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5. Summary

Metal fume fever is a well-known occupational disease primarily arising from
prolonged exposure to zinc oxide-containing fumes. It poses a significant risk to
welders, foundry workers, and galvanizing laborers, potentially affecting millions
worldwide. Despite numerous studies on the pathomechanism, a precise

understanding still remains elusive.

In this study, the literary background of the disease is investigated and animal
experiments were designed and performed to gain deeper understanding of the

pathomechanism of the metal fume fever.

According to the literature, one of the currently accepted theories suggests that
once zinc oxide nanoparticles penetrate the alveoli and enter the lysosomes of the
cells, where it is ionised in the acidic environment, disrupting the integrity of the
lysosome membrane and leading to the release of reactive oxygen species These,
through the activation of nuclear factor kappa B transcriptional signaling, result in the

release of pro-inflammatory cytokines, manifesting the symptoms of metal fume fever.

The other theory assumes that zinc oxide nanoparticles behave as haptens,
binding to an unspecified protein in the body, collectively forming a complete antigen.
This could induce immune response, leading to hypersensitivity reactions and
inflammation, thereby explaining feverish symptoms, urticaria, angioedema, and

asthmatic respiratory disorders.

In our animal experiments, the effects of zinc oxide fume inhalation on multiple
inflammation-related cytokine- and cytokine receptor genes in mice from lung and
lymph node samples is investigated, to explore their role in the pathogenesis of metal
fume fever. BALB/c male mice were treated with a sub-toxic amount of zinc oxide fume
for 4 hours a day for 3 consecutive days. Sampling occurred 3- and 12-hours after the

last exposure.

We are the first to demonstrate that zinc oxide inhalation causes extremely
increased levels of IL-17f gene expression at both sampling time points, in addition to
increased relative gene expression of several other interleukins and cytokines, such as
IL-4, IL-13, Cxcl5, CSF-3, and IFN-y.

Our animal experiments provide new insights into the immunological processes
of early metal fume fever development. IL-17f plays a crucial role in connecting

immunological and oxidative stress events. The increased levels of IL-4 and IL-13



cytokines may explain the development of long-term allergic asthma after exposure to
zinc oxide nanoparticles, which is well-known among welders, smelters, and metal

workers.
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6. Introduction

Welding is a widely utilized metal joining method in the industrial manufacturing
sector worldwide. Research has demonstrated that the welding process can generate
fine and mostly ultra-fine metal-containing particles that can be inhaled, leading to
several health problems (Berlinger et al. 2008; Berlinger et al. 2011). Approximately
one million people worldwide work full- or part-time jobs, experiencing chemical,

thermal, radiation, and other exposures related to welding (Antonini et al. 2003).

Metal fume fever (MFF) is a well-known and common disease among welders
and metalworkers, triggered by prolonged exposure to sub-toxic concentrations of zinc
oxide (ZnO) fumes. Symptoms of the disease are mainly attributed to zinc, but can also
be triggered by other metals such as copper, and in rare cases by inhalation of
manganese, mercury, cadmium and lead. Due to its antioxidant properties, zinc oxide
is a popular coating material in the metal industry, and is therefore often used in

galvanizing for corrosion protection (Ahsan et al. 2009; Greenberg and Vearrier 2015).
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7. Literature Review

7.1.Historical Survey

MFF is likely as old as the art of smelting metals, dating back to around 2500 to
3000 BC (Blount 1990). The famous ltalian sculptor, Benvenuto Cellini (1500-1571),
suffered from MFF in 1550 while working on the bronze statue of Perseus for Duke

Cosimo De Medici, who dramatically mentioned it in his memoirs (Cellini 1850).

The first medical description of MFF was provided by Potissier in 1822 (Mueller
and Seger 1985; Farrell 1987; Ahsan et al. 2009). In 1831, Charles Tackrah, an
English physician from Birmingham, documented numerous cases occurring among
brass founders, giving the illness its first name, "brass founder's ague" (Turner and
Thompson 1925). Over the years, the syndrome has been referred to by several

noon non non

names, such as "foundry fever", "monday morning fever", "brazier's disease", "spelter

shakes", "brass chills", "zinc chills", "welder's ague”, and "copper fever" (Mueller and
Seger 1985; Farrell 1987; Ahsan et al. 2009).

The first attempt to explain the pathogenic mechanisms of MFF was done by
Lehmann in 1910. It was hypothesized that zinc entering the lungs destroys cells and
forms complexes with certain proteins released from the cytoplasm, which may have a

pyrogenic effect causing fever (Lehmann 1910).

The first experimental description dates back to 1927 when two healthy men
were exposed to freshly generated ZnO and were observed clinically for the next 52
hours (Drinker et al. 1927).

The first clinical case report is from 1957. A thirty-two-year-old man had more
than ten episodes of MFF (Swiller and Swiller 1957).

In 1960, two etiopathological theories were published and became the most
commonly accepted; Pernis et al. explained the symptoms of the disease by the
production of endogenous pyrogenic substances by leukocytes, suggesting a bacterial
origin (Pernis et al. 1960). McCord explained the onset of the symptoms by underlying

immune-allergic mechanisms (McCord 1960).

More recently, the medical literature has reported cases with asthmatic
reactions or asthma associated with MFF. Farrell (1987) published a case of an
immunoglobulin  (lg) E mediated immunological reaction causing urticaria and

angioedema during an acute episode of MFF which was also confirmed by other
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researchers (Farrell 1987; Malo and Cartier 1987; Vogelmeier et al. 1987; Kawane et
al. 1988).

These new results oriented the researchers towards the possible immunological
ethiology of the MFF. Also during these times, the roll of chemical and metallic
originated nanoparticles (NPs) gained more interest in biological reactions. Hence,
considering all these informations new avenues for understanding MFF has been

opened up, revealing additional pathomechanisms beyond those previously described.

7.2.Symptoms

MFF is a relatively rare disease in the general population, but its prevalence
can be as high as 25-30% among certain groups at risk and it can reappear multiple
times in the same individual (El-Zein et al. 2005; Wardhana 2014). MFF is frequently
underdiagnosed, but it is not uncommon among workers in occupations such as
welders and smelters. In fact, between 2006 and 2012, more than 3,300 cases were
treated at the National Center for Toxicological Research (NCTR) (USA) with this
occupational disease, but this number greatly underestimates the true incidence. The
number of undiagnosed cases is believed to be much higher than the 1,500-2,500

cases reported annually in the United States (Greenberg and Vearrier 2015).

Determining the national prevalence rate of this disease encounters difficulties.
Long-term inhalation of zinc oxide can cause not only MFF, but also occupational
asthma (OA) and since OA is a notifiable disease in Hungary, we can draw conclusions
about MFF from OA information. According to the annual report of the National Koranyi
Institute of Pulmonology, a minimum of 14,000 new adult asthma patients were
registered annually between 2000 to 2012, and according to international surveys, at
least 2% of asthmatics suffer from OA. However, over the 23-year period from 1990 to
2013, only 11 metal workers and 10 section assistants reported cases of OA in
Hungary (Endre 2015). Thus, we can only estimate the true incidence of both MFF and
OA, but we can conclude that they are significantly underdiagnosed diseases in

Hungary.

Symptoms of MFF can begin within hours of inhaling metallic particles and may
include a sweet metallic taste in the mouth, throat irritation, and shortness of breath.
This is followed by non-specific flu-like symptoms, such as fever, muscle aches, chills,
tiredness, malaise, and headache. Later, chest and back pain and a dry cough can

develop, potentially leading to interstitial pneumonia. Symptoms usually last between
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two to four days. Chronic exposure to high concentrations of ZnO fumes may result in
long-term effects such as asthma, dermatitis, conjunctivitis, and gastrointestinal
disturbances (El-Zein et al. 2005; Ahsan et al. 2009).

MFF is sometimes referred to as "monday morning syndrome" or "monday
morning fever" because it may require multiple exposures to ZnO and several days of
exposure-free periods for symptoms to develop. In other words, workers may be
affected when they return to work on Monday after two days spent at home (Martin et
al. 1997; Greenberg and Vearrier 2015). The disease can recur if the person is

repeatedly exposed to ZnO (Swiller and Swiller 1957).

The factors influencing the delayed onset of MFF after an exposure-free interval
are not clearly defined. However, according to published clinical cases, these factors
may depend on the inhaled dose (concentration of smoke, local ventilation, duration of
exposure) and the patient's individual sensitivity (history of toxic contamination,

previous clinical condition) (Brand et al. 2014).

In some reported cases, the symptoms of MFF were eliminated during a period
of repeated exposure. This phenomenon is known as "induced temporary immunity"
and can last as long as there is repeated exposure every other day. If there is an
interruption in exposure for two or more days, symptoms may reoccur (Patty 1963).
Temporary immunity may explain why MFF often returns to workers who are irregularly

exposed to fumes (Mueller and Seger 1985).

Studies have attempted to explore the true prevalence of MFF, as the number
of reported cases is likely underrepresented. For instance, a study using the Babcock
and Wilcox Welders’ Health Programme found that 31% of examined welders between
the ages of 20 and 59 had MFF repeatedly (Ross 1974; Greenberg and Vearrier 2015).
Similarly, a longitudinal study of hundreds of welders found that the prevalence of the
disease was over 35% after an average period of 15 months work (El-Zein et al. 2005;
Wardhana 2014).

In order to determine the No Observed Effect Level (NOEL) for MFF, several
studies have monitored changes in blood parameters during the iliness. For example,
Brand et al. found that the NOEL for systemic inflammation caused by fumes produced
during metal inert gas (MIG) welding of zinc-coated materials was between 0.9-1.2
mg/m® of zinc with particles smaller than 10 ym in diameter (Brand et al. 2014).
Another study determined the NOEL for nanosized ZnO particles to be below 0.5
mg/m3. After 4 hours of exposure to 0.5, 1.0, or 2.0 mg/m3 ZnO NPs, no concentration-

dependent increase was observed in neutrophil granulocytes (Ne), interleukin (IL) 6,

14



IL-8, or matrix metalloproteinase (MMP) 9 in sputum (Monsé et al. 2021). However, in a
pilot experiment, Monsé et al. found that ZnO exposure led to a dose-dependent acute
phase response, increase in Ne, Serum Amyloid A (SAA), and C Reactive Protein
(CRP) in blood (Monsé et al. 2018).

Based on human and animal data, it is suggested that tumor necrosis factor-a
(TNF-0), IL-5, IL-6, IL-8, IL-13, MMP-9, myeloperoxidase, IgE, interferon-gamma (IFN-
y) and number of polymorpho-nuclear cells in broncho-alveolar lavage fluid (BALF)
may increase after inhalation of ZnO (Cho et al. 2011; Wardhana 2014; Huang et al.
2019). Furthermore, exposure to ZnO NPs at concentrations of 0.5-2 mg/m?® led to a
dose-dependent acute phase response and increased CRP and SAA concentrations in
the blood. Exposure to 1 mg/m® for 4 hours caused a 5-fold increase in SAA levels
compared to control, which may lead to a 3-fold higher risk of cardiovascular disease

as a long-term consequence (Monsé et al. 2018; Reisgen et al. 2020).

A study of individuals older than 55 years old living near an industrial facility
found that high levels of Zn in fingernail samples were significantly associated with
severe dementia. It is suggested that long-term exposure to high Zn concentrations

may also cause cognitive disorders (Pinto et al. 2019).

