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Ethical considerations surrounding the utilization of animals in
scientific research have prompted a widespread search for
altemative methodologies. This review explores the historical
context and ethical dilemmas associated with traditional animal
testing methods, before introducing the Monocyte Activation
Test (MAT) as a promising altemative, and outlining its basic
principles, historical development, and advantages over conven-
tional animal testing. The role of monocytes in the immune
system and the activation pathways utilized in MAT are elu-
cidated, while regulatory acceptance and guidelines for MAT
validation are introduced, alongside case studies proving its
reliability and reproducibility. The applications of MAT in pha-
maceutical and medical device testing are summarized, together
with its potential future uses. Although the MAT faces limi-
tations and challenges, the global perspective to reduce un-
necessary animal tests has become a general concept in animal
welfare and scientific research. [BMB Reports 2025; 58(3):
105-115]

BACKGROUND ON THE USE OF ANIMALS IN
TRADITIONAL TESTING METHODS

Animal models for research in biopharmaceuticals have played
an important role in advancing scientific knowledge. Animal
experiments have been of great help in understanding physio-
logical processes and developing medical treatments. For exa-
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mple, animal models have been used to study immune diseases,
cancer, and neurodegeneration, helping to understand their un-
derlying mechanisms and develop treatment strategies. Animal
research models have also been crucial in assessing the safety
and effectiveness of pharmaceuticals, chemicals, cosmetics,
and medical devices, all of which directly affect human health
(1). Animal testing has been instrumental in determining the
safety of these products and assessing potential side effects or
allergenic risks, prior to clinical application in humans.

Examination of animals in various research and medical
endeavors has been conducted for a considerable duration,
originating from ancient Greece, through medieval Islam, to
the present. Throughout this extensive history, significant adva-
ncements in methodology and its application have been deve-
loped. Many national regulatory agencies currently require specific
examinations on animals to ensure safety and effectiveness
before human use. These assessments aim to evaluate the po-
tential toxicity, side effects, and allergic reactions, and also
include methods for detecting the presence of pyrogens (fever-
inducing substances) used in the manufacturing processes of
drugs and medical devices (2-4).

Ethical concemns and limitations regarding the animal
research model

Traditional experimental methods using animals are conti-
nually challenged by ethical, scientific, and pragmatic concerns,
such as animal welfare issues, the restricted applicability of
animal-derived data to human, as well as the substantial expense
and time investment associated with animal-based research (5,
6). The ethical issue of animal welfare has been a longstanding
concern. In 1822, the first animal protection law was enacted
by the British Parliament, while the American Society for the
Prevention of Cruelty to Animals (ASPCA) was established in
the United States, further emphasizing the growing awareness
of animal welfare issues. The Animal Welfare Act was passed,
leading to arguments asserting the need to oppose the use of
animal other than human in experiments, and to ethically pro-
tect animal welfare. Based on these laws, people who value
animal welfare are demanding an end to animal testing,
arguing that it is inhumane behavior that causes pain, fear, or
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death for the benefit of humans (7, 8). Furthermore, in 2013,
the European Union enacted legislation prohibiting animal testing
for cosmetics and the sale of cosmetics tested on animals, and
many countries have joined in adopting such similar laws (9).
There are limitations in applying research findings obtained
from experiments using animal to humans. Due to physiolo-
gical differences between animals and humans, the accuracy
and reliability of experimental results may be reduced. Large-
scale experiments requiring a significant number of animals can
take considerable time to obtain results. However, for some
research, there are still no alternative systems or methods that
can replace animal models. Therefore, ethical approval and
supervision are essential to ensure that animal experiments are
conducted with the utmost ethical and moral consideration.
To accomplish this, the 3R principles, initially proposed by
Russell and Burch, encompass Replacement, Reduction, and
Refinement. Replacement seeks alternative methods to fulfill
research goals, without resorting to animal experiments; Re-
duction aims to minimize the number of animals used in
experiments, while maximizing the information obtained; and
Refinement focuses on alleviating pain and stress for animals
and enhancing their welfare, when alternatives to animal testing
are unavailable (10-12). Here, we provide a concise review of
pyrogen testing methodologies, with a particular focus on alte-
rnative approaches that serve as substitutes for animal models.

