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Abstract

Early detection of aggressive pituitary neuroendocrine tumors (PitNETs) remains challenging due to the absence

of reliable markers that can predict disease progression. Aggressive tumors are typically identified through long-term
observation. Tumor immune microenvironment (TIME) is crucial for understanding PitNETs heterogeneity and iden-
tifying potential predictors of tumor aggressiveness. In this study, we analyzed immune profile of micro- and mac-
roenvironment in two somatotropinomas (aggressive and non-aggressive) using flow cytometry. We observed
lymphopenia and elevated neutrophil levels in the periphery in the patient with tumor recurrence. The aggressive
TIME showed greater leukocyte infiltration, with lymphoid cells predominating over myeloid cells along with a
higher proportion of CD4+T cells over CD8+T cells. We detected double-positive CD4 +CD8+ population, high level
of regulatory T cells and a sharp increase in PD-1+expressing T cells over six months during recurrence. In the blood
of the patient with tumor recurrence, we observed reduced granule-mediated cytotoxicity of CD8+T cells and NK-
cells. In the aggressive TIME the number of effector cells producing perforin and granzyme B—both independently
and simultaneously was significantly lower. The proportion of CD3-CD20- NK cells and CD3-CD56 +NK cells was low
after the first recurrence but increased sharply after six months. The ratio of monocyte subpopulations in tumor
differed from that in blood, with CD16 + expressing monocytes predominating in the TIME of both patients. M2
macrophages in TIME rose sharply to 60.8% over six months during recurrence. In several immunological parameters,
the patient with tumor recurrence exhibited a more pronounced immunosuppressive profile.

Keywords Aggressive pituitary neuroendocrine tumors, PitNETs, Somatotropinoma, Immune microenvironment,
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Introduction

Neuroendocrine pituitary tumors (PitNETs) represent
one of the most common brain tumors, accounting
for approximately 10-15% of all primary intracranial
tumors [1]. While most PitNETSs are considered benign

;/?O_”esffond_encei and slow-growing, 0.13-0.4% of cases exhibit cranio-
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tumors demonstrate an aggressive clinical behavior
with frequent complications arising from both tumor
growth and hormonal hypersecretion [3]. Despite
numerous efforts to establish clear classification criteria
for these aggressive tumors, no standardized definition
or criteria currently exist. The most widely accepted
definition describes these tumors as invasive and rap-
idly growing, with frequent recurrences and resist-
ance to conventional treatments such as neurosurgery,
pharmacotherapy, and radiation therapy [4]. The pre-
cise incidence of aggressive PitNETs remains unclear,
largely due to the lack of a unified definition and clear
clinical or immunohistochemical characteristics [5]. On
average, up to 35% of PitNETs are invasive, infiltrating
nearby structures such as the cavernous sinuses, bones,
sphenoid sinuses, and nerve sheaths. Approximately
10% of these tumors demonstrate aggressive behavior
and resistance to standard therapies [6, 7].

From a histological perspective, aggressive PitNETs
exhibit characteristics associated with increased prolif-
eration, such as a Ki-67 index greater than 3%, elevated
mitotic activity, and p53 expression [8]. However, the
presence of these markers does not reliably predict tumor
aggressiveness, and their prognostic value remains con-
troversial. Consequently, the latest WHO classification
does not provide threshold values for these markers or
propose a quantitative assessment approach. Currently,
prognostic stratification is limited to specific tumor types
and subtypes, including immature PIT1 lineage tumors,
Crooke cell tumors, null-cell tumors, and biochemically
non-functioning "silent" corticotropic tumors, which are
considered more aggressive [2, 9].

Invasive PitNETs often have an irregular shape, espe-
cially after subtotal resection when complete removal
is not possible, making it challenging to assess progres-
sive growth [10]. Currently, there are no standardized
radiographic criteria for evaluating treatment response
in these tumors. Existing imaging techniques, designed
for spherical intracranial tumors, may be suboptimal for
assessing PitNETs. Although the use of RECIST crite-
ria—commonly applied in oncology—has been proposed
to evaluate tumor progression, but still, there is no con-
sensus on what constitutes clinically significant tumor
growth or an unusually high growth rate [11]. Despite
extensive research on aggressive PitNETs, no definitive
morphological or histological marker has been identified
that reliably predicts tumor aggressiveness [12]. Some
studies suggest a correlation between tumor aggressive-
ness and the expression of estrogen receptors [13], epi-
dermal growth factor receptors (EGFR) [14], fibroblast
growth factors (FGF) and their receptors (FGFR) [15],
bromodomain-containing protein 4 (BRD4) [16], as
well as decreased expression of MSH6/MSH2 proteins
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involved in DNA repair [17]. However, further investiga-
tion is needed to confirm these associations.

The treatment of aggressive PitNETs requires a multi-
modal approach, including neurosurgery, radiation ther-
apy, and pharmacotherapy. But even this approach leaves
treatment ineffective for 10-50% of patients, depending
on the hormonal type of the PitNET. Non-conventional
treatments such as chemotherapeutic agents or peptide
receptor radionuclide therapy have highly limited use in
PitNETs and often not very effective forcing the search
for new approaches to the treatment of these tumors
[18-23].

Tumor cells often overexpress immune checkpoint
ligands such as programmed cell death protein ligand 1
(PD-L1), membrane proteins CD80 and CD86, or produce
factors that upregulate immune checkpoints (e.g., PD-1,
CTLA-4, LAG3) on immune cells, thereby suppressing
the immune system’s cytotoxic response. Expression of
these immune checkpoint ligands has been observed in
various types of adenomas [24], which may contribute to
chemotherapy resistance [25]. Immune checkpoint inhibi-
tors have shown potential for treating aggressive PitNETs,
including ipilimumab (a monoclonal antibody against
CTLA-4) in combination with nivolumab and pembroli-
zumab (PD-1/PD-L1 inhibitors) [26]. Therefore, immune
checkpoint inhibitors represent a promising potential
therapy for aggressive pituitary tumors, though further
study of the tumor microenvironment is required since it
has been little studied to date [24].

Characterizing the tumor immune microenvironment
(TIME) of PitNETs could provide crucial insights for
tumor prognosis and immunotherapy efficacy. Tumor
development is closely influenced by its microenviron-
ment, which includes stromal and immunocompetent
cells, blood vessels, extracellular matrix, and various
regulatory molecules such as cytokines, chemokines,
and growth factors [27]. As tumors evolve, they modify
TIME to become immunosuppressive, allowing them to
evade immune surveillance [28]. Research of PitNETSs is
increasingly focused on TIME to stratify patients based
on types, number and localization of infiltrating cells,
as this may guide treatment decisions and inform prog-
nosis [29]. TIME has been linked to PitNET aggressive-
ness, abnormal hormone secretion, tumor size, invasion,
progression, recurrence, and treatment response [24].
However, the clinical significance of TIME in PitNETs
remains unclear [30].

Somatotropinomas, a subtype of PitNETs, are typi-
cally characterized by high levels of tumor-infiltrating
lymphocytes (TILs) and tumor-associated macrophages
(TAMs) [31]. Larger adenomas have been found to con-
tain greater numbers of both macrophages and lympho-
cytes [32]. In somatotropinomas with cavernous sinus
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invasion, the number of CD8+T cells is significantly
lower [33]. On the other hand, a positive correlation has
been observed between CD8+ T cells and the expression
of matrix metalloproteinase-9 (MMP-9), a biomarker of
tumor invasiveness [34].

Increasing evidence suggests that describing cancer
progression solely in terms of tumor cells is insufficient.
Tumor progression is now understood as a dynamic
interplay between invasive tumor cells and the immune
system, with tumors often evading immune surveillance
in the later stages of development. An international con-
sortium has proposed expanding the current American
Joint Committee on Cancer (AJCC) guidelines for deter-
mining tumor stage. This expanded model would incor-
porate immunological parameters into the traditional
TNM system (T—tumor size, N—lymph node involve-
ment, M—metastasis), introducing the so-called Immu-
noscore [35]. Indeed, the clinical outcome of cancer can
vary significantly among patients with the same tumor
stage, as the tumor phenotype is influenced not only by
tumor cells but also by other components of the tumor
microenvironment, including immune cells.

In this paper, we compare the TIME of two soma-
totropinomas. One case involved a newly diagnosed
GH-secreting pituitary microadenoma in a patient
with confirmed active acromegaly, while the other was
a recurrence of a supra-, infra-, retro-, and laterosellar
GH-secreting pituitary macroadenoma (S-Knosp 1V,
D-Knosp I) in a patient who had previously undergone
transnasal transsphenoidal surgery and achieved remis-
sion of acromegaly. Additionally, we analyzed the compo-
sition of lymphocyte and myeloid cell subpopulations in
the blood of these patients to assess systemic immunity.
Multicolor flow cytometry was employed, using a pro-
tocol we previously developed, to quantify the relative
proportions of multiple cell subpopulations. Our study
revealed significant differences in the macro- and micro-
environment of the GH-secreting PitNETs, one of which
was clearly aggressive. These differences may underlie
the varying courses of tumor aggressiveness. However,
identifying the key immunological parameters that could
serve as biomarkers for potential recurrence will require
analysis of a larger cohort of somatotropinomas. Our
findings provide a foundation for more comprehensive
studies on the role of the immune system—both systemi-
cally and locally—in controlling PitNETs progression and
identifying immune predictors of tumor aggressiveness.

Patients and methods

Patients

The diagnosis of acromegaly and hormonal activ-
ity of pituitary adenomas in the patients were estab-
lished through a comprehensive examination at the

Page 3 of 28

Endocrinology Research Centre, Moscow, Russian Fed-
eration. This included the collection of complaints, life
and family history, a systematic physical examination,
and both laboratory (including hormonal blood analysis)
and instrumental studies (brain MRI with contrast, com-
puter perimetry and ophthalmoscopy). Prolactin, growth
hormone (GH), and insulin-like growth factor 1 (IGF-1)
levels were measured using the automated Liaison sys-
tem (DiaSorin, Italy). MRI with gadolinium contrast
enhancement was performed on a high-field General
Electric 450W magnetic resonance scanner with a power
of 1.5 T. Transnasal transsphenoidal adenomectomy was
performed in accordance with clinical guidelines for neu-
rosurgical treatment of patients with pituitary adenomas
after obtaining written informed consent.

The morphological analysis included both histologi-
cal and immunohistochemical (IHC) methods, evaluat-
ing the tumor’s staining properties, structure, and the
presence of hemorrhage, necrosis, fibrosis, and mitotic
figures. The IHC study used antibodies to synaptophy-
sin, low-molecular-weight cytokeratin CAMS5.2, tropic
hormones (prolactin, GH), and somatostatin receptor
subtypes 2 and 5 (SSTR2, SSTR5), as well as the cell pro-
liferation marker Ki-67.

Case description 1

In 2021, patient P.,, a 63-year-old female, was diagnosed
with acromegaly during an examination due to com-
plaints of enlarged facial features, increased foot size by
two shoe sizes, severe sweating, and knee joint pain. An
elevated IGF-1 level and a pituitary endosellar microad-
enoma were detected, but no neurosurgical treatment
or drug therapy was prescribed at that time. The patient
also had complications of acromegaly, including diabetes
mellitus, arterial hypertension, acromegalic cardiopathy,
and a multinodular colloid euthyroid goiter (Bethesda
II). In October 2022, she suffered a cryptogenic ischemic
stroke with hemorrhagic transformation in the left mid-
dle cerebral artery (MCA) basin, which led to complica-
tions, including central paresis of the VII cranial nerve,
dysarthria, and mild right-sided hemiparesis. In Decem-
ber 2022, her IGF-1 level was 719.8 ng/ml (age-specific
reference range: 17-238 ng/ml). An MRI of the pituitary
gland with contrast in April 2023 confirmed an endo-
sellar microadenoma on the right side of the sella turcica,
measuring 9.3 xX7.4x 6.8 mm, deforming the medial wall
of the cavernous sinus. By September 2023, her hormo-
nal blood tests confirmed an active stage of acromegaly
with an elevated IGF-1 level of 1185 ng/ml, and MRI
showed a slight increase in adenoma size to 9.5x7.5x8
mm. A clinical blood test also revealed a slight decrease
in monocytes (Table S1).
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In September 2023, the patient underwent transnasal
transsphenoidal adenomectomy. However, postopera-
tive testing revealed no suppression of GH to less than
1 ng/ml during the oral glucose tolerance test (OGTT)
on the 7th day, which is an unfavorable prognostic sign
indicating a lack of disease remission [36]. Morphologi-
cal examination confirmed a solid pituitary tumor con-
sisting of chromophobic cells with oxyphilic cytoplasm;
no mitotic figures were observed in 10 high-power fields.
IHC analysis revealed densely granulated somatotroph
neuroendocrine tumor markers, including synaptophysin
expression and uneven cytoplasmic staining in up to 80%
of cells for GH and CAM5.2, with no prolactin detected.
Moderate expression of somatostatin receptor subtypes 2
(IRS 8) and 5 (IRS 6) was present in over 80% of tumor
cells, and the Ki-67 labeling index was 3.0%.

