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Arthroplasty ranks among the greatest achievements of surgical medicine, with total hip

replacement termed “the operation of the century.” Despite its wide success, arthroplasty

bears risks, such as local reactions to implant derived wear and corrosion products.

Prevalence of allergies across Western society increases and along the number of

reported hypersensitivity reactions to orthopedic implant materials. In this context the

main focus is on delayed hypersensitivity (DTH). This mechanism is mainly attributed

to T cells and an overreaction of the adaptive immune system. Arthroplasty implant

materials are in direct contact with bone marrow (BM), which is discussed as a secondary

lymphoid organ. However, the mechanisms of sensitization toward implant wear remain

elusive. Nickel and cobalt ions can form haptens with native peptides to activate

immune cell receptors and are therefore common T helper allergens in cutaneous DTH.

The rising prevalence of metal-related allergy in the general population and evidence

for the immune-modulating function of BM allow for the assumption hypersensitivity

reactions could occur in peri-implant BM. There is evidence that pro-inflammatory

factors released during DTH reactions enhance osteoclast activity and inhibit osteoblast

function, an imbalance characteristic for osteolysis. Even though some mechanisms

are understood, hypersensitivity has remained a diagnosis of exclusion. This review

aims to summarize current views on the pathomechanism of DTH in arthroplasty with

emphasis on BM and discusses recent advances and future directions for basic research

and clinical diagnostics.
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INTRODUCTION

The evolution of immune systems across the plant and animal
kingdom has always been an arms race between pathogen and
host. Mechanisms to evade immune cells or to destroy an invader
have been a fine tuned development over centuries (1). This lead
to distinct lymphoid tissues in mammals, located at potential
exposure sites such as skin, intestine, and pharynx. Despite
these first lines of defense, other designated secondary lymphoid
organs have been discovered, such as lymph nodes and spleen. In
addition, the bone marrow (BM) is discussed to behave as such
(2). Originally named primary lymphoid organ and producer
of stem and all blood cells, the human BM is composed of
monocytes, macrophages, progenitor cells, including progenitor
T cells, developing B cells and mature T and B cells. In fact,
the BM appears to be a major memory T cell niche maintained
over years within the human body (3, 4). There is evidence
that peripheral blood might not be a good representation of the
individual immunological memory after all (5, 6). Memory T
cells in the BM seem to have a higher proliferation rate, can be
activated directly by an antigen and recruit other immune cells,
thereby fostering an immune response (5). Effector memory T
cells are able to migrate into inflamed tissues and further amplify
this pro-inflammatory environment via their effector function,
the recruitment of other immune cells, or a combination of both
(7). Allergies or, more generally, hypersensitivity reactions are
commonly described as an exaggeration of the immune system
and categorized into four distinct types, depending on their
mechanism of action and cells involved. Type I-III responses
are antibody-mediated and differ in their mechanism of antigen
recognition and consequent cell activation, whereas type IV
hypersensitivity is T cell-mediated and an antibody-independent
reaction. In order to avoid confusion with another type IV
characterization, type IV hypersensitivity is termed delayed type
hypersensitivity (DTH) throughout the following text. Whether
allergies or at least metal induced hypersensitivity reactions occur
in the peri-implant tissue is subject to global debate (8), with
arguments currently lacking causal evidence. In hip and knee
arthroplasty the BM, as distinct lymphoid organ, is opened and
foreign bodies, the implant components, are inserted. Implant
components are usually composed of ceramics, polyethylene,
metals, or metal alloys and sometimes fixed with bone cement.
Some of these materials, especially nickel and cobalt, which are
common allergens in cutaneous hypersensitivity (9, 10) have the
capacity to trigger a hypersensitivity reaction or, more precisely,
an allergic reaction and consequently cause inflammation (11).
Histopathological examinations of peri-implant membranes
provide evidence that T cell-mediated DTH is one of the keys to
clinically prevalent pathologies of implant-related inflammatory
reactions (12). This review aspires to summarize current findings
on the immunological capacity of the BM (13) with special
regard to DTH reactions and attempts to connect the dots
with metal implant material hypersensitivity and its prospects
in diagnostics. The aim of this review is to raise awareness
that metal hypersensitivity might occur beyond the peri-implant
membrane and the individual immunological memory has to
be considered.