ALTERNATIVE METHODS TO ANIMAL MODEL-BASED
PYROGEN TESTS

Pyrogen tests typically necessitate animals, and some may
even require a substantial number of experimental subjects,
raising concerns about animal reproducibility. Thus, the deve-
lopment and adoption of alternative methods for these tests
can reduce the number of animals needed. Pyrogens are sub-
stances, including proteins or LPS, sourced from bacteria,
viruses, fungi, or other microorganisms, that can induce fever
through inflammatory responses (13-17). Pyrogen testing is the
process of detecting the presence of potential fever-inducing
agents used in the manufacturing of drugs or medical devices.
As products containing pyrogens can result in severe human
side effects, like fever, hypotension, or blood clotting, the
pyrogen test serves a vital function in evaluating product safety
and safeguarding human health. Previously, the Rabbit Pyrogen
Test (RPT) was widely conducted as a routine pyrogen test,
aiming to identify fever-inducing agents. It was initially docu-
mented in the British Pharmacopoeia in 1912, and subse-
quently included in the United States Pharmacopeia in 1942
(Fig. 1). However, due to its repetitive and inefficient nature,
as well as ethical concerns, alternative methods have been
considered (18, 19).

To address these issues, the Limulus Amoebocyte Lysate (LAL)
test was proposed as an alternative to the RPT, developed in
the 1970s. The LAL test utilizes the hemolymph clotting system
of the Atlantic horseshoe crab (Limulus polyphemus) to detect
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pyrogens in vitro. This method is sensitive, rapid, and repro-
ducible, making it relatively efficient in terms of both time and
cost (20-27). It has become widely used as a golden standard
method in the pharmaceutical and medical device manufacturing
industries. Nevertheless, this method solely detects endotoxins,
and is unable to detect non-endotoxin pyrogens (NEPs). More-
over, its applicability is limited to liquid samples, raising limi-
tations. Ethical concerns persist, due to its reliance on animal-
based testing approaches. Additionally, recent concerns have
emerged regarding the decline in the Atlantic horseshoe crab
population. To address these challenges, a proposed solution
involves utilizing recombinant factor C protein recombination
for pyrogen test (28-30).

Given that the widely used RPT and LAL tests rely on animal-
based methods, they cannot be exempt from ethical concerns.
Moreover, they are limited in mimicking human physiological
responses to test substances, and comparing them to responses
in other animal species. To overcome these issues, an alternative
method, known as the Monocyte Activation Test (MAT), has
recently been proposed. Originating in 1988 with Poole, this
approach utilizes human-derived monocytes, resulting in test
outcomes that closely resemble human physiological responses,
and addressing ethical concerns related to animal welfare.
Initially endorsed by the European Pharmacopoeia (Ph. Eur.) in
2010, MAT has been acknowledged as a replacement for RPT
in various countries, including Europe. By utilizing human whole
blood or human cell lines, it accurately mimics the fever res-
ponse to pyrogens in a manner relevant to human physiology,
making it the preferred choice for depicting reactions occurring
within the human body following drug administration (31-34).

OVERVIEW AND HISTORICAL BACKGROUND OF THE
MAT

The MAT has emerged as a crucial experimental method for
detecting and assessing pyrogens. It utilizes monocytes isolated
from human blood to detect pyrogens, effectively mimicking
the fever response observed in humans (35-38), When monocytes
are cultured with samples, those exposed to pyrogens trig-
gering inflammation become activated through Toll-like receptors
(TLRs) on the cell surface, initiating innate immune responses.
Subsequently, activated monocytes release cytokines and sig-
naling molecules, which serve as indicators of the presence
and concentration of pyrogens in the sample (39, 40).

As mentioned earlier, Poole’s MAT proposal involves initially
evaluating recombinant human growth hormone through LAL
and RPT tests. However, when cultured with human peri-
pheral blood mononuclear cells, the release of cytokines from
white blood cells triggered a fever response, indicating that
these methods fall short of fully replicating human physiological
reactions. Based on these findings, a novel pyrogen test was
proposed, relying on the release of 1L-1 and TNF from human
monocytes (41, 42). Subsequently, a new in vitro system was
developed to detect and quantify pyrogens. Using Enzyme-
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Fig. 1. Timeline of pyrogen test development. In the early 1900s, scientists observed that certain drugs caused patients to develop high fevers,
and some even died. In 1912, the rabbit fever test was developed to screen for this dangerous effect of injected drugs. By 1942, the
Rabbit Pyrogen Test (RPT) had become the standard pyrogen test. In 1956, a new test using horseshoe crabs was developed to replace
the RPT. In 1987, the Limulus Amebocyte Lysate (LAL) test was approved by the FDA. The Monocyte Activation Test (MAT) was develo-
ped in 1989, and was approved by the European Pharmacopoeia in 2010.
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Fig. 2. Principle of the monocyte activation test. Exogenous pyrogens
trigger the release of cytokines by the human immune system, re-
sulting in fever. By mimicking this in vivo response, human-de-
rived monocytes secrete cytokines in response to pyrogens. These
cytokines are then detected and measured by ELISA.