It is worth noting that the immunological monitoring of the entire course of MFF
and the role of the different sized ZnO particles in its development are not well

understood at this time.
7.3. Etiopathological Background

Welders are skilled professionals in high demand throughout Europe, but their
work exposes them to fumes that can cause short- and long-term health effects. Short-
term effects include MFF, while long-term effects can range from respiratory
impairment to lung cancer, resulting in significant economic loss. Smoking also plays a
role in the development of pathological processes and can aggravate symptoms (Mur
et al. 1989; Sferlazza and Beckett 1991; Al-Otaibi 2014) .

Zinc-coated steel is commonly used in welding to protect the final product from
corrosion. However, welding produces ZnO particles that welders can inhale, which is
why maximum inhalable ZnO particle concentrations are limited in all countries. Many
countries, such as the USA, UK, Australia, Canada, Germany, Netherlands, Sweden,
and Hungary, set occupational exposure limits (OEL) to 5-10 mg/m® of ZnO (Agency
2004; Greenberg and Vearrier 2015; Vogel and Cassee 2018; NIOSH 2022; Ministry
2020). In the USA, the National Institute for Occupational Safety and Health (NIOSH)
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has set a limit of 5 mg/m?® of ZnO fume averaged over an 8-hour work shift (Ahsan et al.
2009). According to Hungarian legislation, the OEL’'s value means the average
concentration in air, regardless of particle size. ZnO particles generated during welding
are typically 20-3000 nm in size. Particles below 5000 nm fall within the respiratory
fraction's size range, meaning they cannot be filtered out of the airways by cilia,

potentially causing diseases in the lungs' alveoli (Schraufnagel 2020).

MFF has long been recognized as an occupational disease that primarily
develops after prolonged sub-toxic exposure to ZnO-containing fumes or dust. Various
metallic elements were initially suspected to cause MFF, with heavy metals such as
copper, mercury, lead, cadmium, or antimony being the primary suspects, followed by
other metals like manganese, or zinc (Ahsan et al. 2009; Greenberg and Vearrier
2015).

The size of the inhaled ZnO particles determines how oxidative stress develops.
One study compared different particle sizes produced by several welding processes
with different emission rates. High emission rate welding techniques, like manual metal
arc welding, metal active gas welding, MIG soldering, and laser welding produce
particles mostly in the 60-200 nm range. Welding processes with low mass emission
rates, such as tungsten inert gas (TIG) welding and resistance spot welding, produced

particles smaller than 50 nm in the ultrafine range (Brand et al. 2013).

Fine particles (FPs) are defined as particles ranging in size from 100 nm to

1000 nm, which enter the cell cytoplasm through metal transporters (Liu et al. 2016).

Ultrafine or NPs are defined as particles between 1-100 nm in size with unique
properties that can cause cell damage differently from larger ZnO particles. NPs have a
high surface area to mass ratio, and their biological activity depends more on their
physical properties than on their qualitative chemical composition (Brand et al. 2014;
Girardello et al. 2021).

16



Table 1 Size categories of the airborne particles compared to the welding-generated

ZnO particle size distribution

Name Size in nanometer References
Respiratory/Alveolar fraction under 5000 Schraufnagel 2020
Fine particles 100-1000 Liu et al. 2016
Ultrafine/nanoparticles 1-100 Girardello et al. 2021
ZnO particles generated 20-3000 Brand et al. 2014
during welding

The living cell (yeasts, plants, animals) possesses various protective

mechanisms against oxidative stress, particularly in mammals.

The Fenton reaction, which involves the oxidation of transition metals (e.g., iron,
copper, zinc) in the presence of hydrogen peroxide, leads to the formation of reactive
hydroxyl radicals, which can cause cell damage (Jomova and Valko 2011; Gammoh
and Rink 2017). However, the body's antioxidant system defends against Reactive
Oxygen Species (ROS), through various enzymes, thereby reducing oxidative stress.
For instance, superoxide dismutase (SOD) catalyzes the reaction of the superoxide
anion formed from oxygen to form less reactive hydrogen peroxide and molecular
oxygen. The catalase (CAT) enzyme promotes the formation of water and molecular
oxygen from hydrogen peroxide. Nevertheless, if the body's antioxidant defenses are
insufficient, ROS can damage cellular components, such as proteins, lipids, nucleic
acids, and membranes, resulting in cellular damage (Gammoh and Rink 2017). The
cellular damage causes the formation of Damage Associated Molecular Pattern
(DAMP) after the cell lysis, which attracts phagocytes that will produce various

cytokines and provoke inflammation (Liu et al. 2017).

MFF symptoms include flu-like symptoms, which indicate an inflammatory
process with fever. The increase in the amount of inflammatory cytokines and acute-
phase proteins at the onset of symptoms proves this. TNF-a, IL-13, and IL-6, which act
as endogenous pyrogens, are considered the main direct triggers of fever and its
accompanying symptoms. Cytokines can regulate each other's production; for
instance, TNF and IL-1 stimulate each other's production via a positive feedback, and
IL-18 and TNF strongly induce IL-6 (Conti et al. 2004).
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The transcriptional signal nuclear factor kappa B (NF-kB) plays a key role in
connecting oxidative stress and inflammation. It is commonly found in inactive form in
almost all cell types. Its activation occurs via stimuli such as stress, free radicals,
oxidized low-density lipoprotein, cytokines, ultraviolet radiation, bacterial or viral
antigens. Innate immune cells produce pro-inflammatory mediators such as TNF-a, IL-
1B, IL-6, and IL-8, which cause the main symptoms of MFF in response to NF-kB
activation. The NF-kB is a central mediator of pro-inflammatory gene induction and also
regulates the function of innate and adaptive immune cells, apoptosis, and the
activation and differentiation of T cells responsible for inflammation. The process is
induced by oxidative stress caused by the release of free radicals via the activation of
Mitogen-Activated Protein Kinase (MAPK). MAPK promotes the initiation of a cascade

mechanism by activating the transcription factors NF-kB (Gammoh and Rink 2017).

The activation of TNF receptor, Pattern Recognition Receptor (PRR), T-cell
receptor, B-cell receptor, and various cytokine receptors can also induce the NF-kB
cascade mechanism. PRRs, including Toll-like Receptors, are located on the surface
and cytoplasm of innate immune cells such as macrophages, Ne, and dendritic cells
(DCs) and are designed to recognize Pathogen-Associated Molecular Pattern and
DAMP for the elimination of pathogens. Therefore, the accumulation of ROS in cells

eventually leads to the symptoms mentioned above (Chen et al. 2015; Liu et al. 2017).

In some cases of MFF, the reaction is similar to the late phase of type |
hypersensitivity reactions. This is because the effector mechanisms overlap, causing
similar symptoms (Farrell 1987) The mechanism of the Type | hypersensitivity reaction

is summarized in Figure 1.
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Figure 1 Type | or Immediate type hypersensitivity reaction (Figure by author)

APC: antigen presenting cell; B: B lypphocyte; Eo: eosinophil granulocyte Th: T helper

lymphocyte; CNS: central nervous system; IL: interleukin; IgE: immunoglobulin E;

MPP: matrix metalloproteinase; MAPK: mitogen-activated protein kinase.
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Type | hypersensitivity reaction involves the activation of Th2 lymphocytes,
which induce B lymphocytes to produce IgE antibodies. These antibodies bind to Fc
epsilon receptor (FceR) I. on mast cells and basophil granulocytes (Ba). Upon
secondary exposure to the allergen, cross-linking of the IgE antibodies on these cells
induces their activation and the release of mediators such as histamine, enzymes, like
serine proteases, heparin, prostaglandins, and leukotrienes, leading to characteristic

symptoms (Valké and Lérincz 2020).

The hypersensitivity reactions can be classified according to the modified Gel-

Coombs classification, as shown in Table 2 (Kumar et al. 2007).

Table 2 The modified Gel-Coombs classification of hypersensitivity reactions

L Onset of the Clinical
Classification ) Immunoreactants .
reaction Presentation
_ Local and systemic
e | Within Mast cell mediated, anaphylaxia: urticaria,
yp minutes IgE dependent angioedema, asthma,
and allergic rhinitis
cytotoxic reactions (I9G  |cytopenias
Type lla 4-8 hours and IgM antibodies and _
complement often Autoimmun
involved) haemolytic anaemia
IAntibody-mediated cell- |Graves disease and
Type llIb 4-8 hours . _y . . .
modifying reactions Myasthenia gravis
Immune complex .
. . Serum sickness,
mediated reactions, . .
Type Il 2-8 hours . \vasculitis, arthritis,
complement is also .
. glomerulonephritis
involved
Th1 cell-mediated Tuberculin reaction
Type IVa 1-3 days reactions, macrophage [and contact
activation dermatitis
Th2 cell-mediated Persistent asthma and
Type IVb 1-3 days . . . S
reactions, inflammation [allergic rhinitis
Type IVc 1-3 days Tc cell-mediated Contact dermatitis
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Metal oxides act as haptens and bind to undefined proteins, forming allergens
or antigens. Allergy is a complex disorder involving multiple factors such as the
immune system, environmental influences, and genetic make-up (Kumar et al. 2007).
During primary allergen exposure, antigens enter the body through the lung mucosa
and are presented by antigen-presenting cells (APCs), mainly DCs, to Th cells. Th2
cells differentiate and activate B lymphocytes to produce IgM antibodies. Later, in the
presence of IL-4 and IL-13, an isotype switch occurs, and plasma cells start to produce
IgE. The fragment crystallizable region of allergen-specific IgE binds to FceRI receptors
on mast cells and Ba, leading to their activation and mediator release upon secondary

allergen exposure (Day and Schultz 2014).

The mediators released during MFF cause tissue damage through the
activation of matrix metalloproteinases, which can be inhibited by a-2 macroglobulin
(a2M). The cascade initiated by MAPK leads to the expression of pro-inflammatory
cytokines such as TNF-a through the activation of transcription factors NF-kB and
activator protein 1 (AP-1). Additionally, prostaglandins and leukotrienes are also
secreted, leading to bronchoconstriction and edema infiltration due to vasodilation. The
final effects of these mediators correspond to the symptoms of MFF, which can include
eosinophilic inflammation and a late-phase reaction lasting up to two days (Day and
Schultz 2014; Valké and Lérincz 2020).

7.4.Disposition

ZnO is a versatile material with a wide range of applications. The global annual
production of ZnO is estimated to be between 0.1 and 1.2 million tons (Jacobsen et al.
2015). It is commonly used in sunscreens, other cosmetics, paints, and coatings due to
its UV-blocking properties. Additionally, ZnO NPs in size of 20-100nm have been
studied for their potential use as drug carriers, in pharmaceutical vehicle materials,
gene delivery, cancer therapy, angiogenic therapy, and biomedical imaging (Cho et al.
2011; Zhang et al. 2013). In fact, ZnO NPs are used as a dietary supplement in some

food production sectors, such as fish and poultry (Ahmadi et al. 2013).

The toxicity of sunscreen products containing zinc compounds has been
studied, and it has been found that dermal absorption of ZnO is low, at around 2%, and
does not interfere with zinc homeostasis (Ruble et al. 2010; Osmond-McLeod et al.
2014).
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In an industrial setting, exposure to zinc dust, ZnO, and ZnCl, caused various
symptoms, as these particles easily pass through the alveolar-capillary barrier
(Haguenoer and Rothan 1981).

Zinc is an essential metal that plays a critical role in many biochemical
processes of cellular metabolism, including the metabolism of proteins, lipids, and
carbohydrates. Zinc is also necessary for proper immune system function. The human
body contains around 2-4 g of zinc, with the highest concentrations found in muscles,
bones, skin, and liver. Zinc is transported in the blood by binding to albumin and a2M,
a zinc-binding protein with high affinity for zinc (Jomova and Valko 2011; Gammoh and
Rink 2017) . The biological half-life of zinc ranges from 160 to 500 days, and
approximately 75% of excretion occurs through the digestive tract, with the remainder

excreted in urine, sweat, saliva, and milk (Patty 1963).

