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1. Introduction

Cancer immunotherapy has undergone an unprecedented revolution with the
development of therapies based on chimeric antigen receptors (CARs), marking a new
era in the treatment of malignant diseases. CAR-T cells have demonstrated
remarkable results in the treatment of hematologic malignancies, leading to the
approval of several therapeutic products by the FDA and significantly altering the
prognosis of patients with refractory B-cell leukemias and lymphomas. However, the
widespread clinical application of these therapies is limited by major challenges:
severe toxicities (cytokine release syndrome—CRS, neurotoxicity—ICANS), reduced
efficacy in solid tumors due to barriers posed by the immunosuppressive tumor
microenvironment (TME), prohibitive production costs, and the complexity of the
manufacturing process.

The physical barriers of the tumor stroma, immunosuppression mediated by MDSCs
and CAFs, as well as the functional exhaustion of effector cells in the hypoxic and
acidic microenvironment significantly contribute to therapeutic failure in solid tumors.
The time required for CAR-T cell production and expansion represents a major
logistical limitation, delaying treatment for patients with aggressive forms of cancer.
Lymphopenia or lymphocyte dysfunction compromises lentiviral transduction, and the
high costs of cell isolation, selection, activation, and expansion limit scalability and
global accessibility. These limitations justify exploring the cytotoxic effects of lentiviral-
transduced peripheral blood mononuclear cells (CAR-PBMCs)—a heterogeneous cell
population including CD4+, CD8+, B, NK, NKT T cells, and monocytes. The CAR-
PBMC strategy involves the direct transduction of this population without prior
purification or selection steps.

The simultaneous presence of multiple cell subtypes offers a number of advantages:
CD4+ CAR-T cells secrete proliferative cytokines (IL-2, IL-7, IL-15) and support CD8+
persistence; CD8+ CAR-T cells provide cytotoxicity via perforin/granzyme and IFN-
y/TNF-a production; CAR-NK cells offer HLA class I-independent cytotoxicity; and
CAR-NKT cells recognize antigens via CD1d, activate dendritic cells, and exhibit
reduced risk for graft-versus-host disease (GvHD).

Combining CAR and HLA-mediated mechanisms within a modified PBMC product
expands antigenic coverage, enables tumor elimination through complementary
pathways, and improves overall therapeutic efficacy.

In parallel, natural killer (NK) cells have attracted increased interest as an alternative
platform for CAR therapies, offering significant advantages: MHC-independent
cytotoxic capacity, reduced risk of graft-versus-host disease (GvHD), the possibility of
allogeneic use, and an improved safety profile. Generating CAR-NK cells from
established cell lines (NK-92) or from peripheral blood mononuclear cells (PBMCs)
represents promising strategies for developing accessible and scalable off-the-shelf
therapies.

The efficacy of CAR cell therapies is limited by the immunosuppressive tumor
microenvironment, antigenic heterogeneity, and physical barriers. In this context,
exploring the cytotoxic potential of CAR-derived exosomes represents an innovative
research direction. CAR exosomes can transport effector molecules such as FasL,
granzyme B, perforin, and functional chimeric antigen receptors, and their nanoscale
dimensions allow for efficient penetration into the tumor microenvironment and
improved systemic distribution. However, the precise mechanisms by which CAR-T



and CAR-NK exosomes exert cytotoxic effects on tumor cells remain incompletely
characterized.

Exosomes, nanoscale extracellular vesicles (30—150 nm) secreted by all cell types,
have emerged as essential mediators of intercellular communication, transporting
bioactive proteins, nucleic acids, and lipids. Recently, exosomes derived from CAR-T
and CAR-NK cells (CAR-Exo) have attracted increased scientific interest due to their
potential to replicate the cytotoxic effects of their parent cells, while offering significant
advantages: an improved safety profile, increased penetrability into the tumor
microenvironment, the possibility of off-the-shelf production, and reduced production
cost. The use of CAR-T/CAR-NK exosomes could represent an effective therapeutic
approach that overcomes the limitations of classical cell therapies.

The tumor-killing effect is mediated by the transfer of the contents to target cells, either
through ligand-receptor interactions, fusion of target cell membranes with exosomal
membranes, or through endocytosis. Exo-CAR-T encapsulates cytotoxic agents such
as perforin, FasL, Apo2L, granzyme A, and granzyme B, conferring direct cytotoxic
functions against neoplastic cells.

CAR exosomes exhibit many of the properties of CAR-T/NK cells, the most notable
one being their cytotoxic capacity. Evidence suggests that CAR protein levels are
comparable between Exo-CAR-T and the parent cells. In addition to increased
expression of cytotoxic molecules, the exosomes are simultaneously PD-1-negative.
The absence of PD-1 allows them to resist the immunosuppressive influences of the
tumor microenvironment better than their cellular counterparts.

Because exosomes are acellular entities, there is no potential for leukemic
transformation, and the risk of CRS is lower, as demonstrated in mouse models. The
antitumor activity of CAR exosomes is antigen-specific and CAR-mediated, as anti-
EGFR and anti-Her2 CAR exosomes effectively eliminate EGFR+ and Her2+ tumor
cells, and anti-mesothelin (MSLN) CAR-T exosomes suppressed tumor growth in vivo
through direct destruction (perforin and granzyme B) of triple-negative, MSLN-positive
breast cancer cells without significant side effects.

The IntErLiINK doctoral study (Investigation of Anti-Tumor Cytotoxic Mechanisms
Mediated by Exosomes Derived from T Lymphocytes and NK Cells with Chimeric
Antigen Receptors) proposes a systematic investigation of the cytotoxic mechanisms
of exosomes derived from CAR-PBMC and CAR-NK92 cells, with a focus on antigenic
specificity toward EGFR and Her2 receptors, which are frequently overexpressed in
breast cancer.

2. Objectives of the thesis

Taking into account the aspects mentioned above, this doctoral study aims to identify
new antitumor immunotherapies with high safety profiles, lower production costs, and
“off-the-shelf” applicability. Thus, the objectives of this thesis are:

1. To investigate a method for obtaining a heterogeneous CAR-positive
population starting from peripheral blood mononuclear cells

2. To evaluate the cytotoxic capacity of CAR-PBMCs in vitro;



3. Isolating exosomes released by CAR-PBMCs and investigating their cytotoxic
potential,

4. Investigating non-viral transfection methods for NK cells to obtain a CAR-NK
cell population;

5. In vitro evaluation of CAR-mediated cytotoxicity of the CAR-NK transduced cell
population;

6. Isolation and proteomic characterization of exosomes released by CAR-NK
cells;

7. Comparative analysis of CAR-NK vs. wild-type NK exosomes in terms of
exosomal cargo, binding affinity to target antigens, and antitumor cytotoxic
capacity.

3. Current state of knowledge

Chimeric antigen receptors (CARs) are synthetic receptors obtained through genetic
engineering techniques that recognize and bind specific antigens, activating immune
cells independently of the regulatory mechanisms involved in the formation of classical
immune synapses. A functional CAR molecule contains: (1) an extracellular antigen-
binding domain (typically a single-chain variable fragment—scFv); (2) a
transmembrane domain; (3) an intracellular signaling domain (derived from CD3J).
Generations 2-5 of CARs incorporate co-stimulatory domains (4-1BB, CD28, ICOS,
0OX40) and cytokine synthesis elements (TRUCK, NFAT-IL12), enhancing cellular
persistence and functionality.

CAR signaling involves phosphorylation of ITAM domains by Lck and Fyn kinases,
activation of ZAP70, the LAT/SLP-76/PLCy1 pathway, calcium release, activation of
NFAT, NF-kB, and the Ras/MEK/ERK pathway, culminating in the production of
cytokines (IL-2, IFN-y, TNF-a) and the exocytosis of cytotoxic granules (perforins,
granzymes).

CAR-T therapy has received FDA approval due to remarkable results in hematologic
malignancies (B-cell acute lymphoblastic leukemia, diffuse large B-cell lymphoma,
multiple myeloma), with complete remission rates of 60-90% in selected cohorts.
However, severe toxicities (grade 3—4 CRS, ICANS), limited efficacy in solid tumors
(tumor microenvironment barriers, cellular exhaustion, antigen loss), prohibitive costs,
and the increased complexity associated with cellular transduction and expansion
constitute major obstacles. Lymphopenia associated with chemoradiotherapy
significantly reduces the number of lymphocytes available for CAR transduction. The
widespread applicability of CAR therapy requires “off-the-shelf” production techniques,
such as TCR gene knockdown (to obtain universal CAR-T cells), the use of other types
of mononuclear cells, or exosomes released by CAR-positive cells.

