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Abstract: Besides having physiological functions and general toxic effects, many metal ions can
cause allergic reactions in humans. We here review the immune events involved in the mediation
of metal allergies. We focus on nickel (Ni), cobalt (Co) and palladium (Pd), because these allergens
are among the most prevalent sensitizers (Ni, Co) and immediate neighbors in the periodic table
of the chemical elements. Co-sensitization between Ni and the other two metals is frequent while
the knowledge on a possible immunological cross-reactivity using in vivo and in vitro approaches
remains limited. At the center of an allergic reaction lies the capability of a metal allergen to form
T cell epitopes that are recognized by specific T cell receptors (TCR). Technological advances such
as activation-induced marker assays and TCR high-throughput sequencing recently provided new
insights into the interaction of Ni** with the «p TCR-peptide-major histocompatibility complex
(pMHC) interface. Ni%+ functionally binds to the TCR gene segment TRAV9-2 or a histidine in the
complementarity determining region 3 (CDR3), the main antigen binding region. Thus, we overview
known, newly identified and hypothesized mechanisms of metal-specific T cell activation and discuss
current knowledge on cross-reactivity.

Keywords: immunotoxicology; metal allergens; allergic contact dermatitis; T cells; T cell receptor; T
cell epitopes; cross-reactivity

1. Introduction

Metals are present in many areas of industrialized life. People are exposed to metals
through the environment, consumer products, workplaces and medical appliances such as
implants or drugs. One of the most common immunotoxic effects of metals is their ability
to act as allergens, often affecting the skin causing allergic contact dermatitis (ACD) [1-3].
ACD represents the characteristic example of a T cell-mediated delayed-type hypersensitiv-
ity response (type IV allergy). A multitude of metallic elements has been associated with
allergic reactions, among them nickel (Ni, Ni?* ions), cobalt (Co, Co*" ions) and palladium
(Pd, Pd?* ions) (Figure 1) [4-6]. Metal allergens may interact with both the innate and
adaptive immune system. Concerning the latter, the underlying mechanisms of allergic
reactions include the formation of allergen-induced T cell epitopes recognized by specific T
cell receptors (TCR) [7,8]. Since reactive chemicals are too small to be recognized by TCR
or antibodies, binding to self-proteins by a process called “haptenization” is mandatory
for the interaction with the adaptive immune system [9]. Thus, chemical allergies can
be viewed as misguided adaptive immune responses to otherwise relatively harmless
chemical exposures. Despite preventive regulations, metal allergies, especially Ni allergy,
remain a significant public health burden [1,2].
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Figure 1. Metals implicated in allergic reactions. Metallic elements related to allergic reactions are
highlighted in this periodic table of the elements (blue boxes, without lanthanides and actinides).
Most of the metal allergens belong to the group of heavy metals (blue background) and some are
(likely) essential trace elements (light green letters) [6,10]. Non-metallic elements are depicted in
grey letters. This review focuses on general adverse and immunotoxic effects of nickel (Ni, Ni%*
ions), cobalt (Co, Co?* ions) and palladium (Pd, Pd?* ions) (highlighted in red) [6]. Created with
BioRender.com.

In this review, we recapitulate the allergy-triggering mechanisms of Ni, Co and Pd
identified from in vivo and in vitro studies. We focus on Ni because it is the most common
contact allergen and there is abundant literature on Ni allergy. Further, we have selected
the second most common metal allergen, Co, which is often used as a substitute for Ni in
metal alloys. Besides, Ni-Co co-sensitization is observed in several epidemiological studies
but currently there is little mechanistic evidence of a possible T cell cross-reactivity. In
addition, we discuss the relatively rare allergen Pd. The current existing literature reports
up to 80% Pd co-sensitization with Ni. Pd allergy is rarely diagnosed without additional
Ni allergy and there is mechanistic evidence of cross-reactivity. In this context, we update
the current understanding of metal-induced T cell epitopes and TCR cross-reactivity for Ni,
Co and Pd.

2. Physicochemical Properties, Physiologic Functions and Toxicity of Ni, Co and
Pd Ions

Metals are elements able to form cations via oxidation. The pure elements are solid
under normal conditions (with the only exception being mercury) and possess high light
reflectivity, hardness, ductility, malleability and an excellent heat and electric conductivity.
The majority of the elements of the periodic table of the chemical elements (PSE) are metals
(Figure 1, [11]).

Heavy metals are elements with at least a five times higher density than water and
a high atomic weight [12]. This definition implies some controversial aspects and there-
fore some experts classify heavy metals as metallic elements with a density higher than
5 g/cm?3 [13]. Popular belief associates the term heavy metal with some negative connota-
tions linked to their potential toxicity. However, some heavy metals like Co are essential
nutrients for humans whereas others, like Ni, are essentials for organisms such as bacteria
and plants [14]. Heavy metals can play important roles in biochemical and physiological
processes and their deficiency is associated with several diseases [15,16]. The toxic and
carcinogenic molecular mechanisms of heavy metals are still not fully elucidated, but appear
to be linked to a combination of common and unique features of every metal [12]. Some
heavy metals can escape cell control mechanisms and bind cell constituents due to their
chemical coordination and redox properties, thereby, for example, displacing original metals
from their natural binding sites [17]. Other heavy metals lead to oxidative stress affecting
several tissues, with liver and kidney being among the most critical ones [18]. Besides,
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the toxic properties of some heavy metals, leading to the formation of free radicals and
reactive oxygen species (ROS), induce cell membrane and protein dysfunction linked to a
malfunctioning immune system and potentially contribute to autoimmunity in humans [19].

According to the International Union of Pure and Applied Chemistry (IUPAC), a
transition metal is an element with partially filled d-orbital (sub-shell) atoms or able to
generate cations with an incomplete d-orbital. Metals from the first row of transition metals
prefer tetrahedral to a square planar geometry (for example iron and Co). However, ions
with incomplete d-orbitals (for example, Ni) prefer a planar conformation [20].

The number of ligands of a metal ion promotes a preferential spatial arrangement
and influences its protein binding preferences [21]. The most thermodynamically favor-
able ligands for metal ions binding to proteins are the imidazole substituents in histidine,
thiolate substituents in cysteine residues and carboxylate groups from aspartate or glu-
tamate residues [22-24]. To date, global metal-binding proteins remain unknown while
metalloproteomics is an emerging field of research [25].

Ni is a transition metal with the atomic (ordinal) number of 28 (molecular weight
(MW): 58, 69) which belongs to group 10 of the PSE. It exists in different oxidation states
(—1 to +4) but the most common is +2. Ni binds to proteins through the imidazole nitrogen
of histidine and the thiol of cysteine [22]. The biological role of Ni in animals remains
unclear, but some studies suggest its implication in reproductive and metabolic processes.
Ni is a well-known essential co-factor of at least nine bacterial enzymes therefore indirectly
influencing human health as part of the natural microbiome or pathogens [20,26-28].
Besides its high allergenic potential, Ni can also act as an immunotoxic and carcinogenic
agent, can contribute to acute and chronic cardiovascular and respiratory diseases and it
has revealed embryotoxic and teratogenic properties in animal studies [29-34].

Co is another transition metal with the atomic number of 27 (MW: 58, 93; group 9)
and usually present at +2 oxidation state. Like Ni, it preferably binds to free histidine
residues [35,36]. Co acts as a cofactor for several enzymes in humans and other organ-
isms [37,38]. Exposure to Co may lead to metal allergy, chronic and acute respiratory
diseases, metallosis and increased risk of cancer [35,39,40]. Metal implants made of Co
alloys have been found to release high concentrations of Co?* ions into the blood [41-43].

