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Abstract: Background: The wide variability in clinical responses to anti-tumor immunother-
apy drives the search for personalized strategies. One of the promising approaches is drug
screening using patient-derived models composed of tumor and immune cells. In this
regard, the selection of an appropriate in vitro model and the choice of cellular response
assay are critical for reliable predictions. Fluorescence lifetime imaging microscopy (FLIM)
is a powerful, non-destructive tool that enables direct monitoring of cellular metabolism
on a label-free basis with a potential to resolve metabolic rearrangements in immune
cells associated with their reactivity. Objective: The aim of the study was to develop a
patient-derived glioma explant model enriched by autologous peripheral lymphocytes
and explore FLIM of the redox-cofactor NAD(P)H in living lymphocytes to measure the
responses of the model to immune checkpoint inhibitors. Methods: The light microscopy,
FLIM of NAD(P)H and flow cytometry were used. Results: The results demonstrate that
the responsive models displayed a significant increase in the free NAD(P)H fraction o
after treatment, associated with a shift towards glycolysis due to lymphocyte activation.
The non-responsive models exhibited no alterations or a decrease in the NAD(P)H «; after
treatment. The FLIM data correlated well with the standard assays of immunotherapy
drug response in vitro, including morphological changes, the T-cells activation marker
CD69, and the tumor cell proliferation index Ki67. Conclusions: The proposed platform
that includes tumor explants co-cultured with lymphocytes and the NAD(P)H FLIM assay
represents a promising solution for the patient-specific immunotherapeutic drug screening.

Keywords: immunotherapy; immune-checkpoint inhibitor ICI; personalized therapy;
tumor explant; lymphocyte; glioma; fluorescence lifetime imaging FLIM; metabolism;
NAD(P)H
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1. Introduction

In recent decades, immunotherapy has developed significantly to allow complete and
long-lasting tumor regression for different types of malignancies including melanoma,
non-small cell lung, bladder cancer, and renal cell carcinoma, leukemia, and lymphoma [1].
With respect to some other types of tumors, e.g., multiple myeloma, hepatocellular car-
cinoma, and gliomas, immunotherapy is undergoing clinical trials and demonstrates
promising results [2]. Among different strategies used to activate the immune system
against tumor cells, the immune-checkpoint inhibitors, such as anti-programmed death
receptor-1/programmed cell death receptor-ligand-1 (anti-PD-1/PD-L1) and anti-cytotoxic
T lymphocyte associated antigen-4 (anti-CTLA-4) monoclonal antibodies are widely recog-
nized [3,4].

However, despite its remarkable efficacy, treatment resistance and toxicity are serious
limitations of immunotherapy. The response to immunotherapy significantly varies among
patients with the same tumor type, so that only a small subset of patients respond to
the therapy. Other patients either do not respond at the onset of treatment (primary
resistance) or develop resistance following the initial response, leading to relapse (acquired
or secondary resistance). Resistance to immunotherapy is a complex and multifactorial
phenomenon, the underlying mechanisms of which are not yet fully understood. It is
considered that the resistance to immunotherapy can be associated with extrinsic factors,
i.e., related to the tumor microenvironment, and intrinsic factors, i.e., related to tumor
cells [5]. The identification of patients who will respond to the treatment and benefit from
it is one of the biggest challenges in the field of immunotherapy.

Personalized prediction of immunotherapy outcomes is currently developing in two
main directions. The first is associated with the search for effective biomarkers of clinical
efficacy. A limited number of useful biomarkers exist that predict immunotherapy response;
they are the PD-L1 expression level and tumor mutational burden [6]. As potential biomark-
ers, the features of tumor tissue, tumor microenvironment, peripheral blood components,
and microbiome are considered. An increasing number of biomarker candidates are being
proposed on the basis of genomic and transcriptomic data [7,8]. However, the prediction of
responses using a single biomarker is difficult due to the complexity of the tumor and the
human immune system. Multiparametric analysis, which may include tumor genomics,
immune gene signatures, immunohistochemistry, and/or a blood-based assay, could be
more informative, but its introduction into routine clinical practice seems unrealistic.

An alternative approach to personalized immunotherapy is drug screening on patient-
specific cellular models containing patient-derived tumorous and immune cells [9,10].
Creating an experimental model that recapitulates the interaction between the tumor, the
immune system and the host is a challenging task. An ideal model should, on the one hand,
closely resemble the biological features of patients’ tumors and tumor microenvironment,
and, on the other hand, be highly reproducible, easy to maintain and provide an immediate
and reliable response to the treatment. Different in vitro platforms have been proposed so
far for immunotherapy assessment, including 2D co-cultures of tumor cells and immune
cells and 3D structures, like spheroids, organoids, tissue explants, bioprinted scaffolds,
and tumor-on-a-chip microfluidic systems [11,12]. Despite the variety of models available,
there is still no standard that would maintain the right balance between “close-to-patient”
and “easy-to-use”. Another challenge in the development of an in vitro platform for the
prediction of immunotherapy efficacy is the choice of endpoint analysis method. For this,
different viability and proliferation assays on cancer cells and activation markers assays on
immune cells are traditionally used, which often require the dissociation of the 3D structure
into a single cell suspension, fixation and staining and, therefore, make it impossible to
repeat measurements on the same object and observe cells in their natural state.



Cells 2025, 14,97

30f20

Recent studies have reported the use of fluorescence lifetime imaging microscopy
(FLIM-microscopy, further simply FLIM) for the identification of the drug response of
cancer cells and the activation of immune cells [13] by registration of cellular decay profiles
of autofluorescence. Specifically, fluorescence lifetime of the redox cofactor NAD(P)H varies
depending on the protein binding and take on short (0.4 ns) or long (1.5-4.5 ns) values for
the free and bound states, correspondingly [14]. Therefore, any cellular processes mediated
by the changes in NADH- and NADPH-dependent metabolic pathways (e.g., glycolysis,
the TCA cycle, mitochondrial respiration, 3-oxidation of fatty acids, redox balance), can
be assessed with this technique. Owing to its non-invasiveness, high sensitivity, label-free
principle, and quantitative readouts, FLIM has become a powerful technique for in vitro
and in vivo estimation of cellular metabolism on the microscopic scale [15,16]. However,
the potential of this method for personalized prediction of immunotherapy efficacy is
largely unexplored.

