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ABSTRACT

The adoptive transfer of T cells expressing chimeric antigen receptors (CARs) is an
effective therapy, successfully applied recently in the treatment of hematological
malignancies. However, the use of this approach is still limited in the treatment of
solid tumors. One of the major challenges is the immunosuppressive environment at
the tumor site, which impairs the effectiveness of CAR-T cells. Cancer cells prevent
the immune attack by increasing the expression of immune checkpoint molecules,
which serve them as natural “shields”. In particular, the immune checkpoint
molecule programmed death-ligand 1 (PD-L1) is often selectively overexpressed on
the surface of tumor cells and/or on the cells composing tumor microenvironment
(TME). Thus, PD-L1 molecule is an attractive target for CAR-based therapy. In this
study, the technology of primary human T cells modification with PD-L1-CAR was
successfully implemented and optimized in our laboratory. The ability of modified
PD-L1-CAR-T cells to recognize and attack PD-L1-expressing tumors was assessed
using breast cancer cell lines with various levels of target protein expression. The
non-malignant mammary cells were used to evaluate the safety of the PD-L1-CAR-
based therapy. The obtained results indicate the efficiency of the PD-L1-CAR-T cells
in the specific elimination of PD-L1-positive cells. Additionally, the CAR-bearing T
cells were observed to induce PD-L1 expression on the surface of targeted cells,
which demonstrates the self-amplifying mechanism of PD-L1-CAR-T cells action. Such
a self-amplification phenomenon appears to be unique among the CAR-based
strategies and can markedly broaden the potential spectrum of malignancies
targeted with the PD-L1-CAR-based therapies. Concomitantly, the obtained data
implies the potential cytotoxicity of the PD-L1-CAR-T cells towards non-malignant
cells. In summary, the study demonstrates the feasibility of targeting breast cancer
using PD-L1-CAR-T cells, while indicating, that this approach requires extensive

caution in the introduction into clinical studies.
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STRESZCZENIE

Adoptywny transfer limfocytéw T, zmodyfikowanych genetycznie tak, aby
dochodzito w nich do ekspresji chimerycznych receptoréw antygenowych (CARs), jest
skuteczng terapia z powodzeniem stosowang w leczeniu nowotwordéw
hematologicznych. Niemniej wykorzystanie tej metody w terapii guzow litych jest nadal
ograniczone. Miedzy innymi wyzwanie stanowi obecne w guzie immunosupresyjne
mikrosrodowisko, ktére negatywnie wptywa na efektywnos¢ limfocytéw CAR-T. Komorki
nowotworowe bronig sie przed eliminacjg przez komoérki uktadu immunologicznego
poprzez zwiekszenie ekspresji czgsteczek zwanych ,punktami kontrolnymi ukfadu
odpornosciowego”. W szczegdlnosci, czgsteczka PD-L1 jest czesto obecna w nadmiernej
ilosci na powierzchni komérek nowotworowych oraz/lub innych komoérek tworzgcych
guz lity. Zatem biatko PD-L1 jest atrakcyjnym celem dla terapii opartej na zastosowaniu
chimerycznych receptorow antygenowych zdolnych do rozpoznania tej czasteczki. W
ramach przedstawionej pracy technologie modyfikacji pierwotnych limfocytow T
konstruktem kodujgcym PD-L1-CAR wdrozono i zoptymalizowano w naszym
laboratorium. Uzyskane komadrki PD-L1-CAR-T zostaty ocenione pod wzgledem zdolnosci
do rozpoznawania czgsteczki docelowej oraz do eliminacji komérek nowotworowych
majacych te czasteczke na swojej powierzchni. Jako modele guzdw litych wykorzystane
zostaty linie komérkowe raka piersi cechujace sie zrdznicowang ekspresjag PD-L1.
Bezpieczenstwo terapii zostato ocenione przy uzyciu niezmienionych nowotworowo
komérek pochodzgcych z gruczotu sutkowego. Otrzymane wyniki wskazujg na zdolnosé
limfocytéw PD-L1-CAR-T do specyficznej eliminacji komérek charakteryzujacych sie
obecnoscig biatka PD-L1 na swojej powierzchni. Ponadto, zaobserwowano ze limfocyty
PD-L1-CAR-T wzmacniajg wfasne dziatanie poprzez indukcje ekspresji PD-L1 na
komoérkach, ktére je otaczajg. Taki mechanizm nie zostat wczesniej opisany dla zadnej
innej terapii CAR-T i rozszerza potencjat dla wykorzystania limfocytéow PD-L1-CAR-T w
terapii réznorodnych fenotypowo guzéw litych. Jednoczesnie, zaobserwowany efekt
wskazuje tez na mozliwg cytotoksycznos$é limfocytéw PD-L1-CAR-T wobec komodrek
niezmienionych nowotworowo. Podsumowujac, przedstawione w pracy badania
pokazujg, ze komédrki CAR-T, wyposazone w receptor wigzgcy czgsteczke PD-L1, mogg

by¢ wykorzystane w terapii nowotwordw piersi, jednoczesnie, nalezy podkreslié
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koniecznos$¢ zachowania szczegdlnej ostroznosci przy wprowadzaniu takiej terapii do

badan klinicznych.
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1. INTRODUCTION

Cancer remains the second worldwide cause of death after ischemic heart disease, but
will likely become the first in 2060 considering the issue of an aging population in many
countries. According to the World Health Organization (WHO) evaluation in 2019,
currently cancer is the first or second leading cause of death under the age of 70 years in
112 of 183 countries, while in only 23 countries it occupies third or fourth place (1).
Additionally, cancer has one of the highest clinical, social, and economic impacts among
all human diseases, as measured by Disability-Adjusted Life Years (DALYs) index (2).
Indeed, despite the existing methods of treatment, it has risen from sixth place in 1990
among the top causes for DALYs worldwide to second place in 2017 after only

cardiovascular diseases (3).

1.1 Traditional cancer treatment

Traditional cancer therapy most often includes surgery, radiation therapy, and systemic
chemotherapy, including modern molecularly targeted compounds. Each of these

methods has several disadvantages that limit their efficacy in the clinic (4).

Surgery is most commonly used to remove the tumor with the margin of
surrounding healthy tissue and in some cases, it may be the only treatment applied.
However, surgical intervention may not only leave behind the locally invading and/or
metastatic cancer cells but sometimes even promote the growth of these cells. This may
occur due to the inflammatory state development following the surgical tissue damage,
which leads to the release of growth factors, chemokines, and cytokines. The released
molecules may act as inducers of tumor progression. Additionally, physiological
consequences of surgery include tissue hypoxia and the production of reactive oxygen
species (ROS). Altogether, these factors may promote cancer cell invasion, adhesion, and

metastasis (5).

Radiation therapy is recommended for approximately half of all cancer patients
as a form of treatment. Being a non-invasive treatment, radiotherapy is often chosen as
an alternative to surgery for early-stage tumors, especially in cases where it can provide

similar therapeutic effects as compared with surgery while preserving the function or

16



where surgery is not considered due to a patient’s comorbidities (6). Radiotherapy can
significantly prolong patient’s survival and improve the local control rates of tumors;
however, the disadvantages of this approach include higher radiation resistance of some
tumors than that of the surrounding normal tissue, limited capacity of tumor
pathoanatomical borders identification, and the adjustment of the treatment volume.
Moreover, the individual heterogeneity in terms of tumor and normal tissue responses

toward irradiation is quite significant (7).

In addition to surgery and radiation, chemotherapy is the first-line therapy for
many types of cancers, especially those where metastasis is a primary target. Unlike
localized tumor, which may be managed by surgery and/or radiotherapy, metastases are
spread in distant tissues and organs and could be better reached with drugs that follow
the pharmacological rules of distribution in the body (8). However, cytotoxic
chemotherapy is considered to have a relatively narrow therapeutic window: if exposure
levels are not within the optimal range, there is a risk of either toxicity or a lack of
efficacy (9). The side effects of systemic chemotherapy used to treat cancer are often
severe. Non-targeted drugs may suppress hematopoiesis and provoke cutaneous
eruptions and vascular, lung, and liver injury. Generalized side effects of the newer
molecularly targeted drugs occur less often and usually with less severity (10) as this
approach is based on the use of agents that discriminate between non-cancer from
cancer cells. The evolution of this precision medicine concept became possible due to
the cumulating knowledge about cancer cell genetics and physiology. In contrast to
normal cells, which functioning requires the involvement of various signaling pathways,
cancer cells often preferably exploit a few selected pathways, which is conditioned by
activation of several oncogenes and/or loss of genes that suppress tumor growth (11).
For example, the first targeted drug tamoxifen binds to the estrogen receptor and thus
inhibits the growth of estrogen receptor-positive (ER+) breast cancer (12). Other drugs
target the epidermal growth factor receptor (EGFR), a receptor tyrosine kinase, which is
overexpressed on over 90% of head and neck cancers and some bladder, ovarian and
cervical cancers. Indeed, most of the approved molecularly-targeted chemotherapeutics
are tyrosine kinase inhibitors (13). However, despite the advantage coming from

decreased generalized toxicity, the application of molecularly targeted drugs may be
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followed by tumor adaptation, increased malignancy, and the invasive metastatic switch

(10).