Ni and Co are commonly found together in nature and alloys. Co is placed next to Ni in
the PSE (same period) with the same number of outer electrons and inner electron shells but
a different number of lacking electrons of the inner shells, resulting in similar coordination
properties. Although both metals show specific preferences regarding their amino acid
binding, histidine and methionine are largely enriched in both metal binding peptides in
bacteria, with a stronger histidine enrichment [44]. At certain metal concentrations, Co and
Ni bind to the serum protein albumin, Co mainly at carboxylate and tyrosine residues and
Ni at carboxylate groups. Co binding to albumin appears to be competitively inhibited by
Ni, but Co did not inhibit Ni protein binding, indicating that Ni may have more binding
sites [45].

Pd belongs to the same group of the PSE as Ni with an atomic number of 46 (MW: 106,
42; group 10). The most common oxidation state for Pd is +2 [46]. The catalytic properties
of Pd are linked to the square-planar geometry of Pd?* complexes [47]. Exposure to Pd
via skin, oral cavity or respiratory tract can cause acute toxicity or hypersensitivity with
respiratory and dermal symptoms [48-50]. Pd exhibited low genotoxicity in mammalian
organisms and bacteria [51].

3. Metal Allergies
3.1. Exposure, Epidemiology and Regulatory Aspects

Exposure to metals can occur through different routes, such as dermal absorption,
inhalation and ingestion. In daily life, the main exposure route by which ACD is triggered
is the contact of metals with the skin via jewelry, clothes, consumer goods or the environ-
ment [2]. Besides, the surge of some metal nanomaterials in consumer products (mainly
silicon, titanium, zinc and aluminum) also contribute to dermal and aerial exposures. The
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altered metal physiochemical properties and the unique immune effects of these nano-
materials may have important consequences in allergic processes [52]. The occupational
exposure to metals, mainly via dermal or aerial routes, constitute an important health
concern due to its involvement in ACD [2,53]. Metals can also encounter the human body
systemically via implants and prosthetics. The current growing social demand for orthope-
dic and dental implants, joint arthroplasty and fixation devices may potentially contribute
to the rise of contact and systemic allergies. Those devices are made of different alloys
which can contain several metals including titanium, Ni, Co, chromium, iron, aluminum,
vanadium and Pd among others [54,55]. The ingestion of metals via food and water is the
dominant source of human metal exposure [56,57]. An allergic reaction can be triggered
by dietary metal exposure in already sensitized individuals. In contrast, the significance
for primary sensitization is still unclear [58,59]. The development of some pharmaceu-
tical formulations with metals (mainly iron, zinc, vanadium, gold (Au), platinum and
aluminum, among others) can also increase potential metal exposures and subsequent
sensitization [15,60,61].

The number of patients with a metal allergy has recently been growing in general
and surgical populations. Depending on the age and geographical location, approximately
20-27% of European adults are sensitized to at least one contact allergen as defined by
positive patch test reactions and thus might be on the verge of developing ACD [1,62].
Most common are allergies to Ni (11.4%), fragrances (3.5%) and Co (2.7%) [1,6].

Allergen avoidance is the key to preventing sensitization, and ACD or other clinical
symptoms. However, this may be difficult due to the ubiquity of the allergens, lack or
shortcomings of identifying the substance in the environment, possible cross-reactions and
low individual elicitation thresholds [52].

Since it is mainly dependent on exposure, ACD can affect all ages and may start
at a very young age [63]. Some haptens (including Ni) have a prevalence peak in early
adulthood and then show a decreased prevalence with aging [64]. The age-related variation
may be attributable to different exposure conditions during the life span and a waning or
reduced immune response with aging.

Although the use of allergens in consumer products, such as Ni in earrings, has been
successfully regulated in recent years, the prevention of metal exposure needs further
improvement given the severe socio-economic implications.

Ni is the most common cause of contact allergies in the general population worldwide
(11.4% in Europe, 8.8-25.7% in China, 17.5% in North America) [1,65-67]. Ni is widely
present in industrial and everyday items such as coins, cell phones, laptops and zippers
as well as in some commonly consumed foods, air, soil and water [68]. Ni allergy is
more prevalent in women (15.7-22.9% compared to 4.3-6.65% of men), probably due to
their increased exposure to Ni through earrings and other jewelry [1,69,70]. Over time,
Ni-induced ACD evolved from an occupational disease to a common form of ACD among
both adults and children [71]. Several endogenous (e.g., genetics) and external factors
are involved in the development of ACD to Ni, but the exact mechanisms that lead to
human sensitization remain unclear. Major factors seem to be the accumulated Ni skin
dose (ug/cm?) along with the type of exposure, skin status, skin area, bioavailability
in the skin, duration of the contact, previous dermatitis or other skin diseases, sweat
involvement and possible combined irritant effects by Ni itself or associated with other
irritants [72,73]. Even very low but increased Ni levels in ambient air have been linked
to increased sensitization rates [74]. Because of the high sensitization rate to Ni salts, Ni
regulations were first implemented in Denmark and Sweden in 1990 and 1994 by the EU Ni
Directive and later the Registration, Evaluation, Authorization and Restriction of Chemicals
(REACH) legislation [75-78]. Since then, Ni is not allowed in items inserted into pierced
parts of the body unless the Ni release is less than 0.2 j1g/cm? /week or, for articles in direct
and prolonged contact with the skin where Ni release is greater than 0.5 j1g/cm? /week [79].
The European Commission also regulated the content of Ni in ambient air, establishing a
target value of 20 ng/mg? [80]. Although the prevalence of Ni allergy has decreased since
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the implementation of restrictions, Ni is nowadays still the most common cause of ACD in
the general population. This can be partly attributed to the lack of restriction regarding the
frequent contact of consumers with everyday products containing Ni [81].

Ni regulation promoted the use of other metals in consumer products, causing a
rise in the incidence of ACD to other metals [82,83]. Co is the second most common
metal allergen. Patients tested with the European baseline series between 2015 and 2018
showed a prevalence of positive tested individuals of 5.4%. Women were more frequently
affected than men (6.1% vs. 3.9%), but in contrast to Ni, Co ACD does not display any
age pattern [70]. Co is used in various dental alloys, paints and coloring components of
porcelain and glass, often in combination with Ni [84]. Although Co allergy is relatively
common, the causative exposure remains unknown in 80% of patients [1]. Co content has
recently been regulated by EU legislation including a temporary generic concentration
limit (GCL) of >0.1% [85]. Besides, a new restriction proposal from French and Swedish
authorities aims to reduce the risk of skin sensitization to chemical substances in textile
and leather articles. Thus, the proposed concentration limits for Ni and Co in textile and
leather products are, respectively, 130 and 110 mg/kg and 70 and 60 mg/kg [86].

The general population is sensitized to Pd mainly through dental appliances. Addi-
tionally, Pd is present in jewelry and industrial catalysts in the car industry because of
its resistance to corrosion [2]. Although the use of Pd is increasing, it is not included in
any standard test baseline series [87]. Out of 910 ACD patients in the USA, 12.1% tested
positive for Pd. Among these patients, mouth mucosal diseases were more common than
skin diseases [88]. PdCl, is the most frequent (3%) allergen of the “dental metal series” de-
tected in dental technicians with occupational ACD [89]. The incidence of Pd allergies has
frequently been explained through cross-reactivity since isolated allergy to Pd is rare [87].
Currently there is no EU legislation to limit the amount of Pd in consumer products.

3.2. Case Reports

Nowadays, there are many ways to encounter metal allergens, resulting in differ-
ent clinical symptoms. We here highlight five interesting metal allergy cases from the
recent literature.

Case 1—Systemic Ni allergy syndrome [90].