The purpose of this study is to develop a platform for personalized immunotherapeu-
tic drug screening using the co-culture of patient-derived tumor explants and autologous
lymphocytes and FLIM of NAD(P)H as the end-point analysis. The explants culture model
was selected for the study because tumor fragments preserve all tissue components, thus re-
taining the histological features and immune microenvironment of the original tumors [17].
Patient-derived explant cultures are easy to handle and can be obtained for various tumor
types, including those for which primary cell culture cannot be established. The perfor-
mance of the platform was validated using the explant cultures derived from patients’
gliomas. Cellular metabolic changes in lymphocytes co-cultured with glioma explants were
assessed by FLIM in response to immunotherapy with anti-PD-1/PD-L1 and anti-CTLA-4
antibodies and their combination. The activation of T-lymphocytes and the inhibition of
glioma cell proliferation were verified by flow cytometry and biochemical methods.

2. Materials and Methods
2.1. Patient Samples

All studies on patients” material were approved by the Local Ethical Committee of
PRMU (protocol #12 from 5 August 2022). Informed signed consents were obtained from
the participants prior to inclusion in the study. Tumor and peripheral blood samples were
obtained from 14 patients of the University Clinic, PRMU, with diagnosed glioma.

Freshly resected samples of the tumors, 7-10 mm in size, were transported from the
clinic to the laboratory within 1 h in 50 mL falcons with DMEM (Dulbecco’s modified eagle
medium)/F12 medium with a 2-fold concentration of antibiotic-antimycotic (Gibco, Amar-
illo, TX, USA) on ice. On the same day, 10 mL of peripheral blood was drawn from each
patient into vacuum blood collection tubes containing EDTA (ethylenediaminetetraacetic
acid) and transported on ice.

The dataset comprised tumor and blood samples from fourteen individuals (six males,
eight females) aged 28 to 73. Among the tumor samples there were 6 glioblastomas (WHO
grade 4), 5 astrocytomas (WHO grade 2—-4), 2 oligodendrogliomas (WHO grade 3), and
1 oligoastrocytoma (WHO grade 3). Six of the fourteen tumors had the wild-type IDH-
status and the other eight had mutations in the IDH1/IDH?2 genes. Twelve of fourteen
tumors were primary without any previous treatment, while the remaining two patients
with a recurrent tumor received the surgical resection alone or with radiotherapy and
chemotherapy with temozolomide. It should be noted that the patients did not receive the
immunotherapy either before or after surgery.

The information about the samples is presented in Table 1.



Cells 2025, 14, 97 4 0f 20
Table 1. Clinicopathological data of the patients.
Sample Code Age Sex Diagnosis Grade Slgtl;ll-s If::?;zl/t Treat;rlll e;;te:;efore
Gl6 34 M Oligoastrocytoma 3 Mutant Primary No
G17 46 F Glioblastoma 4 Wild-type Primary No
i : SR+RT+
G20 54 F Glioblastoma 4 Wild-type Recurrent TMZ
G22 40 F Astrocytoma 3 Mutant Primary No
G23 72 F Glioblastoma 4 Wild-type Primary No
G24 64 M Glioblastoma 4 Wild-type Primary No
G26 50 F Glioblastoma 4 Wild-type Primary No
G27 73 F Oligodendroglioma 3 Mutant Primary No
G29 72 F Glioblastoma 4 Wild-type Primary No
G30 49 M Astrocytoma 4 Mutant Recurrent SR
G31 32 M Astrocytoma 2 Mutant Primary No
G32 67 M Astrocytoma 4 Mutant Primary No
G33 37 M Astrocytoma 2 Mutant Primary No
G37 28 F Oligodendroglioma 3 Mutant Primary No

“M” or “F” indicates male or female respectively; “IDH” indicates isocitrate dehydrogenase; “SR”, “RT” and
“TMZ” indicate surgical resection, radiotherapy and temozolomide respectively.

2.2. Experimental Design

The experimental workflow is demonstrated in Scheme 1. At the first stage (from
day —6 to day 0), patient-derived explants of glioma and, in parallel, lymphocyte cultures
were established and characterized by light microscopy, FLIM, and flow cytometry. On day
0, lymphocytes were added to glioma explants simultaneously with immunotherapeutic
agents. At the second stage (from day 0 to day 14), the resulting patient-specific G-EXP-L
(Glioma-EXPlant-Lymphocytes) models were treated on days 7 and 13. Morphological
phase contrast images of the treated and untreated control G-EXP-L models were obtained
on days 4, 9, and 14 of co-culturing. Flow cytometry and FLIM were performed 14 days
after the start of treatment.

FLIM of NAD(P)H Lymphocyte adding to
metabolic state of lymphocytes explant culture l
Flow cytometry
activation of lymphocytes
proliferation of glioma cells
Cellisolation Light microscopy Ie:'::] :go;herapy
glioma cells and lymphocytes morphology of explants and cells anti-CTLA-4
|- I anti-PD-1 + anti-CTLA-4 | I
s - -
-6 =3 -1 0 4 7

Start point of
Establishment of G-EXP-L model co-cultivation

© ——-
&=

Scheme 1. The experimental workflow.

Routine observations of cell morphology were performed on the inverted light micro-
scope Leica DM IL LED (Leica, Wetzlar, Germany). Phase contrast images were obtained at
the 10x and 40x magnifications.

