-VI)
Braak scores, respectively. The pathological information of
the patients (age, gender, and severity of SP and NFT pro-
gression) is summarized in Table S2. The preparation of the

p-CSF samples is given in the Supporting Information.
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CNN -based DL methodology

LC-MS/MS quantitative data (Supplement Information)
were input to a CNN, which not only detects the complex
and hidden features (e.g., micro-metabolic fluctuations on
the pathway) but also considers the neighborhood informa-
tion by extracting features from the adjacent pixels. These
features cannot be captured by classical statistical methods
using numeric data. The proposed DL-based metabolomic
analysis proceeds as follows: (1) conversion of non-image
metabolomic data to 2D PBMC images, (2) classification of
the AD and control groups in the CNN architecture, and (3)
extraction of the PBMC features using Grad-CAM to obtain
the overall activated regions. This supervised CNN model
was built using Python 3.11.2 with keras. The Python pack-

age used in this study can be installed from Anaconda.

Making PBMC for CNN

Individualized PBMC images of the patients were made
using a Visual Basic for Application (VBA) program devel-
oped in Excel software (version 2301, Microsoft). The
images were built in three steps as follows (Fig. 1(a)). In
step 1, each group of metabolites was aligned based on met-
abolic pathways in the Kyoto Encyclopedia of Genes and
Genomes database, creating a PBMC with 7 X 18 squares
(126 cells). In step 2, each cell of the detected metabolites
was normalized to a value between — 1 and 1 inclusive. In
step 3, the 2D metabolic code was colored by the calculated
values. Along the color gradient, red denoted a value of 1
or higher, white denoted 0, and blue denoted a value of — 1
or lower (that is, x > 1: red, 0: white, x < — 1: blue). The
undetected and unquantified compounds were colored
black. This well-organized PBMC was designed to improve
the CNN performance by enabling interpretation of the
neighborhood information. The N X M-sized image was
adjusted to 128 X 128 before inputting to the CNN.

CNN classification with PBMC

The PBMC-based classification task (discriminating
between the AD and control groups) was performed by the
DL-based CNN. All datasets (38 samples) were divided into
a training set, a validation set, and a test set. The training
and validation sets were composed of 25 (No. Cont 1,
Cont 3, Cont 5, Cont 6, Cont 7, Cont 10, Cont 11,
Cont 12, Cont 13, Cont 15, Cont_16, Cont_18, Cont_20,
Cont 21, Cont 23, AD 1, AD 2, AD 4, AD 5, AD 6,
AD 7, AD 10 and AD 13) and 7 (No. Cont_2, Cont 4,
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(A) Pathway-based metabolic code (PBMC) image developed in the Visual Basic for Application (VBA) program of

Excel software; (B) overview of data division in the hold-out validation process; (C) PBMC-based CNN architecture.

Cont 8, Cont 19, AD 3, AD 8 and AD_9) samples,
respectively. The remaining six samples were reserved as
the test set. The rules of the model algorithm were created
and refined on the training set. The optimal parameters of
the CNN model were fitted on the validation set. The hyper-
parameters were tuned on the training and validation sets
using hold-out validation to minimize the validation error
and maximize the learning rate (convergence speed). As the

sample size is limited, many features can often overlap at
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the same location, causing underfitting or overfitting of the
model and difficulty of the feature extraction. In general,
duplicating the training set for classes with few samples
can improve the model accuracy. In the present study, the
training set was duplicated ten-fold to increase the sample
size. Indeed, model leaning efficiency was clearly improved
compared to the model when using single data set. The
classification performance of the model performance was

checked on the test set, which was excluded from the train-
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ing and model-fitting steps. The data division of the hold-
out validation is overviewed in Fig. 1(b). To understand the
effect of the PBMC on the classification performance, we
compared two sets of numerical (non-image) data and
2D-image data. The developed CNN architecture (Fig. 1(c))
allows various filter sizes for learning the model. The archi-
tecture includes several layers, each consisting of a 2D con-
volution layer with a rectified linear activation function, a
max pooling layer, a dropout layer, a flattened layer, and a
dense layer. The max pooling layer down-samples the
image size in each layer. The outputs of the layers are com-
bined and fed to a fully connected layer. Finally, the output

is obtained through a softmax layer.

Feature selection using Grad-CAM

Using the gradients of the target concept flowing into the
final convolutional layer, Grad-CAM produces a coarse
localization map for feature prediction32). The localization
map of Grad-CAM reveals the localities of interest in the
image, aiding the decision-making process. This activated
map has three colors: red (of most interest), yellow (of
intermediate interest), and blue (of least interest), enabling

the identification of biomarker candidates for screening.

