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A B S T R A C T

Sarcoidosis is a multisystem granulomatous disease of unknown cause. Evidence supports an integral role for
interactions at the MHC binding site in the development of sarcoidosis. However, despite this evidence, there are
clinical data that suggest that additional mechanisms are involved in the immunopathogenesis of this disease.
This manuscript provides a brief clinical description of sarcoidosis, and a clinician’s perspective of the im-
munopathogenesis of sarcoidosis in terms of the MHC binding site, MHC functional elements beyond the binding
site, and other possible alternative mechanisms. Input from clinicians will be essential in establishing the im-
munologic cause of sarcoidosis as a detailed phenotypic characterization of disease will be required.

1. Introduction

Although often obscured in a fog, a long bridge extends from the
medical scientific researcher in his laboratory to the clinician at the
patient’s bedside. The scientist’s world is one of objectivity, quantifi-
cation and reproducibility. The clinician’s world is inexact, and, al-
though based in science, is overlaid with complex psychosocial and
financial issues. Nonetheless, it is imperative to the clinician that the
bridge remains open, for numerous scientific breakthroughs that have
travelled down that thoroughfare have resulted in medical cures and
the alleviation of patient suffering.

As a clinician with an interest in sarcoidosis, I am constantly peering
at what is cruising down that bridge from the worlds of basic and
translational science, because the immunopathogenesis of sarcoidosis is
currently unknown. Clearly, an understanding of the mechanisms that
lead to the development of sarcoidosis is likely to have a major impact
on the patients whom I care for. In this manuscript, I will briefly outline
the clinical manifestations of sarcoidosis, describe the prevailing
thoughts concerning the immunobiology of sarcoidosis, explain incon-
sistencies with these theories, and discuss the importance of alternate
postulations, including the potential for sarcoidosis to be impacted by
MHC functional elements outside the antigen binding site.

2. A basic clinical description of sarcoidosis

Sarcoidosis is a multisystem granulomatous disease of unknown
cause. Any organ may be involved with sarcoidosis. The lung is the
most frequent organ involved, and other common organs include the

skin, eye, peripheral lymph nodes, and liver [1,2]. The clinical mani-
festations of sarcoidosis may vary from an asymptomatic state to a life-
threatening condition [3]. Sarcoidosis may cause harm by granuloma-
tous infiltration of vital tissues or by the release of toxic mediators from
the granulomatous inflammation into the systemic circulation (so-
called parasarcoidosis syndromes [4]).

The prevalence of sarcoidosis has been estimated at 60/100,000 in
the United States [5] and 160/100,000 in Sweden [6]. In the United
States, prevalence rates are much higher in Blacks (141/100,000) than
Whites (18/100,000) [5].

Histologically, the lesions of sarcoidosis appear as granulomas,
which are compact organized collections of mononuclear phagocytes
(macrophages or epitheliod cells) and may contain additional in-
flammatory leukocytes [7]. These granulomas are frequently sur-
rounded peripherally by lymphocytes [7]. Although the granulomas of
sarcoidosis tend to be well demarcated from surrounding tissues (“tight
granulomas”) and usually necrosis is not a common feature, these are
not universal findings and the diagnosis of sarcoidosis cannot be se-
curely made by virtue of the pathological findings alone [7].

The diagnosis of sarcoidosis may be established in one of two ways.
First, there are clinical presentations that are so specific for sarcoidosis
that the diagnosis can be made without the need for a confirmatory
biopsy. These presentations include certain chest radiographic features
(e.g., bilateral hilar lymphadenopathy on a chest radiograph without
symptoms of fever, night sweats or weight loss), and certain physical
findings (e.g., Herfordt’s syndrome: uveitis, parotitis, and fever) [8]. If
such a specific presentation is not present, the diagnosis of sarcoidosis
requires biopsy-confirmation of granulomatous inflammation and
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exclusion of alternative causes that might cause such inflammation
(e.g., tuberculosis, chronic beryllium disease) [8].

Sarcoidosis has a markedly variable clinical course. The disease may
never cause symptoms and does not necessarily require treatment. On
the other end of the clinical spectrum, sarcoidosis may cause pro-
gressive disease leading to organ failure and death [9]. Most of these
deaths result from sarcoidosis-induced end stage fibrosis [9–11] or from
cardiac sarcoidosis causing sudden death or heart failure [10,12].
Presently, there is no biomarker available to reliably predict if sarcoi-
dosis will follow a benign or malignant course [13]. Establishing such a
biomarker is a major unmet need, because the current drug of choice for
sarcoidosis is corticosteroids which have significant toxic side effects.
Without a biomarker that can reliably distinguish inconsequential from
progressive and fibrotic disease, many sarcoidosis patients who are
treated unnecessarily develop corticosteroid side-effects, whereas some
patients who are not treated develop end-stage disease that could have
been prevented with treatment.