The body regulates zinc absorption through the intestinal mucosa with the help
of special proteins such as metallothionein (MT). In case of zinc deficiency the
absorption is increased, however at normal zinc levels even high calcium and zinc in

diet can lead to reduced zinc absorption (Krebs 2000).
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7.5.Pathomechanism Factors

Induction of Oxidative Stress

The most accepted hypothesis today is that oxidative stress caused by inhaled
ZnO causes the symptoms of MFF. The current understanding of the pathomechanism

summarized from the literature is shown in Figure 2.
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Figure 2 The oxidative-stress based pathomechanism of the MFF (Figure by author)
AP-1: activator protein 1; CNS: central nervous system; CRP: C reactive protein;
DAMP: damage associated molecular pattern; IL: interleukin; MAPK: mitogen-
activated protein kinase; ROS: reactive oxygen species; SAA: serum albumin A; TNF:

tumor necrosis factor.
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Metal-containing NPs enter the cell by endocytosis than they are entering the
acidic lysosome. Sabella et al. (2014) define this process the so-called Lysosome-
Enhanced Trojan Horse (LETH) effect. This mechanism depends mainly on the size of
the NPs. NPs entering the cell through endocytotic method show a much more toxic
effect in the cell than if they had entered the cytoplasm with neutral pH evading the
lysosome. In acidic environments, NPs are dissolved, and large amounts of ions are
released which accumulate in the lysosome, disrupting the integrity of the lysosomal
membrane (Sabella et al. 2014). The ROS formation and the resulting oxidative stress
is thought to be caused by the damage of the lysosomal membrane integrity (Cho et al.
2011). Thus, NPs cause oxidative stress, inflammation, and deoxyribonucleic acid
(DNA) damage to a much greater extent than larger (500-5000 nm) metal-containing
particles. Indeed, the acidic environment of the lysosome instead of protecting the cell
is rather enhancing the toxicity of ZnO NPs by leading to autophagy of the damaged
cell (Brand et al. 2013; Sabella et al. 2014).

The results of Monsé et al. (2021), however, do not support the hypothesis that
nano-size ZnO particles produce more severe symptoms and elevated laboratory
parameters. Monsé included volunteers in his experiment and exposed them to 2
mg/m?* ZnO for 2 hours. One group inhaled larger ZnO particles (smaller than 700 nm
in diameter), and the other group inhaled nano-sized ZnO patrticles with the size about
80nm in diameter. After the exposure, both groups showed a significant increase in the
levels of SAA and CRP, Ne, and monocytes in blood. After 22 hours, the levels of
MMP-9 and IL-8 were significantly increased compared to controls in the sputum. As a
final result, in this experiment, the microparticles elicited a stronger response in

volunteers than the NPs (Monsé et al. 2021).

However, excess transition metals, such as zinc, can also bond covalently to
the thiol groups of proteins; enzymes, structural proteins, transporters, signaling
proteins, so they can cause an inhibitory, inactivating effect. MT, which bind toxic metal
ions with their thiol group, play a major role in detoxification. As the concentration of
zinc ions increases, the formation of Zn-MT also increases. Chen et al. (2015) studied
the effect of ZnO NPs in mice. The animals showed increased MT expression after
inhalation of ZnO NPs at 0.86 mg/m? for 5 hours (Chen et al. 2015).

Krabbe et al. (2019) examined fifteen healthy male subjects who were exposed
for 6 hours to welding fume on 4 consecutive days. They measured increased

expression of MT from the second day to all of the examined week (Krabbe et al.
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2019). One of the hypotheses suggests that MT is responsible for the induced

temporary tolerance (Ahsan et al. 2009).

Jacobsen et al. (2015) conducted multiple experiments to study the effects of
different sizes and concentrations of ZnO NPs on mice by intratracheal instillation.
They found that exposure to ZnO NPs led to increased levels of red blood cells, Ne, IL-
6, and Lactate Dehydrogenase in the BALF. However, TNF-a, IFN-y, IL-1q, IL-10, and
C-X-C Motif Chemokine Ligand (Cxcl) 5 expressions were not increased in any of the
groups. In one of the experiments, mice were exposed by intratracheal instillation to
ZnO NPs with an average diameter of 70 nm at doses of 5 and 15 pg/animal. The
analysis of antioxidant GSH, Malondialdehyde (MDA), as a product of lipid
peroxidation, and the amount of antioxidant CAT enzyme showed that only the CAT
enzyme activity increased significantly in the lower dose group. However, in the mice
treated with the higher dose, GSH decreased and MDA levels increased significantly
(Jacobsen et al. 2015).

ZnO NPs have been shown to induce oxidative stress (Chen et al. 2015;
Greenberg and Vearrier 2015) and a study conducted by Girardello et al. (2021) on
Golden mussels (Limnoperna fortunei) also found that SOD and CAT activity was
significantly increased after exposure to different concentrations of ZnO NPs for

different periods of time (Girardello et al. 2021).

ZnO-induced ROS can induce apoptosis in the cell via the p53 pathway, and
the oxidative stress-induced mitochondrial dysfunction leads to an increase in the
amount of MMP, which can activate the caspase 3 pathway and thus lead to apoptosis
(Liu et al. 2016). MMPs are Zn and Ca-dependent endopeptidase enzymes that break
down extracellular matrix proteins and have other functions such as angiogenesis and
the inactivation of chemokines and cytokines. MMP-9 levels are increased under
oxidative stress, and in several cases of MFF increased activity of them were detected

in blood samples (Monsé et al. 2021).

Activation of the NF-kB pathway by oxidative stress leads to the release of
inflammatory cytokines, which are directly responsible for the development of MFF
symptoms. TNF-a is a principal mediator of acute inflammation, with its levels
increasing as early as 3 hours after exposure, and the IL-6 reaching its maximum at 22
hours post-exposure. The highest levels of the chemotactic factor IL-8, which is
responsible for neutrophil granulocyte attraction, were measured at 8 hours after
exposure (Kelleher et al. 2000; Antonini et al. 2003; Wardhana 2014).
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Several studies have reported increased blood levels of TNF-qa, IL-1, IL-6, and
IL-8 in relation to the concentration of inhaled ZnO (Jacobsen et al. 2015). The
expression levels of acute-phase proteins such as CRP and SAA were also found to
increase with the application of ZnO NPs (Hartmann et al. 2014; Monsé et al. 2018;
Hadrup et al. 2019; Reisgen et al. 2020) , which are among the most commonly used
markers of inflammation (Burmester et al. 2003; Valké and Lérincz 2020). Consistent
with these reports, high levels of Ne and macrophages responsible for the production
of these cytokines have been detected in BALF in mice (Adamcakova-Dodd et al.
2014; Jacobsen et al. 2015; Hadrup et al. 2019).

Allergic Pathway

Currently, the most widely accepted pathomechanism for MFF is the
inflammation caused by ROS, although there are data that support the immunological
pathomechanism hypothesis, too. One of the earliest human experiments investigating
MFF was published in 1927 by Drinker. The experiment involved inhaling freshly
generated ZnO with two healthy individuals, who were then observed clinically for the
next 52 hours. In addition to symptoms characteristic of MFF, it was noted that
individuals involved in the experiment suffered from a fever attack that evening.
However, when exposed to a greater concentration of fumes the next day, the febrile
reaction was completely eliminated. This fact may indicate the development of

tolerance (Drinker et al. 1927).

In a case study reported by Farrel a 34-year-old male welder exhibited both
acute and late-phase reactions after direct exposure to ZnO NP-containing fumes. The
acute phase reaction was termed as an anaphylactic reaction but also presented the
more common clinical signs of MFF. Later on (12 hours after exposure), other
symptoms such as pruritus, urticaria, and angioedema were also described, which are
part of the delayed anaphylactic reaction. These symptoms were so severe that the
patient needed emergency care, and his condition resolved with the same treatment as
the one applied in an acute allergic reaction, which is a combined injection of
adrenaline, glucocorticoid, and antihistamine. In the studied patient, the blood level of
IgE was increased, which refers to a type | hypersensitivity reaction. After each
exposure to ZnO fumes, this anaphylactoid reaction quickly recurred in this subject.
This case suggests that the toxic effect of the ZnO NPs could act through the exact

same pathomechanism as an allergic reaction (Farrell 1987).
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In a case study of two welders, an acute episode of MFF with asthmatic
dyspnea was reported bronchial reactivity to histamine, which was markedly increased
in one case, and was seen at the upper limit of the physiological level in the other,
argued in favor of an acute reaction to an allergen (specific and non-irritative reaction).
In addition to this case, they had experienced symptoms of fever, chills, malaise, and

nausea several times a year (Malo and Cartier 1987; Kawane et al. 1988) .

In a longitudinal study conducted by El-Zein et al. the status of 286 welder
apprentices was followed for an average period of 15 months. MFF-related symptoms
occurred in 39.2% of the people involved, and MFF was associated with respiratory
symptoms suggestive of welding-related asthma (13.8%). At the end of the study, a
Prick skin test was performed, which showed 11.8% positivity for the following metals:

copper, zinc, manganese, and chromium (El-Zein et al. 2005).

The inhalation of ZnO has been associated with immediate and late-phase
reactions of urticaria and angioedema. It has been suggested that ZnO may act as a
hapten by binding to a protein to become a complete antigen, leading to the formation

of antigen-antibody complexes (Greenberg and Vearrier 2015).

The effects of ZnO inhalation were investigated in animal studies. In one study,
rats were exposed to ZnO through intratracheal instillation. One week after exposure,
the serum levels of IgE increased while IgA levels decreased, and neutrophil and
eosinophil cell counts were elevated in BALF. It was hypothesized that ZnO NPs
rapidly dissolve under acidic conditions in phagosomes, leading to lung injury and MFF
symptoms (Cho et al. 2011). In another study, mice inhaled 2.5 mg/m?® ZnO for 5 hours
per day for 5 days. The results showed increased neutrophil and eosinophil cell counts
in BALF and increased expression of IL-5, IL-13, TNF-a, and INF-y (Huang et al.
2019).

Several hypotheses have been proposed to explain allergic symptoms of MFF.
One of the earliest theories suggests that inhaled metal-oxide particles cause the
release of histamine or histamine-like substances responsible for the early-phase
symptoms of MFF. Zinc-protein complexes produced during inflammation of respiratory
mucous membranes are allergenic and can act as an antigen. On further exposure to
fumes, there is an immunological reaction with the formation of antigen-antibody
complexes. The primary immune complex acts as foreign to the organism, leading to

the formation of secondary anti-antibodies against it (McCord 1960).

Jerne's network theory is now accepted as an explanation for the appearance

of secondary immune complexes (Figure 3). This theory suggests that the variable
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region of antibodies has a dual function. The paratope binds to the antigen and also
contains the determinant specific to the individual molecule as an idiotope. The
idiotopes define the idiotype of the antibody, which, because of its uniqueness, can
induce the production of idiotype-specific antibodies and is therefore immunogenic. The
primary antibody induces the creation of secondary antibodies. The secondary
antibody can regulate the immune process, stop it, and, when coupled with the primary
immune complex, can form a secondary immune complex. The development of
symptoms is determined by the quantity of different immune complexes (Kumar et al.
2007; Valkoé and Lérincz 2020).

epitoae/

anti-paratope anti-idiotope
anti-idiotypic Ab anti-idiotypic Ab
Figure 3 The structure of the IgG-IgE type antibodies (Ab) in relation to the antigen
(Ag) and the possible connections between the anti-idiotypic secondary

antibodies (Figure by author)

The current understanding of the pathogenesis of MFF suggests that exposure
to inhaled ZnO leads to oxidative stress and the generation of ROS. Metal-containing
NPs are thought to enter cells via endocytosis, and are subsequently taken up into
acidic lysosomes, a process known as the LETH effect. In acidic environments, NPs
are dissolved and release ions that accumulate in the lysosome, leading to disruption
of the lysosomal membrane and the generation of ROS. This results in oxidative stress,
inflammation, and DNA damage to a greater extent than larger metal-containing
particles (Cho et al. 2011; Sabella et al. 2014).