NK cells offer distinct advantages over T cells: HLA-independent cytotoxicity, reduced
risk of graft-versus-host disease, the potential for off-the-shelf allogeneic use, and a
superior safety profile. Phase 1/2 clinical trials with anti-CD19 CAR-NK cells derived
from umbilical cord blood reported overall response rates of 62.5% and complete
remission rates of 50%, with no severe CRS or neurotoxicity. The NK92 cell line,
derived from large NK-cell lymphomas, represents an accessible model for generating
CAR-NK cells, although it requires irradiation prior to clinical use to reduce the risk of
malignant transformation. This process limits the expansion of the effector cell



population and requires repeated administrations to achieve an optimal number of
effector cells.

The use of peripheral blood mononuclear cells (PBMCs) as starting material for CAR
cell generation allows for the simultaneous production of CAR-T, CAR-NK, and CAR-
NKT cells from a single apheresis product, simplifying the manufacturing process and
leveraging the complementary cytotoxic mechanisms of the three cell subtypes.

EGFR (epidermal growth factor receptor) is overexpressed in 15-30% of breast
cancers, particularly in the triple-negative (TNBC) subtype, and represents a validated
target for CAR immunotherapy. Her2 (ERBB2) is amplified/overexpressed in 15-20%
of breast cancers and is the target of the clinically approved monoclonal antibody
trastuzumab. EGFR and Her2 overexpression is associated with aggressive biological
behavior, poor prognosis, and resistance to conventional chemotherapy.

Exosomes are extracellular vesicles (30-150 nm) that utilize a unique biogenetic
pathway involving two sequential events of plasma membrane invagination. Exosomal
biogenesis and cargo sorting involve ESCRT-dependent pathways (TSG101, Alix,
CHMP4B proteins) and ESCRT-independent pathways (ceramide, syndecan-
syntanin-Alix, CD63/CD81/CD89 tetraspanins). Exosomes transport functional proteins
(surface receptors, enzymes, transcription factors), mRNA, miRNA, and bioactive
lipids that mediate intercellular communication under physiological and pathological
conditions, providing a range of molecules that serve as biomarkers. It has recently
been identified that the molecules contained in exosomes can modulate signaling
pathways involved in cell proliferation, phenotypic expression, etc. Thus, investigating
the content of exosomes produced by CAR-bearing cells could reveal a potential
cytotoxic role.

The literature describes that exosomes derived from CAR-T cells (CAR-Exo0) express
CAR molecules on their surface, conferring antigenic specificity, and exhibit pro-
apoptotic effects on tumor cells via perforin/granzyme- and FasL-mediated
mechanisms. CAR-T exosomes do not express the PD-L1 molecule, a protein with a
detrimental effect on CAR-T cells. Furthermore, due to their nanoscale dimensions,
exosomes exhibit superior penetrability into the tumor microenvironment compared to
their parent cells. The non-replicative nature of these extracellular vesicles addresses
the limitation regarding the risk of systemic toxicity associated with CAR therapy, but
requires therapeutic regimens involving repeated administration. To further reduce the
risk of graft-versus-host disease, TCR-negative CAR-NK exosomes could produce a
cytotoxic effect similar to that of Exo-CAR-T. Only one study has evaluated the
cytotoxic effect of CAR-NK exosomes; however, this study used exosomes further
modified by fusion with liposomes containing molecules that generate reactive oxygen
species. Thus, current studies do not provide precise information on exosomal content
or on the cytotoxic potential of CAR-NK exosomes.

4. Materials and Methods
4.1. Cell Sources and Cultures

PBMCs isolated from the peripheral blood of 5 healthy volunteers by density gradient
centrifugation (Ficoll-Paque) were cultured in XVIVO10 medium supplemented with
human plasma. Mononuclear cells were subjected to two stimulation regimens: (1)
anti-CD3/CD28 magnetic microspheres (Dynabeads ™) — producing a TNK-polarized



population (predominantly T and NKT cells) , and (2) a cytokine cocktail (IL-2, IL-15,
IL-21) — producing an NK-polarized population (predominantly NK and NKT cells).

The tumor cell lines MDA-MB468 (EGFR-positive, triple-negative breast cancer), SK-
BR3 (Her2-positive breast cancer), MCF-7 (Her2-negative, ER-positive breast
cancer), and K562 (chronic myeloid leukemia — NK control) were cultured in specific
culture media.

The NK92 cell line was cultured in RPMI 1640 medium supplemented with IL-2 (500
IU/mL) and human plasma (5%).

4.2. Plasmid Design, Transduction, and Evaluation of Transduction Efficiency

In this doctoral study, two CAR constructs were synthesized. The two CARs were
transfected into effector cells using two different methods and target two antigens
frequently used in antitumor immunotherapy (EGFR, Her2).

The LentiOne™ |lentiviral vector with a PGK promoter encodes a second-generation
CAR with anti-EGFR scFv, a CD28 transmembrane domain, CD28/4-1BB co-
stimulatory domains, and a CD3( domain, fused to eGFP via a T2A peptide.
Transduction was performed on day 7 of culture at an MOI of 50.

The plasmid encoding a third-generation CAR with anti-Her2 scFv (derived from
trastuzumab) contains the 4-1BB and CD28 co-stimulatory domains, the eGFP
reporter protein, and the puromycin resistance gene (pac), in the hyperactivated
piggyBac transposon system (hyPBase). Genetic transfer was performed by
electroporation (nucleofection, Amaxa Nucleofector™ II).

Transduction efficiency was assessed by flow cytometry (expression of eGFP and the
CAR molecule—biotinylated-streptavidin-APC EGFR or anti-G4S linker antibodies,
and anti-kappa light chain antibodies, respectively) and fluorescence microscopy.

4.3. Selection of CAR-NK92 cells

CAR-NK92 cells were selected by treatment with puromycin (4 ug/mL, 7 days),
exploiting the expression of the pac gene (puromycin-N-acetyltransferase) encoded
by the plasmid based on the puromycin toxicity curve. This curve was determined by
titration in the range of 0—10 pg/mL over 7 days.

4.4. Evaluation of CAR Cell Cytotoxicity

The CAR-mediated cytotoxic effect was evaluated by flow cytometry (staining with
calcein violet and propidium iodide, at effector:target [E:T] ratios of 1:1, 5:1, 10:1),
RTCA assays, and fluorescence microscopy (visualization of CAR-PBMC interactions
with tumor cells).

4.5. Isolation and characterization of exosomes

Cells (4%10¢°) were incubated in serum-free medium for 72 hours. The supernatant was
processed by serial centrifugation (300xg, 2000xg, 10,000xg) to remove cellular
debris, followed by precipitation with polyethylene glycol (PEG) and resuspension in
1X PBS.

Exosomes were quantified by measuring protein concentration (Qubit fluorometry,
NanoDrop spectrophotometry) and via fluorometry (standard curve using reference
beads). The exosomal protein cargo was characterized by Western blot using



exosomal markers (, Alix), cytotoxic proteins (CD3(, granzyme B), CAR marker (G4S
linker), and loading control (B-actin for cell lysates and CD63 for exosomal lysates).
Analysis of chemiluminescent signal intensity enabled a comparative analysis of cells,
specifically wild-type vs. CAR-positive exosomes. In addition, the use of the
MACSPlex EV flow cytometry system enabled analysis of the exosomal surface
proteome via 37 capture beads (antigens: CD63, CD81, CD9, CD56, CD45, CD2,
CD29, CD44, CD25, HLA-A/B/C, etc.).

The assessment of exosome binding capacity to tumor cells was performed using a
modified InCellELISA-type experiment, where CAR exosomes targeted tumor
antigens on fixed and permeabilized cultured cells (SK-BR3 and MCF-7).

The interaction of exosomes with tumor cells was performed by labeling both tumor
cells and exosomes with lipophilic dyes, followed by visualization under a fluorescence
microscope.

The cytotoxic potential of the exosomes was investigated using the resazurin reduction
assay (AlamarBlue™) by assessing cell viability after 24 hours of incubation with
exosomes at different concentrations (1, 5, 10 ug exosomal protein), with calculation
of the ICso. Flow cytometry and staining with 7-aminoactinomycin D (7-AAD) were
used to quantify apoptotic/necrotic cells. Continuous monitoring of the cell index after
the addition of the exosomal suspension was performed using RTCA assays.

5. Results

5.1. Stimulation with Dynabeads™ produces superior proliferation and alters
PBMC composition

Flow cytometric analysis revealed that stimulation with anti-CD3/CD28 microspheres
(Dynabeads™) produced an 8.67-fold increase in cell expansion compared to cytokine
stimulation. The resulting populations exhibited distinct cellular compositions:
stimulation with Dynabeads favored the proliferation of T and NKT cells (TNK-
polarized population), while cytokine stimulation favored the proliferation of NK cells
(NK-polarized population). In both populations, a notable increase in NKT cells was
observed (TNK: 19+5% on day 0 — 46+7% on day 28, p=0.05; NK: 5+1% — 60+8%,
p<0.001). Lentiviral transduction did not significantly influence the distribution of cell
populations at 72 hours.