3. Prevailing theory concerning the immunopathogenesis of
sarcoidosis

The prevailing theory concerning the immunopathogenesis of sar-
coidosis involves a mechanism that is thought to be common across
most granulomatous lung diseases; that is, antigens enter the host, are
phagocytosed by antigen presenting cells such as macrophages and
dendritic cells, and are subsequently presented via human leukocyte
antigen (HLA) Class II molecules to a restricted set of T-cell receptors on
naive T lymphocytes that are primarily of the CD4+ class [14]. These
events induce an immune response that results in polarization of the T
lymphocytes to a Th1 phenotype, followed by cellular recruitment,
proliferation, and differentiation leading to formation of the sarcoid
granuloma. An interplay of antigen, HLA class II molecules, and T-cell
receptors is thought to be essential for sarcoidosis to develop [15]. This
interplay is thought to occur at the HLA molecule binding site.

There is a large body of evidence to support this proposed me-
chanism for sarcoidosis immunopathogenesis. Various HLA gene alleles
are associated with development of sarcoidosis [16,17], protection from
developing sarcoidosis [16,17], and specific phenotypes of the disease
[16,17]. Further analysis suggests that such HLA gene polymorphisms
result in conformational changes in the antigen binding pockets of HLA
molecules [18]. Additional evidence supporting this proposed me-
chanism for sarcoidosis relates to chronic beryllium disease (CBD), a
granulomatous condition that is radiologically and histologically in-
distinguishable from sarcoidosis. The immunopathogenesis of CBD is
more secure than sarcoidosis and is associated with a glutamic acid
substitution at position 69 of the HLA-DBP1 chain and position 71 of
the HLA-DRB1 chain [19,20]. Beryllium-specific oligoclonal CD4+ T
lymphocytes recognize beryllium in an MHC class II restricted manner
(usually via E69 or E71) and this recognition leads to CD4+ lympho-
cyte proliferation [21]. These dividing CD4+ T cells then migrate from
the peripheral blood into the lungs in response to retained beryllium
and recruit other T cells and monocytes to the lung [21], and produce
Th1 cytokines, including tumor necrosis factor-α (TNF-α), interleukin-2
(IL-2) and γ-interferon (IFN-γ) [21,22], eventually resulting in

granuloma formation and progression to CBD. This mechanism is
strikingly similar to that proposed for sarcoidosis.

4. Problems with the prevailing theory concerning the
immunopathogenesis of sarcoidosis

Despite the aforementioned evidence supporting the prevailing
theory of the immunopathogenesis of sarcoidosis, there are significant
inconsistencies with this schema. First, the associations between var-
ious HLA alleles and sarcoidosis phenotypes are not universal, but ra-
ther race or ethnicity-specific [16,17]. Second, although patients with
specific phenotypic features of sarcoidosis have statistically higher
percentages of certain alleles than sarcoidosis patients without those
specific phenotypic features or the general population, a significant
percentage of individuals in these latter two groups carry the allele of
risk [17,23]. In addition, in most cases, these allele-specific phenotypes
explain a small minority of cases [17,18,23]. Another criticism of the
prevailing theory is that it is problematic to explain the systemic fea-
tures of the disease. The granulomas of sarcoidosis are often found in
multiple and disparate organs. It is unclear how causative sarcoidosis
antigens could disseminate throughout the body. It is possible to ex-
plain this by molecular mimicry, where the initial antigenic response
triggers a response against host antigens that are similar to the initial
antigen. However, although there is some evidence supporting mole-
cular mimicry occurring with sarcoidosis [24–27], its importance cur-
rently remains conjectural.

5. Explanations for the problems with the prevailing theory
concerning the immunopathogenesis of sarcoidosis

Most of the problems with the prevailing theory of the im-
munopathogenesis of sarcoidosis involve the inexactness of the avail-
able data. There is an obvious signal that the binding pocket of the HLA
class II molecule, antigen(s), and the T-cell receptor are involved in the
development of sarcoidosis. However, these factors do not reliably
distinguish who is at risk of sarcoidosis or the phenotypic expression of
the disease.