linked immunosorbent assay (ELISA), the secretion of the fever-
inducing cytokine IL-6 from samples and monocytes was
identified (43). A significant aspect of this study was the detec-
tion of pyrogenic contamination in three therapeutic human
serum albumin samples that triggered adverse reactions, a
phenomenon overlooked by RPT or LAL tests. Consequently,
MAT demonstrated a superior ability to mimic human physio-
logical responses. In 1996, a highly sensitive endotoxin-moni-
toring system was proposed, based on measuring cytokines
from human cell lines of myelomonocyte origin, aiming to
develop an in vitro test system to detect pyrogens (44). Sub-
sequently, research compared TNF secretion measured using
human monocyte cell lines to LAL and RPT methods to obtain
valid in vitro test results for the relatively accurate determination
of endotoxin in commercial products. In 2010, MAT was first
adopted by the Ph. Eur., and recognized in various countries
as an alternative to RPT (9, 45).

In 2017, the NF-kB-mediated transcriptional control of innate
mediators in monocyte activation led to the development of an
NFkB reporter analysis based on monoMAC-6 cells to
measure organismal responses to endotoxin, thereby confir-
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ming the suitability of MAT (46, 47). Two years later, concerns
were raised regarding the suitability of RPT and LAL tests for
pyrogenic products, such as Bexsero (48, 49). PRT exhibited
variability and led to erroneous results, while the LAL assay
was unsuitable for monitoring the stability of samples con-
taining both endotoxin and NEPs (45, 50). Consequently, MAT
was generally accepted as the most effective method for
analyzing samples, similar to Bexero. In 2022, similar experi-
ments using NEPs (Staphylococcus aureus, R848, and lipotei-
choic acid) confirmed that MAT detects endotoxin and NEPs
sensitively, while also identifying contamination by various
pyrogens in non-oral drugs (51). Recent research further soli-
difies the MAT as the leading pyrogen test to mimic human fever
responses and detect NEPs, surpassing RPT and LAL tests (Fig. 2).

Advantages and limitations of MAT

MAT is a highly reproducible assay that faithfully mimics the
immune response in humans, because it uniquely reflects the
human immune system in vitro using human-derived monocytes.
MAT can be performed relatively quickly and at an efficient
cost, and has the advantage of using independent biological
markers as a method of measuring the activation status of cells,
such as inflammatory cytokines (31, 52, 53). Moreover, MAT
possesses the ability to detect all types of pyrogens, including
both endotoxins (Gram—negative) and NEPs (derived from Gram-
positive bacteria, yeast, molds, and viruses) (54). Compared to
traditional tests like the RPT, MAT warrants higher accuracy
and a broader detection range. Furthermore, unlike the RPT
and LAL tests, MAT can detect all pyrogens present in a sample,
including those that are uncharacterized and NEPs, irrespec-
tive of the sample’s composition (55). Its most significant
advantage lies in the ability to detect pyrogens without animal
use. Unfortunately, compared to the LAL test, there are limi-
tations, in that the sensitivity is low, and the time to obtain
results is long. Additionally, there is variation in analysis sensi-
tivity depending on the blood donor, and other types of cells
exist in human blood in addition to monocytes, which may
affect the results, so interpreting MAT results requires a careful
evaluation of how similar the results are to reactions in the
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human body. As the culture environment for monocytes fails to
precisely replicate physiological conditions, MAT experiments are
subject to limitations, and warrant further development (Table 1).