2.3. Patient-Derived Explants of Glioma

The protocol for the preparation of tumor explants was adopted from our previ-
ous paper [18]. Briefly, explants cultures were obtained from fresh tumor specimens,
which were dissected with a scalpel into small fragments that were then cultured in
an RPMI-1640 medium in a CO, incubator. The detailed procedure is described in the
Supplementary Materials.

The characteristics of the resulting patient-derived glioma explant cultures on day 1 is
presented in Supplementary Table S1. On day 0, when the immune cells and immunothera-
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peutic agents were added to the explants, the tumor cell confluence reached approximately
30% (Supplementary Figure S1).

2.4. Lymphocyte Isolation and Culturing

The lymphocyte isolation was performed using the Histopaque-1077 (Sigma-Aldrich,
Stockholm, Sweden) according to the manufacturer’s protocol. Lymphocytes were cultured
in an RPMI-1640 medium with L-glutamine and HEPES with the addition of 0.1% human
interleukin 2, 10% FBS, and 0.1% penicillin-streptomycin. Details of the procedure of
isolation and culturing can be found in the Supplementary Materials.

Lymphocytes were added to autologous explant culture at a concentration of
2 x 10° cells per well. The resulting patient-specific G-EXP-L models were cultured with-
out passing over 2 weeks. If necessary, one third of the medium (600 pL per well) was
replaced with fresh one.

2.5. Immunotherapy

Anti-PD-1 Nivolumab (Opdivo) and anti-CTLA-4 Ipilimumab (Yevroy) (Bristol-Myers
Squibb, Princeton, NJ, USA) antibodies were used as monotherapy or in a combination.
Anti-PD-1 and anti-CTLA-4 antibodies were added to the G-EXP-L model at the final
concentration of 5 ug/mL [19] on days 0, 7, and 13 of co-cultivation. For each patient there
were 2-3 control wells with the untreated G-EXP-L model and 2-3 wells with each type
of treatment.

2.6. FLIM of NAD(P)H in Lymphocytes

The medium containing the immune cells was removed from each well, divided into
two parts for analysis by FLIM and flow cytometry, respectively, and centrifuged at 300x g
for 5 min. For visualization, the immune cells were resuspended in 50 uL of FluoroLite™
DMEM without phenol red (Gibco, Amarillo, TX, USA), placed in 96-well black/clear
plate (Falcon®, Corning Incorporated, Berlin, Germany) and incubated for 5-10 min in a
COs-incubator for cell sedimentation.

The detailed protocol of FLIM of NAD(P)H is described elsewhere [18,20]. Briefly,
the imaging was performed using a laser scanning microscope Zeiss LSM 880 (Carl Zeiss,
Jena, Germany) equipped with a fs laser (Spectra-Physics, Milpitas, CA, USA) and a single
photon counting card SPC-150N, (Becker&Hickl GmbH, Berlin, Germany) with a hybrid
detector HPM-100-40 (Becker&Hickl GmbH, Berlin, Germany). The excitation of NAD(P)H
was performed at 750 nm with a detection of fluorescence in the spectral range from 450 to
490 nm.

2.7. Flow Cytometry

BD FACSAria III cell sorter (BD Biosciences, San Jose, CA, USA) and FlowJo v10.5.3
software (BD/Treestar, Ashland, OR, USA) were used for analyzing and data processing,
respectively.

The protocols of flow cytometry of lymphocytes for analysis of their activation and
glioma cells for evaluation of their proliferative index were adopted from our previous
papers Izosimova et al. [20] and Yuzhakova et al. [18], respectively, and are presented in
the Supplementary Materials.

2.8. Statistical Analysis

The protocol of the statistical analysis including the software and the test for the calcu-
lation of the normality of distribution was adopted from our previous paper Yuzhakova
et al. [18]. Data are presented as means & SD or means & SEM; statistical significance was
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evaluated using paired or unpaired Student’s t-test or Mann-Whitney U test (p-value < 0.05
was considered statistically significant), as indicated in the respective figure legends.

3. Results
3.1. Characterization of G-EXP-L Model

Cell morphology. Patient-derived G-EXP-L model consisted of 3—4 adherent tumor
fragments per well, surrounded by radially migrating adherent tumor cells and non-
adherent lymphocytes located above them.

Adherent tumor fragments (explant) had a round, oval, or irregular shape and inhomo-
geneous structure with a light periphery consisting predominantly of living proliferating
cells and a dark inner core containing a number of dead cells (Figure 1A). During 14 days of
culturing, most tumor fragments increased in size (from 100 to 350 pm in diameter on day
4 to a size of 400-600 pm in diameter on day 14), and their structure became denser—the
dark central core with necrotic areas increased, while the layer of proliferating cells at the
periphery was preserved.

<0.0001 *p <0.0001
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Figure 1. Characteristics of G-EXP-L model. (A) Phase contrast microscopy of patient-derived
G-EXP-L model on days 4, 9, and 14 of cultivation. The components of the model are shown by
the numerated arrows: 1—adherent tumor fragment, 2—adherent tumor cells, 3—lymphocytes.
(B) Expression of the activation markers CD69 and CD25 in live CD4+ and CD8+ T-cells before
and after co-culturing with glioma explants. Dot plots show the measurements for the individual
patients (dots), and horizontal lines connect the values for the same patient before and on day 14
of co-culturing. (C) Expression of proliferation marker Ki67 in tumor explants before and on day
14 of co-culturing. Dot plots show the measurements for individual patients (dots), and horizontal
lines connect the values for the same patient before and after co-culturing. Statistics: paired Student’s
t-test. * Significant difference, p < 0.05.