While ZnO NPs were initially thought to produce more severe symptoms and
more significant changes in laboratory parameters compared to larger particles, recent
research has shown that larger ZnO particles can elicit a stronger response in

volunteers than NPs (Monsé et al. 2021). Zinc can also form covalent bonds with thiol
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groups in proteins, leading to inhibition and inactivation. However, the concentration of
zinc ions can be regulated by molecules such as GSH and MT, which bind toxic metal
ions via their thiol groups. Studies have shown increased MT expression in animals
and human subjects after exposure to ZnO NPs (Ahsan et al. 2009; Chen et al. 2015;
Krabbe et al. 2019).

The exact pathogenesis of MFF remains unclear, and while the oxidative stress
origin is thought to be the most likely cause, while the allergic hypothesis has been
questioned due to the lack of evidence of allergic symptoms in many investigations
(Monsé et al. 2018) . It has been suggested that tolerance to continuous exposure to
ZnO fumes may develop due to the dominance of secondary antibodies, which prevent
acute hypersensitivity reactions. However, in cases of massive and sudden exposure,
the protective mechanisms may be overwhelmed and MFF may occur. While none of
these postulates have been conclusively proven, they are currently accepted based on

sign-hypothesis analogy (Mueller and Seger 1985).

Figure 4 summarizes the proposed pathomechanism of MFF, as described by

McCord in 1960, which suggests an allergic origin for the disease (McCord 1960).
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Figure 4 The allergic pathomechanism of MFF (Figure by author)

Ab: antibody
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7.6. Treatment

MFF is an acute disease with symptoms mimicking upper respiratory infections
such as nasopharyngitis, tracheitis, bronchitis, or even an influenza-like syndrome with
fever, muscle pain, and headache (Papp 1968). Proper diagnosis requires obtaining an
accurate anamnesis. Treatment options are limited to symptomatic relief, such as bed
rest, analgesics, antipyretics, gastric mucus layer compounds, anti-acids,
bronchodilators, and possibly corticosteroids for asthma-like associated symptoms.
Therefore, prevention should be the primary action. Employers have a responsibility to
provide adequate ventilation and exhaust systems to protect the health of workers.
Workers should wear protective equipment, including masks that cover the entire face
(Summer and Haponik 1981; Wardhana 2014; Greenberg and Vearrier 2015) .

According to current research, acute inflammation occurs in the body during
MFF (Antonini et al. 2003). Exposure to ZnO at concentrations even below the
occupational health limit can result in the development of symptoms. Long-term
inhalation of ZnO-containing fumes can lead to elevated levels of acute phase proteins
such as SAA and CRP in the blood, increasing the risk of cardiovascular disease.
Therefore, it is recommended to revise the NOEL for ZnO (White and Lidén 2021).

7.7.Summary of the Literature Review

There are multiple pathways to explain the pathomechanical process of MFF.
The most widely accepted explanation is the oxidative stress theory. Toxic effects of
metal oxide NPs appears as a result of ion release from their complexes, ROS
formation, or interactions with biological targets (Girardello et al. 2021). The release of
ROS in cells activates the transcription factor NF-kB, leading to the production of pro-

inflammatory cytokines and the appearance of symptoms (Liu et al. 2017).

MFF is generally limited to flu-like symptoms resulting from direct toxicity, and
resolves spontaneously within a few days in most cases (Antonini et al. 2003).
Researchers have observed that repeated ZnO exposure can lead to short-term

immunotolerance development (Nemery 1990; Monsé et al. 2018) .

However, the mechanism behind this remains unclear. According to Ahsan et
al. MTs are responsible for tolerance (Ahsan et al. 2009), while McCord explains it with

the competition between the two types of Abs. (McCord 1960).
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In summary, due to the diverse etiology of MFF, researchers have proposed

multiple theories to explain its pathomechanical process Table 3 summarizes and

compares these pathways. While the oxidative stress theory is the most widely

accepted theory for the pathogenesis of MFF, repeated exposure to ZnO can lead to

short-term immunotolerance development, although the mechanism behind this

remains unclear. Therefore, further research is required to elucidate the mechanisms

underlying the development of MFF and to develop effective preventive measures
(Ahsan et al. 2009).

Table 3 Comparison of the main properties of the oxidative stress and the allergy route

of the pathomechanism of MFF

Theory

Oxidative stress

Allergy

Process

1. ZnO NPs = |ntracellular

1. ZnO NPs as a hapten + protein =

Space antigen
2. ROS 2. Ag + Ab = Immune complex
3. Cell Death 3. Secundary Ab
4. Cytokines 4. Immune complex + Secondary Ab
5. Fever 5. Allergic reaction
Cells involved Ne Ne
macrophages macrophages
Eo
mastocytes
Th2
Cytokines TNF-a TNF-a
involved IL-1 IL-1
IL-6 IL-6
IL-3
IL-4
IL-5
IL-13
Isotype of - IgM
Antibody later IgE
Other Histamine - as a part of the Histamine - due to allergic reaction
substances inflammation
released
Symptoms Fever Fever
flu-like symptoms flu-like symptoms
urticaria
angioedema
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The pathogenesis of the allergic theory remains uncertain and controversial.
Some evidence suggests that hypersensitization may be detected in cases where IL-5,
IgE, and eosinophil granulocyte counts increase. However, it is still unclear how
inhaled zinc could act as an allergen or antigen for the immune system. Various
hypotheses have been proposed, such as oxide particles or released MMPs acting as
allergens, or ZnO acting as a hapten and forming a complete antigen together with a
protein. It is possible that the immune system creates an antibody against the Zn-
containing antigen, which together forms an immune complex, and secondary
antibodies may also be produced against the primary immune complex. Depending on
whether the primary immune complex or the secondary antibody concentration is
dominant, the organism may either show tolerance or develop MFF. While the fever
and other symptoms are caused by the oxidative stress theory, some researchers
suggest that allergic processes may also play a role. Recent studies have found mildly
elevated numbers of eosinophilic cells in the blood of welders exposed to ZnO patrticles
or welding fumes, suggesting that hypersensitivity reaction may still have a role in the
development of MFF (Mueller and Seger 1985; Farrell 1987; Palmer et al. 2006; Huang
et al. 2019)..

The investigation of the precise pathomechanism of MFF is complex due to the
fact that inhalation of ZnO does not consistently lead to the illness, with MFF
prevalence at approximately 30% among welders. Additionally, the number of
symptoms of asthmatic or other allergic processes is much lower in association with
MFF (El-Zein et al. 2005; Wardhana 2014). Studies have revealed that during MFF,
oxidative stress and allergic processes are equally likely to be present. Evidence
indicates that signs of both processes can be detected and that oxidative stress and
immunological processes cannot be completely separated from each other, as they can
induce each other. Recent studies indicate that the inhalation of ZnO and other metal
oxides can induce inflammation by inhibiting protein tyrosine phosphatase 1B, causing
an elevated secretion of inflammatory cytokines (Bleidorn et al. 2019). A new
hypothesis suggests that the first phase of MFF is not limited to the lungs but occurs at
a systemic level, resulting in the production of CRP and IL-6 to the bloodstream
(Krabbe et al. 2022). These findings suggest that the background process of MFF is

more complicated than initially anticipated.

Considering the contradictory results and data, we needed to broaden our

perspective to find analogies. One good example is the pathogenesis of asthma, which
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is a chronic hypersensitivity-based disease, and it has been proven that long-term

welding fume exposure can cause it.

A recent review paper describes that asthma can develop via two main
pathways: one is the classical hypersensitivity-based one, with high Th-2 cell numbers,
causing eosinophilia in the lungs and the blood, increased serum IgE concentration,
elevated levels of IL-4, IL-5, IL-13 in the BALF, and nitrogen monoxide exhaled from
the lungs. The other way is the low Th-2 type pathway, where high neutrophil cell
numbers, and increased levels of IL-17, TNF-a, and IFN-y are found in the lungs and
the BALF (Habib et al. 2022), which findings are common in many MFF cases. Both
pathways lead to the same symptoms, but the background is different. This analogy
suggests that different cases of MFF may have different pathways in the background,

causing the same syndrome.

To better understand the pathomechanism of MFF, more studies are needed
that experimentally investigate measurable factors supporting the two pathways in a
larger number of subjects. As oxidative stress and immunological processes cannot be
sharply separated, parallel measurement and evaluation of the factors involved could
provide a more consistent result regarding the pathomechanism of the disease

process.

34



8. The Aims of the Study

1.

2.

3.

4.

To set up an animal model (mice, Mus musculus, strain BALB/c) to investigate

the immunological background of MFF.

To induce partially or completely the MFF symptom complex in experimental
animals, with an experimental setup that is as similar to real time conditions as
possible (inhalation exposure with thermally produced ZnO particles at sub-

toxic zinc concentration).

We have consciously included the mediastinal lymph nodes in our studies. Key
immunological processes occur in the secondary lymphatic organs, from
antigen presentation, through immune cell synapses, T and B cell activation, to
antibody production. There are contradictory data in the literature, where
experiments have investigated e.g. interleukin levels in bronchoalveolar fluid or

lungs. We will try to resolve this by examining lymph nodes.

To investigate the immunological events at the molecular level following zinc
oxide NPs inhalation and to immunologically monitor the appearance of immune
mediator substances accompanying the development of artificially induced MFF

to earn deeper understanding of the pathomechanism of the disease.
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9. Materials and Methods

9.1.Ethical Statement

The experiments were carried out according to the permission (No.
PE/EA/1335-8/2019) of the Animal Protection Authority of the Hungarian Government
Office, ensuring compliance with all relevant guidelines, regulations, and the Animal
Research: Reporting of In Vivo Experiments (ARRIVE) guidelines. The Hungarian
Government Office is authorized to grant ethical approval in accordance with
Hungarian Government Decree No. 40/2013, which is aligned with the European Union
Directive 2010/63/EU. The animals were euthanized via cervical dislocation. We opted
not to use sedatives prior to euthanasia, as they could potentially interfere with the
inflammatory processes under study, thus potentially impacting our results. All
experimental methods employed were duly approved within the scope of the Animal

Experiment Allowance by the Animal Protection Authority (EU 2010).
9.2. Animal Model

Male BALB/c strain mice (Mus musculus), aged 8-10 weeks, were sourced from
the National Institute of Oncology of Hungary (Budapest, Hungary) with specific
pathogen-free status. These animals were accommodated in the Department of
Pharmacology and Toxicology in standard housing conditions, including chip tray-lined
boxes, consistent mouse feed, and ad libitum access to drinking water. The
environment was regulated to maintain a temperature of 20-24 °C and a relative
humidity of 60%, complemented by a 12-hour light/dark cycle. Daily visual monitoring
of the animals was conducted to ensure their well-being. The properties of the used

feedstuff can be seen in Table S 2.
9.3.Zn0O Fume Generation and Fume Concentration Con trol

In our experiments, we modeled realistic conditions using welding fumes
produced via thermal methods rather than predetermined concentrations and sizes of
ZnO particles. To generate fresh ZnO fumes, we employed the TIG welding technique
on analytic grade Zn shots (Merck Group, Darmstadt, Germany), using a Rehm TIGER
180 AC/DC High welding machine (Rehm GmbH., Uhingen, Germany) with 99.99%
pure argon shielding gas (Linde Hungary Ltd., Répcelak, Hungary).
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The welding operation adhered to professional standards, setting the welding
current at 80 A on a WT40 type tungsten electrode (diameter 2.4 mm) and the
shielding gas flow at 5 I/min. The ZnO fume-polluted air was then circulated through the
experimental setup and filtered back into the workshop's air via a Kemper Smart

Master (Kemper GmbH., Vreden, Germany) fume extraction and filtering device.