5.2. Lentiviral transduction efficiency is higher in the TNK-polarized population

eGFP expression was significantly higher in TNK-polarized cells compared to NK-
polarized cells (83+8% vs. 26+9%, p=0.001). Analysis of CAR expression (biotinylated
EGFR-streptavidin-APC) confirmed that 55.78% of TNK-polarized cells were CAR-
positive, compared to 13.91% in the NK-polarized population. At 21 days post-
transduction, persistent CAR expression was observed in the TNK-polarized
population, while the CAR-expressing NK cell population within the NK-polarized cells
was significantly reduced. The low CAR expression in NK cells is attributed to intrinsic
antiviral mechanisms. Based on these results, the TNK-polarized culture was
subsequently used for cytotoxicity experiments.

5.3. Immunophenotyping of tumor cell lines

Flow cytometric analysis of the MDA-MB468 and SK-BR3 cell lines revealed: high
EGFR expression in MDA-MB468 and moderate expression in SK-BR3 (86.05% vs.



34.58%, p<0.001); high Fas expression in both lines (63.81% vs. 96.18%); increased
MICA/B expression in both lines (89.92% vs. 70.34%) and low CD1d expression in
both lines (<0.1%).

5.4. CAR-PBMCs exhibit EGFR-dependent specific cytotoxicity

CAR-PBMCs exhibited significantly increased cytotoxic activity against EGFR-positive
MDA-MB468 cells at all tested E:T ratios:

- E:T =10:1: 3414% vs. 5£1% (p<0.01)
- E:T =5:1: 25+2% vs. 3x1% (p<0.05)
-E:T =1:1: 10£0.5% vs. 1£0.5% (p<0.05)

Compared to SK-BR3 cells (moderate EGFR expression), cytotoxicity was lower but
still significant at E:T = 10:1 (24+2% vs. 6£1%, p<0.05). No significant differences were
observed in the lysis of K562 cells (EGFR-negative) or allogeneic PBMCs,
demonstrating the platform’s specificity and safety profile. Analysis of Cohen’s d
coefficient confirmed a significant effect against MDA-MB468 (d = 1.81 + 0.04) and
SK-BR3 (d = 1.45 + 0.25), compared to non-significant values for K562 (d = -0.36 +
0.48) and allogeneic PBMCs (d = -0.21 + 0.08). The specificity index (SI) was: MDA-
MB468 = 8.87 + 1.21, SK-BR3 = 5.67 + 1.42, K562 = 0.95 + 0.05, allogeneic PBMC =
0.95 £ 0.08. RTCA analysis confirmed rapid cytolysis of MDA-MB468 cells, with a
reduction of over 50% in the cell index within the first 2 hours after CAR-PBMC addition
and complete cytolysis within 8 hours. Fluorescence microscopy visualized the
aggregation of CAR-PBMCs around MDA-MB468 cells, suggestive of recognition and
activation of effector cells in the presence of target tumor cells.

5.5. CAR-PBMC exosomes exhibit increased cytotoxic activity compared to
wild-type exosomes

Exosomes isolated from CAR-PBMCs reduced the MDA-MB468 cell population by
83.34+3.61% after 72 hours of incubation, compared to 56.85+4.70% for wild-type
exosomes and 12.29+3.94% for the negative control (p<0.001 for both comparisons).
MACSPIlex analysis revealed increased expression of HLA class | markers, CD56,
CD45, CD44, CD29, CD2, CD81, CD63, CD8, CD4, and CD3, with no significant
differences between wild-type and CAR-PBMC exosomes, suggesting that CAR
transduction does not influence the exosomal cargo sorting process.

5.6. Electroporation with the piggyBac system generates viable CAR-positive
NK92 cells

Nucleofection of NK92 cells with plasmids encoding hyPBase + anti-Her2 CAR did not
significantly affect cell viability compared to the negative control (no DNA). Transfected
cells expressed eGFP and CAR molecules, confirmed by fluorescence microscopy
and flow cytometry.

5.7. Puromycin selection yields a >99% pure CAR-NK92 population

The puromycin toxicity curve followed a non-linear, dose-dependent function that
could be mathematically modeled. A concentration of 4 ug/mL for 7 days was sufficient
to eliminate untransfected NK92 cells and obtain a >99% CAR-positive population,
with proliferation restored upon stimulation with IL-2 after selection was complete.



5.8. CAR-NK92 exhibits Her2-specific cytotoxicity

RTCA analysis demonstrated that CAR-NK92 cells exerted a significantly stronger
cytotoxic effect against Her2-positive SK-BR3 cells compared to wild-type NK92 cells,
at all tested E:T ratios. The cytotoxic effect of CAR-NK92 against Her2-negative MCF-
7 cells was present but reduced, attributed to non-specific NK activation mechanisms.
Her2 blockade with trastuzumab (10 pyL/200 pL medium) significantly reduced CAR-
NK92 cytotoxicity against SK-BR3, confirming Her2-dependent specificity.

5.9. Characterization of CAR-NK92 exosomes

WT NK92 and CAR-NK92 cells produced comparable amounts of exosomes
(1.12x107 vs. 1.04x107, p=0.502) with similar protein content (13.26 vs. 12.17 ug/uL,
p=0.782), demonstrating that CAR expression does not influence the rate of exosome
production. Both exosomal populations express the canonical markers CD63 and Alix
(demonstrating ESCRT-/Alix-dependent biogenesis). The cytotoxic proteins CD3¢ and
granzyme B (monomers and dimers) were identified in both exosomal populations.
The G4S linker (CAR marker) was detected exclusively in Exo-CAR-NK92 (p=0.046),
confirming the selective incorporation of the CAR molecule into exosomes. -actin was
absent in the exosomal fractions, indicating minimal contamination with cellular debris.
Both exosomal populations expressed high levels of CD63, CD81, CD2, CD29, CD45,
and CD56 (NK marker). CAR-NK92 exosomes exhibit increased expression of CD25
(IL-2Ra) compared to NK92 WT, a receptor involved in the activation and proliferation
of effector cells.

5.10. CAR-NK92 exosomes exhibit increased affinity for Her2-positive cells

The InCellELISA technique demonstrated that CAR-NK92 exosomes preferentially
bind to Her2-positive SK-BR3 cells compared to Her2-negative MCF-7 cells
(absorbance 0.3910.02 vs. 0.31+£0.02 RAU, p=0.04). Wild-type NK92 exosomes
showed no significant differences in binding to the two cell lines (p=0.61), confirming
that the binding specificity is attributed to the anti-Her2 CAR molecule. Fluorescence
microscopy confirmed the internalization of DiO-labeled exosomes by SK-BR3 cells at
24—72 hours of incubation.

5.11. CAR-NK92 exosomes exert Her2-specific cytotoxicity

CAR-NK92 exosomes exhibited an ICs, of 22.361 ug/mL against SK-BR3 cells,
significantly lower than that of NK92 WT exosomes (IC5o = 49.919 pg/mL). In the case
of Her2-negative MCF-7 cells, the IC5, values were comparable between the two
exosomal populations (43.215 vs. 45.894 pg/mL), confirming antigen-dependent
specificity. CAR-NK92 exosomes induced a significantly higher percentage of
apoptotic/necrotic cells in the SK-BR3 line compared to NK92 WT exosomes
(34.984£3.14% vs. 21.60+2.32%), with 1.89-fold higher specificity against MCF-7. d
NK92 WT exosomes also exerted cytotoxicity against both cell lines (SK-BRS3:
21.60+£2.32% vs. control 8.97+2.25%, p=0.04; MCF-7: 23.56+4.03% vs. control
6.03+£1.80%, p=0.03), attributable to intrinsic cytotoxic proteins (granzyme B).

6. Discussion
6.1. CAR-PBMC Platform

The first line of investigation in this thesis demonstrated that PBMCs can serve as a
starting point for generating functional CAR cells. The advantages of the CAR-PBMC



platform include: (1) simplification of the manufacturing process by eliminating the step
of isolated T-cell selection and expansion; (2) simultaneous production of CAR-T,
CAR-NK, and CAR-NKT cells, leveraging complementary cytotoxic mechanisms; (3)
reduction of the time from harvest to infusion.

The difference in the magnitude of cytotoxicity against MDA-MB468 (8x) vs. SK-BR3
(3x) underscores the importance of antigenic density for the efficacy of CAR therapy,
consistent with the literature demonstrating the need for a minimum threshold of
antigenic expression for optimal cellular activation. The absence of cytotoxicity against
allogeneic PBMCs suggests a promising safety profile in an allogeneic context,
although in vivo validation is required.