Pathway analysis and multivariable analysis for a
validation of screening with DL metabolomics

Through a pathway analysis, we can visualize the rela-
tionships among the metabolites of amine metabolism in
p-CSF samples. The color gradient, ranging from red (high
concentration) to blue (low concentration), was derived
from the mean values of the AD and control groups. More-
over, the metabolite concentrations in p-CSF samples were
normalized, exported, and compared through a multivariate
statistical analysis using MATLAB R2019b (MathWorks,
Inc., Natick, MA). The control and AD clusters were deter-
mined by principal component analysis (PCA) and a hierar-
chical cluster analysis of the comprehensive metabolomic
profiles. Prior to multivariable analysis, each quantitative
value was normalized as follows: (quantitative value-mean

value)/standard deviation.

Results
Application of LC-MS/MS assay for W-TMet

This assay achieved a robust quantitative W-TMet analy-
sis of numerous analytes (121 amine metabolites) at high

sensitivity (nM-order) within a short total runtime (10 min)
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(Tables S3 and S4). The calibration curves were con-
structed by plotting the derivative/IS peak-area ratio versus
analyte concentration in the solution of mixed ISs. At least
six concentrations were included in each plot. The calibra-
tions were linear from 1nM to 100uM (with correlation
coefficients of 0.990-1.000). This assay detected 91 out of
121 amine metabolites (amino acids, polyamines, and neu-
rotransmitters) in the p-CSF samples from AD and control
subjects (Table S5). The statistical differences between the
concentrations in the AD and control groups were naively
evaluated using Students t-tests and Welch's t-tests. The
concentrations of 25 metabolites significantly differed (p<

0.05) between the two groups.

Analysis of W-TMet data set based on the metabolic
pathway and multivariable statistics

Figs. 2 and 3 show the metabolic pathway and multivari-
able statistics derived from the W-TMet dataset, respec-
tively. The tryptophan, arginine, histidine, and cysteine-me-
diated pathways in the AD group were significantly
changed from those in the control group. Fig. 3(a) shows
the PCA results of the individual subjects in the W-TMet
dataset. The plots of each group show distinct patterns iden-
tifying typical biomarkers for fingerprinting AD pathology.
identified

through a partial least-squares discriminant analysis of the

Potential biomarkers can be extracted and

database, along with standard-matching. In this study, we
investigated the relevance of each metabolite to the meta-
bolic pathway and performed a cluster-based analysis of the
W-TMet dataset (Fig. 3(b)). Apart from one control subject
(No. Cont_22) with deviant distributions of the classified
clusters, the cluster classifications were consistent with the
PCA results.

Analysis of W-TMet dataset based on CNN classifica-
tion with PBMC and Grad-CAM

We produced PBMC images of individual patients using
the VBA program of Excel software (Fig. 1(a)). These
PBMC images improved the CNN classification accuracy
of the W-TMet dataset. When trained and validated on
numeric values of the detected metabolites, the CNN
obtained low accuracy and the model was overfitted due to
the small sample size (data not shown). Fig. 4(a) shows the
learning rate (accuracy) of the model during classification
of PBMC images. This methodology constructed an effec-
tive CNN model with high discriminability through



November 2024

Medical Mass Spectrometry “Laboratory Medicine” Vol. 8 No. 2

serine
L/ [

serine

/*
A

Cysteine
sulfinate

sokkok

2-aminoacetophenone
Indolelactate

* [ Kynaramine |

S-hydroxy- *

3-hydroxy-
nurenine
renine

Anthranilate

ok ok ok

2-aminophenol

Homophenylalanine

P4

Cysteate Cysteine / 1 C hioni /
\ Phenethylamine
H teaie| TOoEinal < H - PR
| DLl I I | | 1-aminoacetone G
Sulfone Sulfoxide m Homiocysteine
VAR
= omocystine
methionine homocysteine L 3-Methylamino
hode o -alanine
£ * L-Aspartate
Norspermidine m 4-semialdehyde Arginino
LoD \_/succinate \ NMMa ADMA
Citrulline | Arginine l—’l Creatine |—>| Creatinine I

5-hydroxy-
lysine

%
Adeni I‘_,{ Ad
ok i ! !
4-amino- [Hypoxanthine I(—)[ Inosine }<—> IMP <-7~
imidazole l l v k¥
Xanthine <>{ Xanthosine [«— xmp [AICA

CMP

1 |
| Guanine |<—)| Guanosine |<—>| GMP |

Ornithine *

5-Aminovalerate

Acetyl- Diacetyl-
Spermidine Spermidine
\ .
Acetyl- Diacetyl-
Spermine Spermine
Spermine 4/
Thymine }——>| 2/3-aminoisobu@
N.D. - + +  *:P<0.05
B O e
***:P<0.005