One explanation for this inexactness may relate to the variations in
disease phenotype. Sarcoidosis may not be one disease but rather sev-
eral, each with its own antigenic cause. Therefore, a sarcoidosis cohort
may contain individuals with differing combinations of causative an-
tigen exposures and HLA Class II molecules that bind each of them
(Fig. 1). If this is the case, it would be expected that predictions of
sarcoidosis risk or disease phenotype would be inaccurate based on
information concerning the HLA molecule antigen binding site. In-
corporating disease phenotype into an analysis of antigen binding sites
may increase the accuracy of these predictions, assuming that differ-
ences in sarcoidosis phenotypes relate to different causative antigens.
This problem is compounded by the fact that even if different sarcoi-
dosis phenotypes relate the different causative antigens, it is not known
which specific phenotypic differences account for the differences in
antigen binding. The phenotypic differences may relate to variability in
specific organ involvement of sarcoidosis, the duration or severity of
disease, or response to treatment. Because the appropriate stratification

Fig. 1. Sarcoidosis may not be one disease
but a myriad of different diseases. Each of
these diseases develop by virtue of a specific
mechanism. If sarcoidosis is truly one dis-
ease, there may be a unifying mechanism
that explains all forms of sarcoidosis (left-
hand figure). However, if sarcoidosis is a
conglomeration of several different diseases,
there may be distinct mechanisms re-
sponsible for each individual form of sar-

coidosis (right-hand figure).
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of disease phenotypes is unknown, it is prudent to partition the phe-
notypes in multiple ways (Fig. 2). However, this requires a large cohort
of sarcoidosis patients and controls to find significant differences, and
this may defeat the purpose of such analyses as sarcoidosis is a rare
disease, and it may not be possible to collect an adequate number of
sarcoidosis cases.

Another explanation for the inexactness of the available data sup-
porting of the prevailing theory of sarcoidosis immunopathogenesis is
that the development of sarcoidosis probably depends on antigen ex-
posure. An individual may be at risk of developing sarcoidosis but may
never develop the disease because he/she never was exposed to the
causative antigen. Therefore, using genetic information, it may be
problematic if not impossible to distinguish those at risk for sarcoidosis
from those who develop sarcoidosis, and the former group will be
classified as “not having sarcoidosis.” This problem could be potentially
solved through gene expression analyses or determination of the cau-
sative sarcoidosis antigens.

Finally, the inexactness of the prevailing theory of the im-
munopathogenesis of sarcoidosis may be because the theory is in-
complete or incorrect. Alternative theories are briefly described in the
following section.

6. Alternate theories concerning the etiology and
immunopathogenesis of sarcoidosis

In addition to mechanisms involving the MHC antigen binding site,
numerous other theories of the immunopathogenesis of sarcoidosis
have been proposed. The details of these alternative theories are be-
yond the scope of this manuscript, but they will be discussed briefly in
this section. These proposed mechanisms are not necessarily mutually
exclusive, and components of several of them may play a significant
role in causing sarcoidosis.

Several non-HLA genes have been associated with sarcoidosis and
may contribute to its immunopathogenesis. A leading gene candidate is
butyrophilin-like 2 (BTNL2), an immune regulatory gene that is thought
to be involved in immune surveillance, serving as a negative T-cell
regulator by decreasing T-cell proliferation and cytokine release.
Naturally occurring mutations in the BTNL2 gene explained more than
20 percent of the attributable risk of sarcoidosis in a genome-wide
analysis of German families [28,29]. A similar analysis in the United
States found an association of the BTNL2 gene with sarcoidosis in white
but not black patients [30]. It is plausible that mutations in the BTNL2
gene that lead to a loss in function could result in T-cell proliferation
and cytokine release that predisposes an individual to develop sarcoi-
dosis.

NOD-like receptors may be involved in the development of sarcoi-
dosis. Allelic polymorphisms of NOD1 have been found to be statisti-
cally more common in sarcoidosis patients than controls [31]. In ad-
dition, the NOD2 gene has been found to be responsible for the
development of Blau’s syndrome [32,33], an idiopathic granulomatous
disorder that is histologically similar to sarcoidosis except that it tends
to occur in young children and almost exclusively involves the joints,
skin, and eyes [34].

The granulomas of sarcoidosis are characterized by extensive de-
position of serum amyloid A protein (SAA), and SAA deposition appears
to be relatively specific for sarcoidosis in that it is rarely found in
granulomas of alternative etiologies [35,36]. SAA elicits immune re-
sponses and triggers cytokine release through an interaction with toll-
like receptor 2. Involvement of SAA in the granulomatous process might
impair clearance of antigen allowing for persistent granulomatous in-
flammation [14].

Regulatory T-lymphocytes (T-reg) may play an important role in the
development of sarcoidosis. T-reg cells normally suppress cell-mediated
immune responses. Although T-reg cells are expanded in the peripheral

Fig. 2. Relationship of immunologic mechanism to sarcoidosis phenotype. An immunologic mechanism may be associated with a particular phenotypic characteristic
of sarcoidosis but not others. In the example displayed in the figure, the mechanism distinguishes corticosteroid-responsive from corticosteroid-unresponsive cases. If
the cases were only described in terms of sarcoidosis organ involvement or the duration of disease, it would be falsely assumed that the mechanism was not clinically
relevant in sarcoidosis. This example justifies the importance of defining clinical phenotypes in detail to fully understand the impact of a purported mechanism of
disease.
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blood, bronchoalveolar lavage fluid, and granulomas of sarcoidosis
patients, they are functionally defective or “exhausted” [14,37]. This
may lead to chronic and continuous granulomatous inflammation.