During a follow-up examination 12 months after sur-
gical treatment, remission of acromegaly was confirmed,
with an IGF-1 level of 99.2 ng/ml. Brain MRI with con-
trast enhancement showed no evidence of pituitary
neuroendocrine tumor recurrence — Fig. 1. The clinical
blood test results remained within the reference ranges.
(Table S1).

Case description 2

Patient R. first noted a menstrual cycle disorder such as
amenorrhea, episodic headaches and decreased visual
acuity in the left eye, gradual weight gain of 10 kg over
the course of a year at the age of 18 years (in 2021). In
February 2022, following ineffective treatment with
dydrogesterone prescribed by a gynecologist, hyper-
prolactinemia was detected with prolactin levels reach-
ing 2746.6 mIU/I (reference range: 94-557 mlIU/l). An
MRI with contrast revealed a pituitary lesion measuring
41x%25x18 mm, extending into the left cavernous sinus
(Knosp 1V), the third ventricle, deforming the sphenoid
sinus, and compressing the optic chiasm. Cabergoline
therapy was initiated at a dose of 0.5 mg twice a week,
leading to a reduction in prolactin levels to 921.6 mIU/1
by April 2022, with biologically active (monomeric) pro-
lactin at 870 mIU/l (reference range: 64—365 mlU/I).
Elevated IGF-1 levels at 619.1 ng/ml (reference range:
94-479 ng/ml) and the absence of GH suppression dur-
ing OGTT confirmed the active stage of acromegaly,
even in the absence of characteristic facial changes. The
patient was also diagnosed with partial atrophy and optic
neuropathy of both optic nerves, right-sided hemiano-
psia, and secondary hypothyroidism, for which sodium
levothyroxine therapy was prescribed.

In May 2022, the patient underwent transnasal trans-
sphenoidal adenomectomy. Postoperatively, visual acu-
ity improved, and headaches became less frequent and
less intense. Morphological examination revealed an
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eosinophilic pituitary tumor with a solid-trabecular
structure and 3 mitoses per 10 high-power fields (40x).
IHC analysis confirmed a sparsely granulated somato-
trophic neuroendocrine tumor, showing diffuse syn-
aptophysin expression, focal weak GH expression, and
cytoplasmic CAM5.2 expressions, with no prolactin
expression. The Ki-67 proliferation index in "hot spots”
was high, reaching 11%. A focal reaction to somatostatin
receptor subtypes 2A and 5 was also observed (6 points
on the IRS scale). In the early postoperative period,
GH levels at OGTT were 0.438 ng/ml (below 1 ng/ml),
IGF-1 levels were 320.2 ng/ml (reference range: 109-479
ng/ml), and prolactin was 30.8 mIU/l (reference range:
94-557 mIU/).

During an MRI of the brain conducted 11 months after
neurosurgical treatment in April 2023, residual tumor
tissue was detected in the left cavernous sinus, encir-
cling the left internal carotid artery (ICA), measuring
18X 11x21.5 mm. Additional tumor tissue was noted in
the left sections of the sella measuring 11x10.5x8 mm,
adjacent to the left contour of the infundibulum and
extending toward the optic chiasm, displacing it down-
ward. Tumor remnants were also identified in the right
sections of the sella, measuring 10x8x6.3 mm. The
patient’s IGF-1 level remained elevated at 441.7 ng/ml
(reference range: 109-479 ng/ml), GH was 1.08 ng/ml
(reference range: 0.11-9.17 ng/ml), and prolactin was
103.2 mIU/I (reference range: 94—557 mIU/l). The oph-
thalmologist noted improvements in the patient’s visual
function. Due to persistent amenorrhea and normal
blood prolactin levels, secondary hypogonadism was
diagnosed, and the patient was prescribed combination
therapy with dydrogesterone and estradiol.

By the summer of 2023, the patient R. has noted a dete-
rioration in her health in the form of decreased visual
acuity and periodic occurrence of diplopia. In October
2023, she experienced a sudden sharp headache on the
left side, accompanied by vomiting and elevated blood
pressure (145/95 mm Hg), followed by numbness on the
left side of the forehead and persistent ptosis of the left
eyelid. Dexamethasone (16 mg twice daily subcutane-
ously) was prescribed for its decongestant effect, which
led to an improvement in her condition, particularly a
reduction in the pressure sensation in the left eye. MRI
of the brain with contrast revealed residual tumor tis-
sue in the left cavernous sinus, encircling the left ICA
and measuring 21X 18x30 mm (previously 18 x11x21.5
mm). This tissue was closely adjacent to the pons with-
out signs of invasion and slightly compressing the adja-
cent parts of the temporal lobe, which showed signs of
hemorrhagic sequelae. In the left sections of the sella,
tumor tissue measured up to 20x16x13 mm (previ-
ously 11x10.5x8 mm), adjacent to the left contour of
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GH at 3.78 ng/ml (reference range: 0.11-9.17 ng/ml), and
prolactin at 40.5 mIU/I (reference range: 94—557 mIU/l).
The clinical blood analysis indicated neutrophilic leuko-
cytosis, lymphopenia, thrombocytosis, and an elevated
ESR (Table S1). Examination by an ophthalmologist
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showed partial atrophy and optic neuropathy of both
optic nerves, complete ptosis of the left eye, neuropathy
of the left oculomotor nerve.

In October 2023, the patient underwent a repeat trans-
nasal transsphenoidal adenomectomy. Morphological
analysis confirmed a solid tumor of the adenohypophysis,
consisting of eosinophilic and chromophobic cells, with
one mitosis and extensive foci of fibrosis and necrobiotic
changes, indicating signs of apoplexy. In the early post-
operative period, IGF-1 level was 365.4 ng/ml (reference
range: 109-479 ng/ml), GH was 1.28 ng/ml (reference
range: 0.11-9.17 ng/ml), and the patient continued to
experience decreased visual acuity, limited mobility of
the left eye, and diplopia. A control MRI with contrast
revealed residual tumor tissue in the suprasellar cistern,
extending into the cavity of the third ventricle, compress-
ing the chiasm, with a remnant measuring approximately
15X 10 mm. Additional tissue in the right sections of the
sella measured about 7 x5 mm, and similar tissue contin-
ued to encircle the left ICA (Knosp IV).

During a follow-up examination in February 2024, the
IGF-1 level was 384.8 ng/ml (reference range: 109-479
ng/ml). GH levels during OGTT showed no suppres-
sion: basal GH was 1.8 ng/ml; GH after 30 min was 1.3
ng/ml; after 60 min, it was 1 ng/ml; after 90 min, it was 1
ng/ml; and after 120 min, it was 1.1 ng/ml (normal sup-
pression is less than 1 ng/ml). Prolactin was measured at
134.9 mIU/1 (reference range: 94—557 mIU/I). The clini-
cal blood test showed a slight increase in ESR and rela-
tive lymphocytosis (Table S1). MRI results indicated that
residual tumor tissue measuring 14X 11 mm remained in
the left cavernous sinus, encircling the left ICA (Knosp
IV), with additional remnants in the suprasellar cistern
that compressed the chiasm and closely approached
the left optic nerve, measuring 21X 14x15 mm (previ-
ously 15x10x13 mm). In the right sections of the sella,
the tumor measured 10x9.5 mm (previously 7x5 mm)
and was deforming the medial wall of the right cavern-
ous sinus. An ophthalmological examination confirmed
anisocoria, optic neuropathy in both eyes, partial oph-
thalmoplegia, incomplete ptosis of the upper eyelid, and
neuropathy of the left oculomotor nerve. Given the nega-
tive trend in tumor size, the neurosurgeon recommended
repeated surgical intervention.

In April 2024, the patient underwent a third transnasal
transsphenoidal adenomectomy. Morphological exami-
nation revealed fragments of a pituitary tumor composed
of eosinophilic and chromophobic cells, characterized
by a solid structure and extensive foci of hemorrhage,
with adjacent areas of the adenohypophysis. The tumor
was classified as fragmented. The IHC profile indicated a
densely granulated somatotrophic neuroendocrine tumor
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of the pituitary gland, with synaptophysin and somato-
tropic hormone expression in single cells, and CAM5.2
staining showing fibrous bodies in small quantities. No
prolactin expression was detected, and the Ki-67 labe-
ling index was 15.0%. Moderate expression of somato-
statin receptors subtype 2 was noted on the membranes
of 50—-60% of tumor cells (6 points according to the IRS),
while moderate expression of subtype 5 was found on
70-80% of tumor cells (6 points according to the IRS).
During preoperative preparation in April 2024, the ESR
remained elevated (Table S1).

In the early postoperative period, an MRI of the brain
with contrast showed no tumor tissue in the sella turcica;
however, in the suprasellar cistern, heterogeneous solid
tissue measuring approximately 18x13x16 mm (previ-
ously 21 X 14x15 mm) remained, compressing the chiasm
and adjacent to the left optic nerve at the entrance to the
bony canal. In the right sections of the sella turcica and
right cavernous sinus, a heterogeneous cystic-solid tissue
structure was observed, with an oval-shaped solid area
exhibiting slow contrast accumulation, measuring about
8% 7 mm (previously 10x9.5 mm, classified as Knosp I).
The left cavernous sinus was deformed due to fibrous-
cystic postoperative changes, with a solid area primarily
in the posterior sinus sections, encircling the left ICA
and measuring 17x19x11 mm (Knosp IV). IGF-1 level
was 369.5 ng/ml. In June—August 2024 a stereotactic
radiation therapy (TrueBeam, 30 fractions of 1.8 Gray
over 6 weeks, overall 54 Grey) was performed. The level
of IGF-1 in September 2024 was 176,6 ng/ml (102-351),
MRI described a decrease in tumor size in the left cav-
ernous sinus to 11 X7x10 mm (Knosp IV), in suprasellar
area to 17X 12x15 mm and stabilization of tumor size in
right cavernous sinus to 8 X7 mm (Knosp I). The patient
continues to be under dynamic observation.

Results

Any tumor, including PitNETs, is a systemic disease that
reorganizes the immune system both locally and systemi-
cally [37]. The immune response to tumorigenesis is a
coordinated process in all tissues—in the periphery, in
secondary lymphoid organs, and in the tumor-affected
organ. In this regard, we compared the subpopulations of
lymphoid and myeloid cells of two patients in peripheral
blood and in PitNET tissue as well as between each other
using multicolor flow cytometry (protocol and method-
ology are in Supplementary Material 1).

Two patients’ peripheral blood and PitNET samples
were analyzed using four distinct multicolor cytomet-
ric antibody panels to assess the presence and distribu-
tion of various immunocompetent cell subpopulations.
Panel Nel consisted of an antibody cocktail designed to
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analyze major lymphocyte subpopulations, their differ-
entiation into memory cells based on CD45RO expres-
sion and functional status by PD-1 expression. Panel
Ne2 was designed to analyze the cytotoxic potential of
CD8+T-cells and NK-cells by examining the expres-
sion of cytolytic molecules, specifically perforin and
granzyme B, as well as activation molecules CD38 and
HLA-DR. Antibody panels Ne3 & Ne4 were designed to
analyze myeloid cell subpopulations, including mono-
cytes, macrophages, and myeloid-derived suppressor
cells (MDSCs).

The blood and adenoma of patient P. were analyzed
only once. Patient R., who experienced a recurrence,
visited our center on multiple occasions. Her adenoma
was analyzed two times, following surgeries in October
2023 and April 2024, and her blood was analyzed three
times, prior to surgeries and between surgeries, in Feb-
ruary 2024. Hereby, we studied two female patients, aged
63 and 20 years old, respectively. Inmunophenotyping of
blood and PitNET-infiltrated leukocytes of patient P. was
conducted at the time of surgery due to the initial diagno-
sis of somatotropinoma. One year has elapsed since the
surgery, and no signs of recurrence have been confirmed
by the time of publication. We followed up changes in
blood and PitNET leukocytes of patient R. from the date
of surgery for the initial recurrence of somatotropinoma
to the date of surgery for the second recurrence occurred
five months later.