The ZnO air concentration in our treatment chamber was continuously
monitored using an Aeroqual Model 500 instrument (Aeroqual, Auckland, New
Zealand), equipped with particulate matter (PM) 10 and PM2.5 sensors, and measured
in ppm as dimension. This instrument's calibration certificate confirmed the accuracy of
the measurements (Figure S1, Supplementary Material). We emphasize that
continuous monitoring using the same instrument introduces non-differential errors.
However, since the instrument has been calibrated and complies with laboratory quality
assurance/quality control (QA/QC), the results are comparable. The target ZnO
concentration was set to 2 mg/m® below Hungary's workplace health limit
concentration, while the limit value is 5 mg/m® total dust as per 5/2020 (Il. 6.) ITM
legislation (ITM 2020). Our preliminary experiments determined that concentrations
above 3-4 mg/m?® severely impair mouse health, prompting us to opt for a lower test
material concentration. Aligned with the Australian workplace exposure standard,
where 1 mg/m?® equals 0.3 ppm at 25°C and 101.3 kPa, as per the draft evaluation
report published by Safe Work Australia, the target 2 mg/m® ZnO concentration
equated to 0.6 ppm in our experiment (Safe Work Australia 2020). Since our thermal
ZnO fume production method resulted in more particle concentration than the required
0.6 ppm, we intermittently generated ZnO fumes. In each cycle, fumes were produced
until the PM10 concentration reached 1.2 ppm, then allowed to drop to 0.1 ppm over
time, as illustrated in Figure 8a. This method was crucial, as it ensured that we

maintained the desired concentration level while avoiding excessive exposure.

Before animal treatment, the generated ZnO fume was analyzed using scanning
electron microscopy (SEM) for particle size and morphology, and energy dispersive
spectroscopy (EDS) for chemical composition, at the laboratory of the Material Science
and Technology Department, Faculty of Mechanical Engineering, Budapest University

of Technology and Economics, Hungary.
9.4. Animal Treatment

As mentioned earlier, ZnO fumes were intermittently generated in a welding
cabinet and then transferred to an animal treatment cabinet. Here, animals were

individually housed in treatment chambers of an EMKA Whole Body Plethysmograph
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system (EMKA Scientific, Paris, France). Throughout the fume exposure, the animals
had free access to food and water. The airflow rate in the chambers was maintained at
0.5 I/min. Each treatment session lasted for 4 hours daily, preceded by an
acclimatization period of about 10 minutes. Four animals were exposed in each
treatment session, conducted over three consecutive days. The timeline of the whole

experiment is summarised in Figure 5.

Main experiment, treatment
3 days 4h/day

Prevalence examination, . . .
treatment 3 days, 4 h/day Main experiment, sampling
3 h; 12h

Prevalence examination,
observation 2 days

Rest period, 21 days

eV N/

RN RN EE NN RN F A TR RN FRRR AR

0O 5 10 15 20 25 30 35 day

Figure 5 The complete timeline of the animal experiment (Figure by author)

The fume concentration within the animal treatment cabinet was continuously

monitored, with polluted air being filtered and recirculated as previously outlined.

The treatment setup is depicted in Figure 6. Control animals were also placed in
the same technical setup, but they were not exposed to any fumes during their

incubation period.
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Figure 6 Schematic diagram of the animal treatment setup used in our experiments.
The red arrow indicates the path of ZnO fume-polluted air; blue arrows represent the

flow of filtered air (Figure by author)

9.5.Pretreatment and Selection of Susceptible Indi  viduals by Measuring

Locomotor Activity

In each of our experiments, four animals were exposed to air containing ZnO
fumes. This test was only performed to select the final experimental animals, so the
non-susceptible mice were used as controls. The treatment was conducted 4 hours per
day for 3 consecutive days. Recognizing that fever in animals often leads to reduced
locomotion activity, we identified decreased activity as a potential fever indicator
(Kozak et al. 1994). Post-exposure, the animals were monitored for 72 hours using the
Teledyne FLIR Duo R thermal imaging camera (Teledyne-FLIR, Wilsonville, Oregon,
USA). This camera was set up to capture thermal images of the four individually
housed animals, ensuring the field of view encompassed all cages. Images were taken
at 6-minute intervals and analyzed using R Studio statistical software. For analysis, the
images were divided into four horizontal sections, each representing one animal's
cage. An R script identified the hottest points within these sections, corresponding to
the animals' locations in the cages (Team R 2021). Figure 7 illustrates the photograph,

thermal image, and derived point diagram, all captured at the same moment.
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Figure 7 The position of all simultaneously treated mice can be identified in the

photograph, the thermal image, and the frequency diagram mapped through
mathematical analysis
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We summarized the position data in 6-hour intervals to create two-dimensional
frequency charts. These charts helped identify animals with limited movement,
confined to a smaller area than their counterparts, while considering their circadian
rhythms. Animals exhibiting low locomotor activity for at least two consecutive 6-hour
intervals were considered to be exhibiting signs of disease , indicative of MFF
sensitivity, and were selected for further examination. Since the upcoming experiments
required at least 12 mice this preliminary phase of the experiment was conducted three

times.
9.6.Main Experiment with Susceptible Animals

Four animals identified as sensitive during the pretreatment experiments
underwent the main experiment following a 3-week exposure-free rest period. This
interval was crucial to minimize any potential development of tolerance. These mice
were then subjected to the same experimental conditions previously described: daily 4-
hour treatments for three consecutive days. At 3 and 12 hours post the final zinc
exposure, two mice were euthanized at each time point, and samples from their lungs
and mediastinal lymph nodes were collected. As controls, we used the same organs
from 2-2 (4 controls in total) healthy, untreated animals for the experiments. To
preserve these samples for subsequent analysis, they were stored in RNAlater
stabilization solution at room temperature (ThermoFisher Scientific, Waltham, MA,
USA).

9.7.RNA Isolation

Total RNA was extracted from the collected samples using the QIAGEN
RNeasy Kit, strictly adhering to the manufacturer's protocol (Qiagen, Hilden, Germany).
We would like to emphasize that in our methodology the samples collected at each
time point (from both lungs and lymph nodes of the two animals pooled together) has
been pooled into a single sample prior to RNA isolation. The concentration of the
extracted RNA was then quantified using a NanoDrop ND-1000 UV-Vis
Spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, United States).

9.8.Reverse Transcription of RNA into DNA

Complementary DNA was synthesized from the isolated RNA utilizing the

Qiagen RT2 First Strand Kit (Qiagen, Hilden, Germany). This process was conducted
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in strict accordance with the manufacturer's guidelines, which involved a thermal profile

of 42°C for 15 minutes, followed by 95°C for 5 minutes.

9.9.Gene Expression Measurement by Quantitative Re  al-time
Polymerase Chain Reaction (RT-PCR)

RT-PCR was conducted to assess the expression of 84 genes associated with
inflammatory mediators, utilizing the Qiagen RT2 Profiler PCR Array Mouse
Inflammatory Cytokines and Receptors (PAMM-011ZA) kit (Qiagen, Hilden, Germany).

The detailed list of these genes is available in the Supplementary Material Table S1.

Our assay incorporated internal, positive, and negative controls, alongside the
evaluation of 5 housekeeping genes. The most suitable housekeeping gene for the
AACt analysis was selected using the RefFinder freeware online tool
(http://blooge.cn/RefFinder/).

The RT-PCR reactions were carried out in a Bio-Rad CFX96 Touch Thermal
Cycler (Bio-Rad Laboratories Inc., Hercules, CA, USA). Cycle threshold (Ct) values
were calculated using the Bio-Rad CFX Maestro software, with gene expression values
determined through AACt analysis. Among the possible housekeeping genes, we
selected the most appropriate one. Subsequently, using this as a reference, we

calculated the extent of change for each gene of interest using the following equation:

ACt = Ct(target gene) ~ Ct(housekeeping gene)

This operation was performed with values obtained from the control and treated

samples. To compute the AACt value, we applied the following equation:
AACt = ACt(treated sample) ~ ACt(control sample)

Finally, to determine the extent of gene expression change for each gene of

interest, we must execute the following operation:
Gene expression change = 244

We compared the gene expression results from the tissue samples of ZnO-
exposed mice to those from lung and mediastinal lymph node samples of two
untreated, healthy mice. Control animal values were standardized to 1, and a 10-fold
change in gene expression, either up or down compared to control values, was
considered significant. This 10-fold threshold was based on the manufacturer's
guidelines and relevant literature (Arikawa et al. 2007). Due to each gene being

analyzed in a single well, a more extensive statistical analysis was not feasible.
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10. Results

10.1. ZnO Fume Generation and Fume Concentration Co  ntrol

Examination by SEM showed that the size of ZnO NPs was approximately 10-
20 nm, and some of these formed conglomerates ranging in size from 500-3000 nm.
EDS conducted in parallel showed that the chemical composition of the examined
particles matched the theoretical composition of ZnO with very little contamination. The

SEM image and EDS measurement results are shown in Figure 8.

10 pm

— 4 EHT=2000kV [IProbe= 200pA Mag= 2.00KX WD= 9.5mm
Measurement spot 1 Measurement spot 2
Element | Weight (%) | Atomic (%) Weight (%) | Atomic (%)
0 21.9 53.6 19.2 49.2
Zn 70.0 42.0 72.4 45.6
Si 1.6 23 1.0 1.4
Sn 6.5 22 6.4 2.2

Figure 8 SEM image of the ZnO particles. sampled from the polluted air. The brighter
particles are conglomerates of ZnO particle; the chemical composition data measured
in the designated spots of them are shown in the table
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The control measurement of the fume concentration showed that we generally
achieved the target mean of approximately 0.6 ppm fume concentration in the
treatment chamber. The final mean fume concentration, calculated from all the data

collected during the complete 3-day treatment period, was 0.53 ppm, equivalent to 1.76

mg/m?®. The measured air concentration diagrams can be seen in Figure 9.
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Figure 9 The theoretical air concentration regime of the PM 10-sized ZnO particles
during the 4-hour treatment ppm versus the measured experimental results. The mean
target concentration was 0.6 ppm in every case (purple line). Figure 8a) shows the
planned theoretical ZnO concentration profile, while 8b), 8c), and 8d) show the actual

measured data during the 3-day treatment period.

Parallel, we have measured the PM 2.5 concentrations as well. We obtained the
results that in average, the PM 2.5 particle concentrations are 2/3-3/4 of the PM 10

particle concentrations in the same treatment (Figure 10).