A 48-year-old woman presented with an inflamed esophagus. Ni allergy was diag-
nosed through patch testing. A Ni-free diet reversed symptoms while an oral Ni challenge
induced adverse gastrointestinal effects. An oral desensitization therapy with slowly
increasing amounts of Ni led to a complete reversal of symptoms. This case illustrates
how metal-containing foods may cause systemic symptoms in metal allergic patients. It
is an indication that oral desensitization may work similarly to hypo-sensitization for
protein-related allergies, for example to pollen.

Case 2—Severe implant complications due to tiny amounts of Ni in suture anchors [91].

A 36-year-old woman developed severe local skin hematoma two months after an
epicondylitis-related surgical procedure during which titanium suture anchors were in-
serted. Skin transplant and topical steroid treatment failed while Ni patch testing was
strongly positive (+++). Although the dimethylglyoxime (DMG) test was negative, induc-
tively coupled plasma mass spectrometry (ICP-MS) showed a release of Ni from the suture
anchors. Removal of the anchors reversed symptoms, impressively showing how small
amounts of metals can lead to delayed, severe complications in an implant setting.

Case 3—ACD to Ni from green tattoo ink [92].

A 40-year-old woman presented skin excoriations in the green area of a tattoo, that
worsened during Ni patch testing (+++). Laser ablation ICP-MS revealed Ni agglomerates
in the dermis, providing support for Ni-induced skin symptoms from tattoo inks. Tattoo
inks can cause severe long-term problems if an allergic reaction occurs, which may be
many years after the tattoo was placed. Metal allergens can be part of undeclared tattoo ink
contaminations while the original inks are often not available at the time clinical symptoms
emerge [93].
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Case 4—Occupational ACD to Co due to contaminated machine oil [94].

A 24-year-old engineer on a container ship developed severe oozing dermatitis on
his hands due to skin contact with machine oil. ICP-MS revealed the presence of a very
low amount of Co (2.4 ppm) while other methods (spot test, X-ray fluorescence) failed
to detect Co. Patch testing against Co was strongly positive (+++). This case illustrates
that Co ACD elicitation thresholds can be extremely low in real life settings, especially on
potentially damaged skin. The proof of causative metal allergen exposure can thus be very
challenging.

Case 5—Pd-induced skin granulomas from earrings [95].

A 28-year-old woman showed epithelioid granulomas on both earlobes several months
after piercing. Patch testing was only weakly positive to Pd (+) but after four weeks the
patient developed similar granulomas at the site of the patch test. ICP-MS showed Pd
agglomerations at all affected skin sites. Since more specific diagnostic tools are missing
(e.g., reliable in vitro tests), no distinction between a foreign body and an allergic reaction
is possible at present. Thus, this case illustrates current diagnostic limitations.

4. Immunological Mechanisms and Diagnostic Approaches
4.1. Pathomechanism of ACD
4.1.1. Sensitization Phase

Similar to every allergic reaction, the pathomechanism of metal allergies can be
separated into two temporally distinct phases, the sensitization phase and the elicitation
phase, which each require the activation of innate and adaptive immunity [9,96,97]. One
or several initial encounters of the skin with an allergen may lead to sensitization. The
extent to which a chemical needs to penetrate the stratum corneum remains unclear, since
chemicals may enter via skin appendages like hair follicles or sweat ducts and Langerhans
cells may extend their dendrites through the tight junction barrier and thus contribute to
chemical uptake [98-100].

Irritant effects of chemical allergens initiate an inflammatory milieu in the skin, lead-
ing to dendritic cell maturation and migration to the skin-draining lymph nodes [101-103].
In the lymph nodes, dendritic cells then present allergen-induced T cell epitopes to T cells.
Activated, antigen-specific T cells clonally expand and differentiate into effector and mem-
ory T cells that distribute globally and may form antigen-specific tissue-resident memory T
cells (Trm) [96,104,105]. The irritant power of chemicals seems to correlate with their ability
to act as contact sensitizers [106], while the molecular pathways are not yet fully explored.
Two main underlying mechanisms have been proposed by which sensitizing chemicals,
including metals, modulate innate immune responses. Sensitizers can bind to pattern
recognition receptors (PRR) and thereby functionally mimic pathogen-associated molec-
ular patterns (PAMP). In addition, the release of damage-associated molecular patterns
(DAMP) can be triggered, e.g., via ROS production or binding to other cellular constituents,
leading to inflammasome activation and apoptosis induction [8,107-112]. Ni generates
ROS and binds to proteins promiscuously and concentration-dependently, as shown for the
formation of T cell epitopes [7,113-115]. Thus, a multitude of cellular effects is observed
upon Ni exposure in, e.g., dendritic cells. This includes cholesterol depletion, hypoxic and
apoptotic signaling, nuclear factor erythroid 2-related factor 2 (Nrf2) pathway activation
and production of inflammatory cytokines like TNFe, IL-1b, IL-6, IL-8, IL-12 or IFNe and
- [116-119]. This leads to further downstream effects, e.g., IL-6 and IL-12 supporting naive
T cell priming.

One important pathway of Ni signaling is it’s functional interaction with human TLR4,
which depends on the binding to two primate-restricted histidines (H456 and H458) [117].
Ni-sensitized human TLR4 transgenic mice react to intradermal NiCl, injection in the
ear pinna with ear swelling, illustrating the capacity of human TLR4 to contribute to Ni
sensitization in vivo. Still, Ni-induced signals differ slightly from those observed with the
natural TLR4 LPS ligand, e.g., IL-6 or 11-12p40 secretion is lower [116,117]. Human TLR4
is not expressed on freshly isolated keratinocytes or Langerhans cells, which most likely
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form the first site of contact in the epidermis with exogenous agents. Ni, Co and Pd have
been shown to bind and signal via TLR4 [120].

Besides the intrinsic irritant capacity of sensitizers, heterologous immune stimulation
may play a yet to be determined role in human sensitization to Ni and, in general, to
metal allergens. The allergy to Ni is strongly associated with skin injury, e.g., piercing and
very low exposure concentrations [74,121]. Likewise, the vaccination to cow pox relies on
skin damage [122]. In addition, high metal ion concentrations during patch testing do not
sensitize which also argues for a role of heterologous immune stimulation [123].

From a translational point of view, it remains difficult to prevent or interfere with the
sensitization process by pharmacological intervention, leaving regulatory restrictions as
possible public health measurement.

4.1.2. Elicitation Phase and T Cell Effector Responses

Upon exposure of a sensitized individual to the original or a cross-reactive allergen,
memory T cells initiate a faster and more aggressive secondary immune response, which
results in a cutaneous inflammatory reaction clinically recognized as ACD (elicitation
phase). ACD symptoms appear mainly on the skin (e.g., eczema and redness) but gut
or lung symptoms as well as responses in joints or the oral mucosa are possible, e.g., in
allergy-associated implant failure [9,124].

In a sensitized individual, dendritic cells, macrophages, Langerhans cells or ker-
atinocytes may take up haptens and present hapten-induced epitopes in situ to effector
T and Try cells developed during the sensitization phase. In order to exert their effector
functions at the site of chemical exposure, allergen-specific memory T cells need to enter
the tissue. T cell infiltration may be triggered by innate signals resulting from the irritant
capacity of a chemical allergen that, as in the sensitization phase, involves a multitude of
cellular and molecular players [96,125]. In addition, the activation of local antigen-specific
Tryv, formed during the sensitization phase or prior elicitation reactions likely contributes.
The potent effector functions and important role of Try have become a major topic in recent
years since these cells are considered the main mediators of a plethora of skin diseases
such as psoriasis, alopecia areata or mycosis fungoides and they cannot be therapeutically
depleted at present [126]. Hence, prevention and regulatory strategies constitute an ef-
fective way for ACD management. In mice, CD4+ and CD8+ skin Try cells protect from
infection and antigen-specific clonotypes distribute globally and accumulate at sites of
antigen exposure [105,127]. Gaide et al. showed enrichment of individual skin-resident T
cell clonotypes during the months following diphenylcyclopropenone (DPCP) exposure in
humans [104]. Schmidt et al. illustrated a more rapid recruitment of CD8+ T cells at skin
sites of previous ACD reactions which is indicative of local Try formation [128].