Single adherent tumor cells were generally diffusely distributed in the wells, thus
forming a monolayer, with a tendency to form radial “rays” around the tissue fragments.
These cells displayed moderate intratumoral and pronounced intertumoral polymorphism.
There were the cells of different morphology—spindle-shaped, oval, round, triangular, or
elongated large cells marked by cytoplasmic granularity and numerous prolongations. As
glioma cells proliferated in a culture, their confluence increased to 80% on the 14th day of
G-EXP-L model cultivation, compared to 30% on the 4th day.
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Lymphocytes demonstrated non-uniform distribution with a tendency to form clus-
ters around tumor cells. When co-cultured with glioma cells, they showed morpho-
logical changes typical of activated immune cells, such as an increase in size and/or
elongation [21,22]. During the cultivation of G-EXP-L, the number of immune cells did not
change significantly.

T-cells activation. Co-cultivation of lymphocytes with glioma explants affected the
expression of CD69, an early marker of lymphocyte activation. Percentage of CD69+ cells
increased in both CD8+ (p = 0.0116) and CD4+ T-cell subsets (p = 0.0097) (Figure 1B). The
expression of the CD25+ activation marker demonstrated the heterogeneous tendency in
different patient-derived models. The models G20, G22, G32, and G37 demonstrated the
increase in the percentage of CD69+ cells in the CD8+ T-cell subset, while the rest of the
models showed no pronounced changes. Concerning the CD4+ T-cell subset, the models
G20, G32, and G37 demonstrated an increase in the percentage of CD69+ cells, while the
rest of the models demonstrated no changes (G22 and G29) or decreases (G27, G30, and
G31) in the percentage of CD69+ cells. Changes in the CD4+CD25+ T-cell—cell subset
may be due to changes in the percentage of activated effector CD4+ T helper cells or the
percentage of immunosuppressive regulatory CD4+FoxP3+ T cells.

Ki67 in tumor cells. Glioma cells from different patients initially demonstrated a high
interpatient variability of proliferative index Ki67, from 24% to 70%. Co-cultivation with
lymphocytes resulted in a statistical decrease in the percentage of Ki67+ glioma cells
(p = 0.009) in all G-EXP-L models to the value from 16% to 65% (Figure 1C). A decreased
proliferative activity of tumor cells in the presence of lymphocytes may be associated with
the suppressive effect of immune cells [23,24].

NAD(P)H fluorescence lifetimes in lymphocytes. Autofluorescence lifetime parameters
of NAD(P)H were analyzed in the lymphocytes of each patient in 14 days after their
cultivation in the G-EXP-L model and compared with those in naive lymphocytes from the
same patients (Figure 2).

In lymphocytes before co-cultivation with glioma explants, the short lifetime value,
corresponding to free NAD(P)H, t; was 0.5 & 0.01 ns on average. The long lifetime
Ty, corresponding to protein-bound NAD(P)H, in the individual samples varied from
2.94 4 0.02 to 3.2 £ 0.07 ns, the mean lifetime T, varied from 1.24 + 0.04 to 1.35 4= 0.05 ns
(Supplementary Table S2). Relative contribution of free NAD(P)H «; was in the range of
66.2 £ 0.5% to 70.9 £ 1.3%.

Lymphocytes in all the G-EXP-L models had shorter fluorescence lifetime values
compared with corresponding naive cells—t 0.4 £ 0.01 ns on average (p = 0.0001), T, from
2.28 £ 0.03 t0 2.92 £ 0.07 ns (p < 0.0001), Tr, from 0.88 & 0.01 to 1.27 £ 0.04 ns (p = 0.0003).
The fraction of free NAD(P)H o increased in all models and was in the range of 67.1 £ 0.6
to 73.1 £ 0.5% (p = 0.0004). The observed changes in fluorescence decay parameters are
most likely associated with a modified profile of NAD(P)H-binding enzymes (t;) and a
glycolytic shift («;), the last of which is known to accompany the activation of T-cells in the
presence of tumor cells [20,25,26].

To validate the sensitivity of NAD(P)H FLIM to perturbations targeting energy
metabolism of T-lymphocytes, the experiments on naive T-cells from healthy donors treated
with standard metabolic inhibitors 3-bromopyruvate (3-BP) and rotenone were performed
(Supplementary Figure S2). It was shown that NAD(P)H «; statistically decreased upon
inhibition of glycolysis with 3-BP and increased upon inhibition of oxidative phosphoryla-
tion with rotenone. At that NAD(P)H T, value did not statistically change. As a result, the
mean lifetime value 1., increased after treatment 3-BP and decreased after treatment with
rotenone. This suggests that changes in NAD(P)H fluorescence decay parameters observed
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in T-cells after co-culturing with glioma explant culture could be attributed to the increased
glycolytic rate.
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Figure 2. FLIM of NAD(P)H in lymphocytes before and after co-culturing with glioma explants.
(A) Representative FLIM images of lymphocytes before and after co-culturing. The long lifetime
component of NAD(P)H T, the relative contribution of free NAD(P)H o, and the mean lifetime
Tm are shown. (B) Coupled comparisons of fluorescence decay parameters (12, &1, Tm) before and
after co-culturing. Dots are the measurements for individual patients. Coupled comparisons of
NAD(P)H-o; before and after co-culturing. Dots are the mean values for individual patients. Lines
connect the values before and after co-culturing for the same patient. Statistics: paired Student’s
t-test. * Significant difference, p < 0.05.

Therefore, we developed a 3D model G-EXP-L based on fresh tumor explants from
individual glioma patients and autologous peripheral lymphocytes. In this model a cy-
totoxic effect of immune cells on glioma cells was detected, as reflected by the activation
of T cells in the presence of tumor antigens and a decrease in the proliferative index of
glioma cells. The cross-talk between lymphocytes and glioma cells resulted in metabolic
rearrangements in the lymphocytes with a shift to a more glycolytic state, as assessed from
NAD(P)H FLIM data.