CAR-NKT cells within the CAR-PBMC population can contribute to the remodeling of
the tumor microenvironment by releasing proinflammatory cytokines (TNF-a, IFN-y),
promoting M1 macrophages, and activating tumor-infiltrating CD8+ lymphocytes,
independent of MHC class | expression.

6.2. The CAR-NK92 platform and the piggyBac system

The use of the piggyBac transposon system has resolved the major limitation of
lentiviral transduction in NK cells (due to intrinsic antiviral mechanisms). Puromycin
selection has proven to be a cost-effective method for obtaining highly purified (>99%)
CAR-NK92 populations with a mathematically modelable pharmacological profile.

The reduction in CAR-NK92 cytotoxicity through trastuzumab administration confirms
that the antitumor effect is specifically mediated by Her2 recognition by the CAR
molecule.

6.3. CAR Exosomes as an Acellular Therapeutic Platform

The results regarding CAR-NK92 exosomes demonstrate that the CAR molecule is
selectively incorporated into exosomes derived from genetically modified NK92 cells.
CAR-NK92 exosomes exhibit increased affinity for Her2-positive cells compared to
Her2-negative cells and exert 2.2-fold greater anti-Her2 cytotoxicity compared to WT
exosomes.

The proposed mechanism involves: specific binding of the CAR molecule to Her2 on
the surface of the tumor cell, internalization of the exosomes, intracellular release of
granzyme B, and activation of the caspase-dependent apoptotic cascade.
Concurrently, exosomal FasL can activate the extrinsic apoptotic pathway by binding
to the Fas receptor (CD95) expressed on tumor cells.

The advantages of using exosomes in immunotherapy over classical cell therapy
include increased penetrability into the immunosuppressive tumor microenvironment,
an improved safety- e profile (absence of the risk of CRS, GvHD), and the possibility
of “off-the-shelf’ use.

7. Conclusions

Based on the experiments conducted in this doctoral study, the following conclusions
can be drawn:

1. PBMCs can serve as a starting point for the development of CAR cells, generating
a heterogeneous population of CAR-T, CAR-NK, and CAR-NKT cells with
complementary antitumor cytotoxicity.



2. Stimulation with anti-CD3/CD28 microspheres (Dynabeads™) is superior to
cytokine stimulation, producing an 8.67-fold greater expansion and a predominantly
TNK population, with superior lentiviral transduction efficiency.

3. CAR-PBMCs exert EGFR-dependent, specific antitumor cytotoxic effects against
MDA-MB468 cells (Sl = 8.87; Cohen’s d = 1.81) and SK-BR3 cells (SI = 5.67; Cohen’s
d = 1.45), without significant cytotoxicity toward allogeneic PBMCs.

4. CAR-PBMC exosomes enhance cytotoxicity against MDA-MB468 cells
(83.3413.61% vs. 56.851+4.70% for WT exosomes, p<0.001), suggesting that the CAR
molecule increases exosomal cytotoxic specificity and efficacy.

5. Lentiviral transduction is inefficient in NK-polarized cells, attributed to intrinsic
antiviral mechanisms. To overcome this limitation, electroporation with the piggyBac
system allows for efficient genetic modification of NK cells for CAR expression, without
significantly affecting cell viability.

6. Selection with puromycin (4 pg/mL, 7 days) yields a CAR-NK92 population >99%
pure, following a mathematically modelable non-linear dose-dependent curve.

7. CAR-NK92 exhibits Her2-specific cytotoxicity against SK-BR3 cells, an effect
abolished by Her2 blockade with trastuzumab.

8. NK92 WT and CAR-NK92 exosomes express the canonical markers CD63 and Alix
(ESCRT-dependent biogenesis) and the cytotoxic proteins CD3¢ and granzyme B.

9. The CAR molecule is selectively incorporated into CAR-NK92 exosomes, confirmed
by the detection of the G4S-CAR linker exclusively in Exo-CAR-NK92.

10. CAR-NK92 exosomes exhibit increased affinity for Her2-positive SK-BR3 cells
compared to Her2-negative MCF-7 cells, conferred specifically by the CAR molecule.

11. CAR-NK92 exosomes exert Her2-specific cytotoxicity with an ICs, of 22.361 pg/mL
against SK-BR3, which is 2.2 times lower than that of WT exosomes (ICso = 49.919
Mg/mL).

12. CAR expression does not influence the exosome production rate (p=0.502) or
cytotoxic protein content (p=0.782).

8. Original Contributions
This thesis makes the following original contributions to the literature:

1. In vitro demonstration of the efficacy of the CAR-PBMC platform as a simplified
immunotherapeutic approach, with the simultaneous production of CAR-T,
CAR-NK, and CAR-NKT cells from a single apheresis product.

2. Mathematical modeling of the puromycin toxicity curve for the selection of
transfected NK92 cells, with identification of the optimal concentration (4 pg/mL,
7 days) for obtaining cultures >99% pure.

3. Systematic comparison of two genetic modification platforms (lentiviral
transduction vs. electroporation with piggyBac transposons) for generating
CAR-positive NK cells, demonstrating the superiority of the piggyBac system.

4. Demonstration of the cytotoxic effect of CAR-PBMC and CAR-NK exosomes.



5. Demonstration of the selective incorporation of the anti-Her2 CAR molecule into
exosomes derived from NK92 cells, with confirmation of CAR linker expression
exclusively in the CAR-NK92 exosomal fraction.

6. Demonstration of the antigen-dependent specificity of CAR-NK92 exosomes
toward Her2-positive cells, with a specificity profile 2.2 times higher than that of
WT exosomes.

7. Characterization of the exosomal surface proteome (37 antigens via MACSPlex
EV) for CAR-PBMC and CAR-NK92 populations.
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1. Introducere

Imunoterapia cancerului a cunoscut o revolutie fara precedent odata cu dezvoltarea
terapiilor bazate pe receptori himerici de antigen (CAR), reprezentand o noua era in
tratamentul afectiunilor maligne. Celulele CAR-T au demonstrat rezultate remarcabile
in tratamentul neoplaziilor hematologice, conducand la aprobarea mai multor produse
terapeutice de catre FDA si modificand semnificativ prognosticul pacientilor cu
leucemii si limfoame cu celule B refractare. Cu toate acestea, aplicabilitatea clinica
extinsa a acestor terapii este limitata de provocari majore: toxicitati severe (sindromul
de eliberare citokinica — CRS, neurotoxicitate — ICANS), eficacitate redusa in
tumorile solide datorita barierelor micromediului tumoral imunosupresiv (TME), costuri
restrictive de productie si complexitatea procesului de productie.

Barierele fizice ale stromei tumorale, imunosupresia mediata de MDSCs si CAFs,
precum si epuizarea functionald a efectorilor in micromediul hipoxic si acid contribuie
semnificativ la esecul terapeutic in tumori solide. Timpul necesar productiei si
expansiunii celulelor CAR-T reprezinta o limitare logistica majora, intarziind
tratamentul pacientilor cu forme agresive de cancer. Limfopenia sau disfunctia
limfocitara compromit transductia lentivirald, iar costurile ridicate de izolare, selectie,
activare si expansiune celulara limiteaza scalabilitatea si accesibilitatea globala.
Aceste limitari justifica explorarea efectului citotoxic al celulelor mononucleare din
sénge periferic transduse lentiviral (CAR-PBMC) — o populatie heterogena incluzénd
limfocite T CD4+, CD8+, B, NK, NKT si monocite. Strategia CAR-PBMC presupune
transductia directa a acestei populatii fara pasi prealabili de purificare sau selectie.

Prezenta simultana a multiple subtipuri celulare ofera o serie de avantaje: celulele
CAR-T CD4+ secreta citokine proliferative (IL-2, IL-7, IL-15) si sustin persistenta
CD8+, CAR-T CD8+ asigura citotoxicitate prin perforine/granzime si productie de IFN-
Y/TNF-a, CAR-NK ofera citotoxicitate independenta de HLA clasa |, iar CAR-NKT
recunosc antigene prin CD1d, activeaza celulele dendritice si prezinta potential redus
de boala grefa contra gazda (GvHD).

Combinarea mecanismelor CAR si HLA-mediate in cadrul unui produs PBMC
modificat extinde acoperirea antigenica, permite eliminarea tumorala prin cai
complementare si imbunatateste eficacitatea terapeutica globala.