The chemical-induced innate response leads to the release of T cell-attracting
chemokines. Kish et al. showed that murine CD8+ Trm produce IFNy and I1-17A within
the first 3 h of allergen exposure, which then triggers CXCL1, CXCL2/MIP-2 production
by keratinocytes causing neutrophil infiltration, and, ultimately in this intricate series
of events, secretion of T cell attracting chemokines, e.g., CXCL9/10, CCL17, CCL20 and
CCL27 [129]. T cell infiltration only starts approximately 24 h after antigen exposure (thus
the term “delayed-type hypersensitivity”) [96]. The extent of bystander T cell infiltration,
i.e., the fraction of T cells that enter the skin but have an unrelated antigen-specificity,
remains unknown, but it was shown that antigen-specific T cells proliferate locally, leading
to a solidification of the allergic state and Try formation. In a study with three patients,
Kapsenberg et al. found 7-15% of skin infiltrating CD4+ T cells, cloned by limiting dilution
cultures, to be Ni-specific in Ni-ACD [130].

Once the inflammatory milieu is established, many cell types may serve as APC for
memory T cell activation including keratinocytes that upregulate MHC II upon, e.g., IFNy
exposure [131]. This T cell response is the body’s attempt to remove the chemical allergen
in a way similar to a pathogen.
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Both CD4+ and CD8+ T cells as well as regulatory T cells seem to contribute to
the allergic reaction in human metal allergy and murine contact hypersensitivity mod-
els [118,132-135]. Metal-specific regulatory T cells have been detected and shown to atten-
uate Ni-specific immune responses [136,137]. However, many aspects remain unknown,
such as the relative contribution of CD4+ and CD8+ T cell subpopulations in humans
for different chemical allergens. Here, more research is needed to advance alternative
diagnostic and predictive testing. Future in vitro assays, for example, activation-induced
marker assays, could track these populations in metal allergies [115,138].

During Ni-associated immune responses, a fraction of Ni-specific T cells expresses the
skin-homing marker cutaneous lymphocyte-associated antigen (CLA), MHC Il as activation
marker (human leukocyte antigen (HLA)-DR) and Ki-67, which indicates an active cell
cycle [115,139]. These findings illustrate that relevant metal-specific T cells can be identified
by blood-based assays in vivo.

Metal-induced cytokine production by T cells has been studied quite extensively. Most
metal-specific T cells produce INF-y, which likely reflects the general high frequencies of
T helper cells (Ty) 1 in human blood [140,141]. Increases in rarer T cell sub-populations,
e.g., T2, Tgl7, Ty9 or IL-10-secreting T cells, may be easier to detect given generally
lower background and have been associated with metal allergies [142-146]. Whether there
is a common polarization pattern among metal-specific T cells remains unclear. Among
a limited number of donors, Ni-specific T cells from allergic donors comprised either a
higher percentage of IL-4 or IL-17A producing cells, hence there was no general polarization
pattern observed as for Tyy1/Ty17A dominated CMV-specific immune response [115].

Given the involved steps as well as cellular and molecular effectors during an elici-
tation response, several therapeutic options are conceivable, but most have not yet been
transferred into practice. Prevention of exposure is the top priority measurement if possible
and it may be supported using barrier creams. Once ACD has developed, the first line
treatment is the topical use of corticosteroids that dampen the inflammatory immune
response. Similar treatments, such as cyclosporine, azathioprine, methotrexate, psoralen
or UVA, may also control inflammation and are used as second line approaches upon
corticosteroids resistance. So far, biologics (e.g., a-IL17 therapy, [147,148]) or oral tolerance
induction have not been included in guideline-based treatment [149,150].

4.2. Diagnosis of Metal Allergies
4.2.1. Patch Testing as the Current Diagnostic Standard

So far, no causative therapy exists for metal allergies. Therefore, a precise diagnosis is
crucial to avoid the chemical trigger and to prevent clinical manifestations of the disease.
The in vivo method of patch testing was first applied in 1895 and is still the diagnostic
standard today [149,151]. Patch testing aims to mirror the elicitation phase of ACD. Due to
the high frequencies of positive patch test reactions, both Ni and Co salts are components
of the European baseline series of contact allergens, which is used to diagnose contact
allergy as a cause of clinically visible skin dermatitis in patients [70,151,152]. Occlusive
applications of patch test allergens are deposited on the upper back for 48 h and diagnostic
inspection follows after 48 h and 72 h with a standardized scoring of — and + to +++. Late
readings, e.g., after 5-7 days, may yield additional positive reactions, especially in the
case of metal allergies [153-155]. Patch test reactivity to Ni may decline if tested on other
body areas than the upper back, e.g., on palms of the hands, which anatomically possess a
thicker epidermis and less antigen-presenting cells (APC) [156].

Patch testing material contains Ni (II) sulfate hexahydrate (NiSO4 x 6H,0O; 5% con-
centration (w/w)) and petrolatum (pet.) as a vehicle. For historical reasons, water-soluble
Ni sulfate is employed which seems to be less irritant than Ni chloride [157,158].

For Co patch testing, Co (II) chloride hexahydrate (CoCl, x 6H,O; 1% concentration
(w/w)) pet. is used (0.4 mg/ cm?). Pd allergy is often diagnosed with 1% Pd (II) chloride
(PACl; pet.), e.g., in the standard testing series for dental metals in Germany. Interestingly,
sodium tetrachloropalladate (Na,PdCly) may represent a better patch test allergen as it reveals
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more positive reactions, likely due to enhanced skin penetration [159,160]. This illustrates
how the choice of the allergen preparation, including “the stability and purity of the allergen,
its physical form, and the homogeneity of its distribution throughout the vehicle” [161] and
as well its release from the vehicle, e.g., from petrolatum, influences patch test results.

Patch testing reproducibility is somewhat limited, especially for weakly positive
reactions and for metal allergens. For instance, the reproducibility of CoCl, patch testing
is only 35% [162-168]. In the case of patients with a clear history of metal allergy, a skin
patch test is recommended before device implantation [169]. Nevertheless, there is no
clear consensus regarding when and how to screen metal hypersensitivity before implant
or prosthetic interventions. Besides, the correlation between patch test results and the
prediction of implant failures is still controversial [55,170]. This could be due to a varying
distribution of metal allergen-specific Try between the skin and target tissue of the implant.

In the case of concomitant diseases, e.g., “angry back” or “excited skin” syndrome,
patch testing may not be possible. As another disadvantage of patch testing, the triggered
local inflammation due to a positive patch test may enhance subsequent elicitation reactions
in previously sensitized individuals as reported for human ACD [128,171].

In summary, patch testing has been proven very useful for over a century, but it is
not a perfect tool. Therefore, diagnostic improvements, i.e., the development of reliable
additional in vitro tests, are urgently needed.