3.2. Effects of the Therapy by Immune Checkpoint Inhibitors on T Lymphocytes in the
G-EXP-L Model

The G-EXP-L models were obtained from the material of 14 patients—each was treated
with one to three immunotherapy regimens (anti-CTLA-4, anti-PD-1 or combination),
depending on the amount of available resection material. In total, 28 tests (patient/regimen)
were implemented.
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3.2.1. Morphological Changes in the G-EXP-L Model After Treatment

To evaluate the effects of the therapy on G-EXP-L models, morphological features
of all components of the model—adherent tumor fragment, tumor cell monolayer and
non-adherent immune cells, were defined. Depending on the morphological features, all

/s

cases were classified as “no response”, “response”, and “partial response” (Figure 3).

Figure 3. Phase contrast microscopy of patient-derived G-EXP-L model after treatment with immune
checkpoint inhibitors on the days 4, 9, and 14 of cultivation. Examples of the morphological response:
(A)—"no response” (patient G27, anti-CTLA-4 treatment), (B)—"partial response” (patient G20,
anti-PD-1 treatment), (C)—"response” (patient G30, combination) treatment. Bars are indicated in
the images.

G-EXP-L models in the group of “no response” were generally similar in their morphol-
ogy to the untreated control of the same patient. Tumor fragments increased the size and
density of the structure, and peripheral tumor cells formed a confluent monolayer (70-80%
confluence). In the immune cell fraction, there was a significant decrease in the number of
lymphocytes. Morphological “non-responses” to anti-CTLA-4 treatment were G23, G24,
G27, and G33, to anti-PD-1—G27, G31, G32, G33, and G37; and to their combination were
G27,G29, and G33.

In the case of complete response (“response” group), tumor explants gradually de-
graded, reducing in size and dissociating into small necrotic fragments by day 14. The
number of tumor cells in a peripheral monolayer did not change or slightly increased by
day 9, but then these cells were completely eliminated. The immune cell fraction signif-
icantly increased. Morphological “responses” to anti-CTLA-4 treatment were G16, G17,
G20, G26, G30, and G37, to anti-PD-1—G17, G26, and G30; and to their combination were
G20, G26, G30, and G37.

In the group of “partial response”, there was an inhibition of explant growth compared
with the corresponding control from the same patient. The size of the explants either did
not change or slightly increased. Tumor cell confluence in the peripheral monolayer did
not exceed 50%. In the immune cell fraction, the number of lymphocytes significantly
increased. Morphological “partial responses” to anti-CTLA-4 treatment were G22 and to
anti-PD-1 treatment, G20 and G29.

Among all tests, complete response was observed in 13 of 28 cases, partial response in
3 cases, and no response in 12 cases.

3.2.2. T-Cell Activation in the G-EXP-L Model After the Treatment

To verify the response of lymphocytes in the patient-derived models to immunother-
apy, we assessed the expression of early response marker CD69 in the main effector T-cell
subsets—CD8+ and CD4+.



Cells 2025, 14,97

10 of 20

After treatment with the anti-CTLA-4 antibodies, all morphological “responders” (G16,
G17, G20, G26, G30, and G37) and “partial responders” (G22) demonstrated a significant
increase in the percentage of CD69+ cells in CD8+ T-cell subset (p < 0.0001) in compar-
ison with the untreated controls. Moreover, G17, G20, G26, and G37 models showed a
statistically significant increase in CD69+ cells also in CD4+ T-cell subset (p < 0.0001). In
“non-responders”, there was no significant change in the percentage of CD69+ cells in both
T-cell subsets (G24, G27, and G33) or that decreased in CD8+ T-cell subset (G23, p = 0.0001)
(Figure 4A).
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Figure 4. Expression of the activation marker CD69 in CD8+ or CD4+ T-lymphocytes in the G-EXP-L
models after immunotherapy with anti-CTLA-4 (A), anti-PD-1 (B), or their combination (C). Dot plots
show measurements for individual patients (dots) and SEM (horizontal lines). The red boxes indicate
the cases of a significant rise in the percentage of CD69+ cells, either in the CD8+ T-cell subset or both
CD8+ and CD4+ T-cells. Statistics: Mann—Whitney U test. * Significant difference, p < 0.05.

A similar situation was observed with anti-PD-1 and combination therapies. Four
“responders” to the anti-PD-1 (G17, G26, G29, and G30) had increased percentages of CD69+
cells in the CD8+ cell subset (p < 0.0002), and two of them (G17 and G29)—also in CD4+
cells (p < 0.0002). The “partial responder” (G20) showed no significant changes in the
percentage of CD69+ cells either in CD8+ or in CD4+ T-cells. In “non-responders”, the
CD69+ fraction either did not change (G27 and G33) or decreased in one (G37, p = 0.0016
and G31, p < 0.0001) or both T-cell subsets (G32, p < 0.0276) (Figure 4B).

In the case of combination therapy, morphological “responders” G20, G26, and G37
had a higher percentage of CD69+ cells in both CD4+ (p < 0.0255) and CD8+ (p < 0.0285)
T-cells subsets, and G30 only in the CD8+ subset (p = 0.0285) (Figure 4C). “Non-responders”
G27 and G29 demonstrated no significant changes in the percentage of CD69+ cells either
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in CD8+ or CD4+ T-cells, while in the G33, the percentage of CD69+CD8+ T-cells decreased
(p < 0.0001).

Therefore, as anticipated, response to immunotherapy was accompanied by the rise
in the percentage of activated CD69+ effector T-cells, predominantly within the CD8+
T-cell subset.

3.2.3. Proliferative Index Ki67 of Glioma Cells in the G-EXP-L Model After Treatment

In addition to the effects occurring in the immune cells, we have also examined the
effects of immunotherapy on tumor cells in the G-EXP-L models.