T CELLS IN HUMAN BONE MARROW

Originally, the BM was solely described as the origin of all
hematopoietic precursor cells, giving rise to lymphocytes to exit
the BM and complete their maturation in the periphery. This idea
has to be revised after finding a niche for memory T cells inside
the BM (14–17).Mature T cells seem tomigrate back to the BM to
reside inside its cavities (4, 18). Progenitor T cells develop, leave
the BM and migrate to the thymus, where they express their T
cell receptor for the first time and get selected for the cytotoxic
or the helper cell lineage by expressing either co-receptor CD8 or
CD4. Once they have passed the negative and positive selection
to exclude auto-reactivity in the thymic tissue; they are released
into the peripheral blood. In case of infection, T cells are activated
in lymphoid organs and tissues such as spleen, lymph nodes,
and Peyer’s patches or at the site of infection. At this specific
reaction site, T helper cells interact with antigen-presenting cells
(APCs) such as dendritic cells to find their cognate antigen to
proliferate and migrate to the site of infection or inflammation,
and stimulate other immune cells such as antibody-producing
B cells. After an inflammation is terminated most T cells die
and only a few home to lymphoid tissues to remain there as
memory T cells. Recent findings suggest the preferred site is the
BM (16). Additionally, the BM has the capacity to host all major
subsets of CD4 and CD8T cells, which include effector, central
memory, effector memory, and terminally differentiated T cells
(17). While effector cells are short-lived, memory T cells survive
over a longer period (6). This allows for the assumption that
these cells could react to antigens derived from metal implants,
especially if memory had been established prior to insertion of a
metallic implant. This could be the case if T cells had been primed
in the periphery and remained “silent” in the BM. Yet, it needs
to be established how local T cell subsets vary among humans.
Naïve T cells and their travel routes through the body are poorly
understood. Whereas reports on naïve T cells being primed in
the BM exist (19, 20), it is unclear if naïve T cells actively migrate
to the BM or just circulate between secondary lymphoid organs
and within the blood (21). If the BM could act as a secondary
lymphoid tissue, naïve T cells could reside there as well or at least
pass through the BM and newly encounter wear particles derived
from the implant. This is a concept that needs investigation, as
there is currently not enough data to support or reject the idea
of such a locally occurring peri-implant DTH reaction. This can
only be a potential mechanism to explain why some individuals
with no known sensitivities prior to surgery develop peri-implant
complications (e.g., implant loosening, joint malfunction despite
correct implant position) or diffuse symptoms that point towards
DTH. A respective study would be of high clinical value but
is not available in current literature. Roughly 2% of the total
lymphocyte numbers are circulating in the periphery compared
to 11% residing in the BM, of which memory T cells constitute
a major part (3, 4, 16, 22). Blood values of T cells can therefore
only be a rough estimate of their total numbers present in the
body (5). Distinct in vitro cultures, such as 3D bone and BM
microfluidic culture systems, could become a valuable tool to
study this effect in more detail. The BM is thought to host many
more memory T cells than are circulating in the peripheral blood,
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possibly rendering the lymphocyte transformation test (LTT),
which is performed with blood T cells, a questionable predictor
for metal hypersensitivity prior to implantation. It must further
be noted that naïve T cells can be primed in the BM in mice (19).
T cells are the main cell type to drive metal-associated delayed
hypersensitivity reactions. Their presence in the BM should be
kept in mind, especially when facing and treating patients with
known allergies and intolerances.

HYPERSENSITIVITY REACTIONS IN
ORTHOPEDICS

Hypersensitivity toward metals is one of the most common
causes for DTH, affecting 15–20% of the Western population
(23, 24) with mainly cutaneous manifestations, such as pruritus
and rashes. Delayed hypersensitivity is commonly described
as a local reaction in which an allergen is recognized by APCs
and presented to a subset of T helper cells (Th1), which leads
to a proper pro-inflammatory response. The trigger substance
can react with self-proteins and form hapten-protein-complexes
which bind to major histocompatibility complexes (MHC)
and activate T cells like a regular foreign antigen (e.g., from
bacteria). The reaction is divided in two phases: sensitization
and elicitation. During sensitization the APCs home to
secondary lymphoid organs and activate T cells. T cells expand
and consequently produce memory T cells which trigger a
stronger and more efficient response upon secondary antigen
encounter. One of the most common forms of DTH is cutaneous
hypersensitivity from inexpensive jewelry containing metal
ions like nickel and cobalt. Nickel ions are known to induce
conformational changes in the protein-MHC class II complex
(25) and activate T cells, which in return release cytokines to
attract macrophages to the site of allergen exposure (26). Nickel
can also bind directly to the T cell receptor like a superantigen
(9). This may be a reason why DTH remains systematically
undetected, considering that the entire inflammatory process
is locally restricted to the peri-implant region. DTH used to be
a term coined by a pathomechanism which always assumes an
externally inhaled, ingested, or absorbed allergen. Even though
allergies to implant materials used in orthopedics are thought
to occur infrequently, metal related pathologies, including peri-
prosthetic osteolysis and aseptic implant loosening, rank among
the most common reasons for surgical revision of arthroplasty
implants (27–30). Whether implant-related hypersensitivity
reactions is the underlying mechanisms has remained largely
unknown. Hypersensitivity reactions induced by implant-
released metals, like cobalt and nickel, have been characterized
via histology, patch testing, and LTT. Issues that likely promote
an underestimation of the prevalence of such allergic reactions
are the lack of reliable and accurate hypersensitivity tests and
a great similarity in clinical presentation with periprosthetic
joint infection (PJI), another major cause of arthroplasty failure,
and with a myriad of other complications in arthroplasty.
Thus, typical signs and symptoms of PJI as well as of
hypersensitivity include local swelling, erythema, warmth,
pain, and functional deficit of the affected joint. Therefore,

