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The aim of the work was to collect and systematize the data on the treatment approaches to pulmonary
lymphangioleiomyomatosis (LAM) based on insights into the pathogenesis of the disease.

Materials and methods. 70 original sources have been selected from analyzed 1 157 articles and monographs (including
duplicates). The search for the sources was carried out in the databases of PubMed, eLibrary.ru, Cyberleninka for a fifty-year
period of publications (from 1973 to August 2023), with an emphasis on more current publications and the ones in highly
rated scientific journals.

Results. The review presents the treatment approaches to LAM, based both on clinical observations of the disease course
and on the experimental data on its probable pathogenesis. The collected data are presented in the chronological order,
starting from radical methods based on the idea of an unconditional connection between the development of LAM and
the female sex hormones. Special attention has been paid to the drugs from the group of mTOR inhibitors, including their
safety profile. In addition, the results of the studies demonstrating new promising methods of the LAM drug therapy, both
combining the use of mTOR inhibitors with other drugs, and the ones based on the isolated use of alternative groups of
drugs, are presented in the work.

Conclusion. The currently used methods of the drug therapy and the proposed new methods are aimed at only treating
an already established disease, and the effective drug prevention of LAM now seems almost impossible due to the lack
of a complete understanding about its pathogenesis and, more importantly, its etiology. This issue is the most relevant in
determining further prospects for the development of pharmacotherapeutic approaches to LAM.
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Abbreviations: LAM — lymphangioleiomyomatosis; TSC — tuberous sclerosis complex; VEGF-D — vascular endothelial
growth factor D; MIAA — methylimidazoleacetic acid; iINOS — inducible NO synthase; SGCs — systemic glucocorticosteroids;
TB — tuberous sclerosis; Cox2 — cyclooxygenase-2; RAAS — renin-angiotensin-aldosterone system; ACE — angiotensin-
converting enzyme; AGT — angiotensinogen; Angl — angiotensin 1; Ang2 — angiotensin 2; AT-R — angiotensin receptor;
ACEl — angiotensin-converting enzyme inhibitor; ARB — angiotensin receptor blocker; IL — interleukin; MMPs — matrix
metalloproteinases; MCP1 — monocyte chemoattractant protein 1; PKB — protein kinase B; ERK — extracellular signal-
regulated kinases; TGFB — transforming growth factor beta; SASP — senescence-associated secretory phenotype; Catk —
Cathepsin K; SREBP — sterol regulatory element-binding protein; CAs — carbonic anhydrases; NBC — bicarbonate Sodium

(Natrium) cotransporter; SPHK1 — sphingosine kinase 1.
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Lienb. C60p 1 cuctematmsauma AaHHbIX O NOAXOAAX K iedeHuto iumdaHrmonenommomatosa (/JAM) NErkux, OCHOBaHHbIX Ha
npesCcTaBAeHNAX O maToreHese 3aboneBaHuA.

Matepuanbl u mertogpl. MpoaHanusmposaHo 1157 crateit M moHorpaduii (Bkatouas ay6aun), U3 KOTOpbIX OTOBPaHbI
70 OpUTMHANbHBIX UCTOYHMKOB. MOUCK UCTOYHMKOB OcyllecTBAAAM B 6a3ax PubMed, eliabrary.ru, CyberLeninka. My6uHa
noucka coctasuia 50 net — ¢ 1973 r. no asryct 2023 r. ABTOPbI aKLEHTMPOBAAN BHUMAHUE HA aKTyaslbHbIX My6AUKaLMAX B
BbICOKOPEMTUHIOBbIX HaY4YHbIX KypHanax.