With the anti-CTLA-4 and the anti-PD-1 treatment, all the “responsive” and “par-
tially responsive” models demonstrated statistical decrease in the percentage of Ki67+
glioma cells in comparison with corresponding untreated controls (Figure 5). In all “non-
responders” Ki67 proliferative index did not change after the treatment.
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Figure 5. Expression of proliferative index Ki67 of glioma cells in the G-EXP-L models after im-
munotherapy with anti-CTLA-4 (A), anti-PD-1 (B) or their combination (C). Dot plots show mea-
surements for individual patients (dots) and SEM (horizontal lines). The red boxes indicate the cases
of a significant decrease in the percentage of Ki67+ glioma cells. Statistics: Mann-Whitney U test.
* Significant difference, p < 0.05.

Combination therapy resulted in a decrease in the percentage of Ki67+ glioma cells in
3 of 4 “responsive” models, G20, G26, and G30 (p < 0.0001), and in 1 of 12 “non-responsive”
models, G33 (p = 0.0276), while for other models no significant changes in the percentage
of Ki67+ cells were observed. Therefore, in one model (G29) combination therapy was
less effective than anti-PD-1 alone. The reasons for the lower efficacy of a combination are
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unknown; we can only speculate that combination therapy could provoke the expression
of different immune checkpoints, which resulted in treatment resistance [27].

3.2.4. FLIM of NAD(P)H in Lymphocytes After the Treatment

The autofluorescence decay parameters of NAD(P)H were analyzed in the lym-
phocytes from the G-EXP-L models after anti-CTLA-4, anti-PD-1 or combined (anti-
CTLA-4 + anti-PD-1) treatment and compared with those of the untreated controls
(Supplementary Table S2). The results of FLIM were then compared with the standard
methods of response evaluation.

After the anti-CTLA-4 treatment, all “responders” (G16, G17, G20, G26, G30, and G37)
and “partial responders” (G22) models showed a statistically significant increase in free
NAD(P)H fraction o in lymphocytes in comparison with untreated samples (Figure 6). In
four “non-responders” tested, «; either did not change (G24, G33) or decreased (G24 and
G27, p <0.0012).
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Figure 6. FLIM of NAD(P)H in lymphocytes from the G-EXP-L models after anti-CTLA-4, anti-PD-1
or combined (anti-CTLA-4 + anti-PD-1) treatment. (A) Representative FLIM images of lymphocytes
from responding (patient G30) and non-responding (patient G27) models. The relative amplitude
of free NAD(P)H o is shown in the untreated and treated T cells. Scale bar is indicated on the
images. (B) Quantification of NAD(P)H «; for individual patient-derived models. The graphs
display the mean and SD (horizontal lines). Dots are the measurements for individual cells. The red
boxes indicate the cases of a significant rise in NAD(P)H «;. Statistics: Student’s t-test. * Significant
difference, p < 0.05.

After the anti-PD-1 treatment, “responder” G17, G26, G30, and “partial responder” G29
showed a statistical increase in «; (for example, 72.1 £ 0.6 versus 70.1 £ 0.5%, p = 0.0016
and 74.7 £ 0.7 versus 73.1 £ 0.5%, p = 0.0159 for G30 and G29, respectively). For the
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“partial responder” G20 and most “non-responders” (G31, G32, G33, and G37) «; did not
change. For “non-responder” G27, a significant decrease in ¢ (66.4 &+ 0.7 versus 69.9 £ 0.8,
p = 0.0009) was observed.

After the combined treatment, a significant increase in «1 was detected in all “respon-
ders” (G20, G26, G30, and G37). The “non-responsive” models G29 and G33 demonstrated
no changes in al, while G27 showed a decrease in «1 (66.8 & 0.7 versus 69.9 £+ 0.7%,
p =0.0018).

Therefore, an increase in NAD(P)H-4 in lymphocytes was observed in all morpho-
logical “responders” (13 of 28 cases) and the absence of the changes or a decrease in «;—in
all “non-responders” (12 of 28 cases) irrespective of the type of therapy. Morphological
“partial responders” showed an increase of & only if the proliferation index Ki67 decreased
(2 of 3 cases); otherwise, x; did not change.

Fluorescence lifetime of protein-bound NAD(P)H T, increased as a result of im-
munotherapy in 10 of 13 cases of complete response (4 with anti-CTLA-4, 2 with anti-PD-1,
and 4 with combined treatment) (Figure S3) and did not change in the “partial respon-
ders”. In the “non-responders”, 1, was unchanged or decreased compared with control
lymphocytes from untreated models.

The mean lifetime Ty, statistically decreased in only two cases—G22 after anti-CTLA-4
treatment and G17 after anti-PD-1 treatment (Supplementary Table S2). In all other cases,
no change in T, was observed because the increase or decrease in the contribution of the
free NAD(P)H fraction oy was usually compensated by, respectively, an elongation or
shortening of the lifetime of the bound NAD(P)H fraction ;.

Therefore, FLIM of the autofluorescence of a patient’s lymphocytes demonstrated the
sensitivity of the NAD(P)H lifetime to the treatment with immune checkpoint inhibitors,
resolving the heterogeneous response of models from different patients to the different
kinds of treatment. Of the decay parameters, a contribution of free NAD(P)H al is best
correlated with other response assays and, consequently, can be considered as a reliable
indicator of tumor-reactivity of T-cells caused by immunotherapy.

The responses of G-EXP-L models to anti-CTLA-4, anti-PD-1 treatment or their combi-
nations assessed by different methods are summarized in Table 2.

Table 2. Summary of the effects of immunotherapy on the G-EXP-L models.