arthroplasty implant-related hypersensitivity has remained
a diagnosis of exclusion (31). Appropriate workup must
always be guided by thorough differential diagnostic thinking,
directed history taking, and physical examination. Standardized
histopathological examination of intraoperatively sampled
“synovial-like interface membrane” (SLIM), a term summarizing
synovial tissue and the periprosthetic membrane, has become a
beneficial tool for determining the causes of implant failure (12).
Based on histological and histochemical criteria, the expanded
SLIM consensus classification differentiates the following
patterns of adverse local tissue reactions to implant materials
(12): Wear-induced synovitis/SLIM (type I), infection-induced
synovitis/SLIM (type II), mixed synovitis/SLIM (type III),
indifferent (i.e., not wear-induced, not infection-induced)
synovitis/SLIM (type IV), prosthesis-associated arthrofibrosis
(type V), adverse local tissue reactions to implant wear particles
(type VI), and local osseous pathologies (type VII). SLIM
type VI includes inflammatory reactions secondary to wear
particle toxicity or host immunological hypersensitivity. This
SLIM type has been found to comprise three histological
patterns: (1) a predominantly macrophagic pattern with absent
or minimal lymphocytic response; (2) a mixed inflammatory
pattern, macrophagic and lymphocytic, with variable presence of
plasma cells, eosinophils, and mast cells and (3) a granulomatous
pattern, predominant, or associated with themixed inflammatory
pattern. In orthopedics, T cells infiltrating the tissue around the
implant (32) are an indicator to visualize a DTH histologically.
Yet, clinicians find it challenging to distinguish this from a
low-grade infection. In theory the cutaneous mechanism of DTH
is likely to also occur in the peri-implant tissue. The existence
of DTH toward implants is being discussed controversially
among researchers and physicians, but the demographics of
the arthroplasty clientele are shifting toward younger, more
active patients (33–35), in whom allergies have shown to be
much more prevalent than in today’s elderly (36, 37). So-called
hypoallergenic implants, which are characterized by coating
of the common metal components with inert metal-oxides
or -nitrides, are treatment options for patients with known
metal allergies. However, these implants have not reach overall
acceptance in a clinical setup and are infrequently used. Hence
reliable registry data regarding implant surveillance are pending
and evidence that hypoallergenic implants actually lead to less
prevalent metal-associated problems remains controversial.
“Metal implant allergies” potentially promote aseptic loosening
and deserve attention.

METAL EXPOSURE IN PERI-IMPLANT
BONE MARROW

Hip replacement is the surgery of the century, allergy the topic
of the decade and cobalt the allergen of the year 2016 (38). In
hip and knee arthroplasty, metallic components are fixed in the
acetabular bone and the femoral shaft, and the tibial plateau
and shaft and the femoral shaft, respectively. Primary fixation
is achieved by either a tight press-fit of the implant into the
bone or by the use of bone cement. Thus, a direct contact of
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BM and implant components early on is inevitable and direct
metal exposure of peri-implant BM cells is possible even prior to
a foreign body reaction and consequent encapsulation through
a collagen-rich synovial-like interface membrane (12). Moreover,
the dissolution of metals within the peri-implant membrane was
demonstrated by detection of these metals in the non-particulate
state (39–41). The benefit of the cobalt-chromium-molybdenum
(CoCrMo) alloy has been challenged due to the release of Co
and Cr ions and particles and associated local and systemic
adverse effects (42, 43). This alloy contains up to 1 wt% of nickel,
which can also be detected systemically increased in the case
of local metal release (44, 45). Notably, non-particulate metals
have also been detected beyond the peri-implant membrane,
in the adjacent BM of hip endoprostheses (39, 40, 46). This
suggests relevant BM exposure which potentially leads to host
responses in this multicellular tissue. Local immune reactions
and resulting inflammatory processes have widely been described
for the peri-implant membrane (47, 48). The direct contact
between BM and implant as well as the permeability of the peri-
implant membrane demand the reconsideration of (pre-)clinical
testing of implantmaterials with regard to redefinition of relevant
exposure sites (49).

ADDING UP THE PIECES

Literature on hypersensitivity reactions to orthopedic implants
is largely limited to case reports and reviews well-summarizing
clinical observations. In the meantime basic research is lacking or
focusing on different aspects, such as identifying cell signatures
and biomarkers for regeneration (50, 51). Adding up the
pieces of the newly described function of the BM and T cell
memory in light of implant associated aseptic complications,
prevalence of allergies on the rise and changing demographics
of arthroplasty patients could open up a new research field: the
allergic bone marrow.

To begin with, the implant is brought in close contact with BM
composed of immature and mature immune cells. Even months
and years after surgery, lymphocytes present beyond the peri-
implant membrane infiltrate the peri-implant tissues (52, 53).
As mentioned earlier, T cells present in the BM may drive a
hypersensitivity reaction via three imaginable mechanisms: (1)
Hypersensitivities can be developed in the periphery through
the same mechanism as in cutaneous sensitization: APCs
transport and present potential implant-derived allergens to
T cells in the proximal lymph nodes (Figure 1A). In line
with this assumption are the results of post-mortem studies,
showing significant amounts of metal debris in lymph nodes
of patients with endoprostheses (46, 54). (2) Hypersensitivities
could develop locally, where naïve T cells are primed by metal-
hapten complexes and subsequently drive a directed immune
response (Figure 1B). Even though there are no systematic
investigations evaluating whether or not the exposure to implant-
derived metal ions and particles leads to T cell priming by local
APCs in the BM, recent studies indicate that the BM could act
as a priming site for T cells (2, 19). Independent of peripheral or
local sensitization, T cells are activated, and clonally expand and

migrate to the reaction site and further drive inflammation upon
chronic exposure. Another mechanism could be (3) mediated
by T cells having already been primed in the periphery by an
allergen, such as cobalt or nickel, prior to arthroplasty surgery.
These cells home to the BM and become reactivated once
implant debris occurs in the peri-implant tissue (55) (Figure 1C).
Although only few studies show a correlation between higher
implant revision rates and preoperative sensitization (56, 57), the
prognostic value of pre-implantational cutaneous (patch test) or
systemic (LTT) metal allergy testing for implant failure is still
controversial (8).