Infectious agents have also been implicated as potential causes of
sarcoidosis. Genes from propionibacterium acnes, the common acnes
bacterium, have been identified by PCR in the granulomas of sarcoi-
dosis patients whereas they have not been detected in controls [38].
Although mycobacterium tuberculosis does not appear to cause sar-
coidosis, other mycobacteria may cause a portion of sarcoidosis cases.
Mycobacterial catalase-peroxidase (mKatG) is a mycobacterial protein
that has been detected in sarcoid granulomas [39]. mKatG elicits a T-
cell response in peripheral blood lymphocytes of sarcoidosis patients
[40,41] as well as the T-cells recovered from bronchoalveolar lavage
fluid from these patients [40,42]. T-lymphocytes from patients with
other lung diseases besides sarcoidosis tend not to be as strongly acti-
vated in the presence of mKatG [42].

Active sarcoidosis has been associated with expansion of IL-17-
producing cells including CD4+ T-helper (Th) 17 cells [43,44]. Th17
cells are prevalent in epithelial surfaces including the lungs, skin, and
gut, where they participate in host immune responses against bacterial,
fungal, and mycobacterial pathogens predominantly by orchestrating
the recruitment of inflammatory cells [45]. Bronchoalveolar lavage of
active sarcoidosis patients has recovered a subset of Th17 cells that co-
express interferon (INF) gamma [46]. These IFN-γ–producing Th17
cells (termed Th17.1 or Th17/Th1 cells) are thought to be the major
producer of IFN-γ in the sarcoidosis lung [47]. These findings may have
profound clinical implications, because Th17 and Th17.1 cells are re-
latively resistant to the anti-inflammatory effects of glucocorticoids that
are currently the drug of choice for the treatment of sarcoidosis [48].

The programmed cell death protein 1 (PD-1) pathway is upregu-
lated in active sarcoidosis, with increased PD-1 expression demon-
strated on CD4+ T cells and lymphoid areas surrounding granulomas
[49]. Downregulation of PD-1 expression on CD4+ T cells was asso-
ciated with spontaneous resolution of sarcoidosis [49]. These data
suggest that the PD-1 pathway may be integral to the development of
sarcoidosis. Given these data, it is surprising anti-PD-1 immune
checkpoint inhibitor antibody therapy has been associated with the
development of sarcoidosis like syndromes [50–52]. This phenomenon
may be explained by the fact that anti-PD-1 immune checkpoint in-
hibitors can increase the number and function of Th17 cells [53].

The immunopathogenesis of sarcoidosis may depend not only on the
characteristics of the MHC antigen binding site but also on MHC
functional elements outside the antigen binding site. This is a particu-
larly appealing theory, since there are a multitude of data supporting
the importance of MHC binding site in the development of sarcoidosis;
however, as explained above, these data are incomplete and in-
adequately explain all the facets of the disease. Perhaps the “inexact-
ness” of the associations between sarcoidosis disease phenotypes and
the characteristics of the MHC binding site relate to MHC functional
elements outside the antigen binding site that influence associations
with membrane lipid sub-domains that may impact both signaling and
antigen presentation [54]. In other words, binding of antigen to the
MHC binding site requires specific characteristics in the binding site
itself as well as at other portions of the MHC molecule.

In addition, SNPs outside of the MHC region may have numerous
functional roles beyond simply placing antigens in the proper position
for interacting with T-lymphocytes. Although the functional sig-
nificance of such SNPs remains virtually unknown, it is estimated that
90 percent of causal immune disease variants reside within non-coding
regions of the MHC [55,56]. Such SNPs may affect intracellular sig-
naling molecules, immune enhancers and/or gene regulation [56],
possibly from histone acetylation [56], or cell-tail ubiquitination or
micro-RNA alteration. In the previous decade, analyses of the non-an-
tigen binding site portions of HLA molecule in terms of the relationship
to diseases was ad hoc, incomplete, and cumbersome [57]. It is only
relatively recently that specific nucleotide/amino acid sequences for

these elements have been identified [57]. Perhaps grouping alleles
based on polymorphisms in them might reveal previously unknown
associations. If such SNPs were found to be integral in the im-
munopathogenesis of sarcoidosis, it could potentially have a major
impact on the diagnosis, prevention, and treatment of the disease. It
may be the case that some SNPs in the antigen binding site and other
SNPs outside the MHC antigen site are involved in different phenotypic
expressions of the disease.