4.2.2. Challenges Associated with Diagnostic In Vitro Tests

In vitro tests could overcome some of the above-mentioned limitations of patch testing.
The aim of in vitro tests is to detect increased frequencies of antigen-specific memory T
cells in the blood of allergic individuals similar to assays performed after vaccination to
smallpox or yellow fever [172,173]. Yet, in vitro tests have not been officially implemented
as diagnostic tools in ACD [149]. The difficulties of in vitro T cell tests for metal allergies
seem to be mainly linked to the presence of rather high frequencies of metal-specific T cells
in non-allergic individuals. The reactivity in non-allergic donors impedes the distinction of
allergy-associated immune responses (Figure 2). In addition, T cell-based assays are labor
and cost-intensive.
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Figure 2. High frequencies of metal-specific T cells in blood interfere with diagnostic blood-based
in vitro testing. Following adaptive immune responses, blood frequencies of protein-specific memory
T cells are usually higher compared to those in the naive T cell pool, even decades after antigen
exposure (blue line). However, Ni-specific T cells are abundant in non-allergic individuals (red line),
due to interactions with certain elements of the TCR repertoire (see Section 5.2) [115]. Therefore, only
strongly increased frequencies of Ni-specific T cells may currently be associated with the allergic
state. Adapted from [174]. Created with BioRender.com.
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Ni is the most intensively studied metal allergen in vitro. Proliferation-based ap-
proaches, e.g., lymphocyte transformation or proliferation tests (LTT or LPT), Memory Lym-
phocyte Immunostimulation Assay (MELISA), or cytokine-secretion assays (e.g., Enzyme-
linked-immuno-Spot Assay (ELISpot)) have been employed [6,175]. Our group recently
showed that CD154 upregulation identifies the Ni-specific CD4+ naive and memory T
cell pool in a fast, comprehensive and quantitative manner [115]. Thus, the benefits of
activation-induced marker assays may also be exploited in the field of chemical allergens,
opening new avenues for the investigation of involved T cell responses [138,176].

Regarding Ni-specific T cells, often, similar responses have been observed in non-
allergic and allergic individuals, especially for CD4+ T cells [89,115,132,177-179]. The
frequency of Ni-specific CD4+ T cells correlates with the used Ni concentrations and varies
between ~0.00005%, 0.02% and 0.1% at Ni?* concentrations close to zero, ~40 uM, and
200 uM, respectively [115,132,180]. However, no concentration has been determined which
optimally distinguishes allergic from non-allergic individuals [89,177,181]. Local in vivo
concentrations in the skin or lymph nodes remain unknown. The use of high but non-toxic
Ni2* concentrations in vitro may completely capture the specific T cell pool while unrelated
immune responses, e.g., to cytomegalovirus (CMV), do not seem to interfere [115].

Co seems to activate a similar or slightly smaller percentage of T cells compared to
Ni, as judged from proliferation-based assays, [181-183] while Pd-specific T cell frequen-
cies have hardly been investigated [89,184]. Unless limited dilution cultures are used,
proliferation-based assays do not allow a direct assessment of the initial frequencies of
reactive T cells. Cristaudo et al. detected IFN-y-release by ELISpot after incubation of
peripheral blood mononuclear cells (PBMC) with 14 uM PdCl, and observed strongly in-
creased responses in six allergic donors with ongoing oral symptoms and positive patch test
reactions compared to 10 non-allergic controls [185]. This finding indicates that Pd-specific
T cells can be detected similar to Ni- and Co-specific T cells in vitro. Of note, cytokine
release assays capture only cytokine-secreting T cell subpopulations, not the complete
antigen-reactive pool.

In some publications, high frequencies of metal-reactive T cells have been attributed
to “unspecific mitogenic effects” [186,187]. Still, the specific restimulation of individual
T cell clones and prevention of activation with major histocompatibility complex (MHC)
blocking antibodies argues for a mainly TCR-mediated activation [115,188,189].

In summary, only some allergic individuals top background frequencies of metal-
specific effector or memory T cells in blood-based in vitro tests (Figure 2). Further research
is required to identify more distinctive, allergy-associated T cell subpopulations or, if tissue
samples are available, in situ allergy-associated immune responses [175,190].

Future in vitro blood-based allergy tests should optimally detect outgrowth of dif-
ferent cytokine-producing T cell subsets and, if possible, additional markers of T cell
activation. For this purpose, activation-induced marker assays are especially promising
since they more likely report ex vivo phenotypes of allergen-specific T cells if combined
with multiparameter flow cytometry compared to proliferation-based methods [115,176].

4.2.3. Predictive Tests for Sensitizing Properties

Predictive tests aim to determine the sensitization hazard and, optimally, the potency,
i.e., the dose (g/cm?) required for sensitization. In mice and guinea pigs, Ni sensitization
requires relatively high percutaneous doses or intradermal injection in the presence of
costimulatory signals [118,191-193]. One underlying mechanism may be the lack of the
primate-restricted histidine duplet (H456/H458) in murine and other rodent TLR4 [117].
Ethically questionable human experiments from the 1960s showed that exposure to NiCl,
sensitized 48% of individuals [194,195]. In real life, Ni allergy has been associated with very
low exposure concentrations and skin injury (piercings) [74,196]. This indicates a role for
heterologous immune stimulation and illustrates bottlenecks in current regulatory testing.
Established in vitro tools do not assess heterologous immune stimulation, T cell activation,
or experimentally validated cross-reactivity [197]. Future T cell-based assays may help
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to assess T cell activation for either allergen mixtures, metal alloys or both. These tests
could possibly be based on activation-induced marker assays which offer many advantages
compared to proliferation-based assays [115,138,176].

5. TCR Antigen Recognition, Metal-Induced T Cell Epitopes and Cross-Reactivity
5.1. General Considerations Regarding Antigen Recognition by TCR

Matzinger and Bevan were the first to postulate that a TCR can be activated by a variety
of peptides presented by one MHC [198]. In the past, clonal selection theory suggested that
each T cell selectively recognizes only one pMHC complex [199,200]. Cross-reactivity, also
known as immune polyspecificity, is defined as the ability of a TCR to bind and functionally
respond to more than one pMHC complex. Mason further extended the cross-reactivity
conceptual framework stating that the TCR repertoire must be able to recognize all foreign
peptides presented by MHC proteins [201]. MHC I molecules, which present antigens
to CD8+ T cells, may theoretically present more than 12 x 10 different peptides with
a length of 10 amino acids (considering the presence of anchoring residues). MHC II,
which present antigens to CD4+ T cells, may present even more peptides because these
antigen-presenting molecules have an open-ended binding groove that can accommodate
longer peptides [202].

These numbers of possible antigen structures vastly exceed the huge, but still limited
numbers of different af TCR (>108, among ~10'? T cells) which result from V-(D)-]-
recombination and are expressed in each individual [203,204]. Therefore, T cells may
only provide complete immune coverage if each TCR detects many (foreign) peptides.
Wooldridge et al. showed that a single autoimmune CD8+ T cell clone recognizes more
than 10° different artificial peptides with a length of ten amino acids on a single MHC
I molecule [205]. Once the first multimolecular X-ray diffraction structures of complete
TCR-pMHC complexes became available, details on TCR binding and non-mutually ex-
clusive mechanisms underlying cross-reactivity have been discovered [206]. Currently,
the STCRDab database lists 68 human TCR-pMHC I and 20 TCR-pMHC II structures (re-
lated structures from the same TCR were excluded; http://opig.stats.ox.ac.uk/webapps/
stcrdab/, accessed on 13 October 2021 [207]). This still limited but steadily growing
database only comprises one metal-specific TCR (beryllium (Be)-specific [208]) and one
Ni-specific TCR (ANi2.3), for which a Ni-independent mimotope has been isolated [209]).