. Light Flow Cytometry FLIM
Sample Type of Microscopy

Code Treatment M‘;{Es};’;ﬁical + CD8+CD69+ 1 CD4+CD69+ Glit 111(1;62:115 t oy 1y
Gle6 anti-CTLA-4

anti-CTLA-4
G17 anti-PD-1

anti-CTLA-4
G20 anti-PD-1

combination
G22 anti-CTLA-4
G23 anti-CTLA-4
G24 anti-CTLA-4

anti-CTLA-4
G26 anti-PD-1

combination
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Table 2. Cont.
. Light Flow Cytometry FLIM
Sample Type of Microscopy
Code Treatment M";E;f;ﬁi“‘l 1 CD8+CD69+ 1 CD4+CD69+ Glit III<IIa6Zj:115 t oy 11
anti-CTLA-4
G27 anti-PD-1
combination
G29 —
combination
anti-CTLA-4
G30 anti-PD-1
combination
G31 anti-PD-1
G32 anti-PD-1
anti-CTLA-4
G33 anti-PD-1
combination
e L————
G37 anti-PD-1

Red squares indicate complete response, pink squares—partial response, white squares—no response. The arrow
J or 1 indicate, respectively, the decrease or increase in the appropriate parameter.

4. Discussion

Immunotherapy using the inhibitors of the immune checkpoints such as anti-CTLA4
and anti-PD-1/PD-L1 antibodies led to increased overall survival of patients with different
types of neoplastic tumors. However, only a part of patients responds to the therapy, while
others do not respond or relapse after an initial response. Mechanisms of immunotherapy
drug resistance can differ from patient to patient and be associated with the immunosup-
pressive tumor microenvironment or specifics of tumor cells [5]. The microenvironmental
factors include different factors that have the immunosuppressive effect, e.g., hypoxia,
acidic environment, dysfunctional blood vessels, dense stroma, tumor-associated fibrob-
lasts, tumor-associated macrophages, chemokines, metabolites, etc. The intrinsic tumor
factors include the loss of tumor antigen, abnormalities in antigen presentation and pro-
cessing, alterations in signaling pathways, expression or exocytosis of immune checkpoint
proteins, secretion of certain metabolites, etc. As such, personalized approaches are in high
demand in the field of immunotherapy [28,29].

This study demonstrates that the selection of effective drugs for individual patients can
be achieved through the utilization of a patient-specific in vitro system comprising fresh
tumor explants and autologous peripheral lymphocytes, in conjunction with fluorescence
lifetime imaging microscopy (FLIM) for the assessment of cellular responses.

In vitro models for personalization of immunotherapy are increasingly develop-
ing. The most popular approaches for creating a 3D tumor model include generation
of organoids from the tumor stem and progenitor cells, the use of resected tumor tissue
(e.g., explant cultures, tumoroid systems, tumor slices) and 3D-bioprinting technologies
employing biological specimens (e.g., cells, proteins, or DNA) [8]. The immune microenvi-
ronment can be simulated by the presence of tumor infiltrating immune cells, exogenous
immune cells from a patient or a healthy donor, immune cell lineages or CAR-T cells. Each
of the models has its own advantages and disadvantages. For our study, we opted to
utilize the tumor explant culture as a model for drug screening for the following reasons:
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(1) it is based on patient’s material; (2) it preserves the key genotypic and morphologi-
cal characteristics of the original tumor and its microenvironment, including intra- and
intertumor heterogeneity, immune, and stromal components; (3) it can be easily and inex-
pensively reproduced for a wide range of patients; (4) it provides a reliable response within
a relatively short period of time. To resemble the recruitment of the immune cells into im-
munotherapy, the exogenous autologic peripheral T cells were added to the explant culture.
Recent studies indicate that the T cell response to immune checkpoint inhibitors largely
relies on peripheral T cells [30]. In the study by Shekarian et al., patients” glioblastoma
explant-based model was used to identify biomarkers of response to anti-CD47, anti-PD-1,
or their combination in secretome of the explants, which required culturing in a perfusion
bioreactor combined with highly multiplexed microscopy, soluble protein arrays, and mass
spectrometry [19].

Co-culturing of the tumor explants and the T cells resulted in the activation of T cells,
modification of their metabolic profile, and a certain degree of cytotoxicity, as evidenced
by a reduction in the proliferation of glioma cells. These results are consistent with other
studies showing the destruction of cancer cells in tumor explants during co-cultivation with
immune cells from the peripheral blood of healthy donors or autologous patients [23,24].
However, the cytotoxic effect of immune cells on glioma cells was insufficient to destroy
the explant structure.

Although immunotherapy by immune checkpoint inhibitors is not used in the clinic
for gliomas, its potential efficacy against this type of tumor remains a topic of active investi-
gation. There are several completed clinical trials testing immune checkpoint inhibitors for
glioblastoma treatment. Satisfactory results were shown for the addition of neoadjuvant
therapy by anti-PD-1 antibody pembrolizumab to the sustained adjuvant therapy after
surgery which improved overall and progression-free survival [31]. However, monother-
apy by anti-PD-1 antibody nivolumab as well as adding nivolumab to radiotherapy and
temozolomide did not improve the survival of patients [32]. Nevertheless, nivolumab
has been found to increase the expression of chemokines, the infiltration of immune cells,
and the clonal diversity of T cell receptors in the tumor microenvironment [33]. Some
other immune checkpoints, including CTLA-4, CD47, CD73, TIGIT, and CD137 were also
studied in either clinical trials or preclinical research for gliomas [32]. It is known that
tumor-infiltrating lymphocytes in glioma highly express a number of immune checkpoints
as a result of T cell exhaustion. Therefore, exploration of the combined therapies and
personalization approaches to increase the effectiveness of immune checkpoint inhibitors
for gliomas is relevant.