(vs. Controls)  ***:P<0.001

Fig. 2. Metabolic pathway map based on the widely targeted metabolomics (W-TMet) dataset of postmortem cerebrospinal

fluid (p-CSF) in AD and control subjects.

repeated learning. The accuracy reached 100% on both the
training and validation datasets and the learning rate was
30s per epoch on (128 X 128)-sized images. The general-
ization performance of the constructed CNN model was
evaluated on the test data. Fig. 4(b) shows the confusion
matrix representing the class-wise distribution of the predic-
tive performance of the classification model, where the six
test datasets (No. Cont 9, Cont 14, Cont 22, AD 11,
AD 12, and AD_14) were randomly selected. Five among
the six datasets were assigned to the correct labels and the
AD and control groups were discriminated with 83% accu-
racy because the overall metabolic features were extract-
able from the PBMC image.

As shown in Fig. 4(c), the Grad-CAM map highlighted
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plural regions specifying various metabolites (especially
those of tryptophan metabolism) in AD classification.
Intriguingly, some potential metabolites were missed in the

t-test and multivariable statistics.

Discussion

The derivatized LC-MS/MS assay with FMOC was
demonstrated in a W-TMet study of diverse detectable
amine metabolites’ . FMOC is a well-known derivatization
reagent that can potentially improve the reverse-phase LC
analysis of polar amine metabolites. The derivatization pro-
cess of FMOC generally proceeds easily and quickly under
alkaline conditions. In this study, the derivatization reaction

proceeded in the presence of 0.1 M sodium hydrogen car-
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bonate (NaHCO,, pH 9) at room temperature for 10 min. To
optimize the FMOC-derivatization framework, W-TMet
based on the derivatized LC-MS/MS assay was performed
by measuring the detectable metabolite peaksm.

The N-methyl-D-aspartate (NMDA) receptors were espe-
cially important in AD pathology. Key pathways influenc-
ing NMDA behavior have been reported in neural sys-
tems> °. Using the metabolic pathway and multivariable

statistics derived from the W-TMet dataset, the tryptophan,

Pt
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(A) PCA and (B) cluster-based analysis of individual subjects in the W-TMet dataset.

arginine, histidine, and cysteine-mediated pathways in the
AD group were significantly changed in the control group.
The W-TMet strategy provides comprehensive information
on the metabolic dynamics in AD, confirming its usefulness
for understanding metabolic networks in pathophysiologi-
cal disorders. PCA is probably the most common multivari-
ate approach for MS datasets’ . PCA results of the individ-
ual subjects in the W-TMet dataset were evaluated. The

plots of each group showed distinct patterns identifying
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typical biomarkers. However, to alleviate the difficulty of
quantifying the significant differences between pathological
and control groups, metabolomics studies employ a variety
of multivariate statistical methods. Multivariable statistics
present theoretical and practical complications that are not
found in univariate functional data. Human error in the
screening of W-TMet datasets can be mitigated by DL,
which can obtain accurate metabolomics results. We pro-
posed DL estimators for all components of the W-TMet
dataset, enabling a metabolic pathway-based representation
for the CNN classification. Interestingly, one control sam-
ple (No. Cont_22) was wrongly classified as observed in
the PCA results. This sample might represent a progression
to AD pathology. Therefore, the DL-based W-TMet strategy
with PBMC images can adaptively and flexibly extract met-
abolic features, enabling estimates of the degree of progres-

sion of diseases. The strategy can be effectively applied to
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high-throughput screening tests in clinical scenarios.

How a DL process obtains its classification result and
makes its final decision is a so-called black box problemsx).
In contrast, Kim et al. reported that Grad-CAM provides
qualitative results of activation maps (inpainting anatomical
side markers)39). The present study adopted Grad-CAM
because it visually explains the decisions of a large class of
CNN-based models. The gradients in a localization map
generated by Grad-CAM highlight the important regions in
the image. Based on these preliminary laboratory’s results,
the obtained metabolomic information is valuable for iden-
tifying candidate biomarkers of early-stage dementia in
large-scale clinicals. Although the results showed clear clas-
sified pattern in test data set, practical use case of the estab-
lished model is case-limited and not suitable for diagnostic
use. Clinical samples used in this study were post-mortem

ones and sample size is small which has likelihood of affec-
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tion from heterogeneity of AD types. In advanced AD con-
ditions (samples used in this study with Braak stage V-VI),
the patient may have died from respiratory distress, and this
dying process possibly affect in brain and circulation func-
tions. On the other hands, the post-mortem metabolomics
research indicated that biomarker fluctuation related to
pre-mortem data set, and thus, the model partially expresses
the feature of groups40). In any case, regarding to the uncer-
tainty of dying process control and/or AD group, the distin-
guish model has to be updated for pre-mortem sample in
future studies.