In paralel, celulele natural killer (NK) au atras un interes crescut ca platforma
alternativa pentru terapiile CAR, oferind avantaje semnificative: capacitate citotoxica
MHC-independenta, risc redus de boala grefa-contra-gazda (GvHD), posibilitatea
utilizarii alogenice si profil de sigurantd imbunatatit. Generarea de celule CAR-NK din
linii celulare stabilizate (NK-92) sau din celule mononucleare din sange periferic
(PBMC) reprezinta strategii promitatoare pentru dezvoltarea de terapii off-the-shelf
accesibile si scalabile.

Eficacitatea terapiilor celulare CAR este Ilimitata de micromediul tumoral
imunosupresiv, heterogenitatea antigenica si barierele fizice. In acest context,
explorarea potentialului citotoxic al exozomilor derivati din celule CAR reprezinta o
directie de cercetare inovatoare. Exozomii CAR pot transporta molecule efectorii
precum FasL, granzime B, perforine si receptori himerici de antigen functionali, iar
dimensiunile lor nanometrice permit o penetrare eficientd in micromediul tumoral si o
distributie sistemica imbunatatitd. Cu toate acestea, mecanismele precise prin care
exozomii CAR-T si CAR-NK exercita efecte citotoxice asupra celulelor tumorale raman
incomplet elucidate.



Exozomii, vezicule extracelulare nanometrice (30—150 nm) secretate de toate tipurile
celulare, s-au remarcat ca mediatori esentiali ai comunicarii intercelulare, transportand
proteine, acizi nucleici si lipide bioactive. Recent, exozomii derivati din celulele CAR-
T si CAR-NK (CAR-Exo0) au atras un interes stiintific crescut datorita potentialului lor
de a reproduce efectele citotoxice ale celulelor de origine, oferind simultan avantaje
semnificative: profil de siguranta imbunatatit, penetrabilitate crescutd in micromediul
tumoral, posibilitatea productiei off-the-shelf si cost redus. Utilizarea exozomilor CAR-
T/CAR-NK ar putea reprezenta o abordare terapeutica eficienta ce depaseste limitarile
terapiilor celulare clasice.

Efectul de distrugere tumorala este mediat de transferul continutului catre celulele
tinta, fie prin interactiuni ligand-receptor, fuziunea membranelor celulelor tinta cu
membranele exozomale, sau prin endocitoza. Exo-CAR-T incapsuleaza agenti
citotoxici precum perforina, FasL, Apo2L, granzima A si granzima B, conferindu-le
functii citotoxice directe impotriva celulelor neoplazice.

Exozomii CAR prezintd multe dintre proprietatile celulelor CAR-T/NK, cel mai de
interes fiind capacitatea citotoxica. Dovezile sustin ca nivelurile de proteina CAR sunt
comparabile intre CAR-T Exo si celulele de origine. Pe langa expresia crescuta de
molecule citotoxice, exozomii sunt in acelasi timp negativi pentru PD-1. Absenta PD-
1 le permite sa reziste influentelor imunosupresive ale micromediului tumoral mai bine
decat omologii lor celulari.

Deoarece exozomii sunt entitati acelulare, nu exista potential de transformare
leucemica, iar riscul de CRS este mai mic, demonstrat in modele murine. Activitatea
antitumorala a exozomilor CAR este antigen-specifica si mediata prin CAR, intrucat
exozomii CAR anti-EGFR si anti-Her2 elimina eficient celulele tumorale EGFR+ si
Her2+, iar exozomii CAR-T anti-mezotelina (MSLN) au suprimat cresterea tumorala in
vivo prin distrugerea directa (perforina si granzima B) a celulelor de cancer mamar
triplu negativ, MSLN-pozitiv fara efecte secundare semnificative.

Studiul doctoral IntErLiNK (INvestigarea mecanismelor citotoxice anti-Tumorale
mediate de Exozomii proveniti de la Limfocite T si celule NK cu receptori chimerici de
antigen) propune investigarea sistematica a mecanismelor citotoxice ale exozomilor
derivati din celulele CAR-PBMC si CAR-NK92, cu accent pe specificitatea antigenica
faté de receptorii EGFR si Her2, frecvent supraexprimati in cancerul mamar.

2. Obiectivele tezei

Tindnd cont de aspectele mentionate anterior, acest studiu doctoral isi propune
identificarea de noi imunoterapii antitumorale cu profiluri de siguranta ridicate, costuri
de productie mai reduse si cu aplicabilitate de tip ,off-the-shelf”. Astfel, obiectivele
acestei teze sunt:

1. Investigarea unei metode de obtinere a unei populatii heterogene CAR-pozitive
pornind de la celule mononucleare periferice

2. Evaluarea in vitro a capacitatii citotoxice a celulelor CAR-PBMC;

3. lzolarea exozomilor eliberati de celulele CAR-PBMC si investigarea
potentialului citotoxic;



4. Investigarea metodelor de transfectie non-virale a celulelor NK in vederea
obtinerii unei populatii celulare CAR-NK;

5. Evaluarea in vitro a citotoxicitati mediate de CAR a populatiei de celule
transduse CAR-NK;

6. lzolarea si caracterizarea proteomica a exozomilor eliberati de celulele CAR-
NK;

7. Analiza comparativa a exozomilor CAR-NK vs NK wild-type din punct de vedere
al cargo-ului exozomal, al afinitatii de legare de antigene tintd precum si al
capacitatii citotoxice antitumorale.

3. Stadiul actual al cunoasterii

Receptorii himerici de antigen (CAR) sunt receptori sintetici obtinuti prin tehnici de
inginerie genetica, care recunosc si leaga antigene specifice, activand celulele imune
independent de mecanismele de reglare implicate in formarea sinapselor imunologice
clasice. O molecula CAR functionala contine: (1) un domeniu extracelular de legare a
antigenului (de regula un fragment variabil cu lant unic — scFv); (2) un domeniu
transmembranar; (3) un domeniu de semnalizare intracelulara (derivat din CD30).
Generatiile 2—5 de CAR adauga domenii co-stimulatoare (4-1BB, CD28, ICOS, OX40)
si elemente de sinteza a citokinelor (TRUCK, NFAT-IL12), amplificAnd persistenta si
functionalitatea celulara.

Semnalizarea CAR implica fosforilarea domeniilor ITAM de catre kinazele Lck si Fyn,
activarea ZAP70, a caii LAT/SLP-76/PLCy1, eliberarea de calciu, activarea NFAT,
NFkB si a caii Ras/MEK/ERK, culminénd cu productia de citokine (IL-2, IFN-y, TNF-
a) si exocitoza granulelor citotoxice (perforine, granzime).

Terapia CAR-T a obtinut aprobarea FDA datoritd rezultatelor remarcabile in
neoplaziile hematologice (leucemie acuta limfoblastica cu celule B, limfom difuz cu
celule B mari, mielom multiplu), cu rate de remisiune completa de 60—-90% in cohorte
selectate. Cu toate acestea, toxicitatile severe (CRS grad 3—4, ICANS), eficacitatea
limitata in tumorile solide (barierele micromediului tumoral, epuizarea celulara,
pierderea antigenica), costurile prohibitive si complexitatea crescutd asociata
transductiei si expansiunii celulare constituie obstacole majore. Limfopenia asociata
chimio-radioterapiei reduce semnificativ. numarul de limfocite utilizate pentru
transductia CAR. Aplicabilitatea terapiei CAR la scara larga necesita tehnici de
productie ,off-the-shelf’, precum knock-down-ul genei TCR (in vederea obtinerii de
CAR-T universale), utilizarea altor tipuri de celule mononucleare sau a exozomilor
eliberati de celule CAR-pozitive.

Celulele NK prezintd avantaje distincte fatd de celulele T: citotoxicitate HLA-
independenta, risc redus de boala grefa-contra-gazda, posibilitate de utilizare
alogenica off-the-shelf si profil de siguranta superior. Studii clinice de faza 1/2 cu
celule CAR-NK anti-CD19 din sange din cordonul ombilical au raportat rate de raspuns
global de 62,5% si remisiune completa de 50%, fara CRS sever sau neurotoxicitate.
Linia celulara NK92, obtinutad din limfoame NK cu celule mari, reprezintd un model
accesibil pentru generarea de celule CAR-NK, desi necesita iradiere prealabila
utilizarii clinice pentru reducerea riscului de transformare maligna. Acest procedeu
limiteaza expansiunea populatiei de celule efectorii si presupune administrari repetate
in vederea atingerii unui numar optim de celule efectorii.



Utilizarea celulelor mononucleare din sange periferic (PBMC) ca material de pornire
pentru generarea de celule CAR permite producerea simultana de CAR-T, CAR-NK si
CAR-NKT dintr-un singur produs de afereza, simplificand procesul de fabricatie si
valorificand mecanismele citotoxice complementare ale celor trei subtipuri celulare.