Overall, the traditional approaches often result in damage to the tumor-bearing
host and the host’s immune system. Conversely, some of the novel strategies are aimed
at the activation of the patients’ immune system via so-called biological therapies, which

are often more physiological and well tolerated (14).

1.2 Biological therapies in cancer treatment

The idea that the immune system may be stimulated into recognizing and eradicating
neoplasia appeared already back in the 18" century when in the effort to develop a
cancer vaccine, the surgeon to the Duke of Kent injected himself with malignant tissue
to prevent the development of cancer. A few decades later, the doctor to Louis XVII
inoculated himself with breast cancer trying to reverse a soft-tissue sarcoma. However,
the first report of successful immunotherapy was published only in 1891 by an American
clinician William Coley. The doctor was able to achieve a cure rate of 10% in soft-tissue
sarcoma by injecting the heat-killed endotoxin-containing bacteria (15). In 1909, Paul
Ehrlich went further and postulated, that the immune system itself is able to both
recognize and protect against spontaneously occurring cancer. Fifty years later, Lewis
Thomas suggested that the immune system recognizes newly arising tumors by
detecting the expression of tumor-specific neo-antigens on tumor cells and eliminating
them. At the same time, F. Macfarlane Burnet hypothesized that tumor cell neo-antigens
induce an immunological reaction against cancer and subsequently formulated the
immune surveillance theory (16). In 1953 two immunologists, Gross and Foley
independently demonstrated the specific stimulation of the mice immune response
following immunization against different tumors (17). During the subsequent decades,
anticancer immunotherapy transformed from a promising therapeutic option into a
clinical reality. Many immunotherapeutic regimens are now approved by the US Food
and Drug Administration (FDA) and the European Medicines Agency for use in cancer
patients, and many others are being investigated alone or in combination with
traditional approaches (18). The examples of modern immunotherapy are presented in

Figure 1.
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Some types of immunotherapy, such as treatment based on using adoptive cells
transfer, immune-modulating agents such as cytokines (19), immune checkpoint
inhibitors, or small-molecule drugs (20) are aimed at the stimulation of the immune
system to efficiently eliminate cancer cells. Other therapies, that target tumors directly,
involve the administration of therapeutic antibodies (21,22), cancer vaccines (23),

oncolytic viruses (24) or engineered T cells (https://www.cancer.gov).

antibody-drug conjugates ]

[checkpoint inhibitors ] \ T / [ bispecific antibodies]

monoclonal antibodies

[small-molecule drugs . [ cancer vaccines ]
. cancer

immunotherapies

l [ oncolytic virus therapy ]

adoptive cell transfer

Y N

[transfer of tumor infiltrating Iymphocytes] [transfer of engineered Iymphocytes]

Y N

[TCR-engineered T cells ] [ CAR-T cells, CAR-NK cells ]

Figure 1 Types of cancer inmunotherapy. Based on (23,25,26).

At present, two areas of anticancer immunotherapies develop most rapidly:

adoptive immunotherapies and modulation of immune checkpoints.

1.2.1 Adoptive immunotherapies

In 1986, studies showed that some of the murine tumor-infiltrating lymphocytes (TILs)
expanded in vitro were capable of specific recognition of autologous tumors (27). In
1988, similar effect was observed in clinics, when the adoptive cell therapy (ACT) using
autologous TILs mediated objective regression of cancer in patients with metastatic

melanoma (28).
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Currently, most tumor cells are known to express antigens that host T cells are
able to recognize. The presence of point mutations in cancer cell genes may lead to
changes in the amino acid sequence of the encoded proteins. Thus, the generated
proteins become so-called tumor neo-antigens which are unique to individual tumors.
Several studies indicated a subset of patients that can generate a spontaneous CD8+ T
cell-mediated response against tumor-associated antigens, independently from
pathogen involvement (29). Additionally, the number of mutations harbored by tumors
was observed to positively correlate with the probability of endogenous T cell activation.
In this case, neo-antigens are recognized as foreign molecules, thereby becoming targets
for T cell attack (30). Since neo-antigens differ from non-mutated self-antigens, the
quality of the T cell pool that is available for these antigens is not affected by central T
cell tolerance (31). However, spontaneous T cell responses against mutant antigens are
relatively inefficient and fail to mediate tumor rejection in most cases. Additionally, the
clinical evidence suggests that not all patients have tumor-primed T cells that are

sufficient to eradicate tumors (32).

Classical adoptive immunotherapy of cancer is based on a transfer of either
autologous patient-derived TILs or infusion of allogeneic donor lymphocytes following
bone marrow transplantation. The therapy allows for the selection of the T cell
populations with the highest tumor recognition ability and necessary effector functions.
Moreover, in contrast to other forms of cancer immunotherapy that rely on the in vivo
development of sufficient numbers of antitumor T cells, large numbers of antitumor T
cells for the ACT can be readily grown in vitro. After the re-infusion to patients, the cells
continue to proliferate in vivo with improved antitumor functions (33). The other
benefits of this strategy include the possibility of T cell trafficking to the site of antigen
and generation of memory T cells, which maintain the therapeutic effect years after
initial treatment. Most importantly, the responses of such T cells are specific, and thus
can potentially distinguish between healthy and cancerous tissue (34). Cell transfer
therapy with autologous TlLs was found to be especially efficient for the patients with
metastatic melanoma (35), likely because melanomas harbor more mutations as

compared to any other type of cancer (36).
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The weakness of this strategy comes from the fact, that the majority of tumor-
specific antigens that have been identified so far are self-antigens found also in normal
tissues. Thus, the potent anti-tumor T cell response to such antigens, often
overexpressed or aberrantly expressed by tumors, is restricted within the central
tolerance mechanism (37). The T-cells repertoire capable of the highest-avidity
interactions between self-peptide, major histocompatibility complex, and T cell antigen
receptor is deleted during the T cell development. The remaining T cells are able to
generate the immune response restricted to lower-avidity interactions with such
antigens, which results in the limited therapeutic efficacy of TILs (29). Indeed, the
induction of the successful immune response against the tumor cells expressing self-

antigens is the main challenge for cancer immunotherapy (38).

The ability of cancers to escape the immune response by losing the major
histocompatibility complex (MHC) class | molecules generates another limitation for
using primary T cells in adoptive cell transfer. As mentioned, the antigens expressed on
cancer cells can only be recognized by antigen-specific cytotoxic T cells when presented
in the context of the MHC. A Darwinian type of immune selection following the tumor
infiltration by T cells results in survival of mostly MHC class I-negative cells from an

initially heterogeneous population of cancer cells (39).

The solution for overcoming adoptive T-cell therapy deficiencies came in the
form of chimeric antigen receptor (CAR)-T-cell therapy, which is based on primary T-cell
engineering and the use of synthetic receptors. These artificial constructs are able to
recognize any cell surface structure independently of MHC presentation, which greatly
broadens the array of antigens that can activate a CAR-T cell with resultant cytotoxicity

(40).

1.3 Chimeric antigen receptors

Canonical T cell activation requires multiple signals in order to achieve complete and
optimal effector function. First, the T-cell receptor (TCR) is engaged, next the co-
stimulation is required and finally, cytokine sensing is needed (41). Chimeric antigen
receptors (CARs) were conceived to mimic the function of the TCR complex and

progressively evolved to integrate additional signals (42). The CAR is a hybrid antigen
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receptor, part antibody-like, and part TCR-like, and is composed of an extracellular
antigen-binding domain and intracellular signaling domain(s) (Figure 2). The first
construct was presented in 1993 by Schindler’s group. The variable regions (Fv) of an
antibody were combined with the constant regions of the TCR chains, which allowed the
T cell to precisely recognize tumor antigens. The whole structure was linked with gamma
or zeta chains, the common signal-transducing subunits of the immunoglobulin receptor
and the TCR. The construct generated a functional surface receptor, which triggered
interleukin 2 secretion upon encountering antigen and mediated non-major-

histocompatibility-complex-restricted hapten-specific target cell lysis (43).

antibody chimeric antigen receptor (CAR) T cell receptor

scFv

i linker
heavy chain

=)

light chain hinge

FRRRR RRRRRRR
SUB8Y  BNNREEY

<=

transmembrane domain

CD33

Figure 2 Schematic presentation of the I't generation chimeric antigen receptor construct (see
details in text). Based on (44).