Finally, the presumption that the immune response in sarcoidosis is
antigen-specific in all cases may be incorrect. It is possible that sar-
coidosis is a non-specific hyperimmune response to a large class of
environmental antigens. This hypothesis would be consistent with the
observed genetic variation in MHC class II antigen binding character-
istics that are associated with sarcoidosis. If may be that environmental
factors may be responsible for the development of sarcoidosis, modify
the severity of sarcoidosis, or influence the disease phenotype. A two-
hit hypothesis may explain sarcoidosis, where sarcoidosis requires a
genetic predisposition and then a nonspecific environmental stress or
exposure might lead to the development of disease. Evidence sup-
porting this hypothesis includes the fact that the is a correlation be-
tween obesity and sarcoidosis [58], and nonspecific inhaled exposures
such as World Trade Center dust [59] and wood burning [60] have been
associated with sarcoidosis.

7. Summary

The immunopathogenesis of sarcoidosis is currently unknown.
There is strong evidence to suggest that sarcoidosis results from antigen
detection, processing, and then presentation via HLA Class II molecules
to T-cell receptors CD4+ T cells that are polarized to a Th1 phenotype
and subsequently lead to cellular recruitment, proliferation, and dif-
ferentiation to form the sarcoid granuloma. Clearly, the binding site of
the MHC molecule is involved. Despite the evidence supporting the
importance of the MHC binding site region, it is incomplete and does
not explain all the clinical features of the disease. Additional im-
munologic phenomena have been detected in active sarcoidosis that
may be integral in explaining the inconsistencies with the prevailing
theory of sarcoidosis immunopathogenesis. The characteristics of the
MHC molecule outside of the binding site may be also be highly re-
levant in resolving these inconsistencies, as the binding of antigen
within the MHC binding site is highly dependent on the structure of the
molecule’s non-binding regions.

References

[1] R.P. Baughman, A.S. Teirstein, M.A. Judson, et al., Clinical characteristics of pa-
tients in a case control study of sarcoidosis, Am. J. Respir. Crit. Care Med. 164 (10
Pt 1) (2001) 1885–1889.

[2] M.A. Judson, A.D. Boan, D.T. Lackland, The clinical course of sarcoidosis: pre-
sentation, diagnosis, and treatment in a large white and black cohort in the United
States, Sarcoidosis Vasc. Diffuse Lung Dis. 29 (2) (2012) 119–127.

[3] M.A. Judson, The clinical features of sarcoidosis: a comprehensive review, Clin.
Rev. Allergy Immunol. 49 (1) (2015) 63–78.

[4] M.A. Judson, The three tiers of screening for sarcoidosis organ involvement, Respir.
Med. 113 (2016) 42–49.

[5] R.P. Baughman, S. Field, U. Costabel, et al., Sarcoidosis in America. Analysis based
on health care use, Ann. Am. Thoracic Soc. 13 (8) (2016) 1244–1252.

[6] E.V. Arkema, J. Grunewald, S. Kullberg, A. Eklund, J. Askling, Sarcoidosis incidence
and prevalence: a nationwide register-based assessment in Sweden, Eur. Respir. J.
48 (6) (2016) 1690–1699.

[7] Y. Rosen, Pathology of sarcoidosis, Semin. Respir. Crit. Care Med. 28 (1) (2007)
36–52.

[8] M.A. Judson, Advances in the diagnosis and treatment of sarcoidosis, F1000prime
Rep. 6 (2014) 89.

[9] M.A. Judson, Strategies for identifying pulmonary sarcoidosis patients at risk for
severe or chronic disease, Expert Rev. Respir. Med. 11 (2) (2017) 111–118.

[10] C.T. Huang, A.E. Heurich, A.L. Sutton, H.A. Lyons, Mortality in sarcoidosis. A
changing pattern of the causes of death, Eur. J. Respir. Dis. 62 (4) (1981) 231–238.

[11] C. Zhang, K.M. Chan, L.A. Schmidt, J.L. Myers, Histopathology of explanted lungs
from patients with a diagnosis of pulmonary sarcoidosis, Chest 149 (2) (2016)
499–507.

[12] X. Hu, E.M. Carmona, E.S. Yi, P.A. Pellikka, J. Ryu, Causes of death in patients with

M.A. Judson Human Immunology 80 (2019) 85–89

88

http://refhub.elsevier.com/S0198-8859(18)30157-5/h0005
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0005
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0005
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0010
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0010
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0010
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0015
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0015
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0020
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0020
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0025
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0025
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0030
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0030
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0030
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0035
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0035
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0040
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0040
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0045
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0045
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0050
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0050
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0055
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0055
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0055
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0060


chronic sarcoidosis, Sarcoidosis Vasc. Diffuse Lung Dis. 33 (3) (2016) 275–280.
[13] A. Chopra, A. Kalkanis, M.A. Judson, Biomarkers in sarcoidosis, Expert Rev. Clin.