Peripheral blood: lymphocyte subpopulations (panel N°1)
Patient P, aged 63
The clinical blood analysis (CBA) yielded unremarkable
results, with the exception of a slight decrease in the
absolute number of monocytes that reached 0.24*10"9
KkL/L, a value that falls below the normal range of 0.3—
1*1079 kL/L (Table S1). The representative cytometric
data for the analysis of the principal lymphocyte subpop-
ulations in the blood are presented in Fig. S1.

All major lymphocyte populations (T-, B-, and NK-
cells) were within the normal range, with T-lymphocytes

(See figure on next page.)
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representing the majority (83.2%)—Fig. 2, al. The ratios
between the subpopulations of NK-cells in patient P.
were within the normal range. In the structure of T cells,
there was an increase in the subpopulation of cytotoxic
CD8+T cells, which was accompanied by a decrease in
the immunoregulatory index (IRI), defined as the ratio
of CD4/CD8 T cells—Fig. 2, bl. The CD3+CD4+lym-
phocyte population was predominantly composed of
CD3+CD4+ CD25 +activated cells (46.1%), while the
proportion of CD3+CD4+cells expressing the regula-
tory, inhibitory lymphocyte activation molecule PD-1
was within the normal range (2.66%,—Fig. 2, b4). The
number of regulatory T cells (Tregs) was also within
the normal range—Fig. 2, cl. The number of naive
CD3+CD4+ CD45RA +cells was less than mem-
ory CD3+CD4+CD45RA- cells. This trend was also
observed in the case of Tregs. Conversely, the majority of
CD3+ CD8 + cells were naive cells (67.7%)—Fig. 2, b2-b3.
Additionally, the expression of the PD-1 marker was
within the normal range and amounts to 2.34% (Fig. 2,
b5, Table 1).

Patient R., aged 20

At the time of the patient’s R. first relapse in October
2023, patient R. took dexamethasone at a dosage of 32 mg
per day. According to the CBA data, there was a notable
elevation in leukocytes, reaching 14.01*1079 kL/L. Addi-
tionally, the leukocyte profile exhibited a shift towards
neutrophils (82.8%—11.61*1079 kL/L), accompanied by a
reduction in the relative number of lymphocytes (14.1%),
with their absolute number remaining within the normal
range. Monocyte values were approaching the lower lim-
its of the reference range. By April 2024, all parameters
exhibited positive dynamics, and a slight relative lympho-
cytosis was observed in February 2024 (Table S1).

FC data demonstrated a disruption in the cellular
immunity balance at the initial relapse manifested by
a reduction in the relative number of NK-cells and an
increase in B cells up to 38.3%, and a decrease in T cells
(61.3%) to a level below the normal range. By April 2024,

Fig. 2 Distribution of lymphocyte subpopulations in blood: comparison between healthy donors and two patients. al - distribution of T-cells; a2
— distribution of B-cells; a3 — distribution of NK-cells; a4 — distribution of NK-cell subpopulations; b1 - distribution of CD4 +& CD8+ subpopulations
gated from CD3 +T-cells; b2 — distribution of CD45RA + naive and CD45RA- memory CD4 +T-cells; b3—distribution of CD45RA + naive

and CD45RA- memory CD8 +T-cells; b4—distribution CD4 +T-cells with PD-1 expression; b5—distribution CD8 +T-cells with PD-1 expression;
c1—distribution of Tregs; d1 — distribution of perforin +lymphocytes; d2 — distribution of Granzyme B+ lymphocytes; c1—distribution of Tregs;

d1 - distribution of perforin +lymphocytes; d2 — distribution of granzyme B +lymphocytes; d3—distribution of perforin + Granzyme B+ NK-cells;
d4—distribution of perforin +granzyme B+ CD8 +T-cells; e1 — perforin-mediated cytotoxicity index of CD8 +T-cells; e2 — granzyme B-mediated
cytotoxicity index of CD8+T-cells; e3 — perforin-mediated cytotoxicity index of CD16 4+ NK-cells; e4 — granzyme B-mediated cytotoxicity index

of CD16+ NK-cells; e5 - perforin-mediated cytotoxicity index of CD56 + NK-cells; e6 — granzyme B-mediated cytotoxicity index of CD56 + NK-cells;
Data for healthy donors are represented as medians + SE; Data for both patients are represented as values of their relative frequencies. HD refers

to healthy donors, P. - patient P, R.1 - Patient R. measurement 1 in October 2023 at the first relapse; R.2 — Patient R. measurement 1 in February 2024
between relapses; R.3 — Patient R. measurement 3 in April 2024 at the second relapse; * refers to the difference from HD; ** refers to the difference
between patients; *** refers to difference between the measurements of Patient R
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at the time of surgery for the second relapse, the equi-
librium of T, B, and NK cell populations in the periph-
eral blood had been restored to normal, (Fig. 2, al-a3,
Table 1).

At the time of the initial relapse, the predomi-
nant subpopulation among NK-cells was effector
CD16+CD56+(78.9%) NK-cells. The young regulatory
CD16-CD56 + cytokine-producing NK-cells constituted
10.7%, with the immature CD16-CD56- NK-cells emerg-
ing. From October 2023 to April 2024, the following
dynamics were observed: an increase in the immature
(CD16-CD56-) and lytic (CD16+CD56-) NK subpopu-
lations, which was accompanied by a decrease in the
effector (CD16+CD56+) and (CD16-CD56 +) cytokine-
producing cells reaching 62.4% and 3.63%, respectively.
As the disease progressed, a notable imbalance among
NK subpopulations was observed (Fig. 2, a4, Table 1).

Follow-up observation of T-cell immunity in patient R.
revealed a slight increase in the relative number of T lym-
phocytes based on the increase in CD3 + CD8 + cytotoxic
T cells, while the CD3+CD4+T cells demonstrated a
more stable level (Fig. 2, bl). The IRI showed a notable
decline from 1.12 to 0.79. Additionally, a slight fluctuation
in the number of regulatory T cells (Tregs) was observed,
within a range from 7.7% to 10.1% to 6.7% (Fig. 2, cl,
Table 1). Frequency of activated CD3 +CD4+CD25+T-
lymphocytes reduced from 36.9% to 22.5%. As the dis-
ease progressed, there was a notable shift in the balance
of naive and memory T cells, with an increase in the
proportion of CD3+CD4+CD45RA- memory cells
(from 45.4% to 54.1%)—Fig. 2, b2-b3. Concomitantly,
the expression of PD-1 also decreased, from 23.1-25.7%
to 9.8%, in both CD3+CD4+cells and Tregs—Fig. 2,
b4. A steady prevalence of naive cells (83.7-86.2%) was
observed among CD3+CD8+ T-cells. PD-1 expression
exhibited slight fluctuations — (Fig. 2, b5, Table 1).

It is therefore worth highlighting the following char-
acteristics of lymphocyte immunophenotype of the
two patients: the number of T lymphocytes was higher
in patient P. than in patient R.—Fig. 2, al. The IRI
was reduced in both patients; in patient R. it dem-
onstrated a tendency to decrease as the disease pro-
gressed. It should be noted that IRI decreases with
age, in endocrine diseases, solid tumors [38]. The
number of CD3+CD4+cells, including activated
(CD3 +CD4+CD25 +) cells, was higher in patient P than
in patient R. Furthermore, there was a tendency for these
subpopulations to decrease with disease progression in
patient R. The proportion of CD3+ CD4+PD1+also
decreased in patient R over time, yet remained higher
than in patient P—Fig. 2, b4. The number of Tregs
was comparable in both patients—Fig. 2, c1. Memory
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CD3+ CD45RA- CD4 + T-cells were more prevalent than
naive cells in patient P, whereas in patient R there was
a tendency for their increase with time—Fig. 2, b2. The
number of CD3+CD8+ T-cells (out of all lymphocytes)
in patient R. at the time of surgery for the first relapse
and in association with immunosuppressive therapy was
diminished in comparison to patient P. As the disease
progressed, this parameter reached values comparable
to those of patient P—Fig. 2, bl. In both patients, naive
CD3 +CD45RA 4+ CD8+ T-cells prevailed over memory
cells, with their higher frequency in patient R.—Fig. 2,
b3. This could be attributed to the younger age of the
relapsed patient, as the number of naive T cells is known
to decline with age [39]. Furthermore, PD-1 expression
by CD8+ T-cells was enhanced in patient R. compared to
patient P.—Fig. 2, b5.

Slight variations in the number of T lymphocytes
observed in patient R over time were accompanied by
the sustained reduction of B-cells and the increase of
NK-cells. Yet patient R. restored her TBNK balance to
the normal ranges, her B-cell numbers remained higher
than that of Patient P. Also during the course of patient
P’s disease, there was a decrease in the relative number
of effector CD16+CD56+and a growth of the propor-
tion of immature CD16-CD56- cells among NK-cells.
The balance between these subpopulations in patient P
was within the normal range. The observed increase in
the total NK cell population in this case might therefore
serve to compensate for the lack of effector NK cells. The
case of patient R. served to illustrate that the balance of
lymphocyte subpopulations underwent changes as the
disease progressed. The activation of T lymphocytes
decreased, while the number of naive T lymphocytes
remained high.

PitNETs: lymphocyte subpopulations (Panel N21)
Cytometric dot plots and gating strategy regarding
tumor-infiltrating lymphocyte (TIL) subpopulations are
presented in Fig. S2.

Patient P, aged 63 years, was diagnosed with a densely
granulated somatotroph neuroendocrine tumor of the
pituitary gland, for which she underwent her surgi-
cal intervention. The patient’s PitNET was infiltrated
with a low percentage of TILs reaching 0.75% out of
all cells and 30.2% out of all leukocytes (Table 1). TILs
were predominantly composed of CD3+CD20- T cells
(84.1%), with NK and B cells amounting to 14.2% and
1.33%, respectively (Fig. 3, al-a3). The relative number
of cytotoxic CD3+CD8+lymphocytes (69.9%) were
approximately 3 times higher than CD3+CD4+T help-
ers (22.1%), and thus IRI equaled 0.37. Double positive
(DP) CD4+CD8+ T-cells constituted 1.58%. Memory
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cells constituted about 80% in both CD3+CD4+and
CD3+CD8+T-cell subpopulations. Additionally, low
PD-1 expression was observed in both subpopula-
tions, and no activated CD3 4+ CD4+ or Tregs were pre-
sent—Fig. 3, c1. CD56 + NKT lymphocytes (51.8%) were
particularly abundant. Cytokine-producing NK-cells con-
stituted about 50% of the total NK-cells, while other NK
subpopulations, including effector, lytic, and immature
cells were found at a similar frequency (approximately
15.6% each) (Table 1).

Patient R, aged 20. The patient R. was twice admitted
with a recurrence of a sparsely granulated somatotroph
neuroendocrine tumor of the pituitary gland. At the time
of the TIME analysis following the second recurrence,
three traumatic surgical procedures involving brain tissue
and violating the integrity of the cavernous sinus had been
performed. Dexamethasone administration was prescribed
including the day of surgery for the first recurrence. Unfor-
tunately no data were available on the composition of TILs
for patient R at the initial diagnosis. Nevertheless, an eval-
uation of the process dynamics could be conducted based
on the data obtained from two relapses.

At the time of the surgery for the first relapse, the
operative material demonstrated that TILs constituted
7.42% out of all PitNET cells and 23.4% of all leuko-
cytes. Following the second relapse of the disease and
surgical intervention, the number of TILs increased to
28.2% out of all cells, constituting 50.9% out of all leu-
kocytes. Among TILs in the first relapse, T cells were
predominant lymphocytes (81.9%), of which there were
71.4% CD3+4CD4+cells and 30.9% CD3+CD8+ cells
(IRI=2.3). Within the CD3+ CD20- T-cells we observed
58.6% CD3+ CD4+CD8- and 3.72% CD3 +CD8+ CD4-,
and a high level of CD3+CD4+CD8+DP T lympho-
cytes reaching 36.8%—Fig. 3, bl. IRI value was 15.75
(Table 1). Among CD3 + CD4 + cells, including CD8-pos-
itive cells, CD25 expressed in 28.4% of cells, while PD-1
expression was observed in 6.67% of cells—Fig. 3, b4. The
majority of CD4+ T-cells (93.4%) exhibited a memory
CD3+CD4+CD45RA- phenotype—Fig. 3, b2. There

(See figure on next page.)
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were 34.8% Tregs isolated from 71.4% of CD3+ CDS8-
CD4+ T-cells—Fig. 2, cl. Among CD3+CD8+cells,
including CD4-positive cells, 2.26% cells expressed
PD-1—Fig. 3, b5. Memory CD3+CD8+ CD45RA- cells
(77.0%) prevailed over naive cells (Table 1)—Fig. 3, b3.

