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Abstract. Sarcoidosis is a multisystem disease with an unknown etiology, characterized by the formation of epithelioid
cell non-caseifying granulomas with the most frequent lesions of the lungs, peripheral lymph nodes, skin, eyes and liver.
Previously, it was believed that sarcoidosis is only one form of pulmonary tuberculosis. Patients with sarcoidosis were
observed in tuberculosis dispensaries, and Mycobacterium tuberculosis was often found in their sputum. However, it
was later established that tuberculosis joined sarcoidosis a second time as a result of patients staying in tuberculosis
network facilities. Sarcoidosis was excluded from the competence of phthisiologists, which made it possible to solve
the problem of iatrogenic tuberculosis infection. However, since then, statistics on sarcoidosis have become extremely
limited. Currently, the opinion is gaining popularity again that sarcoidosis can be caused by a bacterial infection, but
not at all the one that was previously assumed. Convincing evidence has been presented for the involvement of the
commensal bacterium Cutibacterium acnes in the pathogenesis of this disease. This view of sarcoidosis corresponds
to modern views on all autoimmune processes. In this regard, completely new treatment regimens for sarcoidosis have
been proposed, including antibiotics that have already proven themselves well. This article will present a generalizing
scheme of the pathogenesis of sarcoidosis in connection with C. acnes, which will allow us to take a fresh look at this
familiar, but still mysterious disease.

Keywords: Cutibacterium acnes, sarcoidosis, granuloma, delayed-onset hypersensitivity, circulating immune complexes,
immunomodulatory effect, mitogens, Hamazaki-Wesenberg bodies, latent infection
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Pe3tome. Capkongo3 — MynbTMCUCTEMHOE 3aboneBaHne ¢ HEBbISCHEHHOW A0 KOHLA 9TUONOTNeN, XxapakTe-
pusyroweecs obpazoBaHneM ANUTENNONAHOKNETOYHbIX HEKa3enuLUMpyLWmuX rpaHynem ¢ Haubonee YacTbim
nopaxeHuem nerkux, nepugepmyecknx TMMMOY3noB, KOXH, rnas n nevyeHn. PaHee cuntanoch, 4To Capkonaos
ABNAETCA NULWb 04HOM U3 opM Tybepkynesa nerkux. MayneHTsl ¢ capkonao3om Habnganuck B npoTueoTybep-
KynesHbIX AncnaHcepax, v B UX MOKpOTe JeNCTBUTENbHO YacTo obHapyxuBanucb Mukobaktepun Tybepkynesa.
OpHako nosgHee 6bIN0 YyCTAaHOBMNEHO, YTO Ty6epKkynes NpucoeduHANCSA K Capkomgo3y BTOPUYHO B pesynbTaTe
npebbiBaHNs BOMbHBLIX B YYpexXaeHNsX NpoTuBOTYbepkyne3Hon cetn. Capkongos 6611 NCKIOYEH M3 KOMMETEHLMM
Bpayen-pTN3MaTpoB, YTO NO3BOSINNO PELINTL NPOBNemMy STpOreHHoro HduymposaHusa Tybepkynesom. OagHako
C TeX Nop CTaTUCTUYeCKMe AaHHbIe N0 CapKOMA03y CTanu KpanHe orpaHuYeHHbIMI. B HacTosilee BpeMs BHOBb
HabupaeT NonynspHOCTb MHEHWE, YTO CapKoM403 MOXET ObIThb Bbi3BaH BakTepuanbHOM MHGEKLMEN, HO COBep-
LUEHHO He TOW, KoTopas npeanonaranace paHee. boinu npeactasneHbl yoegutenbHble JokasaTensCcTBa yyacTus
kommeHcanbHon 6akTepum Cutibacterium acnes B natoreHese faHHoro 3aboneeaHus. Takoe NnpeacTaBneHne o
capKouao3e COOTBETCTBYET COBPEMEHHbIM B3rNsAaM Ha BCE ayTOMMMYHHbIE MPOLEeCcChl. B ¢BA3W ¢ 3TUM Bbinn
npeanoXeHbl 1 COBEPLUEHHO HOBbIE CXeMbl eYeHNs capkomao3a, BKIYatoLwne aHTMbUoTMKI, KOTopble yxe
ycnenum xopowo cebs 3apekomeHgoBatb. B gaHHom ctatbe 6yget npeactaeneHa obobujatwlas KOrHUTMBHaS
cxema natoreHesa capkomgosa B cBs3u ¢ C. acnes, koTopas N03BOSIUT NO-HOBOMY B3IMSAHYTb Ha 3TO 3HAKOMOE,
HO BCe elle 3arafo4yHoe 3abonesaHue.