MECHANISMS ON MONOCYTE ACTIVATION

Living organisms have an immune system that protects them
against invading pathogens or harmful substances. The immune
system is a complex network of organs, cells, and proteins that
defend against invasion and quickly eliminate invading foreign
substances to maintain life (56, 57). Immunity can be mainly
classified into two categories. Innate immunity, the first line of
defense, is inherent, and present from birth (58). On the other
hand, Adaptive immunity is a response triggered by the im-
mune system’s memory upon exposure to harmful pathogens
or substances, enabling a subsequent response upon re-en-
counter. Monocytes, a type of white blood cell, play a vital
role in the innate immune system. Serving as a source for
crucial immune components, like macrophages and dendritic
cells, they are predominantly generated in the bone marrow,
and during circulation, migrate to various tissues. Their pri-
mary function involves participating in both inflammatory and
anti-inflammatory processes during immune responses (59-62).
Inflammatory reactions prompt monocytes to respond to external
invaders, such as inflammatory chemicals, foreign bacteria, or
pathogens, by engaging in phagocytosis to capture and digest
them. They also present antigens and secrete chemokines to either
neutralize or eliminate the invaders, and aid in tissue destru-
ction, when necessary. Additionally, monocytes contribute to
tissue regeneration and healing in cases of inflammation or
injury. Importantly, they help maintain immune system balance
by regulating excessive immune responses (63).

Table 1. Comparison of various pyrogen tests

Activation pathways and markers used in MAT
During the inflammatory process, the activation of monocytes
by invading foreign substances prompts the secretion of che-
mokines and cytokines, leading to a fever response. MAT evaluates
the levels of monocyte activation, and can be utilized to assess
the safety of pharmaceuticals, medical devices, and other me-
dicinal products by examining and evaluating key markers
linked to the activation pathway. Pyrogens that invade the living
organism stimulate phagocytic cells or systemic endothelial
cells through TLR (64-66), and the activated immune cells
generate and release pro-inflammatory cytokines. Secreted pro-
inflammatory cytokines reach the central nervous system through
the bloodstream, and are recognized by the Cytokine receptor
of the Organum vasculosum laminae terminalis (OVLT) (42, 67)
which synthesizes PGE-2 (68), which stimulates cAMP in the
hypothalamus. As a result, the set point of the temperature re-
gulator is elevated, leading to heat generation in the body (69, 70).
To perform the MAT, human monocytes are isolated from
blood, and cultured. These monocytes are then exposed to test
samples to activate them. If pyrogens are present, they trigger
an immune response by activating TLR on the surface of the
monocytes, leading to the secretion of pro-inflammatory cyto-
kines. The levels of these cytokines can be measured using
techniques such as ELISA. Data analysis involves comparing
the measurements from activated monocytes with those from
inactive ones, serving as a positive control to assess the presence
of pyrogens and evaluate the sample’s safety (Fig. 3) (39, 71).

VALIDATION OF THE MAT

Regulatory acceptance and guidelines for MAT validation
MAT is currently recommended as the primary test for detecting

Analytical technique RPT LAL s MAT
(Ph.Eur.2.6.8) (Ph.Eur.2.6.14) (Ph.Eur.2.6.32) (Ph.Eur.2.6.30)

Assay type In vivo Ex vivo In vitro In vitro
Sensitivity (Limit of Detection: LoD) 0.05 EU/ml 0.005 EU/ml 0.005 EU/ml 0.004-0.002 EU/ml
Endotoxin LPS + + + +
Non-endotoxin LTA + - - +

Yeast + — — +

Virus +/— - - +
Application Pharmaceuticals + + + +

Biologicals + +/— + +

Medical devices + +/— + +

Cell therapeutics - +/— + +

The Rabbit Pyrogen Test (RPT) boasts high sensitivity, and is capable of detecting most non-endotoxins. It is versatile, and can be used for all appli-
cations, except cell therapeutics. However, it relies on the use of animals. The Limulus Amebocyte Lysate (LAL) test, another animal-based method,
has lower sensitivity compared to RPT, and cannot detect non-endotoxins. Its applicability varies, depending on the type of sample being tested.
The recombinant Factor C (rFC) assay is an in vitro method with sensitivity similar to LAL, but like LAL, it cannot detect non-endotoxins.
Nevertheless, rFC is suitable for a wider range of applications than LAL. The Monocyte Activation Test (MAT) has the lowest sensitivity among these
tests, yet it uniquely detects both endotoxins and non-endotoxins, making it suitable for all types of applications.
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Fig. 3. Mechanisms of endogenous pyrogen production and fever. Exo-
toxins, such as lipopolysaccharides (LPS), bind to Toll-like receptors
(TLRs) on the surface of immune cells, like macrophages, monocytes,
and neutrophils. This interaction triggers the release of pyrogenic
cytokines, which induce the enzyme COX—2 to synthesize pro-
staglandin E2 (PGE2). Additionally, cytokines secreted into the blood-
stream by immune cells can travel to the hypothalamus in the
brain. There, they stimulate the hypothalamus to produce PGE2. The
synthesized PGE2 is then transported to the hypothalamus, where
it binds to EP3 receptors on neurons. This binding raises the set
point of the hypothalamic thermostat, leading to an increase in body
temperature, and causing fever.