Pe3synbratbl. B 0630pe npeactaBneHbl noaxodbl K neyeHnto JIAM, ocHOBaHHbIE KaK Ha KAMHWYECKMX HabaoaeHuax 3a
TeyeHMeM 3a60/1e€BaHMA, TaK WU Ha 3KCMEPUMEHTaNbHbIX AaHHbIX O BEPOATHOM ero maTtoreHese. CobpaHHble AaHHble
npeAcTaBaeHbl B XPOHO/IOrMYECKOM MOpPAJKe, HauMHaA C PagMKalbHbIX METOAO0B, OCHOBAHHbIX Ha MpeaCTaBleHUAX O
6e3ycnoBHOM cBA3W pa3BuTMA JIAM C BO34EMCTBMEM KEHCKUX MOMOBbIX FTOPMOHOB. OTAEAbHOE BHUMaHWE YyAeneHo
npenapartam 13 rpynnbl UHIM6MTOpoB MTOR, B TOM Yucie nx npodunto 6esonacHocTU. MoMUMMO 3TOro, MPUBEAEHBI Pe3y/bTaTbl
NCCNef0BaHNN, AEMOHCTPUPYIOLWMX HOBblE NEPCNEKTUBHbIE METOAbI IeKapcTBeHHOM Tepanuu JTAM, coyeTatolwme B cebe
KaK MpuUmeHeHne uHrnbutopos mTOR ¢ ApyrMmu npenapaTamu, Tak M OCHOBAHHbIX Ha M30IMPOBAHHOM MCMOb30BAHUM
aNIbTePHATUBHBIX rPynn MmeavKamMeHTOB.

3akntoueHue. Micnonb3yemble Ha HaCTOALLMI MOMEHT METOAbI IEKAPCTBEHHON Tepanuu 1 npeaJsiaraemble HOBble MeToAbI
HanpaBaeHbl LB Ha SIeYeHNe yxKe chopmupoBaBLLerocs 3abonesaHus, a nposegeHne apdEKTUBHON MeaUKaMEHTO3HOW
npopunaktmkn JIAM ceilyac npeaCTaBAAETCA MPAKTUYECKM HEBO3MOKHbIM BBWAY OTCYTCTBMA MOJIHOTO MOHUMaHWA
natoreHesa 3aboneBaHuA 1, 4To Hosee BaKHO, — ero 3TMonoruMun. [laHHbIi BONpoc ABAAeTCA Hanbosee aKTyaNbHbIM B
onpeaeneHnmn AanbHeNWnX NepcnekTMB pasBnTnA GpapmakoTepaneBTMYeCcKMX Noaxoa08 K JIAM.

KnioueBble cnosa: 1MMdaHIMoienoMMomMaTos; iedeHne; GUOXMMUA; MaToreHes; aSTMoaorua

Cnucok cokpaueHuii: JIAM — numdaHrmoneriommomatos; TSC — KomnaeKkc TybeposHoro ckneposa; VEGF-D — ¢aktop
pocta sHaoTtenuna cocyaos D; MIAA — metnanmumaasonyckycHasn kmucnota; "BAJ1 — XUAKoCTb, NONyYeHHasa Npu NpoBeaeHUN
bpoHxoanbBeonApHoro nasaxa; iINOS — wuHayumbenbHaa NO-cuHTasa; CTKC — cucTemMHble [IOKOKOPTUKOCTEPOUbI;
TC — Tyb6eposHbili cknepos; LLOM2 — umkaooKcureHasa 2 tuna; PAAC — peHMH-aHIMOTeH3UH-a/Ib40CTEPOHOBAs CUCTEMA;
AMN® — aHrnoTeH3uH npespaLtatowmii pepmeHT; ATl — aHrMoTeH3nHoreH; AHrl — aHrMoTeH3UH 1; AHr2 — aHIMOTEH3UH 2;
AHr-R — peLenTtopbl K aHTMOTEH3UHY; MATID — MHIMBUTOP aHTMOTEH3UH NpeBpaLatoLLero depmeHTa; APB — aHrMOTEeH3MHA
peuenTtopoB 6nokatop; W/ — wuHTepneiknH; MMI — mMaTpuKcHble MeTannonpoTterHasbl; MXB1l — moHouuTOB
XEMOaTpPaKTaHTHbIM 6enok 1 tvna; MK-B — npoteuHKkuHasa Tvna B; ERK — KuWHa3bl, peryavpyemble BHEK/JETOYHbIMMU
curHanamu; TGFB — TpaHchopmupytowmii daktop pocta 6eta; SASP — ceKpeTopHbI GeHOTUN, CBA3AHHBIN CO CTapeHneMm;
CatK — katencuH K; SREBP — 6en0K cBA3biBalOLWMIA PErynaTopHbIA anemeHT ctepona; CA — KapbaHrmgpasa; NBC —
KOHTpaHcNopTép bMKapboHaT-aHMOHOB U KaTMOHOB HaTpuA; SPHK1 — cduHro3mH KnuHasa 1.