The analysis of TILs in the pituitary tissue after inter-
vention for the second recurrence demonstrated a shift
in the lymphocyte TBNK balance towards NK-cells—
Fig. 3, al- a3. The number of T lymphocytes decreased
to 42%. Additionally, alterations were observed among
T-cells. The number of CD3+CD4+CD8+DP T-cells
decreased to 22%, while CD3+CD4+CD8- lympho-
cytes and CD3+CD8+CD4- lymphocytes reached
55.3% and 20.9%, respectively—Fig. 3, bl. Conse-
quently, IRI calculated from T-cell subpopulations with-
out considering CD4+ CD8+ co-expression equaled
2.65. CD25 expression decreased to 13.3% among
CD3+CD4+cells including CD8-positive cells. In
contrast, PD-1 expression significantly increased to
78.4% among CD3+CD4+cells and to 62.3% among
CD3+CD8+ T-cells (Fig. 3, b4-5). Tregs number dras-
tically reduced to 19.4%. The ratio between naive and
memory cells in the CD3 + CD4+and CD3+ CD8 + pop-
ulations, as well as among Tregs remained unaltered, tak-
ing into account double positive events. As the disease
progressed, the number of CD56+NKT cells increased
from 8.22% to 25.2%. Furthermore, not only did NK-cells
increase in the number from 5.57% to 57%—Fig. 3, a3,
but alterations in their structure accompanied the second
relapse. The proportion of cytokine-producing CD16-
CD56 + NK-cells grew from 5.56% to 66.6% along with a
reduction CD16+ CD56 + effector NK-cell (from 34.3%
to 25.3%) and immature CD16-CD56- NK-cells (from
50.9% to 5.5%)—Fig. 3, ad. Thus, the increase in NK-cells
was primarily attributable to CD3-CD56 + subpopula-
tion, which constituted 48.6% of all lymphocytes, while
CD3-CD16 +cells contributed only 16.6% (Table 1). The
alterations in lymphocyte balance impacted B-cells also,
with a notable decline in their frequency from 11.3% to
0.6%—Fig. 3, b2.

Fig. 3 Distribution of lymphocyte subpopulations in the patients' PitNets: comparison between two patients. al — distribution of T-cells; a2 —
distribution of B-cells; a3 — distribution of NK-cells; a4 — distribution of NK-cell subpopulations; b1 - distribution of CD4 + & CD8 + subpopulations
gated from CD3 +T-cells; b2 — distribution of CD45RA + naive and CD45RA- memory CD4 +T-cells; b3—distribution of CD45RA + naive

and CD45RA- memory CD8 +T-cells; b4—distribution CD4 +T-cells with PD-1 expression; b5—distribution CD8 +T-cells with PD-1 expression;
c1—distribution of Tregs; d1 - distribution of perforin +lymphocytes; d2 — distribution of Granzyme B+ lymphocytes; d3—distribution

of perforin+granzyme B+ NK-cells; d4—distribution of perforin +granzyme B+CD8+T-cells; e1 — perforin-mediated cytotoxicity index

of CD8+T-cells; e2 — granzyme B-mediated cytotoxicity index of CD8+T-cells; e3 — perforin-mediated cytotoxicity index of CD16 +NK-cells;

e4 - granzyme B-mediated cytotoxicity index of CD16+ NK-cells; e5 — perforin-mediated cytotoxicity index of CD56 + NK-cells; 6 — granzyme
B-mediated cytotoxicity index of CD56 + NK-cells; f1 - frequency of macrophages among all cell types in PitNETs; f2 — distribution of macrophage
M1 and M2 subpopulations; Data for both patients are represented as values of their relative frequencies. HD refers to healthy donors, P. - patient P,
R.1 = Patient R. in October 2023 at the first relapse; R.2 — Patient R. in April 2024 at the second relapse; * refers to the difference between patients; **

refers to the difference between two relapses of Patient R
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The summary of the data on TILs in both patients
revealed several noteworthy trends. Both patients
exhibited a high number of memory T cells in the
pituitary tissue, across both the CD3+CD4+and
CD3+CD8+ populations Fig. 3, b1-2. Furthermore, the
ratio of memory cells to naive lymphocytes remained
unaltered throughout the course of the disease. The
number of T lymphocytes in patient P. and in patient R.
at first relapse in pituitary tissue was comparable. Both
exhibited low expression of PD-1 on CD3+ CD4+and
CD3+CD8+T cells.

It is evident that patient R., who experienced tumor
progression in the pituitary tissue and underwent trau-
matic surgical procedures, exhibited a markedly different
TIME than patient P. The structure of T- and NK-cells
in these two patients differed dramatically. Therefore,
although the number of T lymphocytes declined in
patient R. over time, the subpopulation composition dif-
fered from that of patient P. by exhibiting a predominance
of CD3+CD4+lymphocytes over CD3+CD8+, and
a substantial presence of CD3+CD4+CD8+DP cells
(Fig. 4). The appearance of DP T cells, which frequently
arise from CD4+T-cells and subsequently acquire the
phenotype and properties of CD8+ T-cells under con-
stant stimulation of their TCRs by tumor antigen, has
been observed among TILs of different tumor types
[40]. Also the second recurrence of the tumor process in
pituitary tissue in patient R. was accompanied by a sig-
nificant increase in PD-1 expression on CD3 + CD4+and
CD3+CD8+T cells (Fig. 3, b4-b5) and Tregs. Chronic
tumor-specific TCR stimulation has been demonstrated
to induce long-term persistent PD-1 expression, which
ultimately results in the functional depletion of T cells
and the attenuation of their anti-tumor activity [39].

[a]
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Peripheral blood: cytotoxic potential of CD8 + T-cells
and NK-cells (panel N22)
The granule-mediated cytotoxicity of effector cells repre-
sents one of the key mechanisms underlying their cyto-
toxic action against tumor growth and the induction of
target cell death. Granzyme B is the primary mediator
of the cytolytic activity of effector cells, while perforin is
responsible for the delivery of this protein to the target
cell. Fig. S3 illustrates the gating strategy of FC data at
evaluating the granule-mediated cytotoxic potential. The
proportion of CD3+and CD3- cells expressing perforin
or granzyme B was determined. Additionally, the pro-
portion of cytotoxic CD3+CD8+T cells and NK cells
expressing both types of granules, perforin and granzyme
B, independently or simultaneously was estimated. Even-
tually, the cytotoxic index (CI) of CD3+CD8+T cells
and CD16 +and CD56 NK cells was calculated based on
the expression of perforin and granzyme. The results of
the analysis of cytotoxic potential of the main lympho-
cyte populations are presented in Table 2, Figs. 2 and 3.
Furthermore, we estimated CD8 and CD38 expres-
sion on NK cells. NK cells that express CD8 (CD3-
CD8+NK) typically carry CD8a homodimer, which
protects them from apoptosis following target cell
encounter and its lysis. In other words, CD3-CD8 + NK
cells are protected from activation-induced apoptosis
and have the capacity for multiple lysis of target cells
[42]. The signal from CD38 in activated NK cells elicits
a cytotoxic response, granzyme release, and cytokine
secretion. The association of CD38 and CD16 is crucial
for NK cells to develop an effector cytotoxic phenotype
[43]. Human leukocyte antigen-DR (HLA-DR) or major
histocompatibility complex type II molecule (MHC
class II) is frequently regarded in clinical settings as

a1l a2 a3

107+ 10°4

69.9% | 4.74% 13.72% 36.8%

0 . N 0 il ®oae . [To)
o 104 o 104 = e S
© g © E .; el . L~ ©
E ':: 5 .," e, 5
I 10°4 . ., I 104 I
[e0] . o) -t ©
8 e .- L LY 8 - -'. 8

Oi . ..'.-fé, 0; .-.‘:

103-: 1,58% 24.7% 104 0.91% 58.6% 10‘3: 4.1% 55.3%

10° 0 10  do*  10° 0 0 10 10 100 100 0 10 10t 10°
CD4 - BV786 CD4 - BV786 CD4 - BV786
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Table 2 The parameters of granule-mediated cytotoxic potential determined via flow cytometry analysis (Panel N22) in the blood and
PitNETs tissue of two patients (patient P with primary disease, and patient R, who experienced a relapse)

Reference Patient P,  PatientR., PatientR., Patient R., blood PatientP, PatientR., PatientR.,
Intervals, Blood, blood, % blood October  blood February  April 2024, % PitNET, % PitNET, October  PitNET, April
%, n=23,*n=5 2023, % 2024, % 2023, % 2024, %
CD3-Perforin +cells 54-16.1 8.74 234 7 9.95 9.06 0.67< 281
out of all lymphocytes
CD3-GranzymeB +cells 4.7-153 7.06 1.64< 0.12< 0.19< 6.3 039< 457
out of all ymphocytes
CD3 + Perforin +cells 43-133 108 8.69 357 1.12< 15.7 633 142
out of all ymphocytes
CD3+ GranzymeB +cells 74-199 268 105 038< 0.86< 46.1> 3.65 6.43
out of all lymphocytes
Perforin + cells out of all 12.7-265 19.54 11.03 10.57 11.07 24.76 7.0 4.22
lymphocytes (Sum)
GranzymeB +cells 144-329 339 12.14 0.5< 1.05< 524 4.04 11,0
out of all ymphocytes
(Sum)
GranzymeB + Per- 72.1-91.0 64.3 66.3 439< 0.1< 469 11.8< 361<
forin + cells out of CD3-
NK-cells
CD3+CD8+T-cells 21.7-305 371> 273 36.2> 38.1> 556 30.7 229
out of all ymphocytes
GranzymeB + Per- 6.5-30.3 69.9> 294 044< 0.09< 8.7< 287< 3.28
forin+cells
out of CD3+CD8 +T-cells
CD8+ Perforin+cytotoxic-  22.5-48.9 302 252 124< 9.7< 302 219 26.8
ity index, %
CD8+GranzymeB+cyto-  304-586 59.7 30.1 09 03.< 63.3 255 24.5
toxicity index, %
CD16+ Perforin +cytotox- ~ 64.8-97.5 83.1 526 964 84.2 66.6 NA 10.5
icity index, %
CD16+GranzymeB+cyto-  61.3-88.7 709 443< 1.6< 02< 552 354 182
toxicity index, %
CD56 +Perforin+cytotox-  64.3-94.7 60.6 87.1 55.7 54 29 11.8 6.3
icity index, %
CD56+GranzymeB+cyto-  61.3-93.1 525 74.8 15< 0.1< 56.1 27 8.2
toxicity index, %
CD3+CD38+from 2.1-7.0% 3.68 251 1.52 6.04 54.5> 6.92 36.2>
CD45 +lymphocytes
CD3+(CD8+(CD38+from  1.3-4.9* 1.88 4.15 23 4.5 748> 132 758>
CD3 +CD8+T-cells
CD3+HLA-DR+from 0.6-2.0* 846> 143 1.69 1.68 9.09 30.2 2.35
CDA45 +lymphocytes
CD3+CD8+HLA- 03-2.7* 123> 337 1.05 26 5.07 5.54 6.11
DR+ from
CD3+CD8+T-cells
CD8+CD38+from 3.8-36.4* 185 7.64 6.96 17.2 8.82 NA 10.7
NK-cells
CD8 +CD38-from NK-cells ~ 5.0-20.0% 435 23.1> 284> 182 5.88 NA 039

Notations: > strong overperformance; < underperformance

a marker of late activation, a marker of immune reac-
tivity. The expression of this marker can be utilized
to assess the strength and magnitude of the immune
response.