pyrogens, and regulatory guidelines and standards for con-
ducting and validating such tests are crucial. In the 1990s,
regulatory agencies, such as the European Medicines Agency
(EMA) and the U.S. Food and Drug Administration (FDA), re-
cognized MAT as an important method for detecting pyrogens,
with official guidelines released in 2009 (72). The European
Center for the Validation of Alternative Methods (ECVAM) and
the Interagency Coordinating Committee on the Validation of
Alternative Methods (ICCVAM) approved MAT to identify Gram—
negative endotoxins in 2006 and 2008, respectively. The FDA
also approved MAT usage post-product validation testing in
2009, extending to regulated products like medical devices by
2012. The Ph. Eur. integrated MAT into General Chapter 2.6.30
as an in vitro alternative to the RPT, further supported by the
United States Pharmacopeia (USP)’s General Chapter <151 >
in 2018, allowing validated in vitro tests as RPT alternatives.
Moreover, the International Organization for Standardization
(ISO), which develops and provides international standards rela-
ted to pharmaceutical production, has provided regulatory
guidelines for standardizing tests like MAT since 2009 (73, 74).

APPLICATIONS OF THE MAT

Testing of pharmaceuticals

To ensure safety, pharmaceuticals primarily administered directly
to the body or in contact with blood must be pyrogen-free.
They typically enter through the skin, mucous membranes, or
via injections. These products must pass pyrogen tests to be
approved as medicines. Vaccines, for example, are pharmace-
uticals that enhance immunity against specific diseases or
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pathogens. They contain components resembling disease-causing
microorganisms, along with antigens, stabilizers, adjuvants,
and sometimes antibiotics, which may include free endotoxins
or other inflammatory substances. Some free-endotoxins can
act as adjuvants, stimulating the immune system, or the
antigens themselves may cause inflammation. While the RPT
is still used for some vaccines, the Bacterial Endotoxin Test
(BET) has been introduced for others. However, in the case of
BET, certain vaccine additives, like aluminum hydroxide, can
interfere with the test; whereas, in whole blood MAT, they do
not act as interfering factors, suggesting that it may be a more
suitable model for assessing a vaccine’s safety (75).

Recently, there has been a significant effort to evaluate and
introduce various vaccines using MAT. Neisseria meningitidis,
a bacterium recognized for its role in causing meningitis,
produces and releases potent LPS. One of the vaccine candi-
dates targeting these characteristics is based on native outer
membrane vesicles (NOMVs) of group B N. meningitidis,
containing LPS. Pyrogen tests and safety evaluations carried
out using LAL and RPT demonstrated notably lower sensitivity
in detecting and inducing cytokines, compared to MAT.
Additionally, MAT using Human Whole Blood and peripheral
blood mononuclear cells (PBMCs) showed differences in
distinguishing vaccines with various LPS structures. These results
demonstrate the high sensitivity of the Human Whole Blood
MAT system to endotoxin variants, and the usefulness of using
human tissues to predict toxicity in humans. In Brazil, from
2017 to 2018, due to the rapid spread of yellow fever virus,
the health department launched an emergency yellow fever
vaccination campaign. As part of this emergency strategy, the
immunobiology technology institute massively produced the
17DD-YF vaccine for domestic supply. This increased pro-
duction required efficient manufacturing and rigorous quality
control processes to meet demand. This study confirmed the
applicability of MAT for 17DD-YFV, and demonstrated its
effective detection of pyrogen contamination by proving its cor-
relation with LAL test. These findings support the utility of MAT as
a valuable tool for biological quality control research (76).