Whether one of the proposed pathomechanisms or a
combination thereof is driving the induction of a DTH
reaction in the BM remains elusive and prompts for systematic
investigation. Yet, the prevalence of cutaneous metal sensitivity
was reported to be higher in patients with an artificial joint
as compared to the general population (58). In addition,
early osteolysis in a patient cohort with metal-on-metal hip
replacement was positively correlated with cutaneous metal
allergy (59). There is evidence that pro-inflammatory factors
released during a DTH reaction, such as Il-1, IL-2, IL-6, INF-γ,
and TNF along with subsequent activation of the NF-κB signaling
pathway promote a distorted inflammatory environment which
could enhance osteoclast activity and inhibit osteoblast function
(60, 61). This imbalance is typical for osteolysis and promotes
implant loosening (62). Depending on the strength of a cellular
response to the antigen the respective time frame may vary
from weeks to years, with only some patients showing severe
allergic reactions (31). Allergies and hypersensitivity are highly
individual processes and depend on multiple factors (Figure 2).
Based on the evidence for the immune-modulating function of
BM (6) and the higher prevalence of metal-related allergy in
patients with endoprostheses, it is reasonable to presume that
hypersensitivity reactions could occur in peri-implant tissues.

There seems to be an unmet clinical need for the development
of a more accurate bedside diagnostic assay incorporating
the potential differences between the composition of BM and
peripheral blood. Such a hypersensitivity test has to be cost-
effective, but above all must be rapid and easy to perform
before or during surgery. Several scenarios for an effective
test are conceivable: The current LTT principle for whole
blood could be applied to BM cells obtained intraoperatively
or, ideally, preoperatively from a patient’s biopsy. Even more
valuable would be a specific cellular or molecular biomarker
as a determinator of possible hypersensitivity. Other tests than
the LTT have been proposed, such as a cytokine ELIspot (63)
which is faster compared to the LTT and easier to handle.
Due to the assay time of up to 48 h such tests are currently
not a realistic option for intraoperative application and would
be limited to pre-operative use. It also remains to be clarified
which cytokines in the BM are reliable markers for the diagnosis
of DTH. The identification of such cellular or molecular
biomarkers does not only require a thorough characterization
of the BM and the peri-implant microenvironment, but also a
mechanistic understanding of the causal relationship between
the biomarker and the clinical outcome. To advance our
mechanistic understanding of DTH in BM, basic research should
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FIGURE 1 | Sensitization could occur through three potential mechanisms. It is important to note that sensitization could occur prior to or after primary implantation.

(A) Peripheral sensitization: antigen-presenting cells (APC) recognize and transport potential metal allergens derived from implant debris to the proximal lymph nodes

where they present the antigen to naïve T cells. In case of recognition the T cell gets activated, clonally expands, and is recruited to the implant site in the bone

marrow (BM). While effector T cells drive a pro-inflammatory response and recruit other cells, memory T cells are also formed and can be activated during secondary

antigen encounter. (B) Murine BM can prime naïve T cells, and drive the same immune response as described in 1a only locally, without the need of leaving the BM.

Since the BM could act as a secondary lymphoid organ, the naïve T cells could be primed by the present APCs, mature and clonally expand and also produce

memory T cells which can be activated upon second exposure. (C) T cells were primed and sensitized through an exogenous antigen before primary arthroplasty. As

described in (A,B) this produces T cell subsets including memory T cells. These could home to the BM, reside there and even remain undetected in allergy

diagnostics. Once local T cells are re-exposed to implant material reassembling the antigen, the memory T cells previously sensitized with the antigen clonally expand

again and drive an inflammatory response.
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FIGURE 2 | Implant-related hypersensitivity is influenced by multiple factors. Delayed type hypersensitivity (DTH) reactions to implant materials cannot be attributed to

a single cause. Multiple factors influence the development and consequence of hypersensitivity, many of which are yet to be identified. Bone marrow, as a T cell

harboring, possibly secondary lymphoid tissue, has the potential to develop DTH reactions when exposed to implant materials. In addition, today’s arthroplasty cohort

is younger, more active and thus more demanding with regard to implant longevity, and apparently more prone to allergies than the previous generation of implant

carriers. These include allergies against nickel and cobalt, metals that have shown to be frequently present in the proximity of endoprostheses at the time of

revision surgery.

include ex vivo analyses of patient samples and be combined
with advanced in vitro models, allowing the investigation of
implant-related aseptic inflammatory reactions in a human
biomimetic environment.

CONCLUDING REMARKS

Allergies are a trending topic not only in the broad media but
also in the clinic and in basic research. Allergy-related health
care costs and the burden on patients suffering from any kind
of overreaction of the immune system are already profound.
This trend will not stop at implant-related pathomechanisms.
While there are many excellent reviews on the topic of metal
hypersensitivity toward implant-related materials, we would
like to stress the importance of new findings on human BM
and its capacity to maintain mature lymphocytes and drive
immune responses in regard to the potential of existing implant-
related DTH. The presented mechanisms potentially underlying
the development of hypersensitivity are meant as suggestions
and to raise awareness regarding aseptic loosening and other
complications in arthroplasty being possibly rooted in reactions

induced by resident BM cells surrounding the implant. The
fact that memory T cells preferentially locate in the BM niche
could shed new light on an old debate and might spark new
research ideas and diagnostic approaches, supporting clinicians
in their decision-making.