Immunol. 12 (11) (2016) 1191–1208.
[14] R.P. Baughman, D.A. Culver, M.A. Judson, A concise review of pulmonary sarcoi-

dosis, Am. J. Respir. Critical Care Med. 183 (5) (2011) 573–581.
[15] D.R. Moller, E.S. Chen, Genetic basis of remitting sarcoidosis: triumph of the tri-

molecular complex? Am. J. Respir. Cell Mol. Biol. 27 (4) (2002) 391–395.
[16] M. Martinetti, M. Luisetti, M. Cuccia, HLA and sarcoidosis: new pathogenetic in-

sights, Sarcoidosis Vasc. Diffuse Lung Dis. 19 (2) (2002) 83–95.
[17] R. Du Bois, P.A. Beirne, S.E. Anevlavis, Genetics, in: M. Drent, U. Costabel (Eds.),

Sarcoidosis: European Respiratory Monograph, Vol 32 European respiroatry Society
Journals Ltd., Sheffield, UK, 2005, pp. 64–81.

[18] M.D. Rossman, B. Thompson, M. Frederick, et al., HLA-DRB1*1101: a significant
risk factor for sarcoidosis in blacks and whites, Am. J. Hum. Genet. 73 (4) (2003)
720–735.

[19] M.V. Van Dyke, J.W. Martyny, M.M. Mroz, et al., Risk of chronic beryllium disease
by HLA-DPB1 E69 genotype and beryllium exposure in nuclear workers, Am. J.
Respir. Critical Care Med. 183 (12) (2011) 1680–1688.

[20] M.V. Van Dyke, J.W. Martyny, M.M. Mroz, et al., Exposure and genetics increase
risk of beryllium sensitisation and chronic beryllium disease in the nuclear weapons
industry, Occup. Environ. Med. 68 (11) (2011) 842–848.

[21] A.P. Fontenot, M. Torres, W.H. Marshall, L.S. Newman, B.L. Kotzin, Beryllium
presentation to CD4+ T cells underlies disease-susceptibility HLA-DP alleles in
chronic beryllium disease, PNAS 97 (23) (2000) 12717–12722.

[22] S.S. Tinkle, P.W. Schwitters, L.S. Newman, Cytokine production by bronchoalveolar
lavage cells in chronic beryllium disease, Environ. Health Perspect. 104 (Suppl. 5)
(1996) 969–971.

[23] M.D. Rossman, B. Thompson, M. Frederick, et al., HLA and environmental inter-
actions in sarcoidosis, Sarcoidosis Vasc. Diffuse Lung Dis. 25 (2) (2008) 125–132.

[24] G. Zissel, J. Muller-Quernheim, Specific antigen(s) in sarcoidosis: a link to auto-
immunity? Eur. Respir. J. 47 (3) (2016) 707–709.

[25] A. Haggmark, C. Hamsten, E. Wiklundh, et al., Proteomic profiling reveals auto-
immune targets in sarcoidosis, Am. J. Respir. Crit. Care Med. 191 (5) (2015)
574–583.

[26] G. Tchernev, T. Lotti, J.C. Cardoso, N. Kanazawa, C. Guarneri, U. Wollina, Cancer,
infection and disturbances of the integrity of tissue homeostasis: the most sig-
nificant triggers for molecular mimicry and autoimmunity in dermatology? Wiener
medizinische Wochenschrift (1946) 164 (13-14) (2014) 245–246.

[27] G. Tchernev, U. Wollina, Bacterial antigens and molecular mimicry: the bridging
common problematic link in the pathogenesis of sarcoidosis and sarcoid-like reac-
tions: isn’t it time to wake up? Wiener medizinische Wochenschrift (1946) 164 (13-
14) (2014) 260–262.

[28] M. Schurmann, P. Reichel, B. Muller-Myhsok, M. Schlaak, J. Muller-Quernheim,
E. Schwinger, Results from a genome-wide search for predisposing genes in sar-
coidosis, Am. J. Respir. Crit. Care Med. 164 (5) (2001) 840–846.

[29] R. Valentonyte, J. Hampe, K. Huse, et al., Sarcoidosis is associated with a truncating
splice site mutation in BTNL2, Nat Genet. 37 (4) (2005) 357–364.

[30] B.A. Rybicki, J.L. Walewski, M.J. Maliarik, H. Kian, M.C. Iannuzzi, The BTNL2 gene
and sarcoidosis susceptibility in African Americans and Whites, Am. J. Hum. Genet.
77 (3) (2005) 491–499.