INTRODUCTION tuberous sclerosis complex (TSC) [1,2]. Previously, there

Lymphangioleiomyomatosis (LAM)! is a rare disease
affecting lungs, kidneys and pelvic organs, classified
by WHO as a mesenchymal tumor and considered a
metastatic low-grade neoplasm that originates from
cells (LAM cells) with a biallelic mutation in the gene of a

* llkovich MM. Diffuse and parenchymal lung diseases. Moscow:
GEOTAR-Media; 2021. DOI: 10.33029/9704-5908-9-DPL-2021-1-440.
Russian
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had been a well-established belief that this disease
affected only women [3], but in recent years there
have been described several cases of LAM in men [4].
Nevertheless, the incidence even among females,
whose proportion among patients with LAM prevails
significantly, varies from 3.35 to 7.76 cases per 1 million
women [5].

The issue of treating LAM is relevant, but it is better
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to highlight briefly the main reliable biochemical
markers that are identified during a laboratory LAM
diagnosis and reflecting its pathogenesis (at least partly),
before the immersion into therapy approaches.

The main biochemical marker in blood plasma,
that is associated with lung damage by LAM, is vascular
endothelial growth factor D (VEGF-D). The generally
accepted concentration of it is 800 pg/mL [6, 7].
However, a meta-analysis of researches on the diagnostic
effectiveness of the VEGF-D concentration in blood
plasma in LAM with the PROSPERO design (protocol
No. CRD42020164137) and with the QUADAS-2 method
(Quality Assessment of Diagnostic Accuracy Studies,
version 2) shows that the determination of VEGF-D
has a high specificity and a moderate sensitivity for
a LAM diagnosis. It means that a high concentration
of VEGF-D confirms a LAM diagnosis, while a low
concentration does not exclude it. Moreover, there was
noted that the variability of VEGF-D concentration from
440 to 1239 pg/mL is permissible due to the possible
influence of a number of factors on this indicator
(including a sample preparation and other aspects
of the analysis) [8]. Along with VEGF-D, it is proposed
to use the methylimidazoleacetic acid (MIAA), that is
declared as a histamine metabolite [9].

Currently, in the routine practice of a LAM
diagnosis, there is a concentration determation of
metalloproteinases type 2 (mainly in the blood serum)
and type 9 (both in the blood serum and urine), which
is more applicable for assessing the effectiveness
of therapy, but not for a primary diagnosis [10-12].
Herewith, the researchers develop and test molecular
“nanosensors”, that allow the assessment of the enzyme
activity in real time by determining the level of specific
“sensory markers” in the urine. The essence of the
“nanosensors” action is in their specific interaction
with metalloproteinases, whereupon the specific
compound is eliminated from the body through the
urine [13]. This may be interesting not only to be used in
clinical practice, but also in scientific research.

It has also been shown that in LAM patients,
the blood plasma concentration of osteopontin is
significantly higher in comparison with healthy people,
which is explained by the participation of this protein
in the process of a signal transmission from CD44v6
receptors [14].

Moreover, three serum proteins can be identified as
potential diagnostic markers: fibronectin, von Willebrand
factor and kallikrein 11l [15]. A recent study of the blood
plasma of patients with an established LAM diagnosis is
interesting due to using a nuclear magnetic resonance
method to identify a wide range of biochemical
markers. Based on the results of this study, the authors
identified two potential blood plasma LAM markers —
methionine and acetic acid [16].
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It has also been shown that in the LAM patients,
concentrations of the cytokines CCL2 (MCP-1), CXCL1
(GRO1) and CXCL5 (ENA-78) that are determined in the
fluid obtained during the bronchoalveolar lavage, is
higher. The main difficulty in introducing the identified
markers into the routine practice is the standardization of
methods for collecting that fluid due to the impossibility
of accurately determining the degree of the material
dilution [17].