AUTHOR CONTRIBUTIONS

JS developed the idea to the manuscript. MO wrote the
manuscript. AR, JS, and SG edited the manuscript. All authors
contributed critical feedback during the development of the
manuscript and mutually discussed new findings and literature.

FUNDING

The authors gratefully acknowledge financial support by
the German Research Foundation (GE2512/2-2) and the
German Federal Ministry of Education and Research
(DIMEO 01EC1402B), the Einstein Foundation Berlin
through the Einstein Center for Regenerative Therapies
(EZ-2016-289). MO and SG have also received funding

Frontiers in Immunology | www.frontiersin.org 6 September 2019 | Volume 10 | Article 2232

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Ort et al. Allergic Bone Marrow

from the European Union’s Horizon 2020 research and
innovation programme (Horizon 2020 Framework Programme)
under the grant agreement No. 779293 (HIPGEN).
We acknowledge support from the German Research
Foundation (DFG) and the Open Access Publication Fund
of Charité-Universitätsmedizin Berlin.

ACKNOWLEDGMENTS

The authors would like to thank Georg Duda and Carsten Perka
for their comments, feedback, and throughout support. We
would also like to thank Corinna Naujok at the Charité media
center for the graphical realization of the figure outline.

REFERENCES

1. Cooper MD, Alder MN. The evolution of adaptive immune systems. Cell.

(2006) 124:815–22. doi: 10.1016/j.cell.2006.02.001

2. Warnawin E, Burakowski T, Jung L, Maldyk P, Maslinski W. Bone marrow

as a secondary lymphoid organ: mature T-cell subsets in bone marrow from

rheumatoid arthritis and osteoarthritis patients. Arthritis Res Ther. (2005)

7:P64. doi: 10.1186/ar1585

3. Di Rosa F, Gebhardt T. Bone marrow T cells and the integrated

functions of recirculating and tissue-resident memory T cells. (2016) 7:51.

doi: 10.3389/fimmu.2016.00051

4. Di Rosa F, Pabst R. The bone marrow: a nest for migratory memory T cells.

Trends Immunol. (2005) 26:360–6. doi: 10.1016/j.it.2005.04.011

5. Pabst R. The bone marrow is not only a primary lymphoid organ: the critical

role for T lymphocyte migration and housing of long-term memory plasma

cells. Eur J Immunol. (2018) 48:1096–100. doi: 10.1002/eji.201747392

6. Tokoyoda K, Zehentmeier S, Hegazy AN, Albrecht I, Grün JR, Löhning

M, et al. Professional memory CD4+ T lymphocytes preferentially

reside and rest in the bone marrow. Immunity. (2009) 30:721–30.

doi: 10.1016/j.immuni.2009.03.015

7. Sallusto F, Geginat J, Lanzavecchia A. Central memory and effector memory

T cell subsets: function, generation, and maintenance. Annu Rev Immunol.

(2004) 22:745–63. doi: 10.1146/annurev.immunol.22.012703.104702

8. Teo WZW, Schalock PC. Metal hypersensitivity reactions to orthopedic

implants. Dermatol Ther. (2017) 7:53–64. doi: 10.1007/s13555-016-

0162-1

9. Basko-Plluska JL, Thyssen JP, Schalock PC. Cutaneous and systemic

hypersensitivity reactions to metallic implants. Dermatitis. (2011) 22:65–79.

doi: 10.2310/6620.2011.10055

10. Haddad SF, Helm MM, Meath B, Adams C, Packianathan N, Uhl R.

Exploring the incidence, implications, and relevance of metal allergy to

orthopaedic surgeons. J Am Acad Orthop Surg Glob Res Rev. (2019) 3:e023.

doi: 10.5435/JAAOSGlobal-D-19-00023

11. Roberts TT, Haines CM, Uhl RL. Allergic or hypersensitivity reactions

to orthopaedic implants. J Am Acad Orthop Surg. (2017) 25:693–702.

doi: 10.5435/JAAOS-D-16-00007

12. Perino G, Sunitsch S, Huber M, Ramirez D, Gallo J, Vaculova J,

et al. Diagnostic guidelines for the histological particle algorithm in

the periprosthetic neo-synovial tissue. BMC Clin Pathol. (2018) 18:7.

doi: 10.1186/s12907-018-0074-3

13. Mercier FE, Ragu C, Scadden DT. The bonemarrow at the crossroads of blood

and immunity. Nat Rev Immunol. (2012) 12:49–60. doi: 10.1038/nri3132

14. Okhrimenko A, Grün JR, Westendorf K, Fang Z, Reinke S, von Roth P, et al.

Humanmemory T cells from the bone marrow are resting and maintain long-

lasting systemic memory. Proc Natl Acad Sci USA. (2014) 111:9229–9234.

doi: 10.1073/pnas.1318731111

15. Herndler-Brandstetter D, Landgraf K, Jenewein B, Tzankov A, Brunauer R,

Brunner S, et al. Human bone marrow hosts polyfunctional memory CD4+

and CD8+ T cells with close contact to IL-15-producing cells. J Immunol.