KntoueBnkie cnoBa: Cutibacterium acnes, capkouzos, rpaHynema, runepyyBCTBUTENBHOCTb 3aMEASIEHHOrO TUNa,
LUMPKYNNPYHOLLME MMMYHHbIE KOMMEKChI, IMMYHOMOAYNMPYIOWMA 9dEKT, MUTOrEHbI, TenbLa Xamag3akn—BeseHbepra,
naTeHTHast MHAeKL s
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BACKGROUND

Sarcoidosis is a multisystem disease of unclear etiology,
characterized by the formation of non-caseating epithelioid
cell granulomas. It most frequently affects the lungs, peri-
pheral lymph nodes, skin, eyes, and liver [1, 2].

Sarcoidosis occurs worldwide in both sexes, with a pre-
dominance in women. Individuals of working age, up to 40-
50 years, are most often affected, and the peak incidence
occurs at 20-29 years of age [1, 3]. lts prevalence ranges
from 1 to 40 cases per 100,000 population. The prevalence of
sarcoidosis in Moscow in 2001 was 11.5 per 100,000 popula-
tion [1, 4]. Modern epidemiological data on sarcoidosis in other
Russian regions are insufficient and heterogeneous. However,
there is a common trend towards an increase in the incidence
and prevalence of this pathology [4]. The overall mortality rate
from sarcoidosis is 1-5%. Death usually occurs due to progres-
sive respiratory failure or myocardial involvement [1].

Currently, etiological therapy for sarcoidosis has not
been developed. All treatments methods for such patients
are based on the suppression of inflammation and the pre-
vention of fibrous transformation of granulomas. Currently,
the most effective drugs fir treatment of sarcoidosis are
glucocorticosteroids (GCS) [5, 6]. Antimetabolites (metho-
trexate), immunosuppressants, tumor necrosis factor-alpha
(TNFa) inhibitors, and protein kinase inhibitors (nintedanib)
are also used. High doses of vitamin E are recommended
for patients without symptoms and functional disorders [1,
5, 7]. Despite the relatively high frequency of spontaneous
remissions, sarcoidosis remains a serious health problem. It
requires further study of causes and pathogenesis, as well
as the development of new methods of therapy, which em-
phasizes the relevance of this topic.

ETIOLOGY OF SARCOIDOSIS

Cutibacterium acnes

Cutibacterium acnes (formerly Propionibacterium ac-
nes) is a pleomorphic, non-spore-forming, Gram-positive,
aerotolerant anaerobe belonging to the phylum Actinomy-
cetota [10]. Bacteria of this species are representatives of
the normal human skin microbiota and are localized mainly
in the sebaceous glands and hair follicles, as well as on
the mucous membranes of the oral cavity, gastrointestinal
tract and genitourinary system [11, 12]. C. acnes suppres-
ses growth of Staphylococcus aureus and Streptococcus
pyogenes. However, in some cases C. acnes can also con-
tribute to the development of a wide range of inflammatory
processes, such as acne and prosthetic joint infections (due
to the active formation of biofilms) [11, 13]. Intracellular pro-
liferation of C. acnes in the epithelium of the prostate gland
is associated with prostate cancer prostate cancer. In addi-
tion, C. acnes, due to its pronounced effect on the immune
system, can apparently participate in the pathogenesis of
SAPHO syndrome, which includes synovitis, acne, pustulo-
sis, hyperostosis and osteitis [11], and sarcoidosis, and can
also be used as an adjuvant in vaccination and stimulate
antitumor immunity [10, 12, 13]. C. acnes-associated dise-
ases and effects are presented in Figure 1.