A surfactant analysis in the mice demonstrates a
significant activity increase in the inducible NO synthase
(iNOS) in the lungs of the animals with a mutation
in TSC2 that results in the nitrosylation of surfactant
protein D [18], an established regulator of the alveolar
macrophages activity [19].

It is also advisable to focus on the biochemical
features that underlie various treatment approaches
to LAM during their consideration.

THE AIM of the work was to collect and systematize
the data on the treatment approaches to pulmonary
lymphangioleiomyomatosis (LAM) based on insights
into the pathogenesis of the disease.

MATERIALS AND METHODS

The selection of the sources was accorded to the
algorithm presented at Figure 1. As a result, 70 original
sources have been selected from analyzed 1 157 articles
and monographs (including duplicates).

The search for the sources was carried out in
the databases of PubMed, elibrary.ru, CyberLeninka
for a fifty-year period of publications — from
1973 to August 2023, with an emphasis on more
current publications and publications in highly rated
scientific journals. The keywords used for the search
were as follows: “lymphangioleiomyomatosis” /
“numdanHrnoneriommomaTos” isolated and in
combination with “pulmonary / nérkue”, “(bio)marker” /

” o ” o«

“(6no)mapkep”, “immunology” / “ummyHonorus”, “gene” /
“ren”, “diagnosis” / “anarHoctuka”, “therapy” / “repanus’”,
“experiment” / “skcnepument”,  “animal  model” /
“Mmoaenb *KUBOTHOro”.

A primary analysis of the sources (n=1157) was
based on a screening of their abstracts. As a result,
541 sources including original studies, clinical
observations, a retrospective analysis of the clinical
observations data, a meta-analysis of the experimental
studies and clinical observations, monographs and
their individual chapters wholly or partially directly
related to LAM, were selected. Next, duplicates
(n=29) were excluded and a screening of the sources
(n=512) was carried out. As a result, the review includes
only the sources that contained information about:
biochemical and/or genetic characteristics of changes,
approaches to their treatment (correction). The criteria
for non-inclusion were: isolated extrapulmonary LAM
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manifestations, a clinical LAM picture (symptoms and
semiotics), functional studies, methods of radiation
and ultrasound examinations, approaches to collecting
biological materials for the examination.

To analyze the selected sources, a descriptive and
analytical method was used.

The review also includes three more sources
containing information necessary to clarify individual
concepts, definitions, research and diagnostic methods
related to the topic of the review.

RESULTS AND DISCUSSION

The drug therapy approaches are based both on the
clinical observations and on the data on the biochemical
changes occurring in LAM. The data below are
structured chronologically and, where it is possible,
are grouped by the similarity of the action mechanism.

Radical and hormonal kinds of therapy

Due to the predominant LAM manifestation in
women and due to the positive clinical experience, one
of the first ideas for the “targeted” LAM therapy was
a major surgery at the early stages of identifying the
symptoms of the disease [20]. But later on, probably
due to the widespread introduction of the hormone
replacement therapy into the clinical practice and for
humanistic reasons, this method got less preferable
than the drug therapy.

The world experience in the LAM treatment with
sex hormones shows conflicting data. Several studies
in vitro demonstrated the effectiveness of estrogen
and progesterone receptor blockers on the LAM cells
development [21, 22]. An in vivo experiment on Eker rat
uterine leiomyoma cells (line ELT3) showed the inducing
effect of estradiol on metastasis of TSC2-deficient cells
through matrix metalloproteinase 2. Whereas the use of
fulvestrant inhibited estradiol-induced lung metastases
and increased the survival of the mice with xenografts
tumors treated with estradiol [22]. This consists with
retrospective clinical observations [23]. However, the
current results of the clinical observations indicate only
a variable effectiveness of such therapy and only in
women whose clinical LAM picture was dependent on
the menstrual cycle phase [24], and the clinical studies
actually proved the ineffectiveness of the hormonal
therapy, in particular the analogue of a gonadotropin-
releasing hormone [25]. Herewith, to refuse the
application of estrogen-based oral contraceptives due
to the fact that their effect on the growth of LAM cells
has been proven experimentally [22] and by clinical
observations [26], seems reasonable.