(2011) 186:6965–71. doi: 10.4049/jimmunol.1100243

16. Chang HD, Tokoyoda K, Radbruch A. Immunological memories of the bone

marrow. Immunol Rev. (2018) 283:86–98. doi: 10.1111/imr.12656

17. Pascutti MF, Geerman S, Collins N, Brasser G, Nota B, Stark R, et al.

Peripheral and systemic antigens elicit an expandable pool of residentmemory

CD8(+) T cells in the bone marrow. Eur J Immunol. (2019) 49:853–72.

doi: 10.1002/eji.201848003

18. Mazo IB, Honczarenko M, Leung H, Cavanagh LL, Bonasio R, Weninger

W, et al. Bone marrow is a major reservoir and site of recruitment

for central memory CD8+ T cells. Immunity. (2005) 22:259–70.

doi: 10.1016/j.immuni.2005.01.008

19. Feuerer M, Beckhove P, Garbi N, Mahnke Y, Limmer A, Hommel M, et al.

Bone marrow as a priming site for T-cell responses to blood-borne antigen.

Nat Med. (2003) 9:1151–7. doi: 10.1038/nm914

20. Lewis M, Tarlton JF, Cose S. Memory versus naive T-cell migration. Immunol

Cell Biol. (2008) 86:226–31. doi: 10.1038/sj.icb.7100132

21. Cose S. T-cell migration: a naive paradigm? Immunology. (2007) 120:1–7.

doi: 10.1111/j.1365-2567.2006.02511.x

22. Di Rosa F. Two niches in the bone marrow: a hypothesis on life-long t cell

memory. Trends Immunol. (2016) 37:503–12. doi: 10.1016/j.it.2016.05.004

23. Caicedo MS, Solver E, Coleman L, Jacobs JJ, Hallab NJ. Females with

unexplained joint pain following total joint arthroplasty exhibit a higher

rate and severity of hypersensitivity to implant metals compared with males:

implications of sex-based bioreactivity differences. J Bone Joint Surg Am.

(2017) 99:621–8. doi: 10.2106/JBJS.16.00720

24. Hallab N, Jacobs JJ, Black J. Hypersensitivity to metallic biomaterials: a review

of leukocyte migration inhibition assays. Biomaterials. (2000) 21:1301–14.

doi: 10.1016/S0142-9612(99)00235-5

25. SchmidtM, GoebelerM. Immunology of metal allergies. J Dtsch Dermatol Ges.

(2015) 13:653–60. doi: 10.1111/ddg.12673

26. McKee AS, Fontenot AP. Interplay of innate and adaptive immunity

in metal-induced hypersensitivity. Curr Opin Immunol. (2016) 42:25–30.

doi: 10.1016/j.coi.2016.05.001

27. German Arthroplasty Registry (EPRD). Annual Report (2016). Gesundh ökon

Qual manag. (2017) 22:276. doi: 10.1055/s-0043-123898

28. HQIP. National Joint Registry for England, Wales, Northern Ireland and the

Isle of Man. 15th Annual Report (2018).

29. American Joint Replacement Registry (AJRR). Annual Report 2018 - Fourth

AJRR Annual Report on Hip and Knee Arthroplasty Data.

30. Australian Orthopaedic Association National Joint Replacement Registry

(AOANJRR). Hip, Knee & Shoulder Arthroplasty. (2018) Annual Report.

31. Eftekhary N, Shepard N, Wiznia D, Iorio R, Long WJ, Vigdorchik J.

Metal hypersensitivity in total joint arthroplasty. JBJS Rev. (2018) 6:e1.

doi: 10.2106/JBJS.RVW.17.00169

32. Hopf F, Thomas P, Sesselmann S, Thomsen MN, Hopf M, Hopf J, et al.

CD3+ lymphocytosis in the peri-implant membrane of 222 loosened joint

endoprostheses depends on the tribological pairing. Acta Orthopaedic. (2017)

88:642–8. doi: 10.1080/17453674.2017.1362774

33. Thyssen JP, Johansen JD, Menné T, Lidén C, Bruze M, White IR.

Hypersensitivity reactions from metallic implants: a future challenge

that needs to be addressed. Br J Dermatol. (2010) 162:235–6.

doi: 10.1111/j.1365-2133.2009.09526.x

34. Goodman SB. Wear particles, periprosthetic osteolysis

and the immune system. Biomaterials. (2007) 28:5044–8.

doi: 10.1016/j.biomaterials.2007.06.035

35. Bayliss LE, Culliford D, Monk AP, Glyn-Jones S, Prieto-Alhambra D, Judge

A, et al. The effect of patient age at intervention on risk of implant

revision after total replacement of the hip or knee: a population-based

cohort study. Lancet. (2017) 389:1424–30. doi: 10.1016/S0140-6736(17)

30059-4

36. Reynolds LA, Finlay BB. Early life factors that affect allergy development. Nat

Rev Immunol. (2017) 17:518–28. doi: 10.1038/nri.2017.39

37. Ruby Pawankar GWC, Stephan T. Holgate, Richard F. Lockey, Michael S.

Blaiss (2013). World Allergy Organization (WAO) White Book on Allergy:

Update 2013.