Genetic retargeting of a T cell with a CAR allows for a high level of antigen-
specificity, usually through the single-chain variable fragment (scFv) which is derived
from a tumor-specific antibody and allows for MHC-independent antigen recognition
(45). Another feature of the broad applicability of CARs is their ability to bind not only to
proteins but also to carbohydrate and glycolipid structures, additionally expanding the
range of potential targets. The domains used to bind to an antigen can be divided into
several main categories. Among them, there are scFv sequences derived from
antibodies, antigen-binding fragments (Fabs) selected from libraries, and natural ligands
that engage their cognate receptor (46). Recently the heavy-chain antibodies (HCAbs)
initially found in camelids have expanded the list. HCAbs were discovered to contain

only heavy chains with two constant domains (CH2 and CH3) and a short single variable
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hinge termed VHH or nanobody, which is the smallest functional antigen-binding
fragment of the antibody (47). Successful examples in each of these categories have
been reported. However, the scFv fragments obtained from murine immunoglobulins
remain the most commonly used, as they are easily derived from well-characterized
monoclonal antibodies (46). Antigen recognition is therefore directed to native cell-
surface structures (38). The scFv ectodomain of a CAR presents as a small synthetic
functional module composed of a variable heavy (VH) and variable light (VL) chain
portion of an antibody. The two chain portions are combined with a long flexible linker.
The most commonly used linker in several CAR constructs is (Gly4Ser). Glycine residues
provide flexibility and serine residues provide solubility. This ensures a properly folded
scFv while maintaining the antigen-binding capability of the parental antibody.
Differences in the orientation of the VH, linker, and VL may affect the scFv's affinity and

specificity, thus being important in CAR-T cell efficacy and safety (48).

The antigen recognition and ligand binding by scFv trigger phosphorylation of the
immunoreceptor tyrosine-based activation motifs (ITAM) in the CD3{ -derived
intracellular region of the molecule, activating a signaling cascade (38). The process of T-
cell activation involves the induction of proliferation, cytokine secretion, and cytolysis
(45). Thus, CAR-T cells combine the dynamics of T cells with the antigen specificity of an
antibody. They can bind the tumor antigen without antigen processing and

independently of an HLA-mediated antigen presentation (44).

In order to increase the stability of a CAR and to avoid spontaneous activation, a
non-signaling extracellular spacer domain is inserted between the scFv and the
transmembrane domain. The spacer domain often consists ofimmunoglobulin G (IgG)
hinge domain and CH2-CH3 domain of an IgG-Fc. The length and composition of the
spacer domain can influence the CAR-T cell function independently of the intracellular

domain (44).

As it was mentioned above, the most basic CAR design, known as first-generation
CAR, contained an antigen-binding domain directly fused to the intracellular portion of
the TCR invariant chain, CD3Z. This signal was insufficient to activate resting T cell and
required exogenous administration of cytokines (42). Although the antigen-specific

activation of T cells occurs primarily via TCR aggregation and phosphorylation of TCR-
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associated CD3 proteins, the final T cell response is highly influenced by the signaling
from a range of co-stimulatory and co-inhibitory molecules present on the T cell surface.
Co-stimulatory signals enhance T cell proliferation, cytokine secretion, cytotoxic
function, memory formation, or survival (49). In order to provide the co-stimulation
lacking in tumor cell targets, several groups have incorporated co-stimulatory
endodomains into CAR molecules, creating so-called second-generation CARs. Both
preclinical and clinical studies demonstrated the superiority of CARs with dual signal
domains. In vitro, the T cells bearing this construct were observed to undergo robust
proliferation and produce large amounts of interleukin-2 (IL-2) following their
stimulation with the target antigen (50-52). In patients, the second-generation CAR-
expressing T cells showed remarkably enhanced expansion and persistence as compared
to first-generation CAR-expressing lymphocytes (53). Most co-stimulatory receptors
belong to the immunoglobulin or tumor necrosis factor receptor (TNFR) superfamilies
that bind to ligands expressed by activated or licensed APCs. Table 1 presents examples
of co-stimulatory molecules expressed by T cells and exploited in CAR-T (49).

Table 1 The list of co-stimulatory molecules employed within chimeric antigen receptors

(CARs).

Receptor |Costimulatory

. Ligand(s) T cell expression Functional characteristics within CAR-T cells
family molecule
_ cD28 CD80/CD86 Resting and activated T |Potent cytotoxic function; IL-2 production; may favor|
lg superfamily cells CD4+ T cell expansion
ICOS (CD278) | ICOS-L (CD275) Activated T cells May favor Th1 and Th17 polarisation

4-1BB (CD137)| 4-1BBL (CD137L) Memory and CD8+ T cells;| Stimulates CD8+ central memory T cell generation;

activated CD4+ cells favors CAR-T cell persistence
TNF receptor | OX40 (CD134)| OX40L (CD252) Activated T cells Suppresses Treg development
superfamily Upregulates Bcl-X(L) protein expression: favors
cb27 CD70 Activated T cells pree Le P

CAR-T cell persistance

Increases proliferation and secretion of pro-

CD40 CD40L (CD154) Activated T cells
inflammatory Th1 cytokines
Acts indirectly on tumor cells or APC cells through
CD4oL CD40 Activated T cells Y 9
Others the enhancement of costimulatory activity
) Enhances effector function and cytotoxicity;
TLRs TLR agonists Activated T cells 4 M

increases IL-2, IFNy and GM-CSF production

Subsequent side-by-side comparison of the most frequently used CAR
endodomains showed, that CD28 reinforced T cell proliferation and is mandatory to
induce IL-2. It was observed, that without IL-2 supplementation, CD28 and 0X40
(CD137), but not 4-1BB (CD134) enhanced specific cytolysis. While CD28, 4-1BB, and
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0X40 similarly improved pro-inflammatory cytokine secretion, OX40 most efficiently
prevented activation-induced cell death of the effector memory T cells. Concomitantly,
even though CD28 was superior to initiating the T cell response, OX40 and 4-1BB
sustained the response in long term with OX40 being most effective. To combine all the
beneficial functions in one CAR, a 3™ generation CD28-0X40 construct was created. This
“third-generation” CAR was shown to have improved antitumor response without losing
specificity due to a combination of costimulatory domains, and additionally provided

some benefit in sustaining the survival of more matured T cells (54).

Recently, CAR-T cells are additionally engineered with an expression cassette for
a transgenic protein. The solution allows delivering the protein to the targeted tissue in
a therapeutic concentration while keeping the protein concentration low in the
surrounding tissue or systemically. The generated “T cells redirected for universal
cytokine-mediated killing”, so-called TRUCKs or the “fourth generation” of CAR-bearing
cells, combine the redirected CAR-T cell attack with the locally restricted release of a
biologically active protein while avoiding its systemic toxicity (55). Thus, approach can be
used to modulate the tumor microenvironment in solid tumor treatment (56). The
protein for the release can be produced in a constitutive or inducible manner following
the CAR activation and subsequent signaling. Nearly every protein can be produced and
released by the TRUCK-T cells. So far, the concept was proven by the generation of the
cells able to deliver IL-12, IL-15, and IL-18 to the targeted tissue. Each of the approaches
had a beneficial effect on CAR-T cell antitumor activity (57). The summary of existing

CAR construct types is presented in Figure 3.
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Figure 3 Structures of the four generations of CARs. The binding domain of CAR consists of an
scFv, comprising the light and heavy variable fragments of a monoclonal antibody joined by a
flexible linker. The intracellular parts are different between the three generations of CAR. The
first-generation CAR only has the signal transduction domain of the CD3-zeta chain (CD3{) or Fc
receptor y (FcRy) which mediated transient persistence, inefficient cytotoxicity, and low-level
cytokine secretion. The second- and third-generation CAR add one or more co-stimulatory
domains (CD28, 4-1BB, or OX40) to the first generation, which lead to enhanced cytotoxicity and
cytokine secretion along with prolonged T cell persistence. The fourth-generation CAR combines
the CAR-T cell-mediated attack with the locally restricted release of a biologically active protein
(44,58).

Besides effectiveness, also the issue of CAR-T therapy safety needs to be addressed,
and the focus is primarily concentrated on the possibility of quick CAR-T cells elimination
once the immune-related severe adverse effects are triggered (59). The introduction of
the inducible caspase 9 (iCasp9)/AP1903 suicide system into modified T cells allows for
rapid induction of their apoptosis. In the construct, the caspase activation and
recruitment domain (CARD) of pro-apoptotic caspase-9 is replaced with a mutated drug-
binding domain from the human FK506-binding protein (FKBP12). The obtained fusion
protein has a very high affinity for the small molecular dimerizer drugs AP20187 or
AP1903, designed specifically for FKBP12 binding. Therefore, the administration of these
drugs induces iCasp9 and cell apoptosis (60). Autologous iCasp9-expressing CAR-T cells

are currently being evaluated in several clinical trials (61).