Conclusions

We developed an accurate, low-capacity strategy for
W-TMet analysis of biological samples. The strategy is
based on CNN classification with PBMC. The developed
data analysis represented the p-CSF samples from the AD
and control subjects on a metabolic map with little effort. It
is worth mentioning that the PBMC images could be ana-
lyzed by Grad-CAM and that significant metabolic-marker
candidates of AD were identified in certain metabolic path-
ways, especially in tryptophan metabolism. These advan-
tages alleviate the problems of applying W-TMet to huge
amounts of raw data, which risks over-training and
increases the likelihood of incorrect answers. Importantly,
the DL tool replaces human analysis of biomarkers and/or
metabolic pathways, demonstrating its universality. The
new PBMC-based metabolomics approach might reason-

ably replace human decisions of disease diagnosis.
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Abstract With recent advances in proteomics technology, many new biomarkers have been reported, but only a few have

been clinically applied. In this article, we investigated the possibility of clinical application of new tumor marker candidate

proteins discovered through proteomic analysis. We have previously reported novel biomarker candidate proteins in serum

extracellular vesicles of colorectal cancer patients using targeted proteomic analysis. In order to apply it to clinical tests, we

investigated whether it could be reproduced using ELISA, which is currently the mainstream protein measurement method

in clinical tests. As a result, although proteomic analysis was able to distinguish between colorectal cancer patients and

healthy controls with high accuracy, ELISA was unable to do so. This may be because the sensitivity of MS for measuring

trace amounts of proteins is higher than that of ELISA, or because the detection sensitivity of MS or ELISA depends on the

state of the protein such as protein localization, stability and post-translational modification. We will discuss why it is diffi-

cult to clinically apply biomarkers identified through proteomic analysis, the causes, and solutions.

Key words: mass spectrometry, ELISA, biomarker, clinical testing

Introduction

Cancer is a curable disease if detected and treated early.
Therefore, in order to reduce the mortality rate due to can-
cer, the most important issue is how early cancer can be
detected. In recent years, technology for diagnosing early
cancer has improved due to the development of CT, MRI,
ultrasound, endoscopy, etc. However, all of these clinical
tests are highly invasive for patients and expensive, so min-

imally invasive and low-cost tests are needed. Non-invasive
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clinical cancer tests include blood tests such as CEA,

CA19-9, and AFP for gastrointestinal cancer, PSA for pros-

tate cancer, and fecal occult blood tests for CRC, but all of

them result in highly false positive and/or false negative.

Thus, there is an urgent need for new blood and urine tests

that can diagnose cancer early with high accuracy.

Recent advances in mass spectrometry (MS) have made
it possible to identify minute amounts of proteins in body
fluids such as blood and urine. Regarding the early detec-
tion of cancer, many new tumor marker candidates have
been reported, but there is still no biomarker that can
replace tumor markers currently used in clinical practice.
What is the cause of this? The following are some of the
problems that prevent new tumor marker candidates from
being used in clinical tests.

1. Candidate tumor markers are often derived from analy-
ses using small-scale samples and cannot be reproduced
when validated using large-scale samples.

2. There is no functional support for how the identified
tumor marker candidates are related to cancer develop-
ment, therefore, they are not reliable as clinical tests.

3.1t is difficult to reproduce the MS based quantitative



November 2024

Medical Mass Spectrometry “Laboratory Medicine” Vol. 8 No. 2

results of tumor marker candidates using ELISA, which

is the current mainstream clinical test.

To address problems 1 and 2 above, other candidate
markers are needed that can be replicated in large-scale val-
idation and provide functional support for their association
with cancer development. In this report, to verify problem
3, we investigated whether the quantitative results of novel
tumor marker candidates obtained by MS could be repro-
duced by ELISA. We also discuss how new tumor marker
candidates obtained by MS can be translated into clinical

applications.

Materials and Methods
Sample collection

Plasma samples were collected from cohort 1 between
April 2011 and December 2012 (patients with CRC) and
October 2017 and July 2018 (healthy controls) at The Can-
cer Institute Ariake Hospital of Japanese Foundation of
Cancer. The protocol was approved by the ethics commit-
tees of the National Institute of Biomedical Innovation
Health and Nutrition and the Cancer Institute Ariake Hospi-
tal of Japanese Foundation of Cancer. Informed consent
was obtained from all donors. All experiments were per-
formed in accordance with relevant guidelines and regula-
tions including the Helsinki Declaration of 1964 and later

versions.