Regarding the use of systemic glucocorticosteroids (SGCs),
the situation is even more ambiguous. Although LAM is
called “steroid-sensitive cancer” [27], we are usually
talking about estrogens and progesterone are usually

Tom 12, Beinyck 5, 2024

in the focus of the discussion, and no data have been
found on clinical observations of the SGCs effect on the
course of LAM or on the experimental study of this
effect. Symptomatic LAM therapy usually includes the
use of inhaled glucocorticosteroids, long-acting beta-
2-adrenergic agonists and anticholinergics; however,
the tactics of their use need to be studied in more
detail [28], and no data have been found on their effect
on pathogenesis either.

In the context of the therapy effectiveness of LAM
as a disease directly related to sex hormones, the
question about the metastatic nature of LAM cells is still
relevant. A genetic analysis of LAM cells demonstrates
their similarity to myometrial cells, from which the
authors who have studied this issue conclude that they
are likely to have a metastatic nature. Herewith, they
note that there is need for further research. However,
they point out that even if the development of LAM
cells is determined as in situ, it will be possible to use
the PBX1/HOXD11 markers as targets for a specific kind
of therapy by the drugs that are an alternative to mTOR
inhibitors that characterize myometrial cells [29]. This
is serine-threonine protein kinase, acting as a subunit
of intracellular multimolecular signaling complexes that
regulate the cell growth well-known since 1991. More
details about this group of drugs will be discussed below.

mTOR inhibitors

The key link in the LAM pathogenesis is considered
mTOR. Its constitutive activation is a result of mutation
in TSC-genes (typical for LAM-cells) that leads to a
proliferation stimulation of mutant cells, and the leading
pathogenetic drug therapy is its inhibitors — sirolimus
and everolimus [1]. But there are also the data on the
non-drug inhibition of mTOR, based on the artificial
deficiency of amino acids, demonstrated in vitro in cell
cultures [30].

A retrospective analysis of the clinical data from the
patients with verified LAM included in the Chinese LAM
registry from 10 May 2017 to 31August 2020 (n=399),
demonstrates that the use of sirolimus significantly
reduces the risk of recurrent pneumothorax in the LAM
patients. However, the authors keep the question about
the significance of pneumothorax to start sirolimus
therapy, and note that this requires a further study [31].
Onthe other hand, it has been shown that even relatively
low sirolimus doses (with plasma concentrations below
5 ng/ml) demonstrate a clinical efficacy comparable
to the use of high doses of this drug (with plasma
concentrations of 5-15 ng/mL) [32]. In general, the use
of sirolimus demonstrates a satisfactory safety profile
according to a retrospective analysis of adverse events
caused by the use of the drug in patients included in the
LAM registry of Peking Union Medical College Hospital
(PUMCH), Beijing, China (n=142) [33].
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Based on the same registry, there is a retrospective
study of the course of pregnancy against the background
of taking Sirolimus at the established diagnosis
of LAM (n=30). Based on its results, the authors draw
a non-confident conclusion that although the use of
sirolimus is probably associated with a high risk of a
spontaneous abortion. In their study, this connection is
not observed reliably [34]. Herewith, there is a clinical
observation of a woman at the established diagnosis of
LAM, who endured successfully two pregnancies, the
second during therapy with sirolimus, gave birth to two
healthy children and demonstrated a clinical stability of
the disease [35].

The presence of a risk of adverse events caused
by taking mTOR inhibitors, including a combination
with another method of treating LAM (a lung
transplantation) and in the context of an increase of a
risk of developing infectious diseases due to a weakened
immune response [36] forces further research into their
effectiveness and the search for alternative treatment
methods.

Regarding the effect on the prognosis of a lung
transplantation, the data on the relative safety of the
sirolimus and everolimus use both in the period up to
and after the lung transplantation, have been previously
published [37]. However, the results of the recent
survey (2022) of several centers where a lung
transplantation is carried out demonstrate that now
it is impossible to unequivocally conclude both about
the need to continue therapy with mTOR inhibitors in
patients included in the waiting list for a lung transplant,
and about the impact of taking these drugs on “an
anastomotic failure” after a lung transplantation [38].