44



1st day treatmentfume PM10 vs PM 2.5 profile Average
35 1,2
3 1
B5 0,2
-4
= _
52 0,6
E Weasred
24 y
3 k 0.2
B y ! !
= \ \l N \‘\iiq NS k 0 T ==
0 T - - T P10 PWZ.35
0:0¢:00 1:12:00 2:24:00 3:36:00 4:48.00 02 i
05
Time -0,4
2nd day treatmentfume PM10 vs PM 2.5 profile Average
35 12
3 1
&5 _
g 0.8
=2
£
E c Messured | 0.6
2 qh PMA10[p...
g4 04
W AU AN AN AN !
g* NN '\.\ \_. AN k 0.2
= : : =_
0:0f:00 1:12:00 2:24:00 3:36:00 4:4800 0 =
05 PH1D PMZ5
Time -0,z

Figure 10 PM 10 versus PM 2.5 profiles during a typical treatment regime

It is clearly visible that the PM2.5 graph is closely following the PM10 graph
pattern, and comparing the PM10 and PM2.5 averages shows that that the PM2.5
particle concentrations are covering 2/3-3/4 part of the PM10 particle concentrations.
Thus, most of the generated particles are small, respirable particles, that can and will

reach the alveoli of the experimental animals.

10.2. Pretreatment and Selection of Susceptible Ind  ividuals by

Measuring Locomotor Activity

During the series of pretreatments, we treated three groups of four animals, for
a total of 12 animals. Using the described method, we were able to separate four
animals that showed decreased locomotor activity between 36-48 or 48-54 hours post-
treatment time, compared to the other treated animals. The results of the one group of

mice can be seen in Figure 11.
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Figure 11 Position frequency diagrams of the treated animals. In the first image, no
difference in the movement of the mice could be observed at the onset of the
incubation period. In the second image, the mice labeled with the red circle remained

stationary while there was no change in the movement of the other mice.

10.3. Relative Gene Expression Measurement by Quant itative RT-
PCR

The results of the housekeeping genes and internal negative controls were
consistenty valid in all measurements. The expression of the 3 internal positive controls
significantly increased at the 12-hour measurement. The expression of most cytokine
genes involved in inflammation displayed a monotonous up-regulation. Those showing

outstanding differences will be analyzed separately.

The complete dataset can be seen in Table 4.
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Table 4 Relative gene expression rate results of our experiment (lung and mediastinal
lymph nodes). The control level is considered as 1-fold gene expression rate. The data

shown are the individual values of pooled samples(N.a. means that the data are not

available)
Gene Expession Gene Expession Gene Expession
Gene Gene Gene
3h 12h 3h 12h 3h 12h
Aimpl 1.63 1.98 Cx3cl1 0.79 3,85 IL-2rg 1.37 1.23
Bmp2 3.60 8.67 Cxcll 4.88 33,79 IL-3 8.22 32.07
Ccll 10.17 34.15 Cxcl10 0.94 16,96 IL-33 3.79 1.54
Ccl11 3.38 7.39 Cxcl11 0.88 31,70 IL-4 7.74 31.70
Ccl12 8.80 13.97 Cxcl12 0.06 1,95 IL-5 5.87 20.23
Ccll7 9.53 16.91 Cxcl13 N.a. 5,43 IL-5ra 2.82 19.90
Ccl19 1.41 13.47 Cxcl15 2.89 1,59 IL-6ra 0.68 2.03
Ccl2 9.18 38.25 Cxcl5 20.10 60,45 IL-6st 0.64 0.83
Ccl20 2.37 18.37 Cxcl9 7.55 22,47 IL-7 1.08 7.74
Ccl22 0.56 9.90 Cxcr2 1.89 4,67 Lta 0.54 17.57
Ccl24 0.17 24.84 Cxcr3 1.48 3,58 Ltb 0.04 1.42
Ccl3 N.a. 13.70 Cxcrb 2.25 7,21 Mif N.a. 6.64
Ccl4 6.46 20.32 Fasl 4.74 40,01 Nampt 1.32 1.13
Ccls 1.33 1.70 IFNy 0.87 20,76 Osm 6.36 24.96
Ccl6 0.83 0.61 IL-10ra 0.60 3,39 Pf4 0.31 0.71
Ccl7 16.48 23.84 IL-10rb 0.14 1,55 Sppl 3.91 0.79
Ccl8 3.62 9.55 IL-11 0.42 24,80 Tnf 3.86 11.71
Ccl9 4.93 17.84 IL-13 N.a. 26,05 | Tnfrsfllb | 3.20 12.63
Ccrl 1.15 4.32 IL-15 1.81 5,75 Tnfsf10 0.60 1.95
Ccri0 0.95 18.71 IL-16 1.69 2,04 Tnfsfl1l 481 32.54
Ccr2 0.40 2.40 IL-17a 9.80 43,29 Tnfsf13 0.38 1.94
Ccr3 0.31 15.23 IL-17b 5.28 25,23 Tnfsf13b 0.02 4.96
Ccr4d 0.12 13.43 IL-17f 6.65 91,80 Tnfsf4 0.04 22.07
Ccrb N.a. 11.79 IL-1a 2.79 14,22 Vegfa N.a. 0.73
Ccré 3.16 6.89 IL-1b 1.19 2,95 Actb 1.27 0.72
Ccr8 8.37 29.55 IL-1r1 1.36 3,53 B2m 1.00 1.00
Cd40Ig 4.27 8.04 IL-1rn 1.17 5,68 Gapdh 2.60 8.08
Csfl 1.39 1.70 IL-21 0.11 30,32 Gusb 1.39 1.78
Csf2 4.87 16.77 IL-27 0.05 31,33 | Hsp90abl 1.40 0.67
Csf3 7.73 27.87 IL-2rb N.a. 2,86
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Figure 12 Gene expression results of the experiment. The green line represents the gene
expression rate 1, which is the control value. Results were generated from lung and

mediastinal lymph node samples pooled together.

The genes expressions showing the most significant changes among all results were
selected and analyzed. These genes expressions rate measurement data are shown in
Figure 12.

Among all the studied inflammatory parameters, IL-17 subfamily gene expression
rates had the highest gene expression rate. IL-17a showed a 44-fold increase, IL-17b a 25-
fold increase, and IL-17f a 92-fold increase in gene expression at 12 hours after the end of

treatment.
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Among the cytokines, gene expression levels of IL-3, IL-4, IL-13, IL-21, and IL-27
increased about 30-fold by hour 12. Similarly, IFNy (showed as Ifng in the graph) and IL-5

gene expression rates increased about 20-fold of the control level at hour 12.

At 3 hours after the last the exposure, most cytokine gene expression levels remained
below the 10-fold threshold value, with a few outliers. The highest increase (20-fold) was
observed for the alpha chemokine, Cxcl5, which increased to 60-fold by hour 12. The next
highest increase (17-fold) was observed for the beta-chemokine, Ccl7, which increased 24-
fold by hour 12. Several beta-chemokines, such as Ccll, Ccl2, Ccl12, Ccl17, and chemokine
receptor rate Ccr8, increased 8-10-fold, and these parameters further increased by hour 12,

with Ccl1, Ccl2, and Ccr8 exceeding 30-fold at the second measurement.

At the 3rd hour of measurement, some parameters showed a strong down-regulation.
IL-27 was the lowest at 0.05-fold, IL-21 at 0.11-fold, and Ccl24 (eotaxin 2) at 0.17-fold.
However, these cytokines showed a 25-31-fold up-regulation at the 12th hour measurement.

The data can be found in Table 4.

The gene expression rate of Fas-ligand (shown as Fasl in the Results) showed a
prominent increase at hour 12 (40-fold). Among members of the tumor necrosis factor family,
Tnfsfll showed the highest increase, with a 30-fold jump in gene expression at hour 12. The
other members of the TNF family studied were all elevated at different rates of 4-fold to
33-fold. Of the colony-stimulating factors, Csf2 increased up to 17-fold and Csf3 up to 29-fold
at hour 12. The expression of the other cytokines and chemokines showed more moderate

increases.
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11. Discussion

Our ZnO fume EDS and PM measurements, in comparison to ambient air data (Figure
S2, Supplementary Materials), indicate that particle concentrations during treatments were
significantly higher, more than a magnitude above ambient levels. This suggests that the
majority of particles in the treatment chamber originated from the ZnO fume we generated.
Further, parallel PM10 and PM2.5 measurements closely aligned, with daily averages nearly
identical. This implies that most ZnO fume patrticles fall within the PM2.5 size range, capable
of reaching the alveoli in experimental animals, affirming the suitability of our experimental

setup.

Our study marks the first in international literature to investigate MFF involving
mediastinal lymph node samples. Contrary to the prevalent focus on lungs in MFF
pathomechanism, our results, alongside previous hypotheses, suggest the involvement of
blood in this process (Bleidorn et al. 2019; Krabbe et al. 2022). Evaluating the detectability of
target messenger ribonucleic acids (MRNA) in both lung-only and pooled lung + mediastinal
lymph node samples revealed higher detection of inflammation-related gene mRNA in the
pooled samples (Figure S3, Supplementary Materials). This informed our decision to use

pooled samples for higher accuracy in final results.

In exploring MFF's pathomechanism, we analyzed mRNA gene expression levels of
various cytokines, vital in regulating immune responses. They influence white blood cell
mobility during infection and inflammation and are produced by diverse cell types, often with
pleiotropic effects. We focused on specific inflammatory factors exhibiting significant results

and having synergistic or antagonistic relationships in immune regulation.

Before analyzing our data, it is crucial to assess the validity of our results in comparison
with previously published data. We validated our experiment by comparing our findings to
those from recent studies, as detailed in Table 5. Most non-human studies used intratracheal
instillation of ZnO-containing fluid in rodents, primarily mice, with BALF being the primary
sample for investigation. In contrast, our study involved unrestrained inhalation experiments
with freshly made ZnO fume-containing air, utilizing lung and mediastinal lymph nodes for
analysis. Despite these methodological differences, our comparison with previous data
identified several commonalities in the datasets examined. Given that protein translation from
MRNA typically takes about 12 hours, our mRNA results at 12 hours post-treatment align

with protein measurement data obtained at 24 hours post-treatment in earlier studies.
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Furthermore, like many of these studies, our experiment also involved a small number of
animals (Cho et al. 2011; Gosens et al. 2015; Jacobsen et al. 2015; Bleidorn et al. 2019;
Huang et al. 2019). Overall, our results are credible and valid despite the limited number of
animals used, and we ensured compliance with the 3R principles for animal
experimentation. Directive 2010/63/EU sets standards for the protection of animals used for
scientific purposes. It requires that experiments causing pain, suffering, distress or lasting
harm be minimized. Additionally, it promote of the 3Rs principle: Replacement, Reduction

and Refinement of animal use in experiments (Directive 2010/63/EU).

Table 5 Comparison of our results with historical data

Own results Historical data Reference

IL-13 gene expression rate 26-fold, IL-13, Eotaxin protein levelCho et al., 2011

Ccl-24 (eotaxin-2) expression rate ~25-increase in 24h in BALF

fold in 12h

CSF3 expression rate 28-fold in 12h CSF3 protein level increase infGosens et al., 2015
24h in BALF

CXCL-1 ~34-fold, CXCL-1, Jacobsen et al., 2015

Ccl-2 38-fold, Ccl-2,

CSF2 16-fold gene expression ratelCSF2 protein levels increase in

increase in 12h BALF in 24h

IL-5 20-fold, IL-5, Huang et al., 2019

IL-13 26-fold, IL-13,

IFNy 20-fold gene expression increase inlFNy protein levels increase in

12h BALF in 24h

IL-13 26-fold, IL-4, Bleidorn et al., 2019

IL-4 32-fold gene expression increase inlL-13 protein levels increase in

12h hole blood assay in 24h

In our preliminary experiment designed to identify animals sensitive to MFF, we
observed a 30% incidence rate of sensitivity, which is consistent with the 30-35% sensitivity
rate in humans reported in different studies (El-Zein et al. 2005; Wardhana 2014). Our gene
expression research primarily focused on Colony Stimulating Factors (CSF) mRNA,
providing valuable insight into bone marrow cell production during MFF. We found a
significant upregulation in CSF3 (also known as G-CSF), indicating enhanced granulocyte
maturation. Conversely, while CSF1 levels remained low, CSF2 levels rose above the
threshold by the 12th hour. Furthermore, there was a notable increase in IL-3 and IL-4, with
the latter particularly influential in mast cell differentiation (Gour and Wills-Karp 2015; Becher
et al. 2016; Habib et al. 2022) .
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In our study, the chemokine Cxcl5 demonstrated significant increases in expression,
signaling the onset of neutrophil granulocyte-driven local inflammation in the early stages of
MFF. Cxcl5 primarily directs neutrophils to sites of injury, thereby activating the MAPK
pathway, which underscores the critical role of lung-specific alveolar cells in this process
(Disteldorf et al. 2015).