Antibody

Anti-human primary antibodies are as follows; ANXA3:
HPAO013398, Atlas Antibodies, ANXA4: 10087-1-AP, Pro-
teintech Group, ANXA11: NB300-875, Novus Biologicals,
SLC2AT1: 21829-1-AP, Proteintech Group.

Anti-human secondary antibodies are as follows; ANXA3:
11804-1-AP, Proteintech Group, ANXA4: H0O0000307-M13,
Novus Biologicals, ANXA11: 10479-2-AP, Proteintech Group,
SLC2AT1: 66290-1-Ig, Proteintech Group.

ELISA

A 96-well ELISA plate (Maxisorp, P6991, Nunc) was
coated with primary antibodies (50ng/well) overnight at
4°C. The plate was washed three times with PBST and then
blocked in Blocking solution (h-Block-e, BCL-BKHE-01,
Beacle, Inc) for 1h at room temperature. Diluted plasma
with PBS were added to each well and incubated for 2h at
room temperature. After three washes with PBST, the plate

was incubated with horseradish peroxidase-conjugated sec-
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ondary antibodies (50ng/well) for 2h at room temperature.
After washing with PBST, the plate was incubated with
100 uL of freshly prepared BM Blue POD Substrate
(11484281001, Roche) for 30 min at room temperature, fol-
lowed by the addition of a stop solution (0.2M sulfuric
acid). The absorbance was measured at 450nm using a

microplate reader (Bio-Rad).

Results and Discussion

We have previously reported that four proteins, annexin
A3, A4, A1l and solute carrier family 2, facilitated glucose
(SLC2A1),
increased in patients with early-stage CRC than in healthy

transporter member 1 were significantly
controls by targeted proteomic analysis of serum Evs'.
Receiver operating characteristic (ROC) analysis to exam-
ine how accurately the four proteins could distinguish
between patients with early-stage CRC and healthy controls
showed a very high area under the curve of over 0.91, indi-
cating that the four proteins have a very high ability to iden-
tify patients with early-stage CRC. Furthermore, the sensi-
tivity of the four proteins for identifying patients with
early-stage CRC were much higher than CEA, which is cur-
rently used clinically as a tumor marker for CRC.
Therefore, we investigated whether the quantitative
results of these tumor marker candidate proteins could be
reproduced by ELISA. In ELISA, it would be complicated
and impractical to include the steps of purifying EVs from
blood and extracting proteins, so we used sandwich ELISA
to measure plasma itself rather than purified EVs. First, we
quantified ANXA3, 4, 11, SLC2A1 by sandwich ELISA
using 0, 0.04, 0.2, 1, 5, 10 uL of pooled plasma obtained
from healthy controls (HC) and CRC patients (CC) (Fig. 1).
As a result, for ANXA3 and 11 among the above four pro-
teins, a plasma volume-dependent increase in protein quan-
tification values was observed. Then, we quantified
ANXA3 and 11 by ELISA using individual samples from
healthy controls (HC) and CRC patients with or without
metastasis (CC_m, CC_n) (Fig. 2). As a result, no signifi-
cant difference was observed between healthy controls and
CRC patients. There are several possible reasons why
ELISA cannot reproduce the quantitative results of tumor
marker candidate proteins obtained through proteomic anal-
ysis. First, EV proteins were quantified by MS for discov-
ery and verification of these tumor marker candidates,
whereas plasma proteins were directly quantified by

ELISA. ELISA may be measuring these tumor marker can-
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Fig. 2. Quantification of tumor marker candidate proteins for CRC by sandwich ELISA using individual plasma of CRC

patients.

Tumor marker candidate proteins, ANXA3 and 11 were quantified by sandwich ELISA using 5 uL of individual plasma obtained
from healthy controls (HC) and CRC patients (CC). CC_n: CRC without metastasis, CC_m: CRC with metastasis. NS: Not significant.

didate proteins present outside of EVs, which may lead to
the results showing no quantitative difference between can-
cer patients and healthy controls. On the other hand, mea-
suring proteins in EVs using ELISA is difficult because of
problems such as the complicated pretreatment method and
antibody reactivity to the denatured EV proteins during the

pretreatment. Second, whether or not the reason ELISA did
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not reproduce the MS results in this study was due to EV
purification, the detection sensitivity of MS or ELISA
depends on the state of the protein such as protein stability
(degradation), protein truncation and post-translational
modification. If target proteins were degraded or post-trans-
lationally modified in the blood, the recognition protein

sequence by two antibodies used for sandwich ELISA is
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critical for detection rate. In this case, MS has an advantage

for detection of target proteins.