Regarding the issue of increasing the risk of
developing infectious diseases, the greatest interest
nowadays is the condition of patients on therapy with
mTOR inhibitors in the context of the ongoing COVID-19
pandemic. It was shown that patients with tuberous
sclerosis (TS) and LAM on therapy with mTOR inhibitors
did not have a higher risk of contracting COVID-19 [39].
In the outcomes of COVID-19 in the patients at the
previously established diagnosis of LAM, there are no
significant differences between those who were treated
with mTOR inhibitors and those who received other
therapy, either [40]. A case of a 29-year-old patient at
the previously established diagnosis of LAM, who fell ill
with COVID-19 and tolerated it relatively satisfactorily on
Sirolimus therapy, has been also described in detail [41].

In addition, the development of bronchial
hyperreactivity induced by sirolimus has been
described, with a description of the supposed
pathogenesis of this adverse event development [42].

Overall, it remains an open question as to whether
such therapy is necessary or at least defining clear
criteria for the need of it. This describes the clinical case
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of a 36-year-old patient with a verified diagnosis of LAM
after a series of spontaneous pneumothoraxes, but after
that the course of the disease independently stabilized
without taking any specific therapy [43]. This can point
out the invalidity of the thesis about mTOR being not the
only one key link in the LAM pathogenesis.

The search for new treatment approaches to LAM
can be divided into two directions — the isolated use
of alternative drugs or their combination with mTOR
inhibitors.

mTOR inhibitors in combination

Statins

As far back as 2007, an experiment demonstrated
the effectiveness of a combination of mTOR inhibitors
and statin drugs (in particular atorvastatin), including
by inhibition of prenylation of the GTP-binding
protein RHEB, which is involved in the regulation of
the cell cycle [44]. Later, experiments in vitro [45] and
in vivo [46] demonstrated the effectiveness of the
combination of mTOR inhibitors with Simvastatin, and
its greater effectiveness was noted in comparison with
atorvastatin [47].

In clinical studies of the proposed combination
of simvastin+sirolimus and simvastin+everolimus,
multidirectional dynamics is noted: on the one hand,
it is possible to achieve a stabilization of the lung
diffusion capacity and lungs volumes; on the other
hand, a decrease of the speed criteria of the external
respiration function [48].

Hydroxychloraquine

The combined effects of mTOR inhibitors and
hydroxychloroquine are studied actively. Their extreme
similarity in their effect on polyamine metabolism was
shown in an in vitro experiment on the cells obtained from
LAM patients. In this regard, the authors also propose to
consider the assessment of polyamine metabolism as a
biochemical criterion for the effectiveness of the LAM
therapy, and point out that the safety of the combined
use of drugs has already been proven, but a therapeutic
effect assessment requires a further study [49].

Bisphosphonates

Another option for mTOR therapy “adding-on” is
the use of bisphosphonates, particularly zoledronic acid,
based on clinical observations. The same combination
demonstrates its effectiveness in an in vivo experiment
on a LAM model in female mice with a subcutaneous
injection of TSC-deficient cells [50].

Phytoalexin

Another combination is phytoalexin Resveratrol,
which demonstrates a wide range of clinical effects [51].
Clinical trials have demonstrated its safety in combination
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with sirolimus, but its efficacy evaluation in comparison
with monotherapy requires further research [52].

Alternative to mTOR inhibitors

In the context of the “isolated” LAM therapy, first,
it is necessary to mention the drugs effect on VEGF. An
in vivo experiment on female mice after the intranasal
administration of a suspension of cells obtained from
the chylous effusion of a patient with an established
diagnosis of LAM, demonstrated the effectiveness
of the intramuscular administration of antibodies to
VEGF receptors [53]. The similar data were presented
in another in vivo experimental model in female mice
after the injection into the tail vein of a suspension of
cells obtained from the renal tubular cystadenoma
of TCS2-mutant mice [54].