EGFR (receptorul factorului de crestere epidermal) este supraexprimat in 15-30% din
cancerele mamare, in special in subtipul triplu-negativ (TNBC), si reprezinta o tinta
validata pentru imunoterapia CAR. Her2 (ERBB2) este amplificat/supraexprimat in
15-20% din cancerele mamare si constituie tinta anticorpului monoclonal aprobat
clinic trastuzumab. Supraexpresia EGFR si Her2 se asociazad cu un comportament
biologic agresiv, prognostic nefavorabil si rezistenta la chimioterapia conventionala.

Exozomii sunt vezicule extracelulare (30—150 nm) care utilizeaza o cale biogenetica
unica, implicand doua evenimente secventiale de invaginare a plasmalemei.
Biogeneza exozomald si sortarea cargo-ului implicd cai ESCRT-dependente
(proteinele TSG101, Alix, CHMP4B) si ESCRT-independente (ceramida, sindecan-
sintenin-Alix, tetraspaninele CD63/CD81/CD9). Exozomii transporta proteine
functionale (receptori de suprafata, enzime, factori de transcriptie), ARNm, miARN si
lipide bioactive ce mediazd comunicarea intercelulara in conditii fiziologice si
patologice, oferind o serie de molecule cu rol de biomarker. Recent s-a identificat ca
moleculele continute in exozomi pot modula caile de semnalizare implicate in
proliferarea celulara, expresia fenotipicad etc. Astfel, investigarea continutului
exozomilor produsi de celulele purtatoare de CAR ar putea evidentia un potential rol
citotoxic.

Literatura de specialitate descrie ca exozomii derivati din celulele CAR-T (CAR-Exo)
exprima molecule CAR pe suprafata, conferindu-le specificitatea antigenica, si
prezinta efecte pro-apoptotice asupra celulelor tumorale prin mecanisme mediate de
perforind/granzima si FasL. Exozomii CAR-T nu exprima molecula PD-L1, proteina cu
efect detrimental asupra celulelor CAR-T. In plus, datoritd dimensiunilor nanometrice,
exozomii prezinta penetrabilitate superioara in micromediul tumoral comparativ cu
celulele de provenienta. Natura non-replicativa a acestor vezicule extracelulare
adreseaza limitarea privind riscul de toxicitate sistemica asociata terapiei CAR, insa
necesita regimuri terapeutice de administrare repetata. Pentru a reduce suplimentar
riscul de boala grefa-contra-gazda, exozomii CAR-NK, TCR-negativi, ar putea
produce un efect citotoxic similar cu Exo-CAR-T. Un singur studiu evalueaza efectul
citotoxic al exozomilor CAR-NK, insa acest studiu a utilizat exozomi modificati
suplimentar prin fuziunea cu lipozomi ce contin molecule generatoare de specii
reactive ale oxigenului. Astfel, studiile curente nu ofera informatii precise asupra
continutului exozomal, respectiv asupra potentialului citotoxic al exozomilor CAR-NK.

4. Materiale si Metode
4.1. Surse celulare si culturi

PBMC izolate din sangele periferic de la 5 voluntari sanatosi prin centrifugare in
gradient de densitate (Ficoll-Paque) au fost cultivate in mediul XVIVO10, suplimentat
cu plasma umana. Celulele mononucleare au fost supuse la doua regimuri de
stimulare: (1) microsfere magnetice anti-CD3/CD28 (Dynabeads™) — producéand o
populatie TNK-polarizata (predominant celule T si NKT) si (2) cocktail citokinic (IL-2,
IL-15, IL-21) — producand o populatie NK-polarizata (predominant celule NK si NKT).



Liniile celulare tumorale MDA-MB468 (cancer mamar EGFR-pozitiv, triplu-negativ),
SK-BR3 (cancer mamar Her2-pozitiv), MCF-7 (cancer mamar Her2-negativ, ER-
pozitiv) si K562 (leucemie mieloida cronica — control NK) au fost cultivate in mediile
de cultura specifice.

Linia celulara NK92 a fost cultivata in mediu RPMI 1640 suplimentat cu IL-2 (500
Ul/mL) si plasma umana (5%).

4.2. Design-ul plasmidelor, transductia si evaluarea eficientei transductiei

In cadrul acestui studiu doctoral, dou& constructe CAR au fost sintetizate. Cele doua
CAR au fost transfectate in celulele efectorii prin douad metode diferite si tintesc doua
antigene frecvent utilizate in imunoterapia antitumorala (EGFR, Her2).

Vectorul lentiviral LentiOne™ cu promotor PGK, codificd un CAR de generatia a 2-a
cu scFv anti-EGFR, domeniu transmembranar CD28, domenii co-stimulatoare
CD28/4-1BB si domeniu CD3¢, cuplat cu eGFP prin peptid T2A. Transductia s-a
realizat in ziua 7 de cultura, la un MOI de 50.

Plasmidul codant pentru un CAR de generatia a 3-a cu scFv anti-Her2 (derivat din
trastuzumab) contine domeniile co-stimulatoare 4-1BB si CD28, proteina reporter
eGFP si gena de rezistenta la puromicina (pac), in sistemul de transpozoni piggyBac
hiperactivat (hyPBase). Transferul genetic s-a realizat prin electroporare (nucleofectie,
Amaxa Nucleofector™ |I).

Eficienta transductiei a fost evaluatd prin citometrie de flux (expresia eGFP si a
moleculei CAR - EGFR biotinilat-streptavidina-APC sau anticorpi anti-G4S linker,
respectiv anti-lanturi usoare kappa) si microscopie cu fluorescenta.

4.3. Selectia celulelor CAR-NK92

Celulele CAR-NK92 au fost selectate prin tratament cu puromicina (4 ug/mL, 7 zile),
exploatand expresia genei pac (puromicin-N-acetiltransferaza) codificata de plasmid
pe baza curbei de toxicitate la puromicina. Aceasta curba a fost determinata prin titrare
in intervalul 0—10 pg/mL, timp de 7 zile.

4.4. Evaluarea citotoxicitatii celulelor CAR

Efectul citotoxic mediat de CAR a fost evaluat prin citometrie de flux (marcare cu
calceina violet si iodura de propidiu, la rapoarte efectori:tintd [E:T] de 1:1, 5:1, 10:1),
experimente RTCA si microscopie cu fluorescenta (vizualizarea interactiunilor CAR-
PBMC cu celulele tumorale).

4.5. I1zolarea si caracterizarea exozomilor

Celulele (4%x10°) au fost incubate in mediu fara ser timp de 72 de ore. Supernatantul
a fost procesat prin centrifugari seriate (300xg, 2000xg, 10.000xg) pentru eliminarea
resturilor celulare, precipitare cu polietilenglicol (PEG) si resuspendare in PBS 1X.

Cuantificarea exozomilor s-a realizat prin determinarea concentratiei de proteine
(fluorimetrie Qubit, spectrofotometrie NanoDrop) si fluorimetrie (curba standard cu
microsfere bead de referintd). Cargo-ul proteic exozomal a fost caracterizat prin
Western blot utilizand markeri exozomali (CD63, Alix), proteine citotoxice (CD3(,
granzima B), marker CAR (linker G4S), si control de incarcare (B-actina pentru lizate
celulare si CD63 pentru lizate exozomale). Analiza intensitati semnalului
chemiluminescent a permis analiza comparativa a celulelor, respectiv a exozomilor



wild-type vs. CAR-pozitivi. In plus, folosirea sistemului flux citometric MACSPlex EV a
permis analiza proteomului de suprafata exozomal prin intermediul a 37 de microsfere
de captura (antigene: CD63, CD81, CD9, CD56, CD45, CD2, CD29, CD44, CD25,
HLA-A/B/C etc.).

Evaluarea capacitatii de legare a exozomilor de celulele tumorale s-a realizat folosind
un experiment de tip InCellELISA modificat, unde exozomii CAR au tintit antigenele
tumorale ale celulelor din cultura fixate si permeabilizate (SK-BR3 si MCF-7).

Interactiunea exozomilor cu celulele tumorale s-a realizat prin marcarea cu coloranti
lipofilici atat a celulelor tumorale, cat si a exozomilor, urmata de vizualizarea in
microscopie cu fluorescenta.

Potentialul citotoxic al exozomilor a fost investigat folosind testul de reducere al
resazurinei (AlamarBlue™) prin evaluarea viabilitatii celulare dupa 24 ore de incubare
cu exozomi in concentratii diferite (1, 5, 10 pg proteina exozomala), cu calculul ICs.
Citometria de flux si marcarea cu 7-aminoactinomicind D (7-AAD) a fost utilizata
pentru cuantificarea celulelor apoptotice/necrotice. Monitorizarea continua a indicelui
celular dupa adaugarea suspensiei exozomale a fost realizatda cu ajutorul
experimentelor RTCA.