The results from our IL analysis were particularly revealing, indicating inflammation
activities not only by neutrophilic but also by eosinophilic and basophilic granulocytes. IL-4,
known for its influence on B cell differentiation and antibody production, was upregulated in a
manner similar to that observed in inflammatory respiratory conditions like asthma.
Additionally, IL-5, which fosters eosinophilic granulocyte maturation, showed a significant
increase, accompanied by an elevation in Ccl24. The roles of IL-4 and IL-13 in facilitating the
isotype switching of antibodies to IgE point towards their association with allergic reactions
(Gour and Wills-Karp 2015). While the allergic theory behind MFF is not widely accepted, our
findings support the hypothesis that hypersensitivity reactions may contribute to the

pathomechanism of MFF, as suggested in the literature (Greenberg and Vearrier 2015).

Recent findings in our research revealed that IL-17f gene expression experienced the
most significant up-regulation, along with notable increases in IL-17a and IL-17b genes at
both measured time points. A key function of IL-17f includes stimulating acute neutrophilic
inflammation by inducing various pro-inflammatory cytokines and chemokines such as CSF3,
CSF2, Cxcl1, Cxcl5, Ccl2, and Ccl7, aligning closely with our results. Thl7 cells, often
referred to as inflammatory T helpers, are typically produced in response to pro-inflammatory
cytokines. Interestingly, the IL-17 b, ¢, d subfamily is not produced by lymphocytes (lwakura
et al. 2011). The IL-17f subfamily's association with oxidative stress-induced inflammation,
previously studied in relation to mercury and cadmium, suggests a potential similar process
with zinc. This is particularly relevant as MFF is known to be associated not only with zinc but

also with other metals like cadmium (Bauer et al. 2022).

Previous studies have shown that IL-17f upregulation may be induced by cytotoxic or
apoptotic events, with oxidative stress believed to initiate the upregulation of this cytokine
(Konduru et al. 2017). Currently, the prevailing theory in MFF pathogenesis is that of
oxidative stress-induced inflammation. In cases of oxidative stress, the immune reaction is
primarily initiated by cell necrosis, occurring through DAMP or via the MAPK pathway.
However, in MFF cases, significant tissue damage that could activate fever through the
DAMP pathway is not commonly reported, and the MAPK pathway does not typically
modulate the IL-17 subfamily.
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Therefore, a plausible explanation for our findings is that oxidative stress directly
induces a substantial increase in IL-17f, leading to acute inflammation and fever
development. The marked up-regulation of IL-17f at both 3 and 12 hours post-treatment in
our study is a crucial finding, linking suspected oxidative stress response directly to

immunological processes in MFF's pathomechanism.

IL-21 was greatly down-regulated at 3 hours post-treatment but significantly up-
regulated at 12 hours. While IL-21 is an autocrine factor maintaining IL-17a and f production,
it can also limit inflammatory processes by up-regulating IL-10. Similarly, an increase in IL-27
gene expression helps counteract inflammation, contributing to the self-limiting nature of
MFF.

Our results confirm that inhaling ZnO NPs triggers an acute inflammatory response,
characterized by increased levels of IL-3, IL-4, IL-5, and IL-13, along with an IL-17-mediated
neutrophilic granulocytic response. These cytokines may contribute to the development of
type | hypersensitivity. Despite continued high levels of pro-inflammatory gene expression at
12 hours post-exposure, a 32-fold increase in IL-27 indicates the activation of regulatory T

cells, suggesting a potential for spontaneous recovery from MFF.

While the study's limited sample size is a notable constraint that may affect the
generalizability of the results, the extremely high levels of some cytokine gene expressions
observed in the samples provide strong evidence that our findings are genuine. These
pronounced expression rates indicate that the biological phenomena we have identified are
likely robust and not merely artifacts of sampling variability. Consequently, we are confident
that further investigations, with larger and more diverse cohorts, will corroborate our results,
reinforcing the significance of the cytokine activity observed. Future studies should aim to

confirm these findings in broader populations to fully validate the conclusions drawn here.
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12. Conclusion, Proposed Pathway

Our animal study provided comprehensive insights into the early immunological
processes of MFF development. We successfully measured gene expression rates of various
cytokines and their receptors, notably in the mediastinal lymph nodes, an area previously
unexamined in MFF research. This study is the first to document changes in gene expression
of these cytokines and receptors during MFF. Our findings particularly underscore the

importance of IL-17f in bridging immunological and oxidative stress events in MFF.

The role of IL-17f allows for a synthesis of the two competing hypotheses regarding
MFF's pathomechanism. Our data delineate the following immunological events post-

inhalation of ZnO NPs, as depicted in Figure 13.

ZnO NPs, due to their small size, can penetrate deep into the lungs, reaching the alveoli
where they are predominantly engulfed by alveolar macrophages. This leads to the formation
of reactive oxygen species as a result of high Zn+ ion concentrations in the lysosomes,
subsequently causing elevated oxidative stress and activating the NFkB pathway, as
indicated by the dissolution of ZnO particles (Konduru et al. 2017). Consequently,
macrophages begin to produce pro-inflammatory cytokines like TNFa, IL-1, and IL-6.
Moreover, macrophages and DC travel to nearby lymph nodes to present antigens to naive T
helper cells, with APC guiding the differentiation of naive Th cells during the immunological

synapse.

Activation of the NFKB pathway triggers diverse immune responses. Firstly, it enhances
cellular immunity by facilitating Thl differentiation, which in turn produces IFNy, an increase
of which was observed in our study. Additionally, NFkB activation can lead to the
development of Thl7 cells, contributing to neutrophil-mediated inflammation. Our study's

most significant finding was the elevation of IL-17, alongside increased production of IL-21.

Conversely, NFKB activation can also stimulate humoral immunity by promoting Th2 cell
formation. Th2 cells produce IL-3 and IL-5, crucial for activating eosinophil granulocytes.
Elevated gene expression levels of IL-4 and IL-13, detected in our study, might explain the
development of long-term allergic asthma often observed in humans after prolonged
exposure to welding fumes or ZnO inhalation. As these processes predominantly occur in
lymph nodes rather than lungs, many previous studies using BALF as the sample did not
detect them. However, activated Th cells also migrate from mediastinal lymph nodes,
facilitating the measurement of IL-4 and IL-13 protein level elevations in BALF, as shown in
Huang et al.'s 2019 study (Huang et al. 2019).
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Despite this, investigations into eosinophilia and allergic pathogenesis following ZnO
exposure have produced inconsistent results, with several studies failing to identify
hypersensitivity markers in the blood (Adamcakova-Dodd et al. 2014; Gosens et al. 2015;
Bleidorn et al. 2019).

Lung Mediastinal lymph node
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Figure 13 The proposed pathomechanism of MFF based on our experimental results and
previous data. Red arrows indicate activation/production pathways, blue arrows represent
inhibition pathways, and green arrows indicate the results of the processes. Cytokine gene

expression rates written in bold/italic were measured in our experiment (Figure by author)

MT: metallothionein; Eo eosinophyl granulocyte; Ne: neutrophyl granulocyte; Lys: lysosome;

APC: antigen presenting cell; Th: T helper cell
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In our study, we noted an initial decrease in IL-27 gene expression, followed by an
increase at the 12th hour. While IL-27 boosts IFNy production and cellular immunity, it also
augments IL-21 production. This leads to a rise in IL-10 and the number of regulatory T cells,
potentially inhibiting Thl, Th2, and Th17 functions and consequently dampening
inflammation. Furthermore, IL-27 enhances MT synthesis, neutralizing free Zn* ions and
mitigating oxidative stress. This supports the observation that MFF symptoms usually resolve
spontaneously within days (Yoshida and Hunter 2015). Besides activating IL-21, IL-27 also

contributes to long-term inflammation inhibition.

Our experimental outcomes offer insights into why past research on MFF has yielded
mixed results. Most data were derived from BALF samples, not accounting for cytokines
predominantly produced in local lymph nodes. Additionally, animal studies often lacked pre-
screening for MFF sensitivity, leading to varying cytokine profiles between sensitive and non-
sensitive animals. Previous studies typically employed intratracheal instillation, where ZnO
particles were suspended in liquid, potentially altering their surface characteristics and
biological effects. Our methodology was designed to circumvent these factors for more
reliable in vivo results. Despite our study's small sample size, the correlation with existing
literature and consistent gene expression patterns in key interleukins and chemokines
support our findings. While our research provides a detailed view of the initial immunological
mechanisms in MFF, further studies are required to fully elucidate the disease's regulatory

pathways.
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13. New Scientific Results

1. I conducted experiments for the first time using freshly generated welding fumes rather

than defined-sized ZnO NPs, thereby better simulating real-life conditions.

2. | considered for the first time the individual sensitivity in the experimental design, as it
contributes to the development of MFF. Prevalence experiments were conducted, and

individuals sensitive to the effects of ZnO were selected.

3. | detected for the first time that inhalation of subtoxic amounts of ZnO significantly
increases the gene expression levels of IL17a and IL17f cytokines in sensitive individuals.
These changes may serve as a link between oxidative stress and the inflammatory

process.