The most recent strategy to control CAR-T cell function is based on the
incorporation of a protease and protease target site in the CAR construct, together with
a ‘degron’ moiety that promotes degradation of the CAR protein. In this case, the CAR

construct is expressed while the target site is cleaved and thus the degron is removed
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from the protein. However, once an exogenous small molecule protease inhibitor is
administered, the CAR protein is no longer cleaved, resulting in the preservation of the
degron, which leads to the CAR degradation via the proteolysis. The modified construct
was named small molecule-assisted shutoff CAR (SMASh-CAR), it is also known as

switch-off CAR (SWIFF-CARs) (62).

1.3.1 Currently approved CAR-T therapies

Currently, there are five CAR-T cell therapies clinically approved by both FDA and the
European Commission. Kymriah (tisagenlecleucel) and Yescarta (axicabtagene ciloleucel)
are approved for the treatment of B-cell non-Hodgkin lymphomas (NHLs). Both products
are second-generation CD19-targeting CARs (63). Tecartus (brexucabtagene autoluecel)
is the first CD19 chimeric antigen receptor T-cell therapy for relapsed or refractory
mantle cell lymphoma (MCL) (64). Recently, CD19-CAR-based therapy Breyanzi
(lisocabtagene maraleucel) was also approved for the treatment of adults with relapsed
or refractory (R/R) large B-cell lymphoma after two or more lines of systemic therapy,
and BCMA-CAR-T cell therapy Abecma (Idecabtagene vicleucel) — for the treatment of

relapsed or refractory multiple myeloma after 4 or more prior lines of therapy (65).

Moreover, there are at least two CAR-T-based therapies approved locally. One of
them is relmacabtagene autoleucel (relma-cel) in China —CD-19-CAR-T cell therapy to
treat large B-cell lymphoma after at least two prior lines of systemic therapy (66).
Another one is CD19-CAR-T ARI-0001, approved in 2021 by The Spanish Agency of
Medicines and Medical Devices (AEMPS) to treat acute lymphoblastic leukemia (ALL)

that is resistant to conventional treatments in patients older than 25 (67).

The therapy procedure is presented in Figure 4. The patient’s T cells are collected
via leukapheresis, stimulated, and then genetically modified to express the CD19-CAR,
usually with a lentiviral or retroviral vector (68). Following leukapheresis, most patients
receive bridging chemotherapy while awaiting CAR-T cell infusion, to provide the disease
control while the T cells are being modified and expanded (69). CAR-T-cells are typically
prepared for the infusion 3-4 weeks following apheresis, at which time patients undergo
lymphodepleting fludarabine-cyclophosphamide chemotherapy (69). Such

lymphodepleting therapy appears necessary to prevent cell-mediated immune response
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against the genetically modified CAR-T cells which are not completely identical to the
initially extracted host T cells. The incorporation of lymphodepleting therapy was also
shown to promote the expansion and proliferation of CAR-T cells upon reinfusion. The
mechanisms underlying this process include the greater availability of IL-7, IL-15, and
possibly IL-21, which activate and expand tumor-reactive T cells; the impairment of
CD4+CD25+ regulatory T cells (Treg) that suppress tumor-reactive T cells; and the
induction of tumor apoptosis and necrosis in conjunction with antigen-presenting cell
activation (70). Finally, CAR-T-cells are infused as a one-time treatment, after which the

patient is monitored for toxicity and efficacy (68).

2T cell activation
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P 3 T cell expansion
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Figure 4 CAR-T cell-based treatment process. Based on (44). Created with BioRender.com.

The main toxicity issue of the therapy is cytokine release syndrome (CRS) that
occurs in patients following in vivo CAR-T activation and expansion and is triggered by
antigen recognition followed by generalized immune activation. At the early stages, CRS
symptoms include fever, myalgias, and fatigue. Further, the patients’ condition can
worsen as the CRS can progress to capillary leak, hypoxia, and vasodilatory shock,
leading even to organ disfunction (71). The pathophysiology of CRS remains mostly
unknown, but it was noticed that a broad range of cytokines is involved in the dynamics

of this condition. In particular, interferon-y (IFN-y), IL-6, tumor necrosis factor-alpha
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(TNF-a), IL-10, granulocyte-macrophage colony-stimulating factor (GM-CSF), and C-C
motif chemokine ligand 2 (CCL2) are released by the activated T cells and bystander
normal immunocompetent cells, such as macrophages, natural killer cells (NK cells), and
endothelial cells (72). CRS may also be accompanied or followed by the development of
immune effector cell-associated neurotoxicity syndrome (ICANS), which is the second
most frequently seen undesirable result of CAR-T cell activation. Neurotoxicity may
present as a wide range of symptoms. Mild symptoms include headaches, diminished
attention, and handwriting changes, while in severe cases patients may suffer from
aphasia, seizures, and cerebral edema (73). The mechanisms underlying the ICANS
development are not fully studied. One of the hypotheses suggests cytokine diffusion to
the brain, another one the possible T cell trafficking into the central nervous system.

Patients with CRS and ICANS usually receive immunosuppressive treatment (74).

Another side effect of most of the CAR-T cell therapies currently applied in clinics
comes from the fact, that CD19 molecule is not only uniformly expressed by the majority
of B-cell malignancies, which makes it an attractive target, but also by mature B cells, B-
cell precursors, and a fraction of plasma cells (75,76). Therefore, normal B-lineage cells

|ll

are also eliminated after CD19-CAR-T infusion, which is a typical “on-target off-tumor”
side effect of CD19-CAR-T therapy. B-cell aplasia results in long-lasting
hypogammaglobulinemia, which, however, may be treated with intermittent

immunoglobulin replacement required occasionally to prevent severe infections (77).

1.3.2 Solid tumor microenvironment as a limitation to CAR-T cell therapy

The clinical and preclinical experience with CAR-T cell therapy for solid tumors has been
much less successful so far. The meta-analysis performed in 2018 showed, that the
response rate of CAR-T cell therapy among solid tumors reaches only 9% (95% Cl: 4%-
16%) (78). The limitations include a little number of potential target antigens as well as
their heterogeneous expression, which often results in “on-target off-tumor” toxicity of
CAR-T cells targeted against antigens that are found on solid tumors, but also non-
malignant tissues. It is also a side effect of CD19-CAR-T cell therapy, but whilst the loss of
normal B cells can be compensated with intravenous immunoglobulin infusions,

targeting more abundant molecules may be fatal for the patient (74).
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Another challenge is to ensure T cell fitness and survival before reaching tumor
sites, their efficient trafficking to the tumor site, and physical barriers penetration (79).
A tumor is composed not only of cancer cells themselves but also of a large number of
non-transformed cells recruited by malignant cells, which generates the specific tumor
microenvironment (80). Depending on the levels of proinflammatory cytokine
production and T cell infiltration, the TME could be divided into two categories: cold
(low T cells presence) and hot (high T cells presence). The differences between those
two types are presented in Figure 5. Hot tumors exhibit molecular signatures of immune
activation, whereas cold tumors are characterized by T cell absence or exclusion (81).
Solid tumor cells are rarely present in the circulation system but accumulate in the
districts which are difficult to infiltrate by T cells. In addition to the physical barriers,
chemokines secreted by solid tumor cells are usually abnormal, which results in
insufficient T cell recruitment (82). Adoptive cell therapy was shown to be able to
establish an infiltrate to solve this problem (83). However, even after solving these
problems, there is a need to address the issue of an immunosuppressive tumor
microenvironment (79). In the case of hot tumors (T cell-infiltrated), which are
characterized by the production of IFN and chemokines that attract T cells, these
infiltrating CD8+ T cells commonly have a dysfunctional phenotype due to induced

inhibitory pathways (84).
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Figure 5 Tumor immunophenotypes (see details in text). Based on (25,85). Created with
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The tumor microenvironment is the main location in which tumor cells and the
host immune system interact. Characterization of the nature of immune responses in
the human cancer microenvironment is necessary to understand tumor immunity and to
further improve current cancer immunotherapy (86). Cancer immunotherapy is based
on the exploitation of the immune system mechanisms in order to restore or induce the
activity of cytotoxic T cells and other immune effector cells against cancer. The whole
concept came out of the overall understanding of the immune system mechanisms of
recognition and destruction of pathogens, including malignant cells, in the process called
immunosurveillance (87). However, immunosurveillance is only one aspect of the
complex relationship between the immune system and cancer. It was shown that the
immune system may also promote the emergence of primary tumors with reduced
immunogenicity (88,89). The hypothesis of so-called cancer immunoediting explains the
potential host-protective and tumor-sculpting functions of the immune system
throughout tumor development. Cancer immunoediting is a dynamic process composed

of three phases: elimination, equilibrium, and escape. Elimination represents the
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classical concept of cancer immunosurveillance, equilibrium is the period of immune-
mediated latency after incomplete tumor destruction in the elimination phase, and
escape refers to the final outgrowth of tumors that have outstripped immunological
restraints of the equilibrium phase (16). Cancer cells can utilize various mechanisms to
escape from the immune system. Some factors are already known to play important
roles in this evasion, such as loss of the MHC, loss of the antigen expression due to gene
loss or mutation, secretion of immunosuppressive cytokines, and induction of
immunosuppressive Tregs (87). Moreover, the immunosuppressive microenvironment
within the solid tumor has special histopathological features such as high-density blood
vessels, extensive vascular leakage, poor integrity of tissue structure, and others. These
changes result in hypoxia, low pH, and the presence of immune suppressor cells (90).
Study of different cancer infiltrating immune cell subsets including CD4+Foxp3+
regulatory T cells, antigen-presenting cells (APCs), myeloid-derived suppressor cells
(MDSCs), effector T cell subsets, and recognition of immune signature networks have
defined the principles of immune responses in the human cancer microenvironment.
The obtained knowledge allowed for elucidation of the critical importance of reversing

immune suppressive mechanisms (86).