C. acnes as the causative agent of sarcoidosis

The etiology of sarcoidosis is still unknown, but there are
several compelling arguments for the involvement of C. ac-
nes in the pathogenesis of this disease. Below we will briefly
consider some of them [9, 13, 14].

Indirect evidence for this hypothesis may be the
fact that sarcoidosis most often affects the lungs and
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Traditionally, the following factors are identified that can
lead to the formation of granulomas [2, 5]:
* infections (viral and bacterial as a cause of continuous
antigenic stimulation);
« environmental non-infectious factors (haptens and
semihaptens);
* medicines;
« heredity [2, 5, 8].
However, none of these factors acts independently.
A combination of several of them is necessary for the deve-
lopment of the disease. Nevertheless, it is foreign antigens
(AG) that are a prerequisite for the formation of granulomas,
which is dictated by the very logic of their pathogenesis.
In this regard, Cutibacterium acnes appears to be an ex-
tremely attractive object for research [5, 9].
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Fig.1.  C.acnes-related diseases and effects. SAPHO syndrome —
synovitis, acne, pustulosis, hyperostosis, osteitis
Puc.1. CgsizaHHble ¢ C. acnes 3aboneBaHus U 3adpdekTbl. CuH-

apom SAPHO — cuHOBMT, akHe, mycTynes, runepocros,
ocTeuT
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associated intrathoracic lymph nodes (ITLNs), therefore,

it may be caused by inhaled microorganisms or airborne

pollutants [13, 15]. At the same time, it is proven that

C. acnes is the most common bacterial species found

intracellularly in the human lungs and intrathoracic lymph

nodes [9].

Antigens (haptens) implicated in sarcoidosis may also
include:

+ infectious agents: Mycobacterium tuberculosis [16], Bor-
relia [17], Aspergillus nidulans, Chlamydophila pneumo-
niae, fungi [13], hepatitis C virus, herpes virus [2];

* non-infectious environmental factors (haptens,
semihaptens): beryllium, aluminum [18], silica, copper,
titanium [19], talc, quartz, wood combustion products
[13], plant pollen, fungal spores [2];

+ autoantigens: vimentin [20].

Since granulomatous inflammation requires the pre-
sence of an antigen in the granuloma, it is in them that the
cause of the disease should be sought [13].

C. acnes is the one microorganism that is consistently
detected in sarcoid granulomas. In cultures and immuno-

histochemical studies of lymph node homogenates from
patients with sarcoidosis, C. acnes is detected in 78-92%
of cases, depending on the research method [9, 21]. In the
same studies of material taken from healthy individuals in
the control group, the frequency of detection of C. acnes
was only 25% [14, 21]. Moreover, molecular genetic me-
thods allow us to obtain not only qualitative but also quanti-
tative results. In samples taken from patients with sarcoido-
sis, using real-time PCR, significantly more copies of C. ac-
nes DNA are detected than in controls [22].

It was assumed that sarcoidosis may be caused by
Mycobacterium tuberculosis, but acid-fast bacteria have
never been detected in sarcoid granulomas [23], and the
QuantiFERON test gives negative results [24].

The Kveim reaction is another proof of the role of
C.acnes in the development of sarcoidosis. A patient
suspected of having sarcoidosis is given a subcutaneous
injection of a homogenate of a lymph node affected by
sarcoidosis. The formation of specific granulomas, de-
tected by biopsy, confirms the presence of the disease
[25]. Thus, it can be concluded that something that causes
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Hamazaki-Wesenberg bodies in macrophages from lymph nodes of a sarcoidosis patient (Source: https://cdn.ncbi.nim.nih.gov/

pmc/blobs/03b5/9964181/8e148df1f939/microorganisms-11-00289-g002.jpg)

Puc. 2.

Tenbua Xamaasaku-BeseHGepra B Makpodparax u3 numdaruyeckoro yana 6onbHoro capkouposom (Uctounuk: https://cdn.ncbi.

nlm.nih.gov/pmc/blobs/03b5/9964181/8e148df1f939/microorganisms-11-00289-g002.jpg)
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sarcoidosis (C. acnes antigens) is contained within these
lymph nodes [26].