Other studies have validated the suitability of MAT kits using
hyperimmune sera (73). Additionally, both MAT and RPT for
Shigella sonnei vaccines containing generalized membrane an-
tigens (GMMA) showed lower pyrogen activity, compared to
modified LPS (77). For vaccines, including the Tick-borne
encephalitis virus vaccine, commonly administered intramuscularly,
it has been proposed to use sensitivity (the lowest endotoxin
value on the standard curve), rather than detection limit values,
to define Method A (quantitative) and Method B (semi-quan-
titative) in current MAT protocols (78). Furthermore, recent
assessments of three batches of Bexsero suggested that MAT
could serve as an alternative to RPT for monitoring fever-
inducing vaccines, highlighting its potential usefulness in va-
rious vaccine development fields. 30448065 Efforts to ensure
vaccine and medication safety through MAT continue, and are
expected to grow. Recent studies found (1,3)-beta-glucan con-
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tamination in all batches of Human serum albumin (HAS),
disrupting the conventional LAL test. Endotoxin-specific LAL
test was ineffective for HSA due to detection limitations. Likewise,
combining MAT with polymyxin B revealed endotoxin con-
tamination in batches with heating elements, missed by endo-
toxin-specific LAL test. (1,3)-beta—glucan increased MAT/IL-6
response, indicating potential safety concerns. MAT shows a
strong correlation with the RPT, enhancing safety in pyrogen
testing of HSA and other therapeutic proteins (79-81).

Testing of medical devices
Medical devices for blood or human tissue transplantation
may carry pyrogens on their surfaces that cause inflammation
and lower compatibility in the body. Therefore, rigorous pyro-
gen test is crucial for these devices. The traditional RPT in-
volved injecting the sample solution into rabbits or directly
transplanting the sample, and measuring body temperature
changes to examine pyrogen levels. However, this method
does not accurately show how much pyrogen comes from the
actual device, and by diluting the pyrogens, interferes with clear
detection. Moreover, it turns out that this method does not accu-
rately represent the original concentration of pyrogens detected,
casting doubt on its usefulness. Additionally, directly transpla-
nting samples into rabbits can result in tissue damage rather
than pyrogen-induced effects, making it difficult to consider as
a reliable pyrogen test. Therefore, various in vitro pyrogen
tests, called MAT, are now the preferred alternatives (45, 82).
Monocytes are recognized as the initial cells to reach the
transplant site, where they perform various functions (83, 84).
Therefore, analyzing monocytes for pyrogen test of transplant
devices has emerged as an attractive alternative. Pyrogen test
of transplant devices was carried out by measuring the sec-
retion of IL-1B from fresh or refrigerated human whole blood
in vitro. This method circumvents the need for washing pro-
cedures, and proves effective, as the test device directly interacts
with blood cells, demonstrating notably high sensitivity, and
broadening the detectable range of pyrogen contamination (85).
Mohanan et al. evaluated polymer gelatin materials for
pharmaceutical capsules, and directly compared the RPT, LAL,
and MAT tests (86). All five gel materials tested were conta-
minated with endotoxins, showing significant pyrogenic responses
in all three analyses. Werner et al. also reported on the effec-
tiveness of MAT and LAL in detecting pyrogenicity in intraocular
lenses (IOLs). These studies provide evidence that MAT con-
sistently detects pyrogenicity in medical devices, indicating
the potential for improvement in MAT (87). Hasiwa et al. intro-
duced a method to test the pyrogenicity of medical devices
using a 15-compartment stainless steel culture chamber. By
modifying the chamber, they could screen medical device
samples for pyrogenicity in separate wells, enabling high-
throughput screening. Meanwhile, Stang et al. proposed a
dynamic culture method to examine pyrogenicity for large
medical devices. This method allows the entire device surface
to directly contact blood cells, facilitating the detection of
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material-induced pyrogenicity. However, since ongoing verifi-
cation of material pyrogenicity is required for regulatory approval
of medical devices, the MAT could serve as an alternative to
detect such material-induced pyrogenicity (55, 88).

Other applications and potential future uses of MAT
Different microorganisms found in both indoor and outdoor
air can lead to infections, allergies, or immune reactions. The-
refore, it is essential to evaluate air quality by sampling and
analysis to understand the potential risks to people. Metal pro-
cessing and manufacturing produce various aerosols that carry
microorganisms and bacteria. However, the LAL test mainly
detects endotoxins from Gram—negative bacteria, neglecting
the full spectrum of airborne microorganisms. Additionally,
fungal glucans and DNA may interfere with endotoxin detection
in the LAL test, limiting its reliability (89). To address the issue
of lack of standardized methods and acceptable thresholds,
Kindinger et al. suggested using reliable tests that reflect the
human body response. They employed a MAT to measure
heat-generating substances in the air, and collected microbial
contaminants through air samples passed through a filter.
These filters were then combined with diluted human whole
blood in a collection device, left to incubate overnight, and
analyzed for IL-1B release (90). For this purpose, air sampling
devices, such as the styreneacrylnitrile monitor system equipped
with a polytetrafluoroethylene (PTFE) membrane filter, have
been developed. Verena Liebers et al. developed an Elec-
trostatic Dust Collector (EDC) for the long-term collection of
dust in both household and industrial air environments. Using
this device, they explored the possibility of assessing endo-
toxin levels and pyrogenic activity. Their findings highlighted
that monocyte chemotactic protein—1 (MCP-1) could function
as a secondary inflammatory indicator, assessed via whole
blood analysis. This affirmed its suitability for evaluating dust
deposition from airborne particles during prolonged exposure
periods (38, 91, 92).