Once immunotherapy with checkpoint inhibitors is approved for the treatment of
glioma, the proposed personalized drug screen approach can be considered for patient
stratification and treatment planning. In the meantime, the patient-specific platform devel-
oped can be adopted and applied to different tumor types for which immune checkpoint
inhibitors are already in use. In addition, since T lymphocytes are the major players in erad-
icating tumor cells in various types of immunotherapies, the use of the proposed approach
is not limited to checkpoint inhibitors, but can be extended to, for example, cytokines, CAR
T cell therapy, T cell-based vaccines.

Alterations in the metabolic status of T cells accompany all cellular events associated
with their tumor-reactivity (e.g., changes in expression profile, proliferation, etc.) upon
immunotherapy, and thus, can potentially serve as a reliable predictive biomarker, which
is sensitive to early immunological rearrangements [34,35]. PD-1 and CTLA-4 receptors
have been found to reprogram T cell metabolism by suppressing glycolytic pathways
and promoting lipolysis and fatty acid oxidation that impair T cell activation [36]. The
immune checkpoint blockade is capable of rescuing exhausted T cells by enhancing their
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glucose influx and glycolysis via mTOR signaling and Myc induction, which allows IFN-y
production and improves their effector anti-tumor function [37]. FLIM of NAD(P)H and
flavin coenzymes is a powerful tool to characterize metabolic status of T cells in their
native state; however, the potential of this technique in the context of immunotherapy
is largely unexplored. We have previously demonstrated the ability of FLIM to assess
the immune response to tumor development [20] and to the anti-CTLA-4 therapy [38]
by the measurements of the fluorescence lifetime of NAD(P)H in fresh lymphoid tissue.
Meanwhile, FLIM of NAD(P)H has proven to be a promising approach to evaluating
chemotherapy drug sensitivity of patient-derived glioma cells in explant cultures [39] and
cell monolayers [18]. In the current study, using a patient-derived G-EXP-L model, we
showed that changes in the autofluorescence decay profile reflect the degree of anti-tumor
activity of lymphocytes under immune checkpoints treatment and can serve as a marker of
drug sensitivity.

Our study has several limitations that are common in work on patient-derived models
in vitro. Firstly, the number of drug tests that can be performed for a specific patient
depends on the amount of tumor tissue available during surgical resection and on the
quality of the material. In our study, only 6 of 14 patients had the three regimens tested
(anti-CTLA-4, anti-PD-1, or combination), while others were limited to the number of viable
cells in the explant culture. The number of patients included in the study is relatively small,
which is reflected in the preliminary nature of the obtained data. Our intention is to pursue
the research further with a larger cohort of patients. Secondly, although FLIM enables
the monitoring of metabolism of live cells starting from the early stages of cultivation,
the impact of the therapy on lymphocytes in G-EXP-L models was assessed in only the
endpoint (day 14) in order to correlate FLIM parameters with the standard assays of cell
response. Further investigation will be conducted into the early effects of immunotherapy
of T-cell metabolism with the objective of optimizing the procedure and providing the
results of the drug screening as early as possible. The final, and most significant, limitation
is the inability to correlate with clinical outcomes, as immune checkpoint inhibitors are not
currently used in the clinical protocols for glioma treatment. It is therefore not yet possible
to reach a conclusion as to whether the proposed platform is capable of predicting the
sensitivities of individual patients’ tumors to immunotherapy drugs. Nevertheless, the
consistency of metabolic alterations in lymphocytes in response to therapeutic interventions
with their activation and glioma explant morphology and proliferation substantiates the
efficacy of the screening approach.

Plans for the future studies will include the optimization of the protocol of in vitro
analysis (particularly in terms of investigating early and late effects on T cells), collect-
ing data from a larger number of patients, and validating the platform in clinical trials.
As immunotherapy can be associated with side effects, future trials also should include
an assessment of treatment safety and side effects to fully evaluate the pros and cons
of the treatment.

Prior to the implementation in clinical practice, the validity of the predictive test
should be assessed in clinical trials, where the response of the in vitro model is compared
with the real response of the same patient. Ideally, such tests should be performed on
tumor biopsy material and should not exceed the time required for obtaining results from
standard histopathology or molecular assays.

Current clinical standards for immunotherapy prescription either do not include any
stratification of the patients with a specific tumor type (e.g., melanoma) or suggest patient
selection based on PD-L1 expression by tumor cells (e.g., lung cancer) [40]. Therefore,
metabolic alterations in T lymphocytes identified by FLIM in a patient-specific in vitro
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system could potentially serve as a predictive biomarker in selecting patients who will
benefit from immunotherapy.

5. Conclusions

In the era of personalized medicine, it is crucial to identify individual patients who
will respond to immunotherapies with a high probability in order to screen for different
treatment options for potential non-responders. Drug screening on patient-specific models
in vitro is considered a powerful approach to the prediction of therapy outcomes in patients
and to preclinical testing of drug candidates. In this area, the choice of the model that
would preserve the genotypic and phenotypic characteristics of the original tumor and
the features of tumor microenvironment and the choice of the reliable method of response
assessment remain a challenge. Here, we validated the model of tumor explant culture
generated from patients’” glioma, enriched by autologous lymphocytes, to evaluate the
potential efficacy of immune checkpoint inhibitors. The results of the study demonstrated
that the metabolic profile of the lymphocytes co-cultured with tumor cells is sensitive
to their tumor-reactivity and can serve as a marker of drug sensitivity. Our results also
confirm the potential of using FLIM as a tool for the assessment of the metabolic state of
lymphocytes in patient-specific in vitro models. We believe that the developed platform,
based on tumor explants, lymphocytes, and FLIM, can help not only in patient selection,
but also in the adjustment of the treatment schedule, and that it can be applied to different
tumor types and different immunotherapy drugs. Plans for future studies will include the
optimization of the protocol of in vitro analysis (particularly in terms of investigating early
and late effects on T cells), collecting data from a larger number of patients, and validating
the platform in clinical trials.
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(anti-CTLA-4 + anti-PD-1) treatment.
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