Patient P, a 63-year-old female
The number of perforin and granzyme B containing
lymphocytes was within the normal range, amounting

to 19.54% (sum of CD3+ Perforin+and CD3-Per-
forin+) and 33.9% (sum of CD3+ Granzyme B+and
CD3-Granzyme B +), respectively — Fig. 2, d1-d2. The
proportion of NK cells and CD3 + CD8 + cytotoxic cells
containing perforin and granzyme B granules simulta-
neously was approximately equal, amounting to 64.3%
and 69.9%, respectively, though exceeding the nor-
mal values for CD8+T cells (Fig. 2, d3-d4, Table 2).
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However, we observed that the density of perforin
and granzyme B expression in the CD3+ CD8+ T-cell
subpopulation was relatively low (Fig. 5, al). The CI
of CD8+and CD16 + subpopulations by perforin and
granzyme B was within the normal range Fig. 2, el-e4,
with a slight reduction observed for CD56 +NK cells
Fig. 2, e5-e6. However, this remains within the normal
limits. In general, the CD16 + subpopulation exhibits a
higher degree of granule-mediated cytotoxicity.

The frequency of CD8+NK cells exhibiting co-expres-
sion of CD8 and CD38 reached 18.5%, representing a
significant subset of the total CD8+ NK-lymphocyte
population (22.85%). HLA-DR was expressed by 12.3% of
cells within CD3 + CD8 + T-lymphocytes.

Patient R, aged 20, female

Dynamic observation over 6 months revealed that
the total number of perforin-containing lymphocytes
remained unaltered, comprising approximately 11% of all

[a]
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lymphocytes — Fig. 2, d1. However, there was a notable
shift in the balance towards CD3 + Perforin+ -lympho-
cytes. The number of cells containing granzyme B under-
went a notable decline over the course of the disease,
from 12.14% to 1.05%—Fig. 2, d2, Table 2. This alteration
affected both CD3- and CD3+ populations of lympho-
cytes. It is noteworthy that at the time of the first relapse,
the total number of perforin- and granzyme-contain-
ing lymphocytes was comparable (11.05% vs. 12.14%).
However, as the disease progresses, this ratio shifted
towards perforin-containing cells. This was corrobo-
rated by the assessment of the number of NK cells (all
NK except for the CD3-CD16-CD56- population) and
CD3+ CD8+ cytotoxic lymphocytes containing simulta-
neously both types of granules with granzyme B and per-
forin—Fig. 2, d3-d4. At the time of the first relapse, the
number of Granzyme B+ Perforin+ NK cells was 66.3%
of all NK cells. However, this dropped significantly to
4.39% as the disease progressed, reaching a value of less
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Fig. 5 The comparative dot plots observed at analyzing the cytotoxic potential of lymphocytes. a Distribution of CD8+T cells (a1) and NK cells (a2)
from the blood of patient P. (red) and patient R. (blue) on Granzyme B-BV421/Perforin-PerCP-Cy5.5 dot plot; b Distribution of NK cells from the blood
of patient R on Granzyme B-BV421/Perforin-PerCP-Cy5.5 dot plot over time: b1, October 2023; b2, February 2024; b3, April 2024
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than 1% at the time of the second relapse. Similarly, the
percentage of CD3+CD8+lymphocytes caring both
granzyme B and perforin granules at the time of the
first relapse was 29.4%, while at the time of the second
relapse this value was also less than 1% (Table 2). At the
time of the first relapse, we observed two subpopulations
of CD3+CD8 T cells expressing perforin and granzyme
B distinguished by perforin expression density. How-
ever, the cells with high perforin expression level were
not identified in the subsequent analysis in February and
April 2024 (Fig. 5, al).

The CI of CD8+, CD16+, and CD56+cells by gran-
zyme B exhibited a marked decline as the disease pro-
gressed Fig. 2, 2, e4, e6. It would appear that an anergy
of potential effector cells developed in conjunction with
the tumor progression. The CI of CD8 +and CD56 +lym-
phocytes by perforin showed a decline, though not to
such a critical level (Fig. 2, el, e5, Table 2). In contrast,
the situation is different for CD16+lymphocytes. The
CI of CD16+lymphocytes containing perforin granules
increases with disease progression (from 52.6% to 84.2%
at the time of the second relapse—Fig. 2, e3). Observ-
ing that the number of effector CD16+ CD56+NK-
cells declined over time, whereas the number of lytic
CD16+ CD56- NK-cells increased (Table 1) we suggest
that these dynamical changes in cytotoxicity of subpopu-
lations of NK-cells might be attributable to compensatory
reactions in NK-cell homeostasis.

Evaluating CD8 and CD38 expression on NK lym-
phocytes revealed that the number of CD8-positive
cells (calculated as the sum of CD8+CD38+and
CD8+CD38- cells among NK cells) remained constant
(ranging from 30.7% to 35.36% to 35.4%). However, the
proportion of cells expressing CD38 increased as the dis-
ease progressed, from 7.64% to 17.2%. The expression of
HLA-DR remains relatively unchanged, exhibiting mini-
mal fluctuations and maintaining a low level in both total
CD3 population and the CD3 + CD8 + subpopulation.

A comparison of the CIs between the patients revealed
the following: patient P. exhibited a higher number of
granule-containing lymphocytes Fig. 2, el-e6. Addition-
ally, patient P. exhibited elevated CD8+granzyme B
cytotoxicity, while perforin cytotoxicity remained com-
parable (30.2% in patient P, 26.1% in patient R, Fig. 2,
el-e2). When considering CD8 T cells that simultane-
ously expressed perforin and granzyme B, their number
was approximately 2.3 times higher in patient P. com-
pared to patient R. at the initial measurement Fig. 2, d4.
Furthermore, the frequency of these cells in patient R.
decreased from 29.4% to 0.09% (Table 2). The cytotoxic-
ity of CD16+cells (based on CI) by perforin in patient
R. was low at the time of the first relapse. However, as
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the disease progressed, it reached values comparable to
those observed in patient P, though accompanied by the
reverse dynamics of cytotoxic potential of the same pop-
ulation by granzyme B—Fig. 2, e3-e4. The CI for gran-
zyme and perforin for CD56 + cells in patient P. was lower
than that observed in patient R. at the time of the first
relapse. As the disease progressed in patient R., the CI for
perforin decreased to 55.7-55%, while the CI for gran-
zyme dropped to the value less than 1%—Fig. 2, e5-e6.
The proportion of NK cells expressing both perforin and
granzyme B in the blood of patient P. and patient R. at
the first relapse was comparable, reaching 64.3% and
66.3%, respectively. However, within six months of the
disease progression in patient R., this number decreased
significantly, dropping from 66.3% to 0.1% (Fig. 2, d3,
Table 2). NK cells of both patient P. and patient R. at the
first relapse were characterized by the predominance of
effector -CD16+ CD56+ NK-cells, which may explain
why the number of GranzymeB + Perforin+CD3-NK in
these patients was comparable (64.3% and 66.3%). How-
ever, the density of perforin and granzyme B expression
was higher in patient R. at the first relapse (Fig. 5, a2).
Nevertheless, within six months, the level of these cells
dropped to the critical 4.39% and 0.1% (Table 2, Figs. 2,
d3 and 5, b1-b3). In conclusion, there is a notable reduc-
tion in the expression of granzyme-containing lympho-
cytes among both CD8+T cells and NK cells.

The number of HLA-DR+lymphocytes was higher in
both total CD3+ T-cells and cytotoxic CD3+CD8+ T-cells
in patient P. Despite the lower number of CD8+ express-
ing cells among all NK in patient P. compared to patient R.,
the proportion of cells expressing CD38 was significantly
higher. It can be postulated that there was an increase in the
number of prolonged-acting NK cells in patient P, although
the level of cytotoxicity may have decreased.

PitNETs: cytotoxic potential of CD8 + T-cells and NK-cells
(panel N22)

The cytometric analysis of the cytotoxic potential of
CD8+T cells and NK cells infiltrating the PitNETs is pre-
sented in Fig. S4.

Patient P, aged 63 years

In Patient P’s adenoma, a high frequency of perforin
and granzyme B-containing cells was identified within
CD3 + T-cells, in comparison to CD3- lymphocytes. Fur-
thermore, almost half of CD3- NK cells were found to
produce both perforin and granzyme B simultaneously
(46.9%)—Fig. 3, d3. In CD8+and CD56+lymphocyte
subpopulations, the calculated CI for granzyme B was
approximately twice that of perforin-containing cells—
Fig. 3, el-e2, e5-e6. In case of CD16+lymphocytes, the
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aforementioned indices were almost equal, with perforin-
containing cells accounting for 66.6% and granzyme
B-containing cells for 55.2%—Fig. 3, e3-e4. It’s notewor-
thy, 54.5% CD3 + cells and more than 70% CD3+ CD8+T
lymphocytes expressed CD38, with a mere 9.09% and
5.07% of these cells exhibiting HLA-DR expression,
respectively. Double-positive CD8+CD38+NK cells
accounted for 8.8% of all NK lymphocytes (Table 2).

Patient R, aged 20 years

We observed the following dynamics of the number of
granule-containing TILs during the disease progression:
the level of perforin-containing lymphocytes decreased,
while the number of cells containing granules with gran-
zyme B increased. The number of granule-containing
cells in CD3- NK cells increased with disease progression
(Table 2). Concurrently, the number of cells containing
granules of both perforin and granzyme B in CD3- NK
cells decreased (from 11.8% to 3.61%, Fig. 3, d3), while
there were minimal alterations (2.87% at the first relapse,
3.28% at the second relapse) in CD3+CD8 + cytotoxic
lymphocytes—Fig. 3, d4. The level of perforin- and gran-
zyme B-mediated CD8+CI remained stable (Fig. 3,
el-e2), while granzyme B-mediated CD16+lymphocyte
CI declined (data on perforin-mediated CD16+ cyto-
toxicity could not be obtained at the first relapse due to
low number of CD16+events)—Fig. 3, e3-e4. A similar
trend was observed for CD56+lymphocytes (both CI
decreased as the disease developed, Fig. 3, e5-e6). The
data on cytotoxic potential were in a good agreement
with the dynamics of changes in the number of granule-
containing effector cells and with changes in the structure
of NK cells (by the second relapse cytokine-producing
CD16-CD56 + NK cells became the prevailed subpopula-
tion) (Tables 1 & 2). The number of CD38+ T-lympho-
cytes at the time of the second relapse sharply increased,
reaching almost fivefold the initial value, both among
CD3+and CD3+CD8+ T-cells. The number of T-cells
expressing HLA-DR heavily decreased at the time of the
second relapse; however, CD3+ CD8+ T-cells expressed
HLA-DR in a sustained manner. We observed a high
percentage of CD8+4CD38+NK cells at the time of the
second relapse, amounting to 10.7%. We couldn’t analyze
the dynamics of these cells as there appeared insufficient
number of events in the gate of NK cells of the adenoma
sample at the first relapse to perform statistically signifi-
cant assessment (Table 2).

Comparing the cytotoxic potential of effector lympho-
cytes between two patients we revealed that the num-
ber of effector cells producing perforin and granzyme B,
including those that produced both granule types simul-
taneously was markedly reduced in patient R. exhibiting
a more aggressive disease course—Fig. 3, d1-d4, el-e6. At
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the same time, at the second relapse, the number of NK
cells in this patient constituted over 50% of all lympho-
cytes, with the majority exhibiting a CD3-CD56 + pheno-
type (Fig. 3, a4, Table 1). However, less than 6% of these
cells were able to fulfill their cytotoxic potential through
perforin production (Fig. 3, €5, Table 2). The similar sce-
nario was observed for CD16+ population of patient R.—
Fig. 3, e3. Whereas, perforin-mediated cytotoxicity can
be achieved by 66.6% of CD16+and 29% of CD56 + TILs
in patient P.—Fig. 3, 3, e5. CD8+cells in two patients
displayed comparable values for perforin content—Fig. 3,
el. Additionally, in comparison to patient P, TIME of
patient R. exhibited a diminished infiltration of granzyme
B-mediated CD16+and CD56 + effector cells both at the
first relapse and by the second relapse, when CI declined
up to 18% and 8%, respectively Fig. 3, e4, e6. The num-
ber of T lymphocytes expressing CD38 was also mark-
edly lower in patient R with a more aggressive course.
However, by the time of the second relapse, these indi-
ces become comparable between both patients. HLA-DR
expression was comparable in both patients.

Peripheral blood: myeloid cells and myeloid suppressors
(panel N23)

In addition to the analysis of lymphoid cells, we estimated
the number and characteristics of some myeloid cell
populations. The antibodies used in Panel Ne3 permitted
the analysis of monocytes (CD45+ CD14 +), neutrophils
(CD45+CD16+) and myeloid-derived suppressor cells
(MDSCs). The strategy undertaken at the cytometric
analysis of myeloid cells in blood are presented in Fig. S5.