5.1.1. TCR-pMHC Contact Points and General Binding Orientation

In the typical «f3 TCR binding mode, the TCR is oriented diagonally above the pMHC
complex (Figure 3) [210]. The V& domain lies over the amino-terminal end of the peptide
(02 helix MHC I, 31 helix MHC 1II) and the V3 domain lies over the carboxy-terminal end
of the peptide («1 MHC helices). The contact points of the complementarity-determining
regions (CDR) 1 and 2 to the MHC are mostly conserved [211]. The CDR3 regions of both,
TCR o- and 3-chain, are the most variable binding sites and are mainly in contact with the
antigen peptide [210]. Details in the binding of the CDR loops to the peptide and the MHC
may vary greatly for different TCR.
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ANi-2.3 3A6

Figure 3. Structure of TCR-pMHC II complexes. TCR «- and 3-chains (top) with CDR3 regions
(CDR1, pink; CDR2, orange; CDR3, red) are positioned diagonally over MHC II «- and (3-chains
(bottom) and the presented peptide antigens (yellow). (A) Ni-specific TCR ANi-2.3 (TRAVS-TRBV19)
in complex with a peptide mimotope (pdb ID code 4h1l). Lysy likely replaces Ni in this structure
with Aspgs being an essential contact point (green stick representation, [209]). (B) TCR 3 A6 (MBP
89-101-specific, TRAV9-2-TRBV5) represents the only available TCR-pMHC II structure of a human
TRAV9-2 TCR (pdb ID code 1 zgl). Hisg; is a major TCR contact point in the MHC II 3-chain and is in
close proximity with Tyrsg in the TCR «-chain CDR1 of TRAV9-2 (pink stick representation). A recent
study found that approximately 35% of Ni-specific TCR expressed TRAV9-2 compared to ~5% in the
random repertoire [115]. The depicted TCR do not express a histidine in their CDR3 regions, which
constitutes an independent recently discovered major Ni binding mechanism [115] (see Section 3.2).
Created with Pymol.

5.1.2. Cross-Reactivity due to Conserved Binding Sites

The interaction between TCR and pMHC is only partly conserved and allows flexibility
mainly within the borders of some general orientation and binding rules [202]. Several
crystal structures from the same TCR binding to different pMHC complexes formed
the concept of conserved interaction. This concept indicates that a small, conserved
amino acid motif stabilizes the TCR interaction with the pMHC complexes. Outside
of this motif, a large number of changes can be tolerated, allowing a TCR to identify
many different binding partners [212-214]. Within the motifs, only a few changes in the
amino acids are tolerated. The clonal dependence upon these interactions can vary [215].
Peptide binding to MHC is mainly independent of the TCR engagement and involves
different interactions of anchoring amino acids with the MHC binding groove. Thus, it
is possible to isolate peptide mimotopes from artificial randomized peptide libraries that
may be enriched in MHC-anchoring amino acids at certain positions. Mimotope alignment
then reveals the conserved amino acid motif for a given TCR and, by protein database
mining, can elucidate the original unknown antigen because biological peptide variability
is limited [209,213,216,217]. However, in metal allergies, the coordinative bond of the metal
ion poses additional challenges in epitope identification [209].

5.1.3. Cross-Reactivity due to Induced Fit

Another, complementary, concept for cross-reactivity is induced fit [218], also referred
to as structural plasticity or conformational melding. During induced fit, the CDR loops
and the pMHC complex cooperatively adjust and may undergo large conformational
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changes mainly without altering the overall docking orientation [219,220]. In general,
the CDR3 loops change their conformation more than the other loops, the peptide or
MHC [206,221-224].

An example for cross-reactivity is molecular mimicry. Pathogenic peptides may mimic
self-peptides and thus evade immune recognition [225]. In molecular mimicry, ligands
share structural and chemical features [226]. The cross-reactivity may be focused on so-
called “hot-spot mimicry” where short amino acid stretches are identical between pathogen
and self-peptide, showing the connection to the concept of conserved binding sides [227].

Cross-reactive T cells may have advantages and disadvantages. For instance, cross-
reactive T cells may recognize antigen peptides from related pathogens and thus provide
protection to heterologous infections (this seems limited in the current SARS-CoV-2 pan-
demic with respect to former common cold coronavirus (SARS-CoV-1) infection [228,229]).
On the downside, cross-reactive TCR may contribute to autoimmunity [225].

5.2. Metal-Induced T Cell Epitopes

Non-metallic chemical allergens are considered to bind mainly covalently to proteins
via electrophilic-nucleophilic interactions or via the formation of radicals. Alternatively,
metal ions as well as some small chemicals bind via complex formation (coordinative
binding) at the TCR-pMHC interface [7,230]. In chemical allergies, no pathogen is present.
Therefore, self-proteins or peptides are altered to form chemically induced T cell epitopes.
The majority of metal-specific T cells seems MHC restricted although exceptions have
been reported [231]. Usually, due to the selection process in the thymus, T cells have
a low affinity for self-pMHC complexes, which does not lead to activation. However,
the presence of a metal ion at the TCR-pMHC interface or cryptic epitopes may provide
enough interactions to exceed activation thresholds. The still limited data on individual
metal-specific TCR mainly comprise CD4+ T cell clones since metal-reactivity is more
abundant on this subset (see Section 4.1.2). Several mechanisms for the generation of
metal-induced T cell epitopes have been proposed, which are supported by a varying
amount of experimental evidence (Figure 4).

Metal ion binding to...

(A) MHC-presented peptides (B) TCR CDR3 histidine (C) Conserved TCR and MHC residues

peptide
peptide

(D) Self-proteins = presentation of cryptic peptides (E) MHC binding pockets > altered self-peptide structure

Figure 4. Metal recognition by T cells. Experimental evidence has been obtained for five different interactions between the T
cell receptor (TCR), the metal ion (highlighted in red) and the peptide presented at the surface of the major histocompatibility
complex (MHC). (A) The metal ion haptenizes the presented peptide. Loading can occur directly from the extracellular
space (a) or by transfer from a metal-binding protein [232] (b). The metal ion may also be pre-loaded to the MHC-presented
peptide, e.g., by antigen-processing of a metal-binding protein (c). (B) Metal ion binding at the TCR complementarity-
determining region 3 (CDR3). The metal ion may bind to the TCR CDR3. Recently, frequent Ni2* binding via a histidine in
the CDR3 of TCR «- or 3-chain has been shown [115]. (C) Metal ion binding to conserved residues at the TCR-peptide-MHC
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interface. Ni2* ions often bind via tyrosinezq in the CDR1 of TRAV9-2+ TCR and histidineg; in the MHC II 3-chain [114,115].
(D) Recognition of cryptic epitopes. Metal ions may alter antigen-processing of a self-protein which in turn leads to the
presentation of a metal-free cryptic self-peptide. (E) Metal ions may bind within the cleft between MHC and antigen peptide.
The TCR is not activated by a self-pMHC complex (1). The metal ion binding leads to structural conformation changes of
the presented peptide and creates a metal-free neo antigen recognized by the TCR (2). This type of interaction has been
shown for beryllium (II) ions in combination with HLA-DP2 [233].

The activation of metal reactive T cells likely requires a metal-mediated bridge between
the TCR and pMHC complex in most cases [7]. Metal ions can directly interact with
endogenous peptides bound to the MHC (Figure 4A). The TCR can then recognize the
metal ion which is present on the pMHC. Ni-binding to the amino acid histidine in an
MHC II-presented peptide (CS325-341 EPSDKHIEQYLKKIKNS) has been shown by NMR
spectroscopy (Figure 4A(a)). The “empty” peptide activated a CS325-341-specific TCR
(clone HM.37), the addition of Ni** prevented this interaction [234]. Similarly, the addition
of Au (III) inhibited the activation of a CST3 (CS378-398 DIEKKICKMEKCSSVFNVVNS)-
specific TCR (clone BH26). In this latter case, the peptide does not contain a histidine and
the position of Au* remains speculative [235]. Possibly, Au®* stripped the peptide from
the MHC 1II and this abolished TCR activation [236].