Moreover, metalworking fluid (MWF), commonly used in
metal processing, can provide an environment for the growth
of various bacteria and microorganisms, leading to the gene-
ration of biological contaminants. This environment can be
harmful to workers, so to evaluate the safety of the work
environment, the MAT can examine the level of contamination
in MWF, and measure the resulting immune responses.
Therefore, MAT serves as a crucial tool in identifying potential
risks in the work environment by validating the biological
activity of MWF (93, 94).

Cell therapy involves injecting healthy living cells into patients
to restore cell and tissue function. It is divided into somatic
cell therapeutics and stem cell therapeutics. There are two
main approaches: one uses stem cell transplantation to replace
damaged tissues, while the second approach involves aiding
the self-healing of damaged tissues through the secretion
effects of cytokines, chemokines, and growth factors produced
by specific cells. In this method, transplanted cells are rela-
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tively short-lived, and after a period of time, eventually die.
This involves a variety of cells, like cartilage, stem cells, bone
marrow, and blood cells, such as lymphocytes, erythrocytes,
and platelets. Cells stored at room temperature are at higher
risk of extensive bacterial proliferation. Transfusion reactions
can elicit a variety of inflammatory responses, such as seizures,
fever, chills, and sepsis. Specifically, febrile reactions associated
with transfusions prompt various inflammatory responses in
recipients. Since these febrile reactions may go undetected below
the detection threshold during experiments, there is a demand
for tests with greater sensitivity than current stability tests, nece-
ssitating the development of a new MAT for this purpose (50).

CURRENT CHALLENGES AND FUTURE DIRECTIONS

Limitations of MAT and improvement

Compared with other tests, the MAT exhibits superior detection
capabilities concerning toxin spectrum, sensitivity, detectability,
and experimental significance. However, despite these advan-
tages, the MAT still faces many unresolved issues that need to
be addressed (72).

The duration of conducting the MAT s a critical factor to
consider. MAT involves three cell groups in experiments: whole
blood samples, monocytes, and monocytic cell lines. These
cells are cultured alongside various stimuli for approximately
(2-24) h to detect cytokines like IL-6, 1L-1B, and TNF-q.
Typically, analysis results are obtained (8 to 48) h afterward,
with the duration potentially varying based on the sample and
cell type used for MAT (95). Prolonged analysis time for the
MAT can lead to delays in obtaining crucial information for
quality management and decision-making concerning pharma-
ceuticals and products. Furthermore, it could lead to increased
expenditures on reagents, equipment, and labor, ultimately
compromising operational efficiency. In particular, when per-
forming febrile tests on large volumes of pharmaceuticals or
products, the process may require significantly more time.
Therefore, expediting the analysis time of MAT is essential for
both commercial and technical purposes.

Next, the extensive application of MAT largely depends on
obtaining fresh human blood or monocytes. However, acquiring
and storing these cell sources present significant challenges.
Due to strict ethical regulations and complex procedures,
obtaining human blood and monocytes is difficult. Moreover,
these resources are limited, and require proper storage and
handling. Maintaining their freshness obviously requires suitable
storage and transportation.

Lastly, MAT has limitations in its applicability, particularly in
terms of reliable positive controls for pyrogen testing beyond
LPS. ISO 10993-11 guidelines have raised questions about
whether certain substances in medical devices can induce fever
reactions. Trinitrophenol’s positive reactions in Whole Blood-
MAT have hindered its use as a pyrogen test for chemical
substances, highlighting the challenges in applying MAT to
diverse fever-inducing substances, and the requirement to

http://bmbreports.org

MAT as an alternative to animal testing
Yeram Jeon, et al.

broaden its scope (74).