The neutrophil count of patient R. exhibited fluctua-
tions throughout the course of the disease. At the first
relapse, the value was 53.4%. By February 2024, it had
decreased sharply, reaching 19.3%. However, by April,
the neutrophil level had already returned to its previously
observed value of 50.2%. Concurrently, the neutrophil
count for patient P. was 42.7% (Table 3).

Monocytes as cells with phagocytic, antigen-presenting
and regulatory activities may play a significant role in the
development of numerous types of cancer influencing
tumor growth and metastasis. In the periphery, monocyte
frequency is known to correlate with inflammatory pro-
cesses, and may serve as a prognostic parameter for the
development of some cancers [44]. Patient R. at the first
measurement revealed a slight increase in the relative
number of monocytes (10.5%) compared to the control
group (Table 3). However, in the CBA (Table S1), both
the relative and absolute number of monocytes remained
within the normal range. Given the heterogeneous nature
of mature monocytes, which can be divided into three
subpopulations (classical CD14"8"CD167, non-classical
CD14"°%CD16"#" and intermediate CD14"8"™4CD167)
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Table 3 Characteristics of some myeloid cell populations measured by flow cytometry (Panel N3), in the blood and adenoma tissue
of two patients: patient P with primary disease, and patient R, who experienced a relapse

Reference Patient P,  PatientR., blood PatientR., PatientR., Patient P, PatientR., PatientR.,
Intervals, Blood, blood, % October 2023, % blood February blood April adenoma, % adenoma adenoma April
%,n=5 2024, % 2024, % October 2023, 2024, %
%
CD45+CD14+mono-  7.2-9.1 873 105> 7.06 873 205 10.8 123
cytes
CD14"9"CD16- clas-  90.8-95.5 90.4 96 97.2 92.7 153 585 349<
sical monocytes
CD14" 23-50 414 296 1.21 376 67.8> 314> 213>
"4CD16+intermedi-
ate monocytes
CD14°"CD16MN 1.9-42 462 0.79< 148 335 141> 106> 752>
non-classical mono-
cytes
CD14+CD11b+HLA-  7.6-14.1 19 8.67 7.06 9.31 70.1> 357> 94 >
DR+ "9" monocytes
CD14+CD11b+HLA-  856-915 87.3 90.4 925 90.5 245 61.9 297
DR-/+ ™4 monocytes
CD45+CD16+neu- 42.7-52.5 42.7 534 193< 50.2 NA NA 087
trophils
M-MDSC 0.0007 -0.09 038> 08> 0.14 0.19 NA 0.09 0.02
out of CD45 +leuko-
cytes
PMN-MDSC 0—0.002 0 0.0007 0.0005 0.008 0 0 0
out of CD45 + leuko-
cytes

Notations: > strong overperformance; < underperformance

in humans, an additional evaluation of these subpopula-
tions was conducted. In patient R. at the time of admis-
sion in October 2023, a slight decrease in the frequency of
non-classical CD14"°YCD1°"&" monocytes was observed
up to 0.79% (Table 3). The level of HLA-DR expression
on the patients’ monocytes remained within the normal
range (Table 3).

Peripheral MDSCs are a group of immature mono-
cytes and neutrophils undergoing pathological acti-
vation contrary to that of terminally differentiated
mature myeloid cells [45]. These cells typically serve a
regulatory and frequently immunosuppressive func-
tion in the immune response to tumors. Currently,
two major subpopulations of MDSCs are identified
based on their phenotype and morphology: polymor-
phonuclear (PMN-MDSCs) with a CD11b+CD14-
CD15 + phenotype and monocytic (M-MDSCs) with
a CD11b+CD14+ CD15- phenotype. MDSCs are not
typically present in the peripheral blood of healthy
individuals or with concentrations typically below the
limit of detection. According to our data the frequency
of these cells in peripheral blood of healthy donors was
no greater than 0.1% of all leukocytes (Table 3). In vari-
ous malignant neoplasms, myelopoiesis is activated and
an increase in MDSCs in the blood is observed [46].
Furthermore, an excess of M-MDSCs was observed

in the examined patients in comparison to the refer-
ence group of healthy volunteers. Moreover, patient
R. at her first relapse experienced a higher percentage
of M-MDSCs than patient P. (0.8% and 0.38%, respec-
tively; Table 3). It is notable that then the level of
M-MDSCs in patient R. demonstrated a decline over
the period of observation, though it remained a little
higher than the reference values. It is also interesting
that only this particular type of MDSC was observed
in the blood, while the level of PMN-MDSCs remained
practically unchanged. MDSCs have been demon-
strated to correlate with adverse outcomes in numerous
tumor types [47, 48]. Additionally, it is worthy of note
that M-MDSCs exhibit a greater capacity to stimu-
late dormant metastatic cells in comparison to PMN-
MDSCs [48].

PitNETs: myeloid cells and myeloid suppressors (panel N23)
Mononuclear myeloid cells within tumors likely exist at
different phases of differentiation, ranging from mono-
cytes and M-MDSCs to macrophages. TME exerts a
profound influence on the frequency and phenotype of
monocytes. Distinguishing between monocytes recruited
to the tumor, macrophages of monocytic origin or tissue-
resident macrophages is challenging and requires the
elaboration of a more comprehensive cytometric panel
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of antibodies. Nevertheless, the data obtained from our
two panels (Ne3 & 4) for myeloid cells were sufficient
for interpretation. The gating strategy undertaken at the
cytometric analysis of myeloid cells in PitNET samples is
demonstrated in Fig. S6.

The percentage of CD45+CD14+ monocytes (or
monocytes/macrophages) in patient P. was higher
than that in patient R., with a value of 20.5% compared
to 10.8% and 12.3% at two different measurements
for patient R., respectively (Table 3). It is noteworthy
that the ratio of monocyte subpopulations in the Pit-
NET samples exhibited a distinct profile compared to
that observed in the blood. The proportion of classical
CD14"8"CD16~ monocytes, that constitute the predomi-
nant monocyte subpopulation in the blood and typi-
cally secrete proinflammatory cytokines, possess high
phagocytic activity as well as capacity to produce reac-
tive oxygen species (ROS), decreased in PitNET sam-
ples of the patients. Their frequency dropped to 15.3%
in patient P, while in patient R. it equaled 58.5% and
3.49%, respectively (Table 3). We observed that the pro-
portion of CD16+ expressing monocytes in the PitNETs
increased, particularly in patient R., where the relative
number of non-classical CD14'°YCD16"8" monocytes
reached 75.2% at the second measurement. This demon-
strates that expression level of CD16, an essential protein
for antibody-dependent cellular cytotoxicity in human
monocytes, was modified with disease progression. In
humans, CD16-expressing monocytes have the capacity
to exert cytotoxic effects in the presence of specific anti-
bodies, thereby facilitating the destruction of tumor cells
[49]. It was also notable that the proportion of monocytes
with high levels of HLA-DR expression, a trait typically
associated with CD16+ monocytes [50], was elevated
in PitNETs relative to blood. Their proportion reached
70.1% in patient P., while in two subsequent measure-
ments in patient R. it equaled 35.7% and 94%, respec-
tively (Table 3).

MDSCs infiltrating tumors are thought to originate
from monocytes and serve as primary agents of immu-
nosuppression within tumor tissue. Yet, the isolation of
a sufficient number of these cells from human biopsy
specimens for the further analysis remains a significant
challenge. The number of MDSC:s is typically so low that
it may be at the limit of instrument detection capacity.
When measuring FMO-control containing antibodies to
all antigens except CD14 to evaluate false-positive events
and calculate the sensitivity level of the instrument, we
detected no positive events in the target gate per 200 000
CD45 + events. This supported that our instrument sen-
sitivity was very high, and the low values for M-MDSCs
numbers we obtained were true. Therefore, the levels of
M-MDSCs identified in the PitNETs, and which were
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lower than those observed in the blood of healthy volun-
teers, could suggest the potential presence of MDSCs in
the PitNET of patient R, with percentages of 0.09% and
0.02% at first and second relapse, relatively (Table 3).
The percentage of infiltrating leukocytes in Patient P.
was too low to estimate a statistically reliable number of
M-MDSCs.

PitNETs: monocytes and macrophages (Panel N24)
The gating strategy undertaken at the cytometric analysis
of macrophages in PitNETs is shown in Fig. S7. Mono-
cytes represent the primary source of tumor-associated
macrophages (TAMs) that in response to various stimuli
of TIME polarize towards two distinct subgroups exhib-
iting phenotypic and functional differences. These are
classically activated macrophages (M1) and alternatively
activated macrophages (M2). M1 macrophages with a
CD163-CD206- phenotype have anti-tumour activity
and are capable of secreting a number of pro-inflamma-
tory cytokines (e.g. (e.g. IL-1B, IL-6, TNF-a). M2 mac-
rophages with CD163+CD206+ phenotype possess
immunosuppressive properties and are capable of pro-
ducing ECM components, angiogenic factors, IL-10, and
TGF-B. They are associated with tumor development,
metastasis, and poor prognosis [49, 51]. The frequency
of macrophages among all cell types of PitNETs includ-
ing tumor cells, stromal cells and leukocytes were higher
in patient R. at both relapses than in patient P. (Fig. 3, f1,
Table 4). But among leukocytes the frequency of mac-
rophages was opposite: we observed 29.4% macrophages
with CD45*CD64”8MCD11b'Y phenotype among leu-
kocytes infiltrating the pituitary tissue of patient P. In
contrast, the frequency of TAMs in patient R. was sig-
nificantly lower, reaching 3.1% at the time of the first
recurrence and 14% at the time of the second recurrence
(Table 4). We estimated the ratio of M2/M1 macrophages
from the general CD45"CD64™8"*CD11b'Y macrophage
subpopulation, which was 12.5 in patient P and 13.5 in
patient R at the first relapse. At the second relapse, which
occurred six months later, the ratio increased dramatically
to 60.8, indicating a predominance of M2 macrophages
and a further reduction in the already limited number
of M1 macrophages (Table 4). Furthermore, a compari-
son of MFI revealed an increase in CD163 expression at
the second relapse. It is also noteworthy that patient P.
exhibited a considerable proportion of CD206+CD163-
macrophages, comprising 40% of the total macrophage
population. In contrast, patient R. displayed a prevalence
of CD206-CD163 + macrophages, accounting for 30.5% of
the initial measurement—Fig. 3, f2, Table 4.

The expression level of CD80, a T-cell co-stimulatory
molecule, was observed to be low in M1 macrophages,
with a percentage of 7.14% in patient P. and 0% and
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Table 4 Relative number of macrophages and monocytes in the PitNETs of patients
Patient P, PitNET, % Patient R., PitNET October 2023, % PatientR.,
PitNET April
2024, %
Percentage of myeloid cells infiltrating PitNET (out of all 036 1.17 493
events)
CD64%"9MCD11b 'Y macrophages from all CD45+leu- 294 3.1 14.3
kocytes
Ratio Lymphocytes/Macrophages 1.05 20.5 35
CD206+CD163 +M2 macrophages 57.8 61.8 83.3
CD206+CD163+CD14+ 100 88.9 99.9
MFI (CD163) 4211 7126 70,707
CD206-CD163 +M2 macrophages 0 30.5 144
CD206+CD163- M2 macrophages 40 3.05 0.88
CD206-CD163- M1 macrophages 4.64 458 1.37
CD206-CD163-CD80+ 714 0 536
CD206-CD163-CD14+ 64.3 83.3 77.8
ratio M2/M1 12.5 135 60.8 >
CD64°"9MCD11b"I™ monocytes 177 104 05

Notations: > strong overperformance; < underperformance

5.36% in patient R. at two measurements (Table 4). It is
also notable that all M2 macrophages in both patients
expressed CD14+, indicating that they likely originated
from the monocytic rather than the tissue-resident
compartment. The majority of M1 macrophages also
expressed CD14 (Table 4).

Additionally, we analyzed CD64>8"/CD11bMe" sub-
population, which we designated as monocytes due to
their positioning within the monocyte region on CD11b/
CD64 dot plot in the blood, by CD163 and CD206
expression. All samples tested were negative by CD206,
but positive for CD163. It is noteworthy that patient P.
exhibited a considerable number of monocytes, account-
ing for 17.7% of the total leukocytes. In two separate
measurements, the percentage of monocytes in patient R
was 10.4% and 0.5%, respectively (Table 4).