1.4 Immune checkpoints in cancer

Cancer cells suppress the host’s immune responses exploiting two major mechanisms:
metabolic suppression and signaling suppression, and the latter is conditioned by T cell
biology. Though TCR signaling is triggered by the specific recognition of antigenic
peptides presented by MHC molecules, it is co-signaling receptors on T cells, either co-
stimulatory or co-inhibitory, that determine their functional outcome (91). The first two
signal model proposed in the 1970s was based on the observation, that besides antigen
receptor signaling, the second co-stimulatory signal is required for the T cell activation
as it provides additional information. The aim of the second signal is to ensure that the
lymphocyte activation occurs only following the antigen presentation by APCs. In the
next few decades, it was discovered that not only co-stimulatory pathways condition
lymphocyte immune response, but also co-inhibitory receptors are involved in this

process, serving as a counterbalance to activation signals (92). Thus, co-inhibitory
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receptors also called “negative immune checkpoints”, play a central role in maintaining
immune homeostasis by keeping the balance between the readiness of immune system
to protect body from foreign pathogens and avoiding the reactivity towards self-
components (93). Initially, self-reactive T cells are eliminated in the thymus during their
development. However, if this process is incomplete, the autoreactive T cells that have

escaped central tolerance are controlled by these peripheral mechanisms (94).

The first discovered co-stimulatory receptor CD28 is constitutively expressed in
naive T cells. The expression of its ligands, B7 family of cell surface molecules, must be
upregulated for the co-stimulatory signal to be delivered. The lack of co-stimulation
after TCR recognition of the MHC-antigenic peptides complex results in the development
of peripheral immune tolerance. Additionally, once the T cell is activated, cytotoxic T
lymphocyte-associated antigen 4 (CTLA4 or CD152) expression is induced. CTLA4
molecule has a higher affinity to B7 molecules as compared to CD28, and its binding to
the ligands downregulates the process of T cell activation. Thus, CTLA4 appears as a co-
inhibitory receptor (94,95). The second antigen-independent co-stimulatory signal for T
lymphocyte activation includes CD40/CD40L, CD28/CD80(CD86), OX40/0X40L, and
CD27/CD70 interactions. The second antigen-independent co-inhibitory signal that
protects against excessive immune response includes PD-1/PD-L1(PD-L2), CTLA-
4/CD80(CD86), CD80/PD-L1, TIM-3/GAL-9, BTLA-4/HVEM, and LAG-3/MHC (96).
Signaling suppression by tumor cells is possible due to their ability to upregulate the
expression of ligands for co-inhibitory receptors on their surface while downregulating
the activity of co-stimulatory receptors on the effector cells (97). Thus, the negative
immune checkpoints often become mediators of T cell dysfunction during cancer
progression, serving as unwanted protection for cancer cells and preventing the anti-
tumor immunity (98). Consequently, several immune checkpoints are currently seen as
attractive targets for cancer immunotherapy: CTLA-4, T-cell immunoglobulin and ITIM
domain (TIGIT), T-cell immunoglobulin-3 (TIM-3), lymphocyte activation gene 3 (LAG-3),

and in particular programmed cell death protein-1 (PD-1) (99).
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1.4.1 PD-1/PD-L1 interaction in cancer

In 1992, Ishida et al. isolated cDNA of PD-1 from IL-3-deprived LyD9 (murine
hematopoietic progenitor) and 2B4-11 (murine T-cell hybridoma) cell lines. The
activation of this molecule, also referred to as CD279, was suggested to be involved in

apoptosis, a classical programmed cell death (100).

PD-1 expression changes dynamically depending on the immunological
conditions. Developing thymocytes and resting naive T cells constitutively express PD-1
at low levels, which is seen as one of the mechanisms of immune tolerance. Following
the immune stimulation, PD-1 expression is induced on both CD4 and CD8 T cells. In the
situation of rapid antigen exposure, PD-1 expression gradually decreases with time
following the dynamics of the antigen removal. During chronic immune stimulation, PD-
1 remains highly expressed, often leading to T cell exhaustion. The molecule can also
appear on B cells, macrophages, and dendritic cells upon induction (101). Expression of
PD-1 on NK cells used to be controversial due to the lack of studies consistency (102).
However, recently low yet consistent basal expression of functional PD-1 was found on
resting human NK cells in healthy donors. Moreover, it was observed that PD-1
expression increases on these cells after allogeneic hematopoietic stem cell
transplantation (allo-HSCT). The PD-1 molecule on NK cells was shown to be involved in
the suppression of their response following the exposure to programmed death-ligand 1

(PD-L1) molecule on target cancer cells (103).

PD-1 ligands are two transmembrane glycoproteins, PD-L1 and programmed cell
death 1 ligand 2 (PD-L2). The different expression patterns of PD-L1 and PD-L2 specify

their different functions.

The expression of PD-L2 (also known as B7-DC and CD273) is much more
restricted than PD-L1 expression. PD-L2 can be expressed on macrophages, on cultured
bone marrow-derived mast cells, on intestinal stromal cells, and approximately 50% of
peritoneal B1 lymphocytes. Additionally, PD-L2 expression may be induced on dendritic
cells by IL-4 and GM-CSF (104). It may be as well up-regulated on the surface of other
lymphoid cells, such as activated T cells and B cells (96). Conversely, PD-L1 (also called

B7-H1 and CD274) is expressed constitutively on many cell types including non-
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hematopoietic cells. The protein was found to be present on vascular endothelial cells,
epithelial cells, muscle cells, hepatocytes, pancreatic islet cells, and astrocytes in the
brain. Thus this molecule is expressed in organs such as the heart, skeletal muscle, lung,
liver, spleen, thymus and additionally is detected at sites of immune privilege, including

the placenta and eye (96,105).

The expression of PD-L1 on non-lymphoid tissues suggests that PD-L1 may
directly regulate self-reactive T cells or B cells and inflammatory responses in these
tissues as well as in lymphoid organs (105). Among lymphoid cells, PD-L1 was reported
to be expressed constitutively on APCs, T cells, B cells, monocytes, and epithelial cells,
and to be upregulated in a number of cell types after the activation in response to

proinflammatory cytokines (106).

Therefore, PD-L1 plays a role in maintaining peripheral tolerance, and PD-L2
plays a role in the immune response of lymph nodes (96). The axis formed by PD-1 and
both of its ligands is exploited to deliver inhibitory signals balancing T cell activation

(Figure 6), tolerance, and immunopathology (107).

non-hematopoetic cell T cell

activation

Figure 6 Mechanism of action of PD-1/PD-L1 immune checkpoint. Based on (108). Created with
BioRender.com

As mentioned above, PD-1 is constitutively expressed by chronically stimulated
CD4 and CD8 T cells following T-cell activation. Both the frequency and the level of PD-1
expression are increased on CD4 and CD8 T cells isolated from the TME tumor
microenvironment as compared to T cells present in normal tissues and peripheral blood
of the same patients (109). Similarly to the receptor, its ligands are commonly
upregulated on the cancer cells obtained from various tumors. At first, the increased

levels of PD-L1 in melanoma, ovarian, and lung cancer samples have been detected, and

35



currently, many other human cancers are on this list. Additionally, PD-L1 is often
overexpressed on myeloid cells in the TME (110). High levels of PD-L1 protein expression
have been observed in human tumor-associated APCs including tumor environmental
dendritic cells (DCs), tumor-draining lymph node DCs, macrophages, fibroblasts, and T
cells. The association between tumor-infiltrating T cells, IFN-y signaling genes, and PD-L1
expression suggest that effector T cell-derived IFN-y contributes to high levels of PD-L1
expression in the TME (86). Immune attack, via IFN-y release, leads to inducible
upregulation of PD-L1 creating an “immune shield” to protect against autoimmune
attack in the setting of chronic inflammation or infection. Upregulated PD-L1 on these
cells binds PD-1 on T cells, -contributing to the development of
T-cell exhaustion. Tumor cells have co-opted this PD-1/PD-L1 regulatory mechanism,
designed to protect normal tissues from autoimmune attack, and instead overexpress

PD-L1 to avoid immunologic surveillance to facilitate cancer growth (111).