[31] T. Tanabe, I. Ishige, Y. Suzuki, et al., Sarcoidosis and NOD1 variation with impaired
recognition of intracellular Propionibacterium acnes, Biochim. Biophys. Acta 1762
(9) (2006) 794–801.

[32] C. Miceli-Richard, S. Lesage, M. Rybojad, et al., CARD15 mutations in Blau syn-
drome, Nat. Genet. 29 (1) (2001) 19–20.

[33] I. Okafuji, R. Nishikomori, N. Kanazawa, et al., Role of the NOD2 genotype in the
clinical phenotype of Blau syndrome and early-onset sarcoidosis, Arthritis Rheum.
60 (1) (2009) 242–250.

[34] E.B. Blau, Familial granulomatous arthritis, iritis, and rash, J Pediatr. 107 (5)
(1985) 689–693.

[35] E.S. Chen, Z. Song, M.H. Willett, et al., Serum amyloid A regulates granulomatous
inflammation in sarcoidosis through Toll-like receptor-2, Am. J. Respir. Crit. Care
Med. 181 (4) (2010) 360–373.

[36] A. Huho, L. Foulke, T. Jennings, et al., The role of serum amyloid A staining of
granulomatous tissues for the diagnosis of sarcoidosis, Respir. Med. 126 (2017) 1–8.

[37] C. Taflin, M. Miyara, D. Nochy, et al., FoxP3+ regulatory T cells suppress early

stages of granuloma formation but have little impact on sarcoidosis lesions, Am. J.
Pathol. 174 (2) (2009) 497–508.

[38] Y. Eishi, M. Suga, I. Ishige, et al., Quantitative analysis of mycobacterial and pro-
pionibacterial DNA in lymph nodes of Japanese and European patients with sar-
coidosis, J. Clin. Microbiol. 40 (1) (2002) 198–204.

[39] Z. Song, L. Marzilli, B.M. Greenlee, et al., Mycobacterial catalase-peroxidase is a
tissue antigen and target of the adaptive immune response in systemic sarcoidosis,
J. Experimental Med. 201 (5) (2005) 755–767.

[40] E.S. Chen, J. Wahlstrom, Z. Song, et al., T cell responses to mycobacterial catalase-
peroxidase profile a pathogenic antigen in systemic sarcoidosis, J. Immunol. 181
(12) (2008) 8784–8796.

[41] W.P. Drake, M.S. Dhason, M. Nadaf, et al., Cellular recognition of Mycobacterium
tuberculosis ESAT-6 and KatG peptides in systemic sarcoidosis, Infect. Immun. 75
(1) (2007) 527–530.

[42] K.A. Oswald-Richter, D.A. Culver, C. Hawkins, et al., Cellular responses to myco-
bacterial antigens are present in bronchoalveolar lavage fluid used in the diagnosis
of sarcoidosis, Infect. Immun. 77 (9) (2009) 3740–3748.

[43] M. Ostadkarampour, A. Eklund, D. Moller, et al., Higher levels of interleukin IL-17
and antigen-specific IL-17 responses in pulmonary sarcoidosis patients with
Lofgren’s syndrome, Clin. Experimental Immunol. 178 (2) (2014) 342–352.

[44] M. Facco, A. Cabrelle, A. Teramo, et al., Sarcoidosis is a Th1/Th17 multisystem
disorder, Thorax 66 (2) (2011) 144–150.

[45] C.T. Weaver, C.O. Elson, L.A. Fouser, J.K. Kolls, The Th17 pathway and in-
flammatory diseases of the intestines, lungs, and skin, Annu. Rev. Pathol. 8 (2013)
477–512.

[46] J. Ramstein, C.E. Broos, L.J. Simpson, et al., IFN-gamma-producing T-Helper 17.1
cells are increased in sarcoidosis and are more prevalent than T-Helper type 1 cells,
Am. J. Respir. Crit. Care Med. 193 (11) (2016) 1281–1291.

[47] S.N. Georas, T.J. Chapman, E.D. Crouser, Sarcoidosis and T-helper cells. Th1, Th17,
or Th17.1? Am. J. Respir. Crit. Care Med. 193 (11) (2016) 1198–1200.

[48] M.A. Judson, Corticosteroids in sarcoidosis, Rheum. Dis. Clin. North Am. 42 (1)
(2016) 119–135.

[49] N.A. Braun, L.J. Celada, J.D. Herazo-Maya, et al., Blockade of the programmed
death-1 pathway restores sarcoidosis CD4(+) T-cell proliferative capacity, Am. J.
Respir. Crit. Care Med. 190 (5) (2014) 560–571.