An extensive variety of developments and efforts are being
made to overcome the limitations of MAT. Researchers are
exploring different MAT formats using human whole blood,
isolated PBMCs, and monocytic cell lines to shorten the
analysis time and improve sensitivity. In particular, utilizing
isolated PBMCs with propanol during stimulation has shown
promising results, reducing analysis time to less than 24 h.
Adjusting culture temperatures effectively accelerates MAT,
facilitating the detection of endotoxin and NEPs alike. This
modified setup is proposed as the fastest and most efficient
MAT format (96-99). Frozen PBMCs have been effectively
used in MAT for vaccine testing, especially for endotoxin-
related cases. These PBMCs remain stable for (2 to 12) months
in liquid nitrogen, facilitating convenient access from leuk-
ocyte filters processed at medical facilities or blood donation
centers (100).

Recent technical updates of MAT and related studies
Recently, various methods have been developed to enhance
the detection of febrile reactions using the Monocyte Acti-
vation Test (MAT). The conventional MAT relies on ELISA to
measure a single type of cytokine, 1L-6, secreted by monocytes
in response to pyrogens. However, during fever, a range of
cytokines, including IL-1B and TNF-q., are also secreted (101,
102). Thus, measuring only one cytokine may not fully capture
the fever response. To address this, Vollenbroich and colleagues
developed a digital PCR (dPCR) system using nucleic acid
amplification technology (NAT). This system simultaneously
measures multiple cytokines and housekeeping genes, pro-
viding a more comprehensive reflection of the pyrogenic res-
ponse and ensuring data accuracy. This system detects pyrogenic
contaminants and ensures drug stability, and has been evalu-
ated as a reliable alternative method without the need for animal
testing using the human lymphoblast cell line HL-60 (103).

Additionally, a new approach to the Monocyte Activation
Test (MAT) has been devised that differs from the conventional
method of measuring secreted inflammatory cytokines as
pyrogenic markers. Numerous cytokines are secreted by the
immune response, and the specific cytokines secreted depend
on the immune signaling pathway involved (104-106). Most of
these pathways involve the activation of NF-kB, which plays a
crucial role in the mechanism by which pyrogens stimulate the
secretion of inflammatory factors in humans (107). He et al.
developed a transgenic human monocyte cell line, THP-1,
stably transfected with a luciferase reporter gene vector con-
taining the DNA response element of NF-kB. Their study de-
monstrated that this proposed test could serve as a novel
alternative for pyrogen detection (108).

SUMMARY

In this review, we have considered the development process,
advantages, and limitations of MAT as a method for replacing

BMB Reports

111



112

MAT as an alternative to animal testing
Yeram Jeon, et al.

animal experiments, as well as its future direction. Compared
to RPT and LAL, MAT has a significant ethical impact on
animal welfare, and is a suitable alternative for pyrogen test,
due to its ability to detect endotoxins and NEPs more sensi-
tively. Efforts to advance MAT are accelerating through inter-
national regulation and experiment development, primarily led
by OECD countries. However, the limitations of MAT are
evident, requiring diverse efforts and developments to overcome
them. Moreover, collaboration among various countries and
organizations is necessary to regulate and apply new tech-
nologies to MAT, making it a more attractive alternative.

The impact of MAT on both animal welfare and scientific
research is significant and multifaceted. MAT provides a
promising alternative to traditional animal research, especially
in pyrogen test, where it offers clear advantages. By utilizing
human cells instead of animals, MAT reduces the need for
animal trials, thereby alleviating animal suffering and promo-
ting animal welfare. Embracing such non-animal testing methods
aligns with ethical considerations and societal expectations,
contributing to the reduction and replacement of animal ex-
periments. Moreover, MAT provides scientific researchers with
a more reliable and relevant means of assessing the safety of
pharmaceuticals and medical devices. By using human cell
lines, MAT predicts human responses more accurately than
animal models, enabling a more precise evaluation of potential
risks associated with these products. This increased accuracy
enhances patient safety by ensuring the use of only safe
products. MAT also contributes to refining scientific research
practices by providing standardized and reproducible methods
for fever evaluation, improving the reliability of research
findings. Furthermore, MAT promotes the use of scientifically
validated methods in regulatory decision-making. Overall, the
application of MAT has significantly advanced the safety
evaluations of pharmaceuticals and medical devices through a
more humane, ethical, and scientifically rigorous approach,
positively impacting both human health and animal welfare.
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