As mentioned above, it is clear that it is not easy to
reproduce the quantitative results of proteins identified by
proteomic analysis using ELISA. If this is the case, it is rea-
sonable to consider that it would be better to use MS in
clinical tests to quantify candidate marker proteins identi-
fied by proteomic analysis. However, at present, there are
several obstacles to using MS in clinical testing. First, han-
dling MS is complicated and requires skill. Second, it takes
time to measure multiple samples due to poor throughput of
MS. Third, it is difficult to automate preprocessing and data
analysisz). In addition, handling of the clinical samples as
laboratory examination or external quality assessment
(EQA) is difficult, and the third-party certification of mass
spectrometers is needed in Japan. We believe that the big-
gest problem is the poor reproducibility of MS analysis.
Clinical test requires consistent results regardless of when,
where, and who performs the test, but current MS-based
protein quantification assays can vary depending on time,
location, operator, and type of instrument. Various efforts
have been made to overcome this problem. Recently, a joint
study between Taiwan and the United States attempted to
measure thyroglobulin, a marker of thyroid cancer recur-
rence, using LC-MS. It has been reported that for MS to be
used as a clinical test, the following requirements must be
met”.

* Establishment of standard operating procedures (SOPs)

* Staff training and competency assessment including MS
technical specialists for instrumentation operation and
troubleshooting

* Maintaining strict consistency within the workspace and
hardware instrumentation

* Preparation of calibrators and quality control samples

* Evaluation of quantification performance including with-
in-day repeatability, between-day reproducibility, lowest

quantifiable concentration
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* Proficiency testing through interlaboratory comparison
testing to assess individual laboratory performance,

ensuring competence and quality assurance

Conclusion

Recent advances in MS research have led to the identifi-
cation of many new tumor marker candidate proteins pres-
ent in body fluids such as blood and urine. However, these
results are difficult to reproduce by ELISA, which has hin-
dered the development of new tumor marker tests. On the
other hand, although some attempts to use MS in clinical
tests have been reported, they are still in the development
stage and many challenges remain to be overcome. How-
ever, due to the high accuracy of MS and the power of mul-
timarker analysis, we may see a time in the future when MS
will be used as a clinical test to measure many biomarkers,

contributing to the early detection of various diseases.
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Abstract Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) is an inno-

vative tool that is easy to use, rapid, accurate, and cost-effective. It has revolutionized bacterial identification in clinical

microbiology laboratories. Mass spectrometry involves three steps: ionization, mass separation, and detection. Few reports

have focused on the function of the mass spectrometry itself, and hardware like the detector (discussed here), in improving

the accuracy of bacterial identification. The detector plays an important role in determining the mass of biological macro-

molecules such as proteins and peptides. We herein describe an incident in which deterioration of the detector disturbed the

bacterial identification.

The scores for identifying Escherichia coli and Staphylococcus epidermidis isolates were compared between immediate-

ly before (old detector) and immediately after detector replacement (new detector). Using the MALDI BioTyper software,

we found that the identification score for E. coli was 1.755 (on a scale of 0-3) at the genus level before detector replace-

ment. Contrarily, immediately after replacement using the new detector, the score was 2.410 at the species level. For S.

epidermidis, the score was 1.931 at the genus level immediately before detector replacement and 2.042 at the species level

immediately after replacement with the new detector; both scores were obtained using the MALDI BioTyper software.

Moreover, intensity of MS peaks were obviously high after detector replacement. Thus, if bacterial identification using
MALDI-TOF MS is not successful, the detector may need to be replaced.

Key words: bacterial identification, matrix-assisted laser desorption ionization time-of-flight mass spectrometry, detector

Abbreviations: MALDI-TOF MS, matrix-assisted laser desorption ionization—time-of-flight mass spectrometry; MS, mass

spectrometry
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Introduction

Matrix-assisted laser desorption/ionization—time-of-flight
mass spectrometry (MALDI-TOF MS) is an innovative
tool that is easy to use, rapid, accurate, and cost-effective. It
has revolutionized bacterial identification in clinical micro-
biology laboratories' . Mass spectrometry separates ions
by their mass-to-charge ratio (m/z). The ions reach a detec-
tor with different velocities according to their m/z. The sen-
sitivity of conventional detectors such as microchannel
plate detectors is highly dependent on the impact velocity

of the ion. Detectors are incorporated with mass analyzers
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to detections™”.