The next proof is the detection of Hamazaki-Wesenberg
bodies in macrophages during immunoelectron microscopy
using antibodies to C. acnes antigens [27]. It was proven
that Hamazaki-Wesenberg bodies are C.acnes without a
cell wall and located intracellularly (Fig. 2) [28]. The loss
of the cell wall, as well as the secretion of catalase, allows
C. acnes to persist and multiply within the cells of the mac-
roorganism. The phenomenon of incomplete phagocytosis
is observed, similar to that in tuberculosis [9].

When bacterial culture is performed, C. acnes returns
to its normal form, which, however, requires special nutrient
media and a longer cultivation time [14].

Specific IgG and IgA to C.acnes antigens were detected
in bronchoalveolar lavage (BAL), taken from patients with
sarcoidosis [29].

In patients with sarcoidosis, mononuclear cells of peri-
pheral blood stimulated with viable C. acnes exhibit in-
creased IL-2 production (Th1-dependent cellular immune
response) compared to peripheral blood mononuclear cells
obtained from healthy controls [30].

Mocrynatbl Koxa/
Koch's postulates:

Fig. 3.
Puc. 3.

Koch’s postulates [46]
MocTtynatkl Koxa [46]

An experimental model of subcutaneous immunization
of mice with C. acnes using Freund’s adjuvant showed that
granulomas developed only in animals with latent C. ac-
nes infection in the lungs [31]. That is, for the formation of
granulomas, the presence of both a target antigen and aller-
gization of the macroorganism is necessary [9]. When mice
were pre-treated with antibacterial drugs against C. acnes,
granulomas did not form [31].

Thus, sarcoidosis cannot be regarded as a simple in-
fectious disease, since for its development the presence
of C. acnes in the macroorganism is not enough. The pre-
sence of certain external and internal factors is also neces-
sary [2, 14]. Koch’s postulates (criteria developed to estab-
lish a causal relationship between microbes and disease)
are not observed in this case (Fig. 3) [32, 33].

So, the infection caused by C. acnes can be named
endogenous. Endogenous infections are infections that
develop without the participation of transmission factors
(the pathogen is initially localized in the patient’s body) un-
der certain conditions [14].

It has been proposed to divide endogenous infections
into three types:
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¥KMUBOTHBIX) W OTCYTCTBYET Y 340P0
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n3onuposaH OT 60/sbHOro 4YesnioBex N
YKMBOTHOTO) W €ero wWTamm JOoMKeH 6b
BbIpalleH B  UMCTON  KyNbTYPe,
microorganism must be isolated fr
person (or animal) and its stram Y
grown in a pure culture. -
Mpn  3apakeHUM - YUCTOMU Kynbwpou‘
MWKPOOPraHU3ma 340poBbii Yenosex (u:
YXUBOTHOE) 3a60ne8ae1/ When
with a pure culture of a mlcroorganlsm,
healthy person (or animal) becomes k. -
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Fig. 4. Types of endogenous infections according to Casadevall and Pirofski [16]
Puc. 4. Bupbl saHporeHHbIx uHdekumii no A. Casadevall n L.-A. Pirofski [16]

1) opportunistic — develop with decreased immunity
(Pneumocystis jiroveci in AIDS);

2) mixed type — Candida and Aspergillus (can cause both
opportunistic infections and hypersensitivity pneumonitis
(previously exogenous allergic alveolitis);

3) hypersensitivity type — sarcoidosis associated with
C. acnes (Fig. 4) [34].

Moreover, recently, scientists demonstrated that C. ac-
nes also can be detected in granulomatous tissue of pa-
tients with hypersensitivity pneumonitis and eosinophilic
granulomatosis with polyangiitis (EGPA) [35]. In such pa-
tients, the number of lymphocytes in the BAL consistently
exceeds that of other subjects. That is, in these diseases,
C. acnes, if not the direct cause, at least acts as a mitogen,
stimulating the mitosis of immune cells [13, 35].