1.4.2 Antibody-mediated PD-1/PD-L1 blockade in cancer treatment

Blocking the binding of PD-1 to PD-L1 was shown to restore T-cell activity and enhance
the anti-tumor immune response, which makes PD-1/PD-L1 inhibitors successful

therapeutics in numerous therapeutic applications (Figure 7).

T cell cancer cell activated T cell

o

(]
h\K/‘:nt'i-PD—Z antibody

anti-PD-L1 antibody

Figure 7 Mechanism of targeting inhibitory immune checkpoints with monoclonal antibodies.
Based on (112). Created with BioRender.com.

Until now, PD-1 inhibitors (nivolumab, pembrolizumab, and cemiplimab) and PD-L1
inhibitors (atezolizumab, avelumab, and durvalumab) were approved by the FDA for the
treatment of a wide spectrum of tumors (summarized in Table 2). In addition, a number
of newly engineered PD-1/PD-L1 inhibitors are undergoing clinical trials in the hope of

achieving improved clinical outcomes (113).
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Table 2 The list of FDA-approved monoclonal antibodies acting as inhibitors of negative
checkpoints in human cancer. Based on (112).

Checkpoint . . Year of First
inhibitor Antibody format Examples of Types of Cancers with FDA-Approved Use Approval
Human
Ipilimumab ) Melanoma, renal cell carcinoma, metastatic colorectal cancer 2011
anti-CTLA4 IgG1
Melanoma, non-small-cell lung cancer, renal cell carcinoma,
) urothelial bladder cancer, Hodgkin lymphoma, head and neck
] Humanized ) ] o o
Pembrolizumab ) cancer, Merkel cell carcinoma, microsatellite instability-high 2014
anti-PD-1 1gG4 ) ) )
cancer, gastric cancer, hepatocellular carcinoma, cervical cancer,
primary mediastinal large B-cell lymphoma
Melanoma, non-small-cell lung cancer, renal cell carcinoma,
) Human urothelial bladder cancer, Hodgkin lymphoma, head and neck
Nivolumab 2014
anti-PD-1 IgG4 cancer, colorectal cancer, hepatocellular carcinoma,
small cell lung cancer
Humanized Non-small-cell lung cancer, urothelial bladder cancer, small cell
Atezolizumab 2016
anti-PD-L1 IgG1 lung cancer, breast cancer
Human ) )
Avelumab ) Merkel cell carcinoma, urothelial bladder cancer 2017
anti-PD-L1 1gG1
Human
Durvalumab ) Non-small-cell lung cancer, urothelial bladder cancer 2017
anti-PD-L1 IgG1
o Human )
Cemiplimab ) Cutaneous squamous-cell carcinoma 2018
anti-PD-1 1gG4

However, these antibodies only block the functions of the PD1/PD-L1 pathway
and do not directly eliminate the PD-L1-positive cells, which gives cancer a chance to
develop the evasion mechanisms (114). As mentioned earlier, the expression of PD-L1
can also be detected in normal cells of the vital organs, such as the heart, lungs, or
skeletal muscle, where it serves to protect these tissues from autoimmunity.
Additionally, the PD-L1 expression is a characteristic of activated B cells, dendritic cells,
and monocytes. Therefore, most anti-PD-L1 antibodies tested in clinical settings were
not designed to have the ability to trigger cytotoxic effects against the target cells.
Although, recently there have been attempts to apply anti-PD-L1 antibodies inducing
cytotoxic mechanisms. An example is an antibody avelumab, which is capable of
inducing antibody-dependent cell-mediated cytotoxicity (ADCC) (115). However, in
addition to increased anti-tumor immunity, the mechanism of action of immune
checkpoint inhibitors (ICIs) revealed a new toxicity profile called immune-related
adverse events (irAEs). The underlying mechanism of ICl immunotoxicity is related to the
inflammation of healthy tissues due to a loss of self-tolerance. All organs can be affected

by these new toxicities, although the most frequently affected organs include the skin,
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digestive, and endocrine organs. The majority of toxicities caused by ICIs are low in
severity, but some are more serious and require multidisciplinary management of side
effects (116), especially considering patients’ deaths that occurred due to fulminant
myocarditis caused by the treatment (117). Therefore, there is a pressing need for the
development of more tumor-specific approaches to targeting checkpoint molecules in
cancer. One of the ways to overcome ICl limitations is to combine them with CAR-T

therapy.

1.4.3 PD-1/PD-L1 inhibitors in combination with CD19-CAR-T therapy

Numerous clinical trials demonstrated that 70-90% complete remission (CR) can be
achieved in pediatric and adult patients treated with CD19-targeting CAR-T-cells.
However, up to 60% of patients relapse after the CAR treatment, and among those, 80-
90% are CD19-positive relapses, which means that CD19 molecule is still present on the
surface of cancer cells and can be detected by flow cytometry (118). Poor T cell
expansion and short-term T cell persistence remain one of the main causes for lack of

response and relapse following CAR-T therapy.

In classical Hodgkin lymphoma (cHL), the host antitumor immune response is
known to be ineffective at least partially due to overexpression of PD-1 ligands and
associated T-cell exhaustion (119). Genetic alterations of chromosome locus 9p24.1,
containing the loci for PD-L1, PD-L2, and JAK2, contribute significantly to the
upregulation of PD-L1 and PD-L2 in cHL. The mutations not only directly increase protein
expression of PD-1 ligands, but also induce JAK2 overexpression, which leads to
activation of the JAK/STAT signaling pathway, known to enhance the expression of PD-L1
and PD-L2 (120). The study conducted on biopsy samples from patients with newly
diagnosed cHL revealed, that 97% of all analyzed samples had genetic alterations of the
PD-L1 and PD-L2 loci, linked to the increased PD-L1 protein expression (121). PD-L1 is
also expressed in NHL including diffuse large B-cell lymphoma (DLBCL). It is known to
inhibit the activity of tumor-associated T cells in this disorder, even though PD-L1
expression rate in DLBCL is generally much lower as compared to cHL, with only 10-24%
of DLBCL cases being positive for PD-L1 (122). However, DLBC represents 30-40% of all

NHLs, and PD-L1 expression was found in both tumor cells and cells from the
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microenvironment, mainly macrophages (123). Additionally, NF-kB transcription factor,
which is constitutively activated in aggressive DLBCL with an activated phenotype (ABC-
DLBCL) and in indolent B-cell lymphomas, is also able to increase tumor cell expression
of PD-L1 either directly or indirectly (124). In particular, PD-L1 protein expression is
associated with activated B-cell-like or non-germinal center B cell-like phenotypes of
DLBCL, which are poor prognostic subgroups (125). In bone marrow aspirates (BMAs)
from B-ALL patients, PD-1 expression on T-cell subsets is increased at diagnosis, and to a
greater extent, at relapse (126). PD-1-positive/CD8-positive T cells were even more
frequent in BMAs from patients who had multiply relapsed acute myeloid leukemia
(AML) than in BMAs from those who had first relapsed AML (127). In a similar manner to
a solid tumor, IFN-y-induced PD-L1 expression on AML cells protected them from

cytotoxic T cell lysis (128).

Similarly to host effector cells, CAR-T cells also acquire a differentiated and
exhausted phenotype associated with increased expression of PD-1 (125). Following the
infusion of CD19-specific CAR-T cells, 8 of 11 lymphoma patients had at least three-fold
increased PD-1 expression on CD4+ CAR-positive cells from the time of infusion to the
time of peak blood levels (129). In another study, patients with B-cell malignancies that
relapsed after allogeneic stem cell transplantation were treated with CD19-targeting
CAR-T cells. It was observed, that both CD8+ and CD4+ CAR-T cells significantly increased
PD-1 expression between the time of infusion and post-adoptive cell transfer analysis.
PD-1 expression was also higher on CAR-T cells than on unmodified T cells (130). An
extensive transcriptomic analysis was performed to compare T cells from chronic
lymphocytic leukemia (CLL) responders and non-responders post CD19 CAR-T therapy.
The studies revealed that CAR-T cells from non-responders showed upregulated
pathways involved in exhaustion and apoptosis. In particular, the PD-L1/PD-1 pathway
was able to directly inactivate CD28 signaling in CAR-T using CD28 as a co-stimulatory

domain, therefore inhibiting CAR-T cell function (120).