A sample for analysis is mixed with a matrix, an organic
compound that absorbs laser light and enhances the ioniza-
tion of the samplexfm). The sample is ionized by irradiation
with laser light which adds protons (H+). The ionized sam-
ple accelerates between the electrodes when a voltage is
applied. It flies toward the detector through a vacuum tube
called a flight tube. Since the voltage applied to the ionized
sample is constant for all its ions, they all have the same
kinetic energy (E=1/2 mvz). The ions with a lower m/z reach
the detector faster, while ions with a higher m/z are slower.
The MALDI-TOF MS performs mass analysis based upon
the varying flight time of the ions, which depends on their n/
2", The mass spectra are plotted as detection intensity
(peak) on the vertical axis and m/z on the horizontal axis.
The distribution of the peaks in the mass spectrum indicates
the composition and characteristics of the analyzed sample
and is used to identify microorganism513’14).

The laser device in the MALDI-TOF MS apparatus is
consumable and has a limit to the number of times it can be
shot on a sample. When bacterial identification scores using
MALDI-TOF MS deteriorate, it is common practice to
replace the laser device. However, we have experienced an
incident in which poor accuracy for bacterial identification
was due to deterioration of the detector rather than laser
device. In the present article, we describe about the inci-
dent.

Methods

The Department of Clinical Laboratory in the Chiba Uni-
versity Hospital initially purchased the analysis software
from Bruker Daltonics GmbH (Bremen, Germany) and per-
formed clinical applications using an Autoflex II TOF/TOF
MS instrument (Bruker Daltonics), which had been used
for research. Since April 2013, a MALDI Biotyper system
(Bruker Daltonics), which combines a Microflex LT instru-
ment and analysis software, has been used. The detector of
the Microflex LT instrument was replaced for the first time
on October 2017. Therefore, the detector would have been
in use for about 4.5 years before replacement. The company
performed maintenance at least once a year until the first
detector replacement.

We examined strains from bacterial isolates stocked in
the study institution. The strains included the gram-negative
bacteria Escherichia. coli and the gram-positive bacteria

Staphylococcus epidermidis. They were simultaneously
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assayed in the day before and immediately after the replace-
ment of the detector.

The bacterial specimens were plated on an appropriate
agar medium, chocolate agar, or trypticase soy agar II with
5% sheep blood (Nippon Becton Dickinson, Tokyo, Japan).
We performed a formic acid extraction (on-plate) method
generally used for preparing E. coli and S. epidermidis. 1f a
specimen contains more than 10° CFU/mL of microorgan-
isms, the specimen can be directly applied to the target
plate for Ms". Therefore, in this study, we examined bac-
terial specimens containing more than 10°CFU/mL. A sin-
gle colony adhering to a toothpick was transferred directly
onto the spotting surface of a MALDI target plate (MSP 96
target-polished steel BC target plate, Bruker Daltonics)
using an up-and-down rather than a sliding motion. Immedi-
ately after applying the sample, 1uL of 70% formic acid
was spotted onto the sample and overlaid with 1uL of a-cy-
ano-4-hydroxycinnamic acid (HCCA) matrix solution
(Bruker Daltonics). The matrices we used were pre-dis-
solved Bruker Matrix HCCA, portioned (Bruker Daltonics).
According to the manufacturer’s instructions, the HCCA
matrix was dissolved in acetonitrile 50%, water 47.5%, and
trifluoroacetic acid 2.5% solvent to a final concentration of
Smg/mL. This series of operations was performed immedi-
ately before and after detector replacement.

For bacterial identification, MALDI-TOF MS was per-
formed on a Microflex LT mass spectrometry (Bruker Dal-
tonics), with the measurement range set at 2-20kDa. Flex-
Control ver. 3.3, Flex Analysis, ver. 3.3; and BioTyper® ver.
3.1 analytical software (Bruker Daltonics) were used. Ver-
sion 4.0.0.1 of the database (Bruker Daltonics) was used for
identification following the manufacturers instructions, and
as previously described'”.

The mass spectra from each isolate were imported into
the Biotyper software (version 3.1, Bruker Daltonics) and
analyzed by standard pattern matching. The results of the
pattern-matching process were expressed (according to the
manufacturers instructions) with scores ranging from 0 to
3. Scores below 1.7 were regarded as unreliable identifica-
tion; scores between 1.7 and 2.0 were regarded as genus-
level identification, and scores>>2.0 were regarded as spe-

cies-level identification.

Results
Before detector replacement, the MALDI BioTyper soft-

ware scored 1.755 for E. coli, identified at the genus level;
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after replacement with the new detector, the score was
2.410, successfully identified at the species level (Fig. 1).
The same software recorded a score of 1.931 for S. epider-
midis at the genus level immediately before detector
replacement and 2.041 at the species level immediately
after replacement with the new detector (Fig. 2). The inten-
sity of MS peaks were obviously high after detector
replacement (Figs. 1 and 2). Additionally, we compared 7
representative m/z peaks of E. coli and 9 representative
peaks of S. epidermidis before and after detector replace-
ment. The signal intensities and the signal/noise (S/N)
ratios of these 16 peaks exhibited generally increasing trend
and improved after the detector replacement (Table 1).
Thus, the detector replacement appears to have affected
MS spectrum acquisition and subsequently to the accuracy

of the bacterial identification.