4. | detected for the first time the downregulation of Ccl24 (eotaxin2), IL21, and IL27 three

hours after treatment, followed by upregulation after 12 hours.
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16. Supplementary Materials

Aeroqual Model 500 instrument (Aeroqual, Auckland, New Zealand), equipped with PM10

and PM2.5 sensors, and measured in ppm as dimension.

aeroaualse

Aeroqual Limited
460 Rosebank Road, Auckland 1026, New Zealand.
Phone: +649-623 3013 Fax: +64-9-623 3012
www.aeroqual.com

Calibration Certificate

Calibration Date: 17 April 2019

Model: [_PM2.5 PM10 0-1.000 mg/m3

Serial No:  5002-309C-001

M irements

PM2.5 mg/m3 PM10 mg/m3
Reference Zero 0.000 0.000
AQL Sensor Zero 0.000 0.000
Reference Span 0.125 0.236
AQL Sensor Span 0.124 0.233

Calibration Standard

Standard Manufacturer Model Serial number

Met O
Optical Particle Counter =8 e 9722-1 U11996
Instruments

0.54 pm late:
Test aerosol ATI N H % n/a
microspheres

QC Approval: MT

Date: 17-Apr-19

Figure S1 PM2.5 — PM10 sensor calibration certificate, received from Aeroqual Limited
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3rd day treatment fume PM10 vs PM2.5 profile
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Figure S2 Comparison of the PM10 and PM2.5 measurement values and time averages in the fume polluted air (above) and in the ambient air

(below)
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ct values of target genes in control animals, only lungh samples compared with lung and lymph node poo led samples
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Figure S3 Preliminary rtPCR results (raw ct values) of control lung (blue) and control lung + mediastinal lymph node pooled samples (dark red).
It is well visible, that in case of the lung, only two cytokines (Cxcl12 and IL-21) were above the detection limit, and those also were presented in
low concentrations (higher ct values, compared to the other setup) while the positive controls ct values (last three values in the graph) were

nearly the same in both examinations. Taking this result into consideration, we decided to use the pooled lung-mediastinal lymph node samples
in our main experiment.
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Table S1 Gene list of the RT2 Profiler Array Mouse Inflammatory Cytokines and receptors kit
(PAMM-0112)

Gene table: RT? Profiler PCR Array

Position UniGene GenBank Symbol Description
A0l Mm.235137 Nm_0079246 Aimp 1 Amincacyl RMA synthetase complex-interacting mulfifunctional profein 1
AD2 Mm. 103205 MM 007553 Brnp2 Bone morphogenete protein 2
AD3 Mm. 1283 Nm_011329 Ccll Chemokine (C-C motf] ligond 1
AD4 Mm 4686 MM 011330 Celll Chemokine [C-C motf] ligand 11
ADS Mm.847 NM_011331 Cdi2 Chemckine (C-C meotf] ligand 12
AD& Mm_ 41988 MM 011332 Cl7 Chemokine (C-C motf] ligand 17
AD7 Mm. 424740 MM 011888 Cel19 Chemokine (C-C matf] igand 19
ADS Mm.290320 NM_011333 Cel2 Chemokine [C-C metf] ligand 2
AD9 Mm. 116739 M 016960 Cel20 Chemokine (C-C motif] ligand 20
Al0 Mm.12895 Nm_009137 Cel22 Chemckine (C-C motf] ligand 22
All Mm_31505 Nm_019577 Ccl24 Chemokine (C-C motf] ligand 24
AlZ Mm. 1282 MM 011337 Cel3 Chemokine (C-C matf] ligand 3
BO1 Mm. 244263 NM_013652 Ccl4 Chemokine (C-C motif] ligand 4
BO2 Mm.284248 MM 013653 Cel5 Chemokine (C-C motf] igand 5
BO3 Mm. 137 NM_009139 Cclé Chemokine (C-C motif] ligand &
BO4 Mm. 341574 NM_013654 Cel7 Chemokine (C-C mofif] igand 7
BOS Mm.42029 NM_027443 Ccl8 Chemokine (C-C motf] ligand 8
BO& Mm. 416125 MM 011338 Ccl9 Chemokine (C-C motf] ligand @
BOY Mm. 274927 MNM_009912 Cerl Chemokine (C-C motf] receptor 1
BO8 Mm.8021 NM_D07721 Cerl0 Chemelkine (C-C motif} receptor 10
BO9 Mm 4272 MM 009915 Cer2 Chemakine [C-C motf) receptor 2
B0 Mm 57050 M 009914 Cerd Chemokine [C-C motif) receptor 3
B11 Mm. 1337 HM_0099146 Cerd Chemekine [C-C motf] receptor 4
B12 Mm._ 14302 MNm_009917 Cer5 Chemokine (C-C motif] receptor 5
Co1 Mm BOO7 NM_009835 Cerd Chemekine [C-C matif) receptor 6
o2 Mm. 442098 MNm_007720 Cer8 Chemokine (C-C motif] receptor 8
Co3 Mm 4861 MM 011616 Cd40lg CD40 ligand
Co4 Mm_ 795 Nm_007778 Csfi Colony shmulating foctor 1 [macrophage)
C05 Mm 4922 MM 009959 Cst2 Colany stmulating factor 2 (granulocyte-macrophage)
Cla Mm. 1238 MM _009971 Csfd Coleny shmulating focter 3 [granulocyte]
Co7 Mm. 1037117 NM_009142 Cx3cll Chemokine (C-X3-C maotif] ligand 1
08 Mm. 21013 NM_008176 Cxl Chemekine {C-X-C mohf] ligand 1
Co9 Mm 877 MM 021274 Cxcl10 Chemokine (C-X-C motf) ligand 10
C10 Mm. 131723 MM 019494 Cxell1 Chemokine (C-X-C monf] ligand 11
C11 Mm.3032317 NM_021704 Cxcll2 Chemolane (C-X-C motf) ligand 12
C12 Mm. 10116 MM 018866 Cxel13 Chemolane (C-X-C monf) ligand 13
DO1 Mm.64326 NM_011339 Cxcll13 Chemelane (C-X-C motf) ligand 15
DO2 Mm 4660 NM_009141 Cxcl Chemokine [C-X-C motf] ligand 5
D03 Mm. 766 MM 008599 Cxcl? Chemalane [C-X-C monf] ligand 9
D04 Mm.234466 MNm_009909 Cxer2 Chemokine [C-X-C motf] receptor 2
D05 Mm 128746 MM 009910 Cuer3 Chernckine [C-X-C motf) receptor 3
Do& Mm. 6246 NM_007551 Cxerd Chemockine [C-X-C motif] receptor 3
DO7 Mm 3355 MM 010177 Fasl Fas ligond (TNF superdfamily, member )
Doa Mm.240327 MM _008337 lng Interferen gamma
Doo Mm. 379327 MM 008348 1M 0ra Inteddeukin 10 receptor, alpha
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Table S1 continued

Fosition UniGene GenBank Symbol Description
D10 Mm.4154 NM_008349 10k Interlevkin 10 receptor, beta
D11 Mm.35814 NM_008350 i Interleukin 11
D12 Mm.1284 NM_008355 a3 Interleukin 13
EO1 Mm. 4392 MM 008357 15 Interleukin 15
EO2 Mm 10137 NM_0T0551 (IRE-] Interleukin 16
EO3 Mm. 5419 MM 010552 NM7a Interlevkin 174
EO4 Mm_ 59313 MM _019508 176 Interleukin 7B
EDS Mm.222807 NM_145856 n7zf Interleukin 17F
EQ& Mm_15534 NM 010554 a Interleukin 1 alpha
EO7 Mm. 222830 MM 008361 b Interlevkin 1 beta
E0B Mm_ 894 MM 008342 irk Interlevkin 1 receptor, type |
E09 Mrm. 882 MM 0311467 Mrn Interlevkin 1 receptor antogonist
E10 Mm. 157689 NM_021782 121 Interleukin 21
ET1 Mm. 232632 MM _145638 27 Interleukin 27
E12 Mm 35287 NM_0083468 2k Interleukin 2 receptor, beta chain
FO1 Mm.2923 NmM_013563 li2rg Interlevkin 2 receptor, gamma chain
FO2 Mm.983 NM 010556 113 Interlevkin 3
FO3 Mm. 182359 NM_ 133775 1133 Interleukin 33
FO4 Mm. 276360 MM 021283 114 Interleukin 4
FO5 Mm . 4451 MM 010558 (157 Interleukin 5
FO& Mm.3448 MM _008370 I5ra Interleukin 5 receptor, alpha
FO7 Mm 2856 MM 010559 éra Interleukin & receptor, alpha
FO8 Mm.4364 NM_010560 llést Interleukin & signal transducer
FOo Mm.3825 NM_00B371 7 Interlevkin 7
F10 Mm 87787 NmM_010735 Lta Lymphotoxin A
F11 Mm.1715 NM_008518 Lib Lymphotoxin B
F12 Mm. 2326 MM 010798 Mif Macrophage rigrofion inhibitory foctor
GO1 Mm. 202727 MM 021524 Mampt Micotnamide phosphoribosyltransferase
G2 Mm. 1371422 | NM_001013365 Osm Oncostatin M
G03 Mm.332490 MM 019932 Prd Platelet factar 4
G04 Mm. 288474 MM 009263 Sppl Secreted phosphoprotein 1
GO3 Mm.1293 NM 013693 Tnf Tumer necrosis fader
G0é Mm_15383 MM 008764 Tnfrsfl 1b Tumer necrosis factor receptor superfomily, member 11k (osteoprotegenin)
GO7 Mm_1062 MM 009425 Tnfst10 Tumar necrosis foctor (igand] superfamily, member 10
Go8 Mm. 249221 MM 011613 Tntstl ] Tumer necresis foctor (ligand) superfamily, member 11
G09 Mm 8983 NM_023517 Tndstl3 Tumeor necrosis factor (ligand) superfamily, member 13
G10 Mm_ 28835 MM _033622 Tnf:f13b Tumor necrosis factor {ligand) supedomily, member 13b
Gl11 Mm.4994 NM_009452 Tnfsf4 Tumer necresis factor (ligand) superfamily, member 4
G12 Mm.282184 NmM_009505 Vegfa Vascular endothelial growth factor A
HO1 Mm. 328431 NM 007393 Actb Actin, beta
HO2 Mm.163 NM_ 009735 BZm Beta-2 micreglebulin
HO3 Mm. 343110 MM 008084 Gapdh Glyceraldehyde-3-phosphate dehydrogenase
HO4 Mm.3317 MM 010348 Gusb Glucuronidase, beta
HO5 Mm.2180 Mh_008302 HspP0ak1 Heat shock protein 20 alpha (cytesolic), dass B member 1
Hé& MNAA S\n‘\_ﬂ{ﬂ a4 MGDC Mouse Genomic DMNA Contamination
Ho7 NfA SA_QC” 04 RTC Raverse Trunscr;p!ion Contral
HO8 MN/A SA 00104 RTC Rewverse Transcnption Control
HO9 /A 54 00104 RTC Reverse Transcription Centrol
H10 N/A 5S4 00703 PPC Pasitive PCR Coantrol
H11 N/A 54 00103 PPC Positive PCR Control
H12 N/A 54 00103 PPC Positive PCR Control
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Table S2 Properties of the used rodent feedstuff

Name: LT/R Rodent Feed

Manufacturer: Szindbad Kft, Godod

Distributor: Innovo Kft., Isaszeg, Ady E. u. 47 - site

Description: General mouse-rat feed, available in 20 kg packgdi circular-woven plastic sacks
Shelf Life: 90 days from the date of manufacture

Ingredients: Corn, wheat, barley, sunflower meal, soybean nmeik, powder, yeast, lime, feed flour,
sunflower oil, premix

Content:

Dry Matter: 82.1%

e CrudeProtein: 20.1%

e CrudeFat: 3.9%

e CrudeFiber: 4.5%

e CrudeAsh: 7.8%

e Metabolizable Energy: 11.9 MJ/kg

Amino Acids:

Arginine: 0.21%

e Lysne 0.97%

e Methionine: 0.30%

« Methionine + Cystine: 0.64%
e Tryptophan: 0.24%

e Threonine: 0.72%

« Isoleucine: 0.15%

« Leucine: 0.30%

e Valine 0.21%

Macro Elements;

+ Calcium: 1.08%
« Phosphorus: 0.86%
+ Sodium: 0.21%
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Table S 2 continued

Micro Elements:

e lron: 163 mg/kg

e Zinc: 75 mg/kg

« lodine 1.3 mg/kg

« Manganese: 82 mg/kg

Vitamins;

« Vitamin A: 18000 IU/kg

« Vitamin D3: 1000 1U/kg

e Vitamin E: 75 mg/kg

e Vitamin K3: 3 mg/kg

« Vitamin B1: 18 mg/kg

« Vitamin B2: 12 mg/kg

« Vitamin B6: 10 mg/kg

« Vitamin B12: 0.02 mg/kg

« Pantothenic Acid: 21 mg/kg
« Niacin: 40 mg/kg

« FolicAcid: 4.0 mg/kg

« Biotin: 0.06 mg/kg

« Linoleic Acid: 1.85 mg/kg

« Choline Chloride: 600 mg/kg
« Vitamin C: 50 mg/kg
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