38. Fowler JF Jr. Cobalt. Dermatitis. (2016) 27:3–8.

doi: 10.1097/DER.0000000000000154

Frontiers in Immunology | www.frontiersin.org 7 September 2019 | Volume 10 | Article 2232

https://doi.org/10.1016/j.cell.2006.02.001
https://doi.org/10.1186/ar1585
https://doi.org/10.3389/fimmu.2016.00051
https://doi.org/10.1016/j.it.2005.04.011
https://doi.org/10.1002/eji.201747392
https://doi.org/10.1016/j.immuni.2009.03.015
https://doi.org/10.1146/annurev.immunol.22.012703.104702
https://doi.org/10.1007/s13555-016-0162-1
https://doi.org/10.2310/6620.2011.10055
https://doi.org/10.5435/JAAOSGlobal-D-19-00023
https://doi.org/10.5435/JAAOS-D-16-00007
https://doi.org/10.1186/s12907-018-0074-3
https://doi.org/10.1038/nri3132
https://doi.org/10.1073/pnas.1318731111
https://doi.org/10.4049/jimmunol.1100243
https://doi.org/10.1111/imr.12656
https://doi.org/10.1002/eji.201848003
https://doi.org/10.1016/j.immuni.2005.01.008
https://doi.org/10.1038/nm914
https://doi.org/10.1038/sj.icb.7100132
https://doi.org/10.1111/j.1365-2567.2006.02511.x
https://doi.org/10.1016/j.it.2016.05.004
https://doi.org/10.2106/JBJS.16.00720
https://doi.org/10.1016/S0142-9612(99)00235-5
https://doi.org/10.1111/ddg.12673
https://doi.org/10.1016/j.coi.2016.05.001
https://doi.org/10.1055/s-0043-123898
https://doi.org/10.2106/JBJS.RVW.17.00169
https://doi.org/10.1080/17453674.2017.1362774
https://doi.org/10.1111/j.1365-2133.2009.09526.x
https://doi.org/10.1016/j.biomaterials.2007.06.035
https://doi.org/10.1016/S0140-6736(17)30059-4
https://doi.org/10.1038/nri.2017.39
https://doi.org/10.1097/DER.0000000000000154
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Ort et al. Allergic Bone Marrow

39. Rakow A, Schoon J, Dienelt A, John T, Textor M, Duda G, et al. Influence

of particulate and dissociated metal-on-metal hip endoprosthesis wear on

mesenchymal stromal cells in vivo and in vitro. Biomaterials. (2016) 98:31–40.

doi: 10.1016/j.biomaterials.2016.04.023

40. Schoon J, Geissler S, Traeger J, Luch A, Tentschert J, Perino G, et al. Multi-

elemental nanoparticle exposure after tantalum component failure in hip

arthroplasty: in-depth analysis of a single case.Nanomedicine. (2017) 13:2415–

23. doi: 10.1016/j.nano.2017.08.004

41. Vasconcelos DM, Ribeiro-da-Silva M, Mateus A, Alves CJ, Machado

GC, Machado-Santos J, et al. Immune response and innervation

signatures in aseptic hip implant loosening. J Transl Med. (2016) 14:205.

doi: 10.1186/s12967-016-0950-5

42. Bradberry SM, Wilkinson JM, Ferner RE. Systemic toxicity

related to metal hip prostheses. Clin Toxicol. (2014) 52:837–47.

doi: 10.3109/15563650.2014.944977

43. Granchi D, Savarino LM, Ciapetti G, Baldini N. Critical reviews in toxicology

biological effects of metal degradation in hip arthroplasties biological effects

of metal degradation in hip arthroplasties. Crit Rev Toxicol. (2017) 48:170–93.

doi: 10.1080/10408444.2017.1392927

44. Dahlstrand H, Stark A, Anissian L, Hailer NP. Elevated serum concentrations

of cobalt, chromium, nickel, and manganese after metal-on-metal

alloarthroplasty of the hip: a prospective randomized study. J Arthroplasty.

(2009) 24:837–45. doi: 10.1016/j.arth.2008.07.019

45. Newton AW, Ranganath L, Armstrong C, Peter V, Roberts NB. Differential

distribution of cobalt, chromium, and nickel between whole blood, plasma

and urine in patients after metal-on-metal (MoM) hip arthroplasty. J Orthop

Res. (2012) 30:1640–6. doi: 10.1002/jor.22107

46. Case CP, Langkamer VG, James C, Palmer MR, Kemp AJ, Heap PF, et al.

Widespread dissemination of metal debris from implants. J Bone Joint Surg

Br. (1994) 76:701–12. doi: 10.1302/0301-620X.76B5.8083255

47. Cobelli N, Scharf B, Crisi GM, Hardin J, Santambrogio L. Mediators of the

inflammatory response to joint replacement devices. Nat Rev Rheumatol.

(2011) 7:600–8. doi: 10.1038/nrrheum.2011.128

48. Xia Z, Ricciardi BF, Liu Z, von Ruhland C, Ward M, Lord A, et al.

Nano-analyses of wear particles from metal-on-metal and non-metal-on-

metal dual modular neck hip arthroplasty. Nanomedicine. (2017) 13:1205–17.

doi: 10.1016/j.nano.2016.11.003

49. Wawrzynski J, Gil JA, Goodman AD, Waryasz GR. Hypersensitivity to

orthopedic implants: a review of the literature. Rheumatol Therap. (2017)

45–56. doi: 10.1007/s40744-017-0062-6

50. Gaudillière B, Fragiadakis GK, Bruggner RV, Nicolau M, Finck

R, Tingle M, et al. Clinical recovery from surgery correlates with

single-cell immune signatures. Sci Transl Med. (2014) 6:255ra131.

doi: 10.1126/scitranslmed.3009701

51. Reinke S, Geissler S, Taylor WR, Schmidt-Bleek K, Juelke K, Schwachmeyer

V, et al. Terminally differentiated CD8+ T cells negatively affect

bone regeneration in humans. Sci Transl Med. (2013) 5:177ra36.

doi: 10.1126/scitranslmed.3004754

52. Sansone V, Pagani D,MelatoM. The effects on bone cells of metal ions released

from orthopaedic implants. A review. Clin Cases Miner Bone Metab. (2013)