Discussion

A mass spectrometry is composed of three parts for: ion-
ization, mass separation, and detection. In the MALDI-
TOF MS, laser irradiation is used for ionization, time-of-
flight (TOF) is used for mass separation, and a micro
channel plate (MCP) is used as the detector. When a mass
spectrometry is used for a long time, each device in the
instrument deteriorates and should be replaced. In the
MALDI-TOF MS, deterioration of the laser equipment
often interferes with the acquisition of MS spectra, and the
computer screen that operates the MALDI-TOF MS dis-
plays the cumulative number of laser irradiations, enabling
researchers to be constantly aware of the degree of deterio-
ration of the laser equipment. In the present study, however,
we have shown that deterioration of the detector also has

potential to disturb the acquisition of MS spectrum. Unfor-
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Fig. 1. Mass spectral pattern of Escherichia coli.

a) Mass spectral pattern of E. coli immediately before detector replacement; the identification score was 1.755. b) Mass spectral

pattern of E. coli immediately after detector replacement; the identification score was 2.410.
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Staphylococcus epidermidis
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Fig. 2. Mass spectral pattern of Staphylococcus epidermidis.

a) Mass spectral pattern of S. epidermidis immediately before detector replacement; the identification score was 1.931. b) Mass

spectral pattern of S. epidermidis immediately after detector replacement; the identification score was 2.041.

tunately, unlike lasers, there is no way for researchers to
routinely check for detector deterioration. Therefore, users
need to pay attention to the detector as well as the laser
when the accuracy of bacterial identification by MALDI-
TOF MS is compromised.

It is difficult for medical personnel who handle microor-
ganisms to examine the deterioration of the detector in the
mass spectrometry and determine when to replace it. How-
ever, it is necessary to control the accuracy of the detector
and other components of the mass spectrometry to improve
the accuracy of bacterial identification. In the present study,
we demonstrated that the identification score is clearly
higher both in E. coli and S. epidermidis, and signal intensi-
ties and S/N ratios generally increased for the representa-
tive m/z peaks after detector replacement. The quality con-
trol for MALDI-TOF MS bacterial identification using
identification scores and representative m/z peaks will be a

relatively easy method for researchers to implement in
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daily clinical practice.

Generally, the S/N ratios of the spectrum should be
higher for E. coli, a gram-negative bacterium, than for S.
epidermidis, a gram-positive bacterium, and the identifica-
tion score should also be higher. However, S. epidermidis
showed a higher identification score than E. coli before the
detector replacement (Figs. 1 and 2), and 4 (4293, 4606,
5871, and 9630m/z) out of 9 peaks in S. epidermidis
showed higher S/N ratios before the replacement. The rea-
son for this is unknown, but deterioration of the detector
may reduce reproducibility as well as absolute sensitivity.

A wide range of indicators, such as accumulated shots of
the laser, acceleration voltage of ionization, detector thresh-
old, and vacuum level of the mass separation section, can
be employed to more precisely determine the performance
of mass spectrometry. Additionally, general quality control
methods, such as the Xbar-R score value control, the twin-

plot, and the delta-check methods, may be utilized for
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Table 1. Signal intensities and signal/noise ratios of
representative m/z peaks before and after detector

replacement
Escherichia Before replacement After replacement
coli Intensit Signal/ Intensi Signal/
ntensi ntensi
(m/z) Y nhoise ratio el noise ratio
4363 50 1.89 5919 24.18
5097 54 2.02 8862 33.76
7273 44 1.67 6871 23.95
8477 65 2.49 7871 31.62
9740 62 2.37 10095 45.28
13680 55 2.07 3503 24.86
16947 70 2.50 4185 45.44
Staphylococcus Before replacement After replacement
cpidermidis Intensit Signal/ Intensit; Signal/
(m/z) Y hoise ratio Y hoise ratio
2843 281 2.74 3076 5.96
3415 1099 9.98 39342 74.22
4293 4203 33.61 16249 27.76
4606 1716 13.03 6802 10.91
5871 1133 8.31 4075 7.61
6582 4049 29.99 36975 72.18
7566 2708 21.09 14041 31.31
9630 4095 39.57 8091 27.54
15131 1247 25.20 5112 54.90

inspection. Future studies should aim for manualization
using similar conventionally used quality control methods.
Observation of analytical results using quantified variables
is essential to confirm the high quality of analytical results.
Development of such processes will allow the wider imple-

mentation of MS analysis as a clinical laboratory method.
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