5. Rezultate

5.1. Stimularea cu Dynabeads™ produce o proliferare superioara si modifica
compozitia PBMC

Analiza flow-citometrica a evidentiat ca stimularea cu microsfere anti-CD3/CD28
(Dynabeads™) a produs o expansiune celulara de 8,67 ori fatd de stimularea
citokinica. Populatiile rezultate au prezentat compozitii celulare distincte: stimularea
cu Dynabeads a favorizat proliferarea celulelor T si NKT (populatie TNK-polarizata),
in timp ce stimularea citokinica a favorizat proliferarea celulelor NK (populatie NK-
polarizata). In ambele populatii s-a observat o crestere notabila a celulelor NKT (TNK:
19+5% ziua 0 — 46+7% ziua 28, p=0,05; NK: 5£1% — 60+8%, p<0,001). Transductia
lentivirala nu a influentat semnificativ distributia populatiilor celulare la 72 ore.

5.2. Eficienta transductiei lentivirale este superioara in populatia TNK-
polarizata

Expresia eGFP a fost semnificativ mai mare in celulele TNK-polarizate fatad de cele
NK-polarizate (83+8% vs. 26£9%, p=0,001). Analiza expresiei CAR (EGFR biotinilat-
streptavidina-APC) a confirmat ca 55,78% din celulele TNK-polarizate au fost CAR-
pozitive, fata de 13,91% in populatia NK-polarizata. La 21 de zile post-transductie s-a
evidentiat o expresie persistentd a CAR in populatia TNK-polarizata, in timp ce
populatia CAR-NK din cadrul celulelor NK-polarizate a fost semnificativ diminuata.
Expresia scazuta a CAR in celulele NK este atribuita mecanismelor antivirale
intrinseci. Pe baza acestor rezultate, cultura TNK-polarizata a fost utilizata ulterior
pentru experimentele de citotoxicitate.

5.3. Imunofenotiparea liniilor celulare tumorale

Analiza flux citometrica a liniilor celulare MDA-MB468 si SK-BR3 a evidentiat: expresie
EGFR ridicata in MDA-MB468 si moderata in SK-BR3 (86,05% vs. 34,58%, p<0,001);
expresie Fas ridicata in ambele linii (63,81% vs. 96,18%); expresie MICA/B crescuta
in ambele linii (89,92% vs. 70,34%) si expresie CD1d scazuta in ambele linii (<0,1%).



5.4. CAR-PBMC exercita citotoxicitate specifica EGFR-dependenta

Celulele CAR-PBMC au prezentat o activitate citotoxica semnificativ crescuta fata de
celulele MDA-MB468 EGFR-pozitive la toate rapoartele E:T testate:

-E:T=10:1: 34+t4% vs. 5+1% (p<0,01)
- E:T =5:1: 2522% vs. 3x1% (p<0,05)
-E:T =1:1: 10£0,5% vs. 1£0,5% (p<0,05)

Fata de celulele SK-BR3 (expresie EGFR moderata), citotoxicitatea a fost mai redusa
dar semnificativa la E:T = 10:1 (24+2% vs. 6+1%, p<0,05). Nu s-au observat diferente
semnificative in cazul lizei celulelor K562 (EGFR-negative) sau a PBMC allogene,
demonstrand specificitatea si profilul de siguranta al platformei. Analiza coeficientului
d al lui Cohen a confirmat un efect semnificativ fatd de MDA-MB468 (d = 1,81+0,04)
si SK-BR3 (d = 1,45+0,25), fata de valorile nesemnificative pentru K562 (d = -
0,36+0,48) si PBMC alogene (d = -0,21£0,08). Indicele de specificitate (Sl) a fost:
MDA-MB468 = 8,87+1,21, SK-BR3 = 5,67+1,42, K562 = 0,95+0,05, PBMC alogene =
0,95+0,08. Analiza RTCA a confirmat o citoliza rapida a celulelor MDA-MB468, cu o
reducere cu peste 50% a indicelui celular in primele 2 ore de la adaugarea CAR-
PBMC si citoliza completéa in 8 ore. Microscopia cu fluorescenta a vizualizat agregarea
celulelor CAR-PBMC in jurul celulelor MDA-MB468, sugestiva pentru recunoasterea
si activarea celulelor efectoare in prezenta celulelor tumorale tinta.

5.5. Exozomii CAR-PBMC prezinta o activitate citotoxica crescuta fata de
exozomii wild-type

Exozomii izolati de la CAR-PBMC au redus populatia celulara MDA-MB468 cu
83,34+3,61% dupa 72 ore de incubare, fata de 56,85+4,70% pentru exozomii wild-
type si 12,29£3,94% pentru controlul negativ (p<0,001 pentru ambele comparatii).
Analiza MACSPlex a relevat o expresie crescuta a markerilor HLA clasa |, CD56,
CD45, CD44, CD29, CD2, CD81, CD63, CD8, CD4 si CD3, fara diferente
semnificative intre exozomii wild-type si CAR-PBMC, sugerand ca transductia CAR
nu influenteaza procesul de sortare a cargo-ului exozomal.

5.6. Electroporarea cu sistemul piggyBac genereaza celule NK92 CAR-pozitive
viabile

Nucleofectia celulelor NK92 cu plasmidele codante pentru hyPBase + CAR anti-Her2
nu a afectat semnificativ viabilitatea celulara fatd de controlul negativ (fara ADN).
Celulele transfectate au exprimat molecule eGFP si CAR, confirmate prin microscopie
cu fluorescenta si citometrie de flux.

5.7. Selectia cu puromicina produce o populatie CAR-NK92 >99% pura

Curba de toxicitate la puromicina a urmat o functie non-liniard dependenta de doza,
modelabila matematic. O concentratie de 4 pyg/mL timp de 7 zile a fost suficienta
pentru eliminarea celulelor NK92 netransfectate si obtinerea unei populatii >99%
CAR-pozitive, cu restaurarea proliferarii prin stimulare cu IL-2 dupa finalizarea
selectiei.



5.8. CAR-NK92 exercita citotoxicitate Her2-specifica

Analiza RTCA a demonstrat ca celulele CAR-NK92 au exercitat un efect citotoxic
semnificativ mai puternic fata de celulele SK-BR3 Her2-pozitive comparativ cu NK92
wild-type, la toate rapoartele E:T testate. Efectul citotoxic al CAR-NK92 fata de
celulele MCF-7 Her2-negative a fost prezent dar mai redus, atribuit mecanismelor de
activare nespecifica NK. Blocarea Her2 cu trastuzumab (10 pL/200 pL mediu) a redus
semnificativ citotoxicitatea CAR-NK92 fatd de SK-BR3, confirmand specificitatea
Her2-dependenta.

5.9. Caracterizarea exozomilor CAR-NK92

Celulele NK92 WT si CAR-NK92 au produs cantitati comparabile de exozomi
(1,12x107 vs. 1,04x107, p=0,502) cu continut proteic similar (13,26 vs. 12,17 pg/uL,
p=0,782), demonstrand ca expresia CAR nu influenteazd rata de productie
exozomala. Ambele populatii exozomale exprima markerii canonici CD63 si Alix
(demonstrand biogeneza ESCRT-/Alix-dependentd). Proteinele citotoxice CD3( si
granzima B (monomeri si dimeri) au fost identificate in ambele populatii exozomale.
Linkerul G4S (marker CAR) a fost detectat exclusiv in Exo-CAR-NK92 (p=0,046),
confirmand incorporarea selectiva a moleculei CAR in exozomi. B-actina a fost
absenta in fractiunile exozomale, indicand contaminare minima cu resturi celulare.
Ambele populatii exozomale au exprimat niveluri ridicate de CD63, CD81, CD2, CD29,
CD45, si CD56 (marker NK). Exozomii CAR-NK92 prezintd o expresie crescuta de
CD25 (IL-2Ra) fata de NK92 WT, receptor implicat in activarea si proliferarea celulelor
efectoare.

5.10. Exozomii CAR-NK92 prezinta afinitate crescuta pentru celulele Her2-
pozitive

Tehnica InCellELISA a demonstrat ca exozomii CAR-NK92 se leaga preferential de
celulele SK-BR3 Her2-pozitive fatd de celulele MCF-7 Her2-negative (absorbanta
0,39+0,02 vs. 0,31+0,02 RAU, p=0,04). Exozomii NK92 wild-type nu au prezentat
diferente semnificative in legarea de cele doua linii celulare (p=0,61), confirménd ca
specificitatea de legare este atribuita moleculei CAR anti-Her2. Microscopia cu
fluorescenta a confirmat internalizarea exozomilor marcati cu DiO de catre celulele
SK-BR3 la 24-72 ore de incubare.