As the tissues affected by the LAM cells show a
deficiency of the collagen type IVa5, their effect on
the activity of the LAM cells was appreciated in an
in vitro experiment on the heterogeneous LAM cells and
in an in vivo experiment, when the tumor cells of the
line LNM35 AAV-EGFP-expressing were engrafted into
the ears of the female mice. The results of the study
demonstrate a decrease in the cells proliferative activity
in response to the use of the protein, that is named
by the authors as Lamstatin. Its active center, CP17, is
represented by the following amino acid composition —
VCNFASRNDYSYWLSTP between amino acids 66 and
82 in the collagen chain [55].

Because of the established effect of the matrix
metalloproteinases (MMPs) inhibition by doxycycline,
its use in the treatment of LAM was explored. Despite its
high effectiveness according to the laboratory studies [8],
later on, its ineffectiveness in the LAM treatment was
proven by a systematic clinical analysis [56].

Based on the previously established data that the
LAM cells express cyclooxygenase-2 (COX-2), and the
use of celicoxib in an in vivo experiment on the mice
demonstrates its effectiveness [57], in 2020, a safety
study of this drug in the LAM patients, who had not
previously received the treatment, was carried out with
positive results. The clinical effectiveness of the drug
was not assessed [58].

It was revealed that LAM cells have a local renin-
angiotensin-aldosterone system (RAAS) (Fig. 2), and a
retrospective analysis of the clinical cases showed that
the patients with therapy by angiotensin-converting
enzyme (ACE) inhibitor drugs are less prone to a
decreased lung function [59]. However, it should be
separately noted that determining the level of ACE, a
well-known since the end of the last century marker for
the diagnosis of sarcoidosis [60], — has been recognized
as uninformative for the LAM diagnosis [11].

An in vitro experiment on the ELT3V-line cells
showed that the exposure to an angiotensin Il receptor

Tom 12, Beinyck 5, 2024

inhibitor (Losartan) regulates a synthetic activity of
TSC2-deficient cells, causing their death by changing
the level of expression of the Klotho protein, which is
probably involved in aging processes [61]. Moreover, in
an in vitro experiment on the cells obtained from the
chylous effusion of a LAM patient, it was demonstrated
that LAM cells in general have a secretory phenotype
associated with aging senescence-associated secretory
phenotype (SASP), that manifests itself in the activation
of B-galactosidase and in increasing the secretion in
Cathepsin K (CatK), IL-6 and IL-8. SASP can play a key role
in the migration of LAM cells and the transformation
of granulomas into cysts. In this light, the identified
molecules can be targeted for specific LAM therapy,
aimed at reducing the risk of a cystic transformation
of the lungs and its progression [62]. It has also been
shown that the main producers of one of the SASP —
CatK — components are fibroblasts that are associated
with LAM, and its activation is possible only at a relatively
low pH level (<7.0). The necessary “acidification” of the
environment is ensured by the LAM cells themselves by
an increased expression of membrane transport proteins
that ensure the export of hydrogen cations and the
manifestation of the Warburg effect, which is caused by
the mTOR dysregulation (Fig. 3) [63]. In addition, “aging”
of LAM cells also manifests itself in lipid metabolism
changes by SREBP (sterol regulatory element-binding
protein), which is an mTOR effector [64].

An in vitro experiment on heterogeneous cell
cultures and on mice with subcutaneous injections of
ELT3-V3-line cells showed that TSC2 deficiency causes
an abnormal sphingolipid metabolism, which can be
a target for other specific LAM therapy. In particular,
these are the enzyme sphingosine kinase 1 (SPHK1),
the receptor complex S1PR3, and the phosphorylated
sphingosine S1Pthat “binds” them. The effectiveness
of PF-543 hydrochloride in inhibiting SPHK1 and the
effectiveness of the S1PR3 antagonist (TY52156) have
been demonstrated in suppressing the tumor activity
of TSC2-deficient cells, in particular, that of LAM
cells (Fig. 4) [65].

As has been shown, that the tissues affected by
LAM have increased the expression of PD-L1 (CD274), a
ligand that suppresses the T-cell immune response. The
authors believe that this fact can explain the situation
when the immune system is not aggressive towards
LAM cells. An in vivo experiment demonstrated a
statistically significantly better survival of mice that had
been treated by PD-L1 inhibitors, which can also form
the basis of an alternative route for the treatment of
LAM [66], including a form of inhaled drugs?.