Pathogenesis of sarcoidosis in relation to C. acnes

Commensal C. acnes lives extracellularly on human skin
and hair follicles and also asymptomatically persists inside
lung cells and intrathoracic lymph nodes [9, 28]. C. acnes can
induce the innate immune response mediated by monocytes,
neutrophils and macrophages [13, 36]. Antigen-presenting
cells present C. acnes AG to naive T lymphocytes, activating
the acquired immune response. Naive T lymphocytes diffe-
rentiate into type 1 T helpers (Th1) [37], Th17 [38], natural kil-
ler T cells (NKT cells), and to a lesser extent into Th2 [13]. Th1
secrete cytokines such as interferon-alpha (IFNa), interferon-
gamma (IFNy), interleukin 1B (IL-1B), IL-12, which in turn
stimulate the cellular component of immunity (macrophages)
and suppress the activity of Th2, which are responsible for
humoral immunity [13, 37]. A marked shift in the balance from
a Th2 to Th1/Th17-mediated immune response is observed
[9, 38]. This is a distinctive feature of C. acnes [14].

Spontaneous remissions of sarcoidosis presumably oc-
cur due to a spontaneous shift in the balance towards the
humoral immune response [2, 13].

NKT cells stimulate natural killers [39]. Th17 secrete IL-17,
which induces and maintains autoimmune inflammation, and
IFNy [38].

Thus, sensitization of the macroorganism to C. acnes an-
tigens is formed according to the delayed-type hypersensiti-
vity (DTH) type [9, 13].

At the same time, the latent intracellular infection occurs
in macrophages of the lungs and intrathoracic lymph nodes
[40]. Under the influence of any external factors, such as
physical and mental stress and some medications (paren-
teral interferons, TNF-a antagonists, antiretroviral drugs),
reactivation of the infection occurs. Active intracellular pro-
liferation of C. acnes begins [2, 9, 40].

Then, pathogenesis progresses in two possible ways.
If there is the DTH (described above), caused by the in-
trinsic properties of C. acnes, as well as the genetic pre-
disposition of the macroorganism, a granuloma begins
to form [41]. Under the influence of Th1, macrophages
are attracted to the site of inflammation, which then
transform into epithelioid cells and giant multinucleated
cells [42]. Thus, sarcoid granuloma contains T lympho-
cytes, macrophages, epithelioid cells, giant multinucle-
ated cells and fibroblasts and does not contain foci of
necrosis [5].

The hereditary factors that most likely contribute to the
development of sarcoidosis include:

+ some Human Leukocyte Antigens (HLA) system hap-
lotypes, such as HLA-B8/DR3 and HLA-DRB1*14;

+ polymorphism of TNFa genes;

*+ polymorphism of the angiotensin-converting enzyme

(ACE) gene;

« polymorphism of the vitamin D receptor (VDR) ge-

ne [8].

The other possible way is the overload of the macroor-
ganism’s cell with bacteria, initiation of the autophagy [43]
(suppressed by the hyperactivated mTOR signaling path-
way) [44], exit of C. acnes from the cell and its dissemination
through the bloodstream. The bacteria reach other organs,
including skin, heart, liver, kidneys, central nervous sys-
tem (CNS) and so on, where they are phagocytosed again.
The cycle repeats with the development of new granulomas
outside the lungs [9, 14].
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Pathogenesis of sarcoidosis in connection with C. acnes. MLN — mediastinal lymph nodes; GC — Glucocorticoids; CIC —
circulating immune complexes; mTOR — mammalian target of rapamycin; Th — T-helpers; NKT-cells — Natural Killer T-cells;
NK-cells — natural killers cells; IL — interleukin; IFN — interferon (the scheme was compiled by the authors)

MatoreHes capkouposa B cBsisu ¢ C. acnes. BITY — BHyTpurpyaHble numdatuyeckne y3nbl; FTKC — rntokokopTukoctepouabi;
LHC — ueHTpanbHas HepBHas cuctema; UMK — uupkynupytowme nMmyHHbie komnnekcbl; mTOR — muweHb panamuuuHa mne-
konutatowmx; Th — T-xennepbl; NKT-kneTkn — T-kneTku HaTypanbHbIX kunnepoB; NK-kneTku — HaTypanbHble kunnepsl; IL —
uHTepnelikuH; IFN — nHTepdepoH (cxema coctaBneHa aBTopamm)

During the period of dissemination, the formation of
circulating immune complexes is also possible, which
are then also phagocytosed or, presumably, can cause
polyarthralgia and erythema nodosum in Lo6fgren’s
syndrome [45]. High antigenemia in patients with ac-
tive sarcoidosis has been confirmed in the laboratory
[46-49].