Metals may be transported in human skin and blood by Ni-binding co-mediators
towards the vicinity of the MHC molecule. Thierse et al. showed that activation of Ni-
specific CD4+ T cells via a Ni-saturated human serum albumin complex can be comparable
to activation by metal salts at equimolar concentrations. The human serum albumin was
not used as an antigen on the MHC but only served to transfer Ni ions (Figure 4A(b)) [232].

The metal ion may also bind to proteins that undergo antigen processing. Fixation of
APC with, e.g., glutaraldehyde, has been used by several groups to distinguish extracellular
metal ion binding from intracellular processing of metal-binding proteins (Figure 4A(c)).
Moulon et al. studied 42 CD4+ MHC II-restricted T cell clones. They showed that 40% of
the clones were unable to recognize Ni?* on the surface of fixed APC [188]. If the epitope is
stable after fixation, the metal recognition can be classified as processing-independent and,
at the time, the formation of cryptic epitopes can be excluded. Regarding the processing-
dependent epitopes, another possible explanation for the lack of T cell activation by fixed
APC is the possibility that the conformation of the metal-binding pMHC has been altered
and thus external metal ion binding is disturbed. This cannot be ruled out, as no con-
trols were implemented. One example for a CD4+ TCR that recognizes Ni bound to an
MHC II-presented peptide is clone “ANi-2.3” (Figure 3A) which reacts to a complex of Ni
and an unknown peptide generated in human B cells but not in other cells, e.g., PBMC
(Figure 4A(c)) [113]. For clone Ani-2.3, a mimotope was found, that can replace Ni along
with the peptide on the surface of MHC. Ni was replaced by the p7 lysine. Antigen recog-
nition of the mimotope and the original Ni-epitope was equally affected when the Ani2.3
TCR was mutated. A CDR3f D95 E mutation abolished recognition, indicating that a geo-
metrically highly defined coordination complex rather than just a negative charged amino
acid is required at that position [209]. The exact Ni-binding geometry, however, remains
unclear since no structure containing Ni is available. Ani2.3 is already activated by small
metal salt concentrations. The concentration required for Ni-induced TCR interactions
varies widely as does their dependency on the presence of certain antigenic peptides [115].
Some Ni-specific TCR are activated by very low Ni concentrations, for example by pulsed
and washed APC, or even in the absence of professional APC [115,237].

Ni?* may not only be bound by the MHC-presented peptide but also by the TCR
itself as recently shown by our group (Figure 4B). Adapting a CD154 upregulation assay to
isolate Ni-specific CD4+ T cells, we were able to comprehensively analyze the Ni-reactive
TCR repertoire by high-throughput sequencing [115]. In the amino acid composition of the
CDRS3 of TCR o- and 3-chains, a histidine was particularly abundant among Ni-specific
TCR (14% of x-chain CDR3 and 29% of -chain CDR3 at 200 uM NiSO,4). As shown
for some example clones, one histidine in either TCR o- or 3-chain was sufficient for Ni
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recognition. Ni-binding to the histidine in the CDR3 may exceed the activation threshold
of a non-optimal self TCR-pMHC connection (Figure 4B).

Another major mechanism of Ni recognition was experimentally proven [114,115].
Ni forms a complex with tyrosiness (IMGT nomenclature) in the CDR1 «-chain of the
gene segment TRAV9-2 and with histidineg; in the MHC II 3-chain (Figure 4C). In this
case, Ni may be needed as a direct link between the TCR and MHC, with the specified
residues being in close proximity (Figure 3B) [114]. Our group showed that 35% of Ni-
specific T cells express the variable gene segment TRAV9-2 while only 5% of random T cells
contain this segment [115]. The identified TCR repertoire features, i.e., overrepresentation
of segment TRAV9-2 or a CDR3 histidine, occurred among naive and memory CD4+ T
cells in allergic and non-allergic individuals. This reflects the high numbers of Ni-specific
T cells that are present in non-allergic individuals. Little is known about the association
with TCR gene segments for other metal-specific TCR. In a murine BALB/cA]cl metal
allergy model, Ni-sensitized and Pd-challenged mice showed a high frequency of TCR
with three distinct V-] segment combinations (TRAV7-5/TRAJ56, TRAVS d-1/ TRAJ49
and TRAV5-1/TRAJ 37) [238]. Takeda et al. studied the pathogenic T cells responsible
for Pd allergies. They found that in C57 BL/6 mice CD8+ T cells with the TRAV 7-2*02
segment increased significantly [134]. However, not only murine models but also human
TCR repertoires differ, so additional data for humans are needed [105].

Metal ions may be able to alter the processing of self-antigens, causing T cells to
respond to cryptic self-peptides. Griem et al. investigated two bovine RNase-specific T cell
clones that only reacted upon Au®* pre-treatment but not to the native protein [239]. The
addition of Pd?* had the same effect while Ni?* was ineffective. The cellular processing of
the proteins modified by metals caused the presentation of metal-free cryptic self-peptides,
which could then be recognized by T cells. The altering of the original protein with Au3*
and Pd?* results in the same cryptic peptides, which could be a cause for metal-associated
TCR cross-reactivity (Figure 4D) [240].

So far, no HLA haplotype associations have been identified for metal allergies except
for Be which is linked to HLA-DP2 [233]. Be?* engages in a binding mechanism in which
the Be?* ion is not in direct contact with the TCR. Be?* is buried between glutamic acidgg in
the MHC II 3-chain and the presented peptides and causes conformational and biophysical
changes on the surface of the complex, generating neoantigens (Figure 4E) [208]. HLA-
independent activation has also been described, but only for two Ni-specific CD8+ TCR
from two donors. Both clones proliferated even when Ni was presented on allogeneic B
cells [231,241].

Cross-reactivity is conceivable for most of the mechanisms presented above since one
metal ion may be replaced by another metal with the same ion charge and similar binding
properties.

5.3. TCR Cross-Reactivity to Ni, Co, and Pd

TCR cross-reactivity to different metal ions has been investigated in vivo by patch
testing and in vitro by restimulation of metal-specific T cell clones with different metal
allergens. Regarding the former, various epidemiological patch testing studies from dif-
ferent timeframes and worldwide locations show that Ni-allergic individuals often react
to Co?* and Pd?* similarly. Depending on the study, between 2.3 and 72% of Ni-allergic
patients also react to Co?* with a positive patch test reaction [82,242,243]. Between 11
and 40% of Ni-reactive individuals respond to Pd?* [87,242,243]. In several studies, up to
83% co-sensitization of Co-allergic patients to Ni?* is also observed in combination with
other metals [244,245]. Up to 95% of Pd-reactive individuals co-react to Ni2+ [246,247].
Furthermore, 56% of Pd-allergic individuals react to Co?* (vice versa [87]).

A study by Hindsen et al. showed flare-up reactions after oral Ni salt administration at
the sites of previous ACD to Pd and, to a lesser extent, ACD to Co, indicating the existence
of TCR cross-reactivity, although the extent at the individual T cell level remains to be
determined [171]. In a murine metal allergy model, Ni-and Pd-sensitized mice showed
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an allergic response after challenge with Ni?* and Pd?* but not with Co?*, chromium (II),
copper (II) or Au (II). When the Ni-sensitized mice were challenged with Ni%* and Pd%*
simultaneously, the reaction appeared to be additive when compared with the response to
each metal alone, indicating Ni-Pd-cross-reactivity [248].