2 Amosu M.M., McCright J.C., Yang B.E., de Oro Fernandez J.G.,
Moore K.A., Gadde HS. Inhaled CpG increases survival and synergizes
with checkpoint inhibition in lymphangioleiomyomatosis. bioRxiv.
2023;2023.02.06.527331. Preprint. DOI: 10.1101/2023.02.06.527331
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mTOR — mechanistic/mammalian target of rapamycin; TGFB — transforming growth factor beta; VEGF — vascular endothelial growth factor.
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Figure 2 — Local renin-angiotensin-aldosterone system of LAM cells and its targets for drug therapy.
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AT*R — angiotensin receptor (1; 2 types); ACE — angiotensin-converting enzyme; ACEl — ACE inhibitor;

ARB — angiotensin receptor blocker; Cox2 — cyclooxygenase-2; IL* — interleukin (1; 6; 8 types); MMPs — matrix metalloproteinases;

MCP1 — monocyte chemoattractant protein 1; PKB — protein kinase B; TSC2 — gene of tuberous sclerosis complex;
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Another potential target for the LAM therapy is
Galectin-3, a tumor growth factor, an elevated amount
of which was found in LAM cells [67].

In June 2023, a great study of the cytostatic drug
Sorafenib was published. It was carried out on a cell
culture obtained from the human lungs affected by LAM
and extirpated during the transplantation. The cells
were cultured and then engrafted into the cell culture
obtained from healthy lungs that mimicked the own lung
tissue and a stromal component. As a result, the invasion
of LAM cells and the effect of the specified cytostatic
drug on this process were assessed. Finally, the invasion
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of LAM cells and the effect of the indicated cytostatic
drug on this process were estimated. A pronounced
inhibitory effect of Sorafenib on the invasion process
was observed, which the authors associate with VEGF,
transforming growth factor beta (TGF() signaling and
the Wnt signaling pathway?.

According to the recent study, the genes IGF1,
SERPINE1, and CXCL12 have been recognized as key
links in the pathogenesis of the inflammatory response

3 Koc-Gunel S., Gautam L.K., Calvert B.A. Sorafenib inhibits invasion
of multicellular organoids that mimic Lymphangioleiomyomatosis
nodules. Preprint. DOI: 10.1101/2023.06.12.544372
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and intense LAM proliferation. The results of the
research can form the basis for a new pathogenetic LAM
therapy [68].

In addition, in the in vitro experiment on
ELT3-V3-line cell cultures that had been obtained from
Eker rat uterine leiomyoma and ELT3-T3-line cells,
it was shown that in the LAM cells there was a violation
of the expression of glutaredoxin-1. As a result, a cell
apoptosis was inhibited, which provoked a tumor
growth. The mechanism of the identified changes
was described and it had been proven that it was not
associated with mTOR. It is assumed that the use of the
drugs that normalize the production of glutaredoxin-1
can create a new treatment approach to LAM [69].

Concluding the discussion of the LAM therapy, it
is worth mentioning the survival trends of patients.
Overall, based on the analysis of the outcomes of
the LAM patients at Asian Medical Center (Seoul,
Republic of Korea) from July 2001 to February 2020,
and compared with the data from other studies, there

is a trend towards an increase in the percentage of a
ten-year survival of the patients: approximately 80% in
2000-2001, 86% in 2007, 90.9% in 2020 [70].

CONCLUSION

In the search for the treatment approaches to LAM,
the researchers have traveled a truly thorny path from
radical and even barbaric methods that cripple the
body of an already ill person, to the methods based on
a deep understanding of molecular biology and having
a relatively more acceptable safety profile. However,
all currently used methods of the drug therapy and
the proposed new methods are aimed at only treating
an already established disease, and an effective drug
prevention of LAM now seems almost impossible
due to the lack of a complete understanding about its
pathogenesis and, more importantly, its etiology.

This issue is the most relevant in determining further
prospects for the development of pharmacotherapeutic
approaches to LAM.
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