5.11. Exozomii CAR-NK92 exercita citotoxicitate Her2-specifica

Exozomii CAR-NK92 au prezentat un ICs, de 22,361 pug/mL fata de celulele SK-BR3,
semnificativ mai mic fatd de exozomii NK92 WT (ICs, = 49,919 pg/mL). in cazul
celulelor MCF-7 Her2-negative, valorile 1Cs, au fost comparabile intre cele doua
populatii exozomale (43,215 vs. 45,894 pg/mL), confirmand specificitatea antigen-
dependenta. Exozomii CAR-NK92 au indus un procent semnificativ crescut de celule
apoptotice/necrotice din linia SK-BR3 fata de exozomii NK92 WT (34,98+3,14% vs.
21,60%2,32%), cu o specificitate de 1,89 ori mai mare fatd de MCF-7. Exozomii NK92
WT au exercitat de asemenea citotoxicitate fata de ambele linii celulare (SK-BR3:
21,60+2,32% vs. control 8,97+2,25%, p=0,04; MCF-7: 23,56+4,03% vs. control
6,03+1,80%, p=0,03), atribuibila proteinelor citotoxice intrinseci (granzima B).



6. Discutii
6.1. Platforma CAR-PBMC

Prima directie investigata in cadrul tezei a demonstrat ca PBMC-urile pot servi drept
punct de pornire pentru generarea de celule CAR functionale. Avantajele platformei
CAR-PBMC includ: (1) simplificarea procesului de fabricatie prin eliminarea etapei de
selectie si expansionare izolata a celulelor T; (2) producerea simultana de CAR-T,
CAR-NK si CAR-NKT, valorificdnd mecanismele citotoxice complementare; (3)
reducerea timpului de la recoltare la infuzie.

Diferenta de magnitudine a citotoxicitatii fata de MDA-MB468 (8x) vs. SK-BR3 (3x)
subliniaza importanta densitatii antigenice pentru eficacitatea terapiei CAR, in
concordanta cu literatura care demonstreaza necesitatea unui prag minim de expresie
antigenica pentru activarea celulara optima. Absenta citotoxicitatii fata de PBMC
alogene sugereaza un profil de siguranta promitator in context alogenic, desi validarea
in vivo este necesara.

Celulele CAR-NKT din cadrul populatiei CAR-PBMC pot contribui la remodelarea
micromediului tumoral prin eliberarea de citokine proinflamatorii (TNF-a, IFN-y),
promovand macrofagele M1 si activand limfocitele CD8+ infiltrante tumoral,
independent de expresia MHC clasa I.

6.2. Platforma CAR-NK92 si sistemul piggyBac

Utilizarea sistemului de transpozoni piggyBac a rezolvat limitarea majora a
transductiei lentivirale in celulele NK (datoratd mecanismelor antivirale intrinseci).
Selectia cu puromicina s-a dovedit o metoda cost-eficientd pentru obtinerea de
populatii CAR-NK92 inalt purificate (>99%), cu un profil farmacologic modelabil
matematic.

Reducerea citotoxicitati CAR-NK92 prin administrare de trastuzumab confirma ca
efectul antitumoral este mediat specific prin recunoasterea Her2 de catre molecula
CAR.

6.3. Exozomii CAR ca platforma terapeutica acelulara

Rezultatele privind exozomii CAR-NK92 demonstreaza ca molecula CAR este
incorporatd selectiv in exozomii derivati din celulele NK92 modificate genetic.
Exozomii CAR-NK92 prezinta afinitate crescuta pentru celulele Her2-pozitive fata de
cele Her2-negative si exercita citotoxicitate anti-Her2 de 2,2 ori mai mare comparativ
cu exozomii WT,

Mecanismul propus implica: legarea specifica a moleculei CAR de Her2 pe suprafata
celulei tumorale, internalizarea exozomilor, eliberarea intracitoplasmatica a granzimei
B si activarea cascadei apoptotice dependentd de caspaze. Concomitent, FasL
exozomal poate activa calea apoptotica extrinseca prin legarea receptorului Fas
(CD95) exprimat pe celulele tumorale.

Avantajele utilizarii exozomilor Tn imunoterapie fata de terapia celulara clasica includ
o penetrabilitate crescuta in micromediul tumoral imunosupresiv, un profil de siguranta
imbunatatit (absenta riscului de CRS, GvHD) si posibilitatea utilizarii ,off-the-shelf”.



7. Concluzii

In urma experimentelor efectuate in cadrul acestui studiu doctoral, se pot formula
urmatoarele concluzii:

1. PBMC pot servi drept punct de plecare pentru dezvoltarea de celule CAR, generand
o populatie heterogena de celule CAR-T, CAR-NK si CAR-NKT cu citotoxicitate
antitumorala complementara.

2. Stimularea cu microsfere anti-CD3/CD28 (Dynabeads ™) este superioara stimularii
citokinice, producand o expansiune de 8,67 ori mai mare si o populatie predominant
TNK, cu eficienta de transductie lentivirala superioara.

3. CAR-PBMC exercita efecte citotoxice anti-tumorale specifice EGFR-dependente
fata de celulele MDA-MB468 (Sl = 8,87; Cohen’s d = 1,81) si SK-BR3 (S| = 5,67;
Cohen’s d = 1,45), fara citotoxicitate semnificativa asupra PBMC alogene.

4. Exozomii CAR-PBMC augmenteaza citotoxicitatea fata de celulele MDA-MB468
(83,34+3,61% vs. 56,8514,70% pentru exozomii WT, p<0,001), sugerand ca molecula
CAR creste specificitatea si eficacitatea citotoxica exozomala.

5. Transductia lentivirala este ineficientd in celulele NK-polarizate, atribuita
mecanismelor antivirale intrinseci. Pentru a depasi aceasta limitare, electroporarea cu
sistemul piggyBac permite modificarea genetica eficienta a celulelor NK pentru
expresia moleculei CAR, fara afectarea semnificativa a viabilitatii celulare.

6. Selectia cu puromicina (4 pg/mL, 7 zile) produce o populatie CAR-NK92 >99% pura,
respectand o curba non-liniara dependenta de doza modelabila matematic.

7. CAR-NK92 exercita citotoxicitate Her2-specifica fatd de celulele SK-BR3, efect
abolit de blocarea Her2 cu trastuzumab.

8. Exozomii NK92 WT si CAR-NK92 exprima markerii canonici CD63 si Alix
(biogeneza ESCRT-dependenta) si proteinele citotoxice CD3( si granzima B.

9. Molecula CAR este incorporata selectiv in exozomii CAR-NK92, confirmata prin
detectarea linkerului G4S-CAR exclusiv in Exo-CAR-NK92.

10. Exozomii CAR-NK92 prezinta afinitate crescuta pentru celulele SK-BR3 Her2-
pozitive fatd de MCF-7 Her2-negative, conferitd specific de molecula CAR.

11. Exozomii CAR-NK92 exercita citotoxicitate Her2-specifica cu ICso = 22,361 pg/mL
fatd de SK-BR3, de 2,2 ori mai mic fatad de exozomii WT (ICso = 49,919 pg/mL).

12. Expresia CAR nu influenteaza rata de productie exozomala (p=0,502) sau
continutul proteic citotoxic (p=0,782).

8. Contributii Originale
Prezenta teza aduce urmatoarele contributii originale la literatura de specialitate:

1. Demonstrarea in vitro a eficacitatii platformei CAR-PBMC ca abordare
imunoterapeutica simplificata, cu producerea simultand de CAR-T, CAR-NK si
CAR-NKT dintr-un singur produs de afereza.



. Modelarea matematica a curbei de toxicitate la puromicina pentru selectia
celulelor NK92 transfectate, cu identificarea concentratiei optime (4 pg/mL, 7
zile) pentru obtinerea de culturi >99% pure.

. Compararea sistematica a doua platforme de modificare genetica (transductie
lentivirala vs. electroporare cu transpozoni piggyBac) pentru generarea de
celule NK CAR-pozitive, cu demonstrarea superioritatii sistemului piggyBac.

. Demonstrarea efectului citotoxic al exozomilor CAR-PBMC si CAR-NK.

. Demonstrarea incorporarii selective a moleculei CAR anti-Her2 in exozomii
derivati din celulele NK92, cu confirmarea expresiei linkerului CAR exclusiv in
fractiunea exozomala CAR-NK92.

. Demonstrarea specificitatii antigen-dependente a exozomilor CAR-NK92 fata
de celulele Her2-pozitive, cu un profil de specificitate de 2,2 ori mai mare fata
de exozomii WT.

. Caracterizarea proteomului de suprafatd exozomal (37 antigene prin
MACSPIlex EV) pentru populatile CAR-PBMC si CAR-NK92.