Sometimes extrapulmonary lesions can develop when
C. acnes penetrates into the corresponding organs by
routes other than systemic spread [9, 14].

Thus, three main conditions must be met for the for-
mation of sarcoid granulomas:
1) latent intracellular infection (C. acnes as an antigen);
2) reactivation of infection under the influence of environ-
mental factors;
DTH (Th1 hypersensitivity to intracellular proliferation
of C. acnes) [9, 13, 14].
The pathogenesis of sarcoidosis in connection with
C. acnes is clearly presented in the form of a generalizing
scheme in Figure 5.
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ETIOTROPIC THERAPY OF SARCOIDOSIS

The most widespread drugs for the treatment of sarcoido-
sis are glucocorticosteroids (GCS), however, therapy with
them is not etiological. GCS suppress the immune response,
which threatens the dissemination of viable C. acnes [14, 50].

Due to this fact, it has been suggested that antibiotics
should be used in the treatment of sarcoidosis. Tetracyclines
have been shown to effectively suppress intracellular proli-
feration of C. acnes [51], while macrolides are more effective
against latent infection [52]. Good results were demonstra-
ted in treatment of cutaneous and other forms of sarcoido-
sis with this combination of drugs [562, 53]. However, many
experts believe that this effect is associated with the anti-
inflammatory action of some antibiotics [54].

Calcium metabolism disorders in sarcoidosis are well-
known. The pathogenesis of this condition is as follows:
macrophages, under the influence of constant antigen
stimulation, express the CYP27B1 gene encoding calcidiol-
1-monooxygenase, which converts 25(0H)D; (calcidiol) into
the active form of vitamin D — 1,25(0H),D, (calcitriol). Calci-
triol acts on the nuclear receptors of vitamin D (VDR), stimu-
lating the release of the antimicrobial peptide cathelicidin.
Excess calcitriol causes hypercalcemia and hypercalciuria
[55]. However, bacterial ligands can block VDR over time,
and a vicious circle develops.

In this regard, a treatment protocol for sarcoidosis was
proposed, which, in addition to antibiotics, includes the an-
giotensin Il receptor antagonist olmesartan at a specifically
adjusted dosage. It was found that olmesartan, besides its
primary action, also activates VDR by displacing bacterial
ligands. Additionally, it inhibits TNF-a release, protecting the
body from excessive inflammation. The efficacy of this pro-
tocol remains a subject of debate.

CONCLUSION

Thus, the concept of sarcoidosis as a disease in which
C. acnes plays a major pathogenic role aligns with the
modern understanding of autoimmune diseases as con-
ditions triggered by latent bacterial, rather than viral, in-
fections. However, this approach remains insufficiently
proven, involves numerous controversial aspects, and re-
quires further research. Nevertheless, significant progress
has already been made in treating sarcoidosis, which was
previously considered incurable.
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AONONMHUTENBbHAA UHOOPMALINA

Bknag aBTOpOB. Bce aBTOPbI BHECU CYLLECTBEHHDI
BKNapj B pa3paboTky KOHLENuuW, npoBeAeHne uccneaosa-
HWS M MOAFOTOBKY CTaTbM, NPOYNN M 0J00PUNN UHAMNBHYIO
Bepcuto nepen nybnvkayuen.

KoHnukt mHTepecoB. ABTOpPbI AEKNapupytT OTCyT-
CTBME SIBHbIX W NOTEHUMANbHbIX KOH(IIMKTOB MHTEPECOB,
CBSI3aHHbIX C Nybnukauyeit HacTosLen cTaTby.

WUcTouHuk chmHaHcupoBaHMA. ABTOpbI 3asBRAOT 00
OTCYTCTBMM BHELUHEro (PMHAHCUPOBAHUS NpW NPOBEAEHWN
nccnefoBaHms.
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