Numerous groups have demonstrated in preclinical models and subsets of
patients with ALL or DLBCL the increased efficacy of CAR-T cell therapy with the co-
administration of antibodies that inhibit the PD-1 pathway (62). PD-L1 blockade was

shown to normalize CD4:CD8 ratios and restore CD8+ T cell cytotoxicity and immune
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synapse formation ex vivo and in vivo (131). Furthermore, PD-1-deficient CAR-T cells
showed improved anti-tumor efficacy in vitro and in vivo (120). Thus, the blockade of
PD-1/PD-L1 immune checkpoint in combination with CAR-T cells could help to limit T cell

exhaustion and restore their functions (132).

1.4.4 PD-1/PD-L1 inhibitors in combination with CAR-T in solid tumors

The combination of CAR-T therapy with PD-1/PD-L1 blockade is even more relevant in
solid tumors treatment due to the specific challenges faced during the therapy of these
cancers. Many cells in the TME can induce PD-L1 expression due to several factors,
including IFN-y, TNF-a, cell growth factors, hypoxia, and exosomes influence (80). These
cells consist of the immunosuppressive tumor-associated macrophages (TAMs), MDSCs,
and Treg cells (133). The effector functions of CAR-T cells that have reached the tumor
site are thus being directly inhibited due to the PD-L1 overexpression on the surrounding

cells (134).

As mentioned above, combining CAR-T cell therapy and checkpoint blocking
antibodies may produce a synergistic effect. CAR-T cells administration could “heat” the
tumor, and PD-1/PD-L1 blockade can prolong CAR T-cell functional persistence in the
suppressive microenvironment (83). In general, the hot tumors show higher response
rates to immunotherapy, including PD-1/PD-L1 blockade (81). This hypothesis has been
supported by several preclinical studies. For example, in a HER2 transgenic mouse model
of breast carcinoma, the combination of HER2-CAR-T cell treatment with PD-1 blockade
resulted in improved tumor control (135). Another research showed, that PD-L1 blocking
mini-body synergized with HER2-CAR-T cells in the growth control of prostate cancer in

mice (136).

However, the combination of CAR-T cell treatment with repetitive intravenous
infusions of checkpoint blocking antibodies has several disadvantages, including an
associated increase in treatment cost and lack of penetration of the antibody to the
tumor site (137). Therefore, in this study, we propose an alternative approach by using a

CAR construct directly targeting PD-L1 molecule.
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2. AIMS OF THE STUDY

CAR T-cell immunotherapy is one of the examples of successful cancer treatment based
on adoptive cell transfer. However, the success was almost exclusively achieved in the
treatment of B-cell hematologic malignancies. CAR-T cell therapy for solid tumors
remains mostly ineffective due to several reasons, and one of them is the
immunosuppressive tumor microenvironment (138). Inhibitory immune-checkpoint
receptors on immune cells and their ligands, which are often overexpressed in solid
tumors, contribute to the induction of functional suppression of the immune response
(90). In particular, the PD-1/PD-L1 axis is known to support immune resistance within
the tumor microenvironment. PD-1 was shown to be expressed on a large proportion of
tumor-infiltrating lymphocytes in varying tumor histologies. Moreover, tumor cells
themselves often tend to overexpress PD-L1, allowing them to avoid immune detection
(139). Additionally, PD-L1 can appear in cancer cells or tumor stromal cells in an
inducible manner, as a result of the effects of IFN-y secretion during the immune
effector cells’ response against the tumor (140). Several studies have reported that PD-
1/PD-L1 blockade in solid tumors improves adoptive cell therapy by reinvigorating T cells
effector functions. The enhanced antitumor response following PD-1/PD-L1 blockade
was observed in the treatment of melanoma, non—small cell lung cancer (NSCLC), renal
cell carcinoma, head and neck squamous cell carcinoma, urothelial carcinoma, and
microsatellite instability-high colorectal cancer (141). Thus, numerous attempts are
taken to combine anti-PD-1 or anti-PD-L1 antibodies administration with CAR-T cell-
based therapy. However, the systemic infusion of blocking PD-1 or PD-L1 antibodies may
lead to non-specific T cell activation, low concentrations of antibodies in tumors, and
elevated clinical costs (142). Therefore, there is a need for more tumor-specific methods

for targeting PD-1/PD-L1 interactions in cancer.

In the current project, two modern therapeutic concepts were combined: the
immune effector cells were armed with a newly designed PD-L1-CAR, to invoke a direct
effect of killing the cells with high expression of PD-L1 — either cancer cells or tumor
stromal cells. The research hypothesis was that the physical elimination of PD-L1-

expressing cells within the tumor mass (both cancer cells and/or stromal cells of the
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tumor) would translate into a direct local anti-cancer effect, and also, into disinhibition

of the natural systemic anticancer immune response.

The approach was tested on breast cancer cell lines. Worldwide, breast cancer
comprises 10.4% of all cancer incidences among women, making it the second most
common type of non-skin cancer (after lung cancer), and the fifth most common cause
of cancer death (143). The triple-negative breast cancer (TNBC) type constitutes 10—-20%
of all breast tumors and is characterized as a high-grade, aggressive malignancy with a
high rate of distant metastasis and poorer disease-specific survival than other breast
cancer subtypes. Approximately 20% of TNBC were also reported to exhibit
constitutively high expression of PD-L1 (144,145).

The main aims of this project were to establish and optimize the technology of
CAR-T cells generation in our laboratory and to provide proof-of-concept evidence of the
PD-L1-CAR-T cells’ effectiveness in the cancer cells elimination in vitro. The long-term
objective of the research was a contribution to the safe use of PD-L1-CAR-expressing

cytotoxic cells in anticancer therapy.
To accomplish the main objectives above the following specific aims were set:

e To screen a range of breast cancer cell lines regarding PD-L1 expression;

e To optimize the methods for the PD-L1-CAR expression on the surface of T cells;

e To evaluate the cytotoxic potential of PD-L1-CAR-T cells against cancer cells
harboring various levels of PD-L1;

e To assess the safety of PD-L1-CAR-T cells against non-malignant cells.
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3. MATERIALS AND METHODS

3.1 Cell culture

3.1.1 Culture of established adherent cell lines
The study was performed using human cell lines listed in Table 3.

Table 3 Cell lines used in the study.

Name of cell line Primary tissue Source (Institution) Address
HEK293T non-malignant embryonic kidney ATCC Manassas, VA, USA
MDA-MB-231 triple-negative breast cancer ECACC Wiltshire, UK
HCC-1806 triple-negative breast cancer ECACC Wiltshire, UK
MCF-7 ER-positive breast cancer ECACC Wiltshire, UK
ZR-75-1 ER-positive breast cancer ECACC Wiltshire, UK
T47D ER-positive breast cancer ECACC Wiltshire, UK
SkBr3 HER2-positive breast cancer ECACC Wiltshire, UK
MCF-10A non-malignant mammary epitelium ECACC Wiltshire, UK
HMEC non-malignant mammary epitelium Life Technologies Carlsbad, CA, USA

HEK293T, ZR-75-1, and T47D cells were maintained in DMEM medium (Sigma-
Aldrich). MDA-MB-231, HCC 1806, MCF-7, and SkBr3 cells were maintained in RPMI 1640
medium (Sigma-Aldrich). Both culture media were supplemented with 10% fetal bovine
serum (FBS) (Sigma-Aldrich), 2 mM glutamine (Sigma-Aldrich), and 1% penicillin-
streptomycin solution (Sigma-Aldrich). Additionally, ZR-75-1 and T47D culture media
were supplemented with 1nM [-estradiol (Sigma Aldrich). MCF-10A cells were
maintained in mammary epithelial basal media (MEBM, Lonza) containing 0.4% bovine
pituitary extract (BPE), 10 ng/ml human epidermal growth factor (hEGF), 5 pg/ml human
insulin, 0.5 pg/ml hydrocortisone, 30 pg/ml gentamicin and 15 pg/ml amphotericin, and
100 ng/ml cholera toxin (Sigma Aldrich). HMEC cells were cultured in HUMEC medium
supplemented with epidermal growth factor, hydrocortisone, isoproterenol, transferrin,
and insulin, and 50 pg/ml bovine pituitary extract, according to manufacturer protocol

(Life Technologies).

All cells were grown and maintained at 37°C in cell culture incubators in a
humidified atmosphere with 5% CO,. The manipulations carried out on cultured cells

were performed in the aseptic environment in a laminar flow cabinet to avoid
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contamination with microorganisms. Cell lines were subcultured every 2-3 days when
65—-80% confluent. The cell line cultures were routinely tested for Mycoplasma spp.

Contamination by PCR technique.