[50] M. Zhang, G. Schembri, Nivolumab-induced development of pulmonary sarcoidosis
in renal cell carcinoma, Clin. Nucl. Med. 42 (9) (2017) 728–729.

[51] F.X. Danlos, C. Pages, B. Baroudjian, et al., Nivolumab-induced sarcoid-like gran-
ulomatous reaction in a patient with advanced melanoma, Chest 149 (5) (2016)
e133–136.

[52] S. Paydas, Pulmonary sarcoidosis induced by the anti-PD-1 monoclonal antibody
pembrolizumab or post-immunotherapy granulomatous reaction: which is more
appropriate terminology? Ann. Oncol. 27 (8) (2016) 1650–1651.

[53] J. Dulos, G.J. Carven, S.J. van Boxtel, et al., PD-1 blockade augments Th1 and Th17
and suppresses Th2 responses in peripheral blood from patients with prostate and
advanced melanoma cancer, J. Immunotherapy (Hagerstown, Md : 1997) 35 (2)
(2012) 169–178.

[54] J. Harton, L. Jin, A. Hahn, J. Drake, Immunological functions of the membrane
proximal region of MHC class II molecules, F1000Research (2016) 5.

[55] P.M. Clark, N. Chitnis, M. Shieh, M. Kamoun, F.B. Johnson, D. Monos, Novel and
haplotype specific microRNAs encoded by the major histocompatibility complex,
Scientific Rep. 8 (1) (2018) 3832.

[56] K.K. Farh, A. Marson, J. Zhu, et al., Genetic and epigenetic fine mapping of causal
autoimmune disease variants, Nature 518 (7539) (2015) 337–343.

[57] S. Kanterakis, E. Magira, K.D. Rosenman, M. Rossman, K. Talsania, D.S. Monos,
SKDM human leukocyte antigen (HLA) tool: a comprehensive HLA and disease
associations analysis software, Human Immunol. 69 (8) (2008) 522–525.

[58] Y.C. Cozier, P.F. Coogan, P. Govender, J.S. Berman, J.R. Palmer, L. Rosenberg,
Obesity and weight gain in relation to incidence of sarcoidosis in US black women:
data from the Black Women’s Health Study, Chest 147 (4) (2015) 1086–1093.

[59] G. Izbicki, R. Chavko, G.I. Banauch, et al., World Trade Center “sarcoid-like”
granulomatous pulmonary disease in New York City Fire Department rescue
workers, Chest 131 (5) (2007) 1414–1423.

[60] D.K. Kajdasz, D.T. Lackland, L.C. Mohr, M.A. Judson, A current assessment of ru-
rally linked exposures as potential risk factors for sarcoidosis, Ann. Epidemiol. 11
(2) (2001) 111–117.

M.A. Judson Human Immunology 80 (2019) 85–89

89

http://refhub.elsevier.com/S0198-8859(18)30157-5/h0060
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0065
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0065
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0070
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0070
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0075
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0075
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0080
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0080
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0085
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0085
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0085
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0090
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0090
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0090
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0095
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0095
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0095
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0100
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0100
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0100
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0105
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0105
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0105
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0110
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0110
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0110
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0115
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0115
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0120
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0120
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0125
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0125
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0125
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0130
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0130
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0130
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0130
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0135
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0135
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0135
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0135
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0140
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0140
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0140
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0145
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0145
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0150
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0150
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0150
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0155
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0155
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0155
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0160
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0160
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0165
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0165
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0165
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0170
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0170
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0175
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0175
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0175
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0180
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0180
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0185
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0185
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0185
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0190
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0190
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0190
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0195
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0195
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0195
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0200
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0200
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0200
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0205
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0205
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0205
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0210
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0210
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0210
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0215
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0215
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0215
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0220
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0220
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0225
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0225
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0225
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0230
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0230
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0230
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0235
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0235
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0240
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0240
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0245
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0245
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0245
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0250
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0250
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0255
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0255
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0255
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0260
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0260
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0260
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0265
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0265
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0265
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0265
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0270
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0270
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0275
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0275
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0275
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0280
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0280
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0285
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0285
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0285
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0290
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0290
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0290
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0295
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0295
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0295
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0300
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0300
http://refhub.elsevier.com/S0198-8859(18)30157-5/h0300

	A sarcoidosis clinician’s perspective of MHC functional elements outside the antigen binding site
	Introduction
	A basic clinical description of sarcoidosis
	Prevailing theory concerning the immunopathogenesis of sarcoidosis
	Problems with the prevailing theory concerning the immunopathogenesis of sarcoidosis
	Explanations for the problems with the prevailing theory concerning the immunopathogenesis of sarcoidosis
	Alternate theories concerning the etiology and immunopathogenesis of sarcoidosis
	Summary
	References