10:34–40. doi: 10.11138/ccmbm/2013.10.1.034

53. Lohmann CH,Meyer H, Nuechtern JV, SinghG, Junk-Jantsch S, Schmotzer H,

et al. Periprosthetic tissue metal content but not serummetal content predicts

the type of tissue response in failed small-diameter metal-on-metal total hip

arthroplasties. JBJS. (2013) 95:1561–8. doi: 10.2106/JBJS.L.01273

54. Urban RM, Jacobs JJ, Tomlinson MJ, Gavrilovic J, Black J, Peoc’h M.

Dissemination of wear particles to the liver, spleen, and abdominal lymph

nodes of patients with hip or knee replacement. J Bone Joint Surg Am. (2000)

82:457–76. doi: 10.2106/00004623-200004000-00002

55. Scharf B, Clement CC, Zolla V, Perino G, Yan B, Elci SG, et al. Molecular

analysis of chromium and cobalt-related toxicity. Sci Rep. (2015) 4:5729.

doi: 10.1038/srep05729

56. Granchi D, Cenni E, Tigani D, Trisolino G, Baldini N, Giunti A.

Sensitivity to implant materials in patients with total knee arthroplasties.

Biomaterials. (2008) 29:1494–500. doi: 10.1016/j.biomaterials.2007.

11.038

57. Niki Y, Matsumoto H, Otani T, Yatabe T, Kondo M, Yoshimine F, et al.

Screening for symptomatic metal sensitivity: a prospective study of 92

patients undergoing total knee arthroplasty. Biomaterials. (2005) 26:1019–26.

doi: 10.1016/j.biomaterials.2004.03.038

58. Hallab N, Merritt K, Jacobs JJ. Metal sensitivity in patients with

orthopaedic implants. J Bone Joint Surg Am. (2001) 83:428–36.

doi: 10.2106/00004623-200103000-00017

59. Park YS, Moon YW, Lim SJ, Yang JM, Ahn G, Choi YL. Early osteolysis

following second-generation metal-on-metal hip replacement. J Bone Joint

Surg Am. (2005) 87:1515–21. doi: 10.2106/00004623-200507000-00014

60. Hallab NJ, Caicedo M, Finnegan A, Jacobs JJ. Th1 type lymphocyte reactivity

to metals in patients with total hip arthroplasty. J Orthopaed Surg Res. (2008)

3:6. doi: 10.1186/1749-799X-3-6

61. Geissler S, Textor M, Stumpp S, Seitz S, Lekaj A, Brunk S, et al. Loss of

murine Gfi1 causes neutropenia and induces osteoporosis depending on the

pathogen load and systemic inflammation. PLoS ONE. (2018) 13:e0198510.

doi: 10.1371/journal.pone.0198510

62. Pajarinen J, Jamsen E, Konttinen YT, Goodman SB. Innate

immune reactions in septic and aseptic osteolysis around hip

implants. J Long Term Eff Med Implants. (2014) 24:283–96.

doi: 10.1615/JLongTermEffMedImplants.2014010564

63. Lindemann M, Bohmer J, Zabel M, Grosse-Wilde H. ELISpot: a new tool

for the detection of nickel sensitization. Clin Exp Allergy. (2003) 33:992–8.

doi: 10.1046/j.1365-2222.2003.01700.x

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Ort, Geissler, Rakow and Schoon. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Immunology | www.frontiersin.org 8 September 2019 | Volume 10 | Article 2232

https://doi.org/10.1016/j.biomaterials.2016.04.023
https://doi.org/10.1016/j.nano.2017.08.004
https://doi.org/10.1186/s12967-016-0950-5
https://doi.org/10.3109/15563650.2014.944977
https://doi.org/10.1080/10408444.2017.1392927
https://doi.org/10.1016/j.arth.2008.07.019
https://doi.org/10.1002/jor.22107
https://doi.org/10.1302/0301-620X.76B5.8083255
https://doi.org/10.1038/nrrheum.2011.128
https://doi.org/10.1016/j.nano.2016.11.003
https://doi.org/10.1007/s40744-017-0062-6
https://doi.org/10.1126/scitranslmed.3009701
https://doi.org/10.1126/scitranslmed.3004754
https://doi.org/10.11138/ccmbm/2013.10.1.034
https://doi.org/10.2106/JBJS.L.01273
https://doi.org/10.2106/00004623-200004000-00002
https://doi.org/10.1038/srep05729
https://doi.org/10.1016/j.biomaterials.2007.11.038
https://doi.org/10.1016/j.biomaterials.2004.03.038
https://doi.org/10.2106/00004623-200103000-00017
https://doi.org/10.2106/00004623-200507000-00014
https://doi.org/10.1186/1749-799X-3-6
https://doi.org/10.1371/journal.pone.0198510
https://doi.org/10.1615/JLongTermEffMedImplants.2014010564
https://doi.org/10.1046/j.1365-2222.2003.01700.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	The Allergic Bone Marrow? The Immuno-Capacity of the Human Bone Marrow in Context of Metal-Associated Hypersensitivity Reactions
	Introduction
	T Cells in Human Bone Marrow
	Hypersensitivity Reactions in Orthopedics
	Metal Exposure in Peri-Implant Bone Marrow
	Adding up the Pieces
	Concluding Remarks
	Author Contributions
	Funding
	Acknowledgments
	References