The wide variation in the frequencies of co-sensitized patients between different
metal ions indicates that it is difficult to investigate the extend of T cell cross-reactivity
by patch testing only. One issue in analyzing cross-reactivity is that it is not known
whether the analyzed patients have a history of immunologically relevant co-exposure,
i.e., co-sensitization but not cross-reactivity is observed by patch testing. Additionally,
the reliability of the patch test is limited, given the low reproducibility and the influence
of different metal salts including the used concentrations and varying skin penetration
capacities as well as reading protocols for results (See Section 4.2.1).

In vitro cross-reactivity assays may be a more reliable alternative to patch tests. Metal-
specific T cell clones can be tested directly with different metals. However, a strong
concentration-dependent activation of T cells has been observed [115,132,180]. Therefore,
results regarding cross-reactivity should also be interpreted with respect to the metal salt
concentrations used. In addition, graded responses may occur, e.g., a distinctive but lower
or stronger activation to a cross-reactive metal ion at equimolar concentrations. The high
variability between individual T cell clones from one donor and large interindividual
donor differences complicate the interpretation of the limited data on T cell cross-reactivity.
Given the high frequency of metal-specific T cells in non-allergic patients, analyzed clones
may not be allergy-relevant. As a result, comprehensive testing of T cell clones is very
time-consuming and has thus been not accomplished. Taking advantage of the CD154+
upregulation assay could speed up this process [115]. Cross-reactivity becomes likely with
elements that are listed in close proximity in the PSE. Since Ni** and Pd?* have physiochem-
ical similarities, they can form similar complexes and thus trigger the same modifications
in proteins present in the skin or pMHC. These could then in turn be recognized by the
same T cells [249].

Until today, only a few Ni-specific T cell clones were tested for cross-reactivity to
Co%* and Pd?* [188,250]. Most of the Ni-specific T cell clones were either specific for Ni2+
or cross-reactive only to Pd**. Moulon et al. and Pistoor et al. each identified only one
Ni-specific clone (4.13 and PPN.53), which cross-reacted to Pd?* and to Co?*. To date, for
Co-specific T cells, no cross-reactivity to Ni** could be found [251,252]. Moulon et al. also
assessed the cross-reactivity of Pd-specific T cells. Pd-specific clones cross-reacted only to
Ni?* and cross-reactivity varied depending on the donor. In one particular donor, all six
clones examined, which were established by limited dilution from a line, also responded to
Ni?*. In the second donor studied, only one of three clones reacted positively [188]. Cross-
reactive T cells showed the same MHC restriction as with the original antigen, indicating
exchange of the metal ion at the original epitope site [250].

Ni-specific naive CD4+ and CD8+ T cells also showed a low rate of cross-reactivity to
Co?*. Out of 11 Ni-specific CD4+ naive T cells, only twocross-reacted to Co?*. Among four
Ni-specific CD8+ naive T cells, no cross-reactivity could be observed [180].

In summary, available experimental results indicate some cross-reactivity among Ni-,
Co- and Pd-specific TCR but the exact percentages of cross-reactive T cells and details of
the molecular recognition mechanisms remain unclear.

5.4. TCR Cross-Reactivity between Other Metal Allergens

Only very few Ni-specific CD4+ T cell clones have been investigated for cross-
reactivity to other metal ions than Co?* and Pd?* and a minority of these proved cross-
reactive to various metal ions. These metal ions could utilize the same binding mechanism
as Ni%*, by coordinating similarly with the pMHC [113]. The Ni-specific TCR (ANi-2.3)
cross-reacted to copper (IT) and Au®*. In addition to Ni-Pd cross-reactivity, Moulon et al.
and Pistoor et al. found Ni-specific T cell clones that cross-reacted solely with copper
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(I) but not with chromium (VI), Co?* or Pd?* [188,250]. The Ni-specific clones 4.13 and
PPN.53, which cross-reacted to Co?" and Pd?*, also reacted to copper(II) [188].

In summary, to date there has been only anecdotal in vitro research on the cross-
reactivity of metal-specific T cells.

6. Conclusions

Much progress has been made in the understanding of the immunotoxic effects of met-
als. While some heavy metals like Ni [26] and Co [38] play an important role in biochemical
and physiological processes in bacteria or animals, inadequate exposure can constitute a
serious risk for human health. One of the most common forms of chronic immunotoxicity
in humans is ACD. Adverse effects of metal ions that support the sensitization phase may
be mediated by ROS [19] or protein binding. For example, Ni?*, Co?* and Pd?* induce
pro-inflammatory gene expression by binding to the human TLR4 receptor [120]. Metal
ions form complexes with proteins often via the imidazole moiety of histidine. The binding
of metal ions to proteins (haptenization) is of fundamental importance for the development
of allergic reactions, as it leads to the formation of allergen-induced T cell epitopes [7].

Although many details of the molecular interactions remain to be resolved, pioneering
studies shed light on the way metal ions interact with the TCR-pMHC interface. Several
binding mechanisms have been discovered, often using Ni** as a model allergen. New
methods such as activation-induced marker assays combined with high-throughput TCR
sequencing may allow a more quantitative analysis of metal-reactive T cell subpopulations
as well as the deciphering of common metal-specific TCR repertoire features [115]. The
complexation of Ni?* via tyrosine 36 in the CDR1 of segment TRAV9-2 and histidine
81 in the MHC (-chain by a large fraction of TCR among Ni-specific CD4+ T cells was
shown [114,115]. In addition, our group discovered that Ni** may not only bind to the
surface of the pMHC complex via various pathways but that it is often complexed by
histidine residues in the CDR3 of o3 TCR from CD4+ T cells [115].

Cross-reactivity to peptide antigens was first postulated in 1977 [198] and seems to be
ubiquitous, because the huge human o3 TCR (2108 [204]) is still dwarfed by the number
of possible pMHC complexes [202]. The mechanism of cross-reactivity is mainly based on
conserved binding sites between TCR and pMHC [213], as well as on induced-fit [224],
with no clear separation between both concepts. The diagnostic standard for ACD to date
is the patch test, which has clear disadvantages such as limited reproducibility, especially
for metal allergens [166]. The patch test is also rather unsuitable for the investigation
of cross-reactivity since co-sensitization may be due to unknown previous co-exposure
and different skin penetration capacities of the investigated metal salts confound results.
In vitro tests could overcome some of the limitations of patch testing. In case of metal
allergies, the use of diagnostic in vitro tests is currently limited due to the high frequency of
metal-specific T cells in non-allergic individuals and the lack of a possibility to identify the
pathogenic populations. Regarding cross-reactivity, to date, there are only anecdotal data
from a limited number of donors on the cross-reactivity of Ni-specific T cell clones [188,250].
They point towards a cross-reactivity of Ni-specific T cells to Pd?* and more rarely to Co**
for CD4+ T cells. Here, clearly more research is needed.

The knowledge about the cross-reactivity pattern of metal-specific TCR as the founda-
tion of the adaptive immune response may not only be important for the choice of implant
materials to avoid incompatibility reactions. It could also influence the regulation of metal
content in consumer products. Nevertheless, the avoidance of allergens, e.g., by a switch
to alternative materials such as ceramics for implants is the most effective prevention for
the elicitation of metal allergies. Therefore, it is crucial to obtain a deeper mechanistic
understanding of the TCR interactions with metal-induced T cell epitopes and the under-
lying TCR repertoire features. In this context, the in vivo relevance of mechanisms and
metal-specific T cells identified in vitro should be further elucidated. Finally, to obtain
a deeper insight into ACD, the penetration of metal ions into the skin and the role of
antigen-specific T cell subpopulations including Try should be assessed.
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