Discussion

There is no doubt that various populations of infiltrating
immune cells from both innate and adaptive immunity
play critical roles in tumor growth control [35]. These
include myeloid suppressor cells, macrophages, dendritic
cells, NK and NKT cells, as well as T and B cells. These
populations are highly heterogeneous, containing sub-
populations with either pro-tumor or anti-tumor activity.
Numerous studies on the role of immunocompetent cells
in anti-tumor immunity suggest that the cellular compo-
sition of the TIME can vary even among patients with
the same type of tumor, highlighting the complexity of
molecular and cellular crosstalk, which might influence
tumor behavior [29].

Any tumor is a systemic disease that transforms not
only its local microenvironment but also induces changes
in the broader systemic environment. Tumors are often
associated with destabilization of hematopoiesis, char-
acterized by increases in neutrophils, eosinophils, and
monocytes in the periphery, and decreases in dendritic
cells (DCs), B cells, and T cells [37]. Elevated peripheral
neutrophil levels and a high neutrophil-to-lymphocyte
(N/L) ratio are often linked to poor prognosis in patients
with various cancers [52]. In PitNETs and cases of acro-
megaly, an increased N/L ratio is also observed [53]. We
also observed this phenomenon in our patients, particu-
larly in a patient with a recurrence of somatotropinoma,
as shown in their CBA (Table S1). Post-surgery, the ratio
of leukocyte subpopulations normalizes, consistent with
the immune system’s plasticity and ability to regenerate
after tumor resection, as observed in mouse cancer mod-
els [54], and as we noted in patient R’s blood analysis of
lymphocyte subpopulations during relapse (Table 1) over
six months between surgeries.

Using FC, we analyzed circulating and infiltrating lym-
phoid and myeloid cell subpopulations in the PitNETs,
using four different antibody cocktails, developed and
validated earlier (unpublished data). In the periphery of
the patient with a tumor relapse, we observed disrup-
tions in the homeostasis of T, B, and NK cells, with a
decrease in T-cell numbers due to an increase in B and
NK cells (Fig. 2, al-a3). Both patients showed an excess
of cytotoxic CD8+T cells and a decrease in the IRI. The
first relapse in patient R. was associated with a lower
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frequency in CD3+CD8+lymphocytes compared to
patient P. As the relapse progressed, the IRI contin-
ued to decrease, with an excess of CD8+T cells over
CD4+T cells growing (Fig. 2, bl, Table 1). Addition-
ally, during relapse, circulating CD4+and CD8+T cells
expressing PD-1 increased, indicating functional exhaus-
tion of T cells—Fig. 2, b4-b5. The number of activated
CD4+CD25+T cells was elevated in both patients,
suggesting an activation of the anti-tumor immune
response, more pronounced in patient P. We also
observed higher levels of HLA-DR +lymphocytes among
total CD3+T-cells and CD3+ CD8+ subpopulation in
patient P (Table 2). As the disease progressed in patient
R., the relative number of effector CD16+CD56+ NK
cells decreased, while the proportion of immature CD16-
CD56- NK cells increased. In patient P, the balance of
these subpopulations remained normal. In the patient
with tumor relapse, we also detected a reduction in the
granule-mediated cytotoxic potential of CD8 + T cells for
perforin (Fig. 2, el), and particularly granzyme B (Fig. 2,
e2), and a similar reduction in NK cells for granzyme
(Fig. 2, e4, e6, Table 2). Previous studies have reported
that invasiveness in non-functioning pituitary adeno-
mas (NFPAs) is accompanied by a decrease in CD3-
CD56+ NK cells, as seen in the first relapse of patient R.,
as well as a significant increase in CD3+CD8+CD28-
(CD8+ Tregs) and IL-10 in the periphery [55].

The number of leukocytes infiltrating PitNETs can be
an important prognostic factor. TILs and TAMs are the
most studied components of the TIME in PitNETs [31,
32]. During surgery for the first relapse in patient R,
7.42% of TILs were found in the surgical material among
all cells, representing 23.4% of all lymphocytes among
leukocytes (Table 1). After the second relapse and sur-
gery, the number of TILs increased to 28.2% across Pit-
NET cells with 50.9% of lymphocytes. In patient P, the
percentage of TILs was 30.2% of all leukocytes. While
high leukocyte infiltration is generally considered a
favorable prognostic indicator for survival, the specific
composition of leukocyte subpopulations, especially lym-
phocytes, may play a crucial role.

TILs are phenotypically and functionally heteroge-
neous. Cytotoxic CD8+T cells, CD8 +memory T cells
(CD8+CD45RO +), CD4+T helper type 1, innate cyto-
toxic lymphocytes, and CD56+NK cells are typically
considered antitumor cells, capable of directly interact-
ing with tumor antigens to initiate cytotoxic responses
[24, 35, 56]. Conversely, other TILs, such as CD4+T
helper types 2 and 17, and CD4+ CD25 + FoxP3 + regu-
latory T cells, exert protumorigenic effects by inhibit-
ing effector lymphocytes, which is unfavorable for the
patient [27, 57, 58]. PitNETs are known to be infiltrated
by CD3+, CD8+, CD4+, FoxP3+, CD45RO+, and
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CD56+cells. When compared with normal pituitary
tissue, PitNETs contain more CD4+T cells and fewer
CD8+T cells, leading to a two-fold decrease in the CD8/
CD4 ratio [24]. The expression of tumor-infiltrating
CD3+and CD4+lymphocytes is higher in hormonally
active pituitary tumors compared to hormonally inac-
tive ones. Additionally, the expression of CD3, CD4,
CD8, and CD45 is higher in tumors with elevated Ki-67
levels [7]. While CD45 + infiltration is consistent across
different PitNET subtypes, CD4+and CD8 + expression
strongly correlates with elevated GH levels. Poor clinical
prognosis is often associated with CD45 expression [6].
In somatotropinomas, CD8+lymphocyte infiltration is
significantly lower in tumors with cavernous sinus inva-
sion and in tumors resistant to first-generation somato-
statin analogs [33]. In the study by Lu JQ et al., CD4+and
CD8+T cell infiltration in pituitary tumors was relatively
sparse, but somatotropinomas contained significantly
higher levels of both CD4+and CD8+ T cells compared
to corticotropinomas. Moreover, densely granular soma-
totropinomas had more CD4+ T cells than corticotro-
pinomas and more CD8+T cells than null-cell pituitary
tumors. However, no correlation was found between
CD4+T cell counts and tumor size or invasiveness [29].
In a separate study by Sato M. et al., assessing FoxP3+T
cells in hormonally inactive pituitary tumors, a higher
FoxP3/CD8 ratio was noted in the invasive tumor group,
further suggesting the role of regulatory T cells in tumor
progression [59].

We do not have data on the composition of TILs for
patient R. at the initial diagnosis. However, we believe
it is affordable to assess the dynamics of the immune
response on the basis of the material from two relapses.
With tumor progression in the pituitary tissue and after
multiple traumatic surgical interventions in patient R.,
her TIME differed significantly from that of patient P. T
cells were the predominant lymphocyte population in
patient P, whereas in patient R. T cells were also predom-
inant after the first relapse surgery—Fig. 3, al. However,
following the second relapse surgery, NK cells became
predominant, accounting for 57% of the lymphocyte pop-
ulation—Fig. 3, a3. Among NK cells, a high percentage
were cytokine-producing CD16-CD56 + NK cells—Fig. 3,
a4. In patient P, the ratio of cytotoxic CD8+T cells to
CD4+T cells was three times higher. On the contrary,
patient R. had an extremely low percentage (3.72%) of
cytotoxic CD8+CD4- T cells among CD3+T cells upon
admission with the first relapse (Table 1). Additionally,
after relapse, CD4+CD8+ DP T cells appeared in signifi-
cant numbers (36.8%), though their proportion decreased
in subsequent measurements (Fig. 3, b1, Table 1). These
DP cells often arise from CD4+T cells, which second-
arily acquire CD8+ characteristics under conditions of
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persistent tumor antigen stimulation. Although the emer-
gence of such DP cells has been observed in TILs across
various cancers [40], we have not previously encountered
their presence in PitNETs. Additionally, the number of T
lymphocytes expressing the activation molecule CD38
was significantly lower in patient R., who had a more
aggressive disease course. However, over time, there was
an increase in the number of activated CD3 +CD38 +and
CD8+ CD38 +cells within the PitNET tissue (Table 2).
The expression of the HLA-DR molecule was comparable
between the two patients.

The second recurrence of the PitNET in patient R. was
marked by a significant increase in the expression of the
regulatory molecule PD-1 on CD4+and CD8+T cells
(Fig. 3, b4-b5, Table 1). It is well known that the interac-
tion between PD-1 and its ligand PD-L1 plays a critical
role in modulating T cell activity and enabling tumor
immune evasion. PD-1, a transmembrane receptor
expressed on the surface of many immune cells, is clas-
sified as an immune checkpoint molecule. During early
T cell activation, PD-1 primarily influences effector func-
tion by weakening the activation signal from TCR and
CD28, without inducing functional exhaustion. How-
ever, with chronic stimulation, such as from a persistent
tumor antigen, prolonged PD-1 expression can lead to T
cell exhaustion [41, 60]. High PD-L1 expression is com-
monly observed in somatotropinomas, particularly in
sparsely granulated somatotropic pituitary tumors, which
tend to exhibit more aggressive behavior [61]. Soma-
totropinomas with high PD-1/PD-L1 expression often
display aggressive clinical behavior, despite high levels
of CD8+T cell infiltration, suggesting diminished func-
tional activity of CD8+T cells [62].

We did not detect Tregs in the adenoma of patient P.
However, they were present in high numbers in patient
R., with measurements showing 34.8% and 19.4% in two
instances (Fig. 3, cl). Tregs are crucial for constrain-
ing the immune response and preventing tissue damage
from excessive T-cell activation [63]. A high infiltration
of Tregs and a reduction in CD8/Tregs ratio are often
associated with poor prognosis in various cancers [64]. In
the adenoma of the patient R. with relapse, we observed
a decrease in the CD8/Treg ratio, dropping to 0.1 in
the first measurement and rising to 1.23 in the second.
Interestingly, the proportion of Tregs expressing PD-1
was notably high, reaching 91% after the second relapse
(Table 1). It is known that PD-L1 binding to PD-1 on T
cells promotes their conversion into Tregs [65]. In TIME,
PD-L1 expression often correlates with increased num-
bers of intratumoral FoxP3+ Tregs, consistent with its
role in maintaining FoxP3 expression in CD4 T cells and
stimulating the polarization of naive CD4 T cells into
Tregs. Furthermore, PD-1 expression in Tregs inactivates
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asparaginyl endopeptidase, stabilizing FoxP3 expression
and maintaining Treg function [66].

In addition to analyzing tumor-infiltrating T cells,
we also assessed tumor-infiltrating B and NK cells. The
peripheral blood of patient R. at the first measurement
revealed a significantly high percentage of B cells (38.3%),
correlating with the increased presence of B cells in her
adenoma (11.3%) (Figs. 2, a2 and 3, a2, Table 1). Disease
progression was further accompanied by the sustained
reduction of B-cells along with the increase of T—and
NK-cells number. Even after normalizing the TBNK cell
balance, the number of B cells in patient R. remained
higher than in patient P. (Fig. 2, a2). Tumor-infiltrating
B cells may play a key regulatory role in tumor develop-
ment, but their role is controversial that can be explained
by their functional heterogeneity [67]. As antigen-pre-
senting cells, B cells can stimulate tumor-specific T cell
expansion and contribute to the antitumor response,
possibly producing antibodies against the tumor. Con-
versely, regulatory B cells (Bregs) can suppress antitumor
immunity by inhibiting T cells, dendritic cells, and mac-
rophages through cytokines like IL-10, IL-35, and TGEF-
. Notably, in the second measurement in patient R., the
proportion of PD-1-expressing B cells increased to 10.1%
(Table 1).

NK cells are key effector cells in innate immunity, capa-
ble of recognizing and eliminating aberrant tumor cells
[68]. Their role in both the tumor macro- and microen-
vironment warrants further investigation due to their
functional heterogeneity and complex activation states.
NK cells recruited to tumors often undergo pheno-
typic changes into regulatory CD56+ cells. In patient
P, cytokine-producing regulatory CD16-CD56+NK
cells accounted for 53.1%, while in patient R., they
made up 66.6% during the second relapse (Fig. 3, a4,
Table 1). The overall percentage of CD3-CD20- NK cells
and CD3-CD56+NK cells was low in patient R. at the
first measurement (5.57% and 2.54%, respectively) but
sharply increased after six months to 57% and 48.6%
(Fig. 3, a3, Table 1). Additionally, the proportion of
CD8+CD38+NK cells in patient R. during the second
relapse reached 10.7%, comparable to 8.82% in patient P.
(Table 2). It’s worth noting that CD3-CD56+ CD8+NK
cells may possess memory-like properties [69]. NK
cells are capable of "remembering" their cytokine envi-
ronment, and under similar conditions, they may dif-
ferentiate into memory NK cells [68]. The TIME can
provide conditions for long-term priming of NK cells
with cytokines, facilitating this differentiation [70]. Inter-
estingly, the pituitary tissue of patient P. had a higher pro-
portion of NKT cells compared to patient R.

It’s worth adding that both patients were of significantly
distinct age, reaching 20 and 63 years, which potentially
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could contribute to the difference in immune cell com-
position between the patients due to immune aging.
Age-related immune changes in blood usually comprise
decline in CD4+and CD8+ T-cells as well as B-cells,
whereas the numbers of NK-cells and regulatory T-cells
are increased. Also, a reduction of naive lymphocytes is
a hallmark of an immune system aging. At the same time
it is known, that lymphocyte subsets are characterized
of high inter-individual variations, and change at relative
stable rates in a highly individualized manner [39]. In our
study we observed the higher frequency of naive cells in
blood of the younger patient R. (Fig. 2, b2-b3, Table 1),
which could be associated with age. On the contrary, we
detected higher number of CD4+ T-cells in the older
patient P. The same trend was for CD8+ T-cells if com-
pared to the first relapse of the patient R, with further
increasing the number of CD8+ T-cells. In both patients
the number of CD8+ T-cells were higher than in healthy
donors, with concomitant reduction in CD4+ T-cells
(Fig. 2, b1, Table 1), which is often associated with tumor
[79]. Tumors and tumor-associated antigens could be a
driving force for the increase of memory T-cells. Though
it appeared difficult to register it in blood, the majority of
CD4+and CD8+ T-cells were of memory phenotype in
the PitNETs samples, which we suggest, rather indicates
tumor-specific role of these cells.

The cytotoxic potential of CD8+T cells and NK cells
is partly mediated by their ability to produce cytolytic
granules containing granzyme B and perforin [71]. Gran-
zyme B induces apoptotic cell death, while perforin can
additionally cause osmotic lysis and necrotic cell death.
In the patient with a more aggressive disease course, the
number of effector cells producing perforin and gran-
zyme B, including those co-expressing both proteins,
was significantly lower both in the periphery and in the
tumor (Figs. 2 and 3, d1-d2, Table 2). Even though by the
time of the second relapse, NK cells made up more than
50% of all TILs in the TIME of this patient, most of which
had the CD3-CD56 + phenotype, only 6% of CD56 +lym-
phocytes in patient R. were capable of exerting cytotox-
icity via perforin production. Similarly, CD16+cells in
this patient had limited perforin-mediated cytotoxic
potential. In contrast, 66.6% of CD16+lymphocytes and
29% of CD56+ cells could exert cytotoxicity via perforin
in patient P. (Fig. 3, e3, e5, Table 2). Comparable per-
forin expression levels were observed in CD8+ cells in
both patients (Fig. 3, el, Table 2). The aggressive tumor
course in patient R. was marked by lower infiltration of
CD16+and CD56+effector cells capable of exerting
cytotoxicity via granzyme B at the first relapse, with this
potential decreasing further to 18% and 8% by the second
relapse (Fig. 3, e4, e6, Table 2).
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In addition to lymphoid cells, we also analyzed several
myeloid cell populations in both blood and adenoma.
Tumor-associated myeloid cells are found among the
most abundant cells in the TME, accounting for up to
50% of the total tumor mass in solid tumors [72]. The
TIME of tumors often contains monocytes, MDSCs, as
well as tumor-associated DCs and macrophages, into
which monocytes can differentiate under TIME condi-
tions. Monocyte differentiation depends on the cytokine
network and other TIME factors, and it is currently not
fully understood what exactly influences the differentia-
tion of monocytes into immunosuppressive macrophages
rather than immunostimulatory DCs, as well as into
MDSCs [44]. The proportion of CD45+CD14+mono-
cytes in patient R. in PitNETs in both cases was lower
than in patient P. (Table 3). In both patients, the ratio of
monocyte subpopulations in the PitNETs was different
from the blood with a predominance of the proportion
of CD16+ expressing monocytes. In patient P, inter-
mediate CD14"8"™dCD16+ monocytes predominated
(67.8%), and in patient R., at the time of the first relapse,
classical proinflammatory CD14"¢"CD16~ monocytes
prevailed (58.5%), while at the time of the 2nd relapse,
non-classical CD14'°YCD16"&" monocytes were in abun-
dance (75.2%) (Table 3). The latter are attributed to the
function of tissue macrophages in the blood [73]. In
humans, monocytes with CD16 on their surface have
the ability to be cytotoxic in the presence of certain anti-
bodies. These monocytes can destroy primary leukemia
cells, tumor cells, and cells infected with the hepatitis B
virus [49]. It is interesting to note that in patient P., a high
density of HLA-DR molecule expression was detected in
70.1% of monocytes. Whereas in patient R. the frequency
of monocytes with a high density of HLA-DR increased
sharply with the disease progression, reaching 35.7% at
the time of the first relapse, and 94% at the time of the
second relapse.

However, it is very difficult to distinguish monocytes
from macrophages in tissue. In most cancers, TAMs
appear as a result of differentiation of monocytes infil-
trating from blood into tumor under the influence of
cytokines and chemokines secreted by tumor cells [44].
Macrophages are described as one of the most common
cells in TIME PitNETs. It is noted that they can correlate
with the tumor size and its invasiveness [32]. Patient R.
had higher infiltration of macrophages into PitNET tissue
compared to patient P, with their number increasing on
disease progress (Fig. 3, f1, Table 4). It supports the pre-
vious reports on the positive correlation of CD68 + mac-
rophage infiltration with invasive behavior of PitNETs,
with macrophages detected via immunohistochemis-
try [32, 80]. It’s worth noting that when analyzing TAM
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Fig. 6 The heatmap depicts the frequencies of various lymphoid and myeloid cell subpopulations infiltrating the somatotropinomas of patient P.
(1st column) and patient R. at the time of the first relapse in October 2023 (2nd column) and the second relapse in April 2024 (3rd column)

frequency among leukocytes, we observed the opposite
relations: more macrophages were in patient P. The ratio
of lymphoid and myeloid cells among all CD45 +leuko-
cytes can be another crucial prognostic parameter in
PitNETs. In patient P. the ratio of lymphocytes to mac-
rophages was nearly equal. In contrast, in patient R. at the
initial measurement in October 2023, lymphocytes out-
numbered macrophages with a ratio of 20.5. Six months
later, there was a notable increase in the proportion of
macrophages, accompanied by a decline in lymphocytes,
resulting in a ratio of 3.5 (Table 4). Immunosuppressive
TAMs promote tumor growth, support angiogenesis,
inhibit the activity of cytotoxic CD8+T cells, and recruit
immune cells with suppressive activity—Tregs, MDSCs—
to TIME [74]. The ratio of M2 and M1 macrophages,
arisen due to the presence of certain macrophage-activat-
ing factors in TIME, can be an indicator of immunosup-
pression. It was 12.5 in patient P. and 13.5 in patient R.
at the first measurement, and six months later this ratio
in patient R. increased sharply to 60.8, demonstrating the
worsening of the immunosuppressive background (Fig. 3,
{2, Table 4). Moreover, most M1 macrophages were nega-
tive for the expression of CD80, a molecule that co-stim-
ulates T cells.

Depending on the activation stimulus, a wide spectrum
of mixed and functionally distinct macrophages may be

present in the tumor, the poles of which are M1 and M2
types of macrophages [75]. M2 macrophages themselves
are also functionally very heterogeneous, demonstrating
a spectrum of different activation states and functional
capabilities. In the present work, we identified M1 and
M2 macrophages by the expression of CD206 and CD163
markers. Positive expression of CD206 (C-type mannose
receptor) and CD163 (Hemoglobin-Haptoglobin Scaven-
ger Receptor) is considered a sign of M2 macrophages.
CD206 expression on macrophages is increased in
response to IL-4, TGF-B, GM-CSF (granulocyte mac-
rophage colony-stimulating factor), while CD163 expres-
sion is increased in response to M-CSF, IL-6, IL-10, and
glucocorticoids and decreased in response to TNF-a,
TGF-B, IFN-y, and LPS. Macrophages co-expressing
CD206 and CD163 are the source of high levels of IL-10,
IL-1ra, and CCL18 in TIME [75], which contribute
greatly to the immunosuppressive background in TIME.
In the relapsed patient, we note a high proportion of M2
macrophages expressing both CD206 and CD163, 61.8%
and 83.3% in 2 measurements. Moreover, at the 2nd
measurement in April 2024, we note a sharp increase in
the expression level of CD163, which correlates with the
data from other studies on the increase in the level of
CD163 in M2 macrophages under the influence of tumor
factors [76]. It is also interesting that in patient P, a large
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subpopulation of CD206+CD163- macrophages was
noted, accounting for 40%, while in patient R. at the 1st
measurement, 30.5% of CD206-CD163+ macrophages.
These subpopulations are also subpopulations of M2
macrophages, reflecting the continuum of different TIME
factors leading to different subtypes of M2 macrophages.

MDSCs are pathologically activated monocytes and
neutrophils with immunosuppressive properties. Their
increased number is often observed in the systemic
circulation due to aberrant myelopoiesis in conditions
of chronic inflammation, autoimmune diseases and
tumor processes [45]. There is a correlation between
the number of MDSCs in the periphery and an unfa-
vorable clinical outcome [47] in various malignant neo-
plasms and with resistance to therapy [77]. In the local
TME, M-MDSCs can be formed as a result of differen-
tiation of monocytes recruited to TIME, which, under
the influence of many TIME factors, change their tran-
scriptional and post-transcriptional profile and acquire
immunosuppressive properties [78]. We observed an
increase in M-MDSCs in the examined patients com-
pared to the reference group of healthy volunteers both
in the blood and in the adenoma, and in the patient
with a relapse in the blood we detected higher values of
M-MDSCs, amounting to 0.8%, and in patient P—0.38%
(Table 3). We also find M-MDSCs in the adenoma
of patient R., the proportion of which was 0.09% and
0.02% (Table 3) in 2 measurements, respectively.

Thus, myeloid cells, which are represented in the
TIME by monocytes migrating into the tumor and
capable of differentiating into tumor-associated mac-
rophages, dendritic cells, and MDSCs, play a crucial
role in establishing and maintaining an immunosup-
pressive TIME. Immunotherapies that target mac-
rophages, reducing their number, survival, and
proliferative activity, have been shown to enhance the
anti-tumor activity of T cells [44]. Consequently, an
important parameter to consider is the ratio of lym-
phoid to myeloid cells among all CD45 + leukocytes.
Interestingly, in patient R., lymphoid cells predomi-
nated over myeloid cells at the time of relapse (Table 4),
though the proportion of lymphoid cells decreased
over the course of six months. Another critical factor
is infiltration of leukocytes into adenoma tissue. In this
context, patient R. exhibited a higher proportion of
CD45 + infiltrating leukocytes, which aligns with earlier
findings suggesting a correlation between adenoma size
and the number of infiltrating immune cells [32].

Here, through multicolor FC, we conducted a quan-
titative analysis of the TIME in two cases of somato-
tropinoma. We compared lymphocyte subpopulations
and assessed their cytotoxicity and activation poten-
tial. In addition, we evaluated the infiltration of
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somatotropinomas by monocytes, M1 and M2 mac-
rophages, and myeloid suppressors. Our analysis sug-
gests that the patient with relapse displayed a more
immunosuppressive profile across a number of param-
eters (Fig. 6). The differences in TIME between the two
patients, despite sharing the same diagnosis, likely con-
tributed to their differences in disease progression. How-
ever, due to the absence of material from patient P. at the
time of diagnosis prior to relapse and given that the data
are based on only two patients, it is difficult to identify
which immune parameters may predict relapse. None-
theless, our findings provide a foundation for future
large-scale studies of TIME in somatotropinomas with
multicolor FC, with the goal of identifying immuno-
logical biomarkers for relapse. Understanding the bal-
ance between effector and suppressor populations of
lymphoid and myeloid cells, both in systemic and local
immunity, could pave the way for personalized treatment
approaches for patients with PitNETs in the future.
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