3.1.2 Subculturing of cell lines

For adherent cell cultures, the medium was aspirated, and the flask was washed twice
with 10 ml phosphate-buffered saline (PBS) w/o calcium chloride and magnesium
chloride (Sigma-Aldrich). Cells were detached using 2 ml of 0.25% trypsin-EDTA solution
(Sigma-Aldrich). Next, trypsin was neutralized with 8 ml of warm complete culture
medium, respective to each cell line, and the cells were collected by centrifugation for 4
minutes at 300 x g. The cell pellet was resuspended in fresh media. Usually, the split

ratio was 1:5 or 1:10, depending on confluency, growth tempo, and experimental plans.

3.1.3 Primary cells

Primary human T cells were isolated from human peripheral blood mononuclear cells
(PBMCs) obtained from healthy donors. The buffy coats from healthy donors were
purchased in the Regional Blood Center in Warsaw and the PBMCs were isolated in the
aseptic environment in a laminar flow cabinet. The procedure was approved by the Local

Bioethics Committee (approval number: AKBE/184/2018).

3.1.4 Isolation of PBMC

The PBMC suspension was prepared from buffy coats using a density gradient
centrifugation. For this purpose, 50 ml of buffy coats were diluted with room
temperature (25°C) PBS w/o calcium chloride and magnesium chloride (Sigma-Aldrich)
up to 140 ml. Then, 35 ml of the mixture was layered over 15 ml of the Lymphoprep
solution (Stemcell) in a 50 ml sterile tube following the centrifugation for 30 min at 700
x g at 25°C without brake. The cell suspension was separated into various layers after

centrifugation, as presented in Figure 8.
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Figure 8 Preparation of PBMC suspension from buffy coats using a density gradient
centrifugation. The band containing PBMCs at the interphase was collected.

The band containing PBMCs at the interphase was collected, transferred to a
new sterile tube, washed twice with 40 ml of PBS, and centrifuged for 10 minutes at 750
x g at 25°C. To remove platelets, the cell pellet was washed with EasySep buffer (PBS
supplemented with 2% FBS and 1 mM EDTA solution) and centrifuged for 10 minutes at
120 x g at 25°C. Next, the cell pellet was resuspended in EasySep buffer, the cells were
counted, and the suspension was diluted with EasySep to the density of 5 x 107 cells per

ml.

3.1.5 Isolation of T cells from PBMC

The T cells were isolated from fresh or previously frozen PBMCs by immunomagnetic
negative selection using EasySep™ Human T Cell Isolation Kit (Stemcell). The procedure
was performed according to the manufacturer’s instructions. Magnetic-Activated Cell
Sorting (MACS) is a passive separation technique to isolate different types of cells
depending on their cluster of differentiation with a purity > 90% purification. The
negative separation technique is based on using a cocktail of antibodies conjugated to
magnetic beads to coat the cells other than those of interest and then remove the
coated cells from a mixed population. For this purpose, the cell suspension is placed in
an external magnetic field, the magnetic beads activate, and the labeled cells polarize

while the cells of interest (unlabeled) are washed out.

The PBMCs, resuspended in the density of 5 x 107 cells per ml in EasySep buffer,
were placed at polystyrene round-bottom tubes (5 ml or 14 ml) volume of 0.25 -2 ml or

1 - 8.5 ml, respectively. The number of isolated T cells was dependent on experimental
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plans. Next, 50 uL of Isolation Cocktail was added per each ml of the sample. The
samples were mixed and incubated for 5 minutes at 25°C. The magnetic particles
(RapidSpheres™) were mixed thoroughly for 30 seconds and then added to the samples
(40 pl per ml). The samples were topped up with EasySep buffer either to 2.5 ml (if 5 ml
tubes were used) or to 10 ml (if 14 ml tubes were used) and mixed gently by pipetting.
The tubes were then placed into the magnet and incubated for 3 minutes at 25°C. After
this time, the magnet with the tube was inverted in one continuous motion, pouring the
enriched cell suspension containing T cells into a new sterile tube. The isolated T cells

were counted and resuspended in the appropriate culture medium.

3.1.6 Subculturing of primary T cells

Primary human T cells were cultured in RPMI 1640 medium (Thermo Fisher Scientific)
supplemented with 10% FBS (Sigma-Aldrich), 2 mM glutamine (Sigma-Aldrich), and 1%
penicillin-streptomycin  solution (Sigma-Aldrich). Medium containing 200 U/ml
recombinant human IL-2 (PeproTech) was added to freshly cultured cells. T cells were
activated and expanded by adding Dynabeads Human T-Activator CD3/CD28 (Thermo
Fisher Scientific) at a bead-to-cell ratio of 1:1. For that purpose, T cells were centrifuged
for 4 minutes at 300 x g and resuspended in EasySep buffer, transferred to a polystyrene
round-bottom tube, and placed on a magnet for 1-2 minutes until the Dynabeads moved
to the side of the tube. The supernatant containing the cells was transferred to a new
tube and centrifuged for 4 minutes at 300 x g. The cell pellet was then resuspended in
fresh medium supplemented with 200 U/ml IL-2 at a density of 0.5-1 x 10° cells/ml, and
a new portion of CD3/CD28 Dynabeads was added.

3.1.7 Cell counting and viability measurement

Cells were counted using a hemacytometer. Cells were centrifuged for 4 minutes at 300
x g, and the pellet was resuspended in 1-5 ml of culture medium, respective to each cell
line. Next, 20 pL of cell suspension was mixed with 20 uL of 0.4% trypan blue. The
mixture was incubated at 25°C for approximately 3 minutes. A drop of the trypan
blue/cell mixture was applied to a hemacytometer (KOVA® Glasstic Slide 10 With

Counting Grids), and cells were counted under a light microscope. The unstained (viable)
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and stained (dead) cells were counted separately in the hemacytometer. To calculate
the total number of cells per ml, the total number of viable cells counted from 9 squares

was multiplied by two (dilution of the trypan blue) and then by 10%.

3.1.8 Cryopreservation and thawing of cells

The cells in the logarithmic phase of growth were used for cryopreservation. For this
purpose, the 65-80% confluent cells were removed from the cell culture flask using the
method for passaging adherent or suspension cells described above. The cells were
counted, and then the portion of cells to be stored was resuspended in freezing medium
(90% FBS and 10% DMSO) at density 2-3 x 10° cells/ml. Next, the cell suspension was
transferred into sterile cryovials. The cryovials were placed in a chamber containing
room temperature 100% isopropanol and stored at -80°C for a minimum of 24 h. After
this time, for long-term storage, the cryovials with cells were moved to the tanks with

liquid nitrogen.

For thawing the cells, the cryovials were removed from the tanks with liquid
nitrogen and immediately placed in a 37°C water bath. Next, 1 ml of freezing medium
with the cells was transferred to a sterile tube with 4 ml of cell growth media and gently
mixed by pipetting. The cell suspension was then centrifuged for 4 minutes at 300 x g,
and the cell pellet was resuspended in a fresh complete culture medium, respective to
each cell line, and transferred into the culture flask. The medium was changed for the
fresh one the next day in order to remove the rest of the cryoprotectant and eventually

the dead cells.

3.2 Flow cytometry

Flow cytometry is a laser-based technology used for the analysis of single cells or
particles as they flow in suspension through the focused beam of a laser in a measuring
device. The interaction with the light is measured as light scatter and fluorescence
intensity, which are independent parameters. Visible light scatter is measured in the
forward direction (Forward Scatter or FSC), which indicates the relative size of the cell,
and at 90° (Side Scatter or SSC), which indicates the internal complexity or granularity of

the cell. The samples are prepared for fluorescent measurement through transfection
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and expression of fluorescent proteins, staining with fluorescent dyes, or staining with
fluorescently conjugated antibodies. After the laser light activates the fluorophore at the
excitation wavelength, detectors process the emitted fluorescence. The intensity of the
emitted light represents the antigen density or the characteristics of the cell being

measured (146-148).

3.2.1 Fluorescence-activated cell sorting (FACS)

In a sorting cytometer, cell parameters such as scatter and fluorescence are analyzed in
ways similar to those in non-sorting cytometers. A heterogeneous population of cells is
suspended and passed across laser interrogation points, where the light signals emitted
from the particles are collected, amplified, and analyzed. They then continue to flow
downstream, where, in a sorting cytometer, the sheath stream is vibrated so that it
breaks up into drops and the cells become enclosed in individual drops. If a cell in the
analysis point has been determined to be a cell of interest according to the sort regions,
the drop containing that cell will be charged positively or negatively so that it will be

deflected to the proper collecting tube (149,150).

The cells can be sorted based on their morphology characteristics or surface and

intracellular protein expression. The proteins are labeled with fluorescent antibodies.

In this study, target cancer cells MDA-MB-231 and MCF-7 were sorted after the
modification with pLenti7.3-redluc lentiviral plasmid; the plasmid contains the sequence
encoding GFP molecule. The cells were washed twice with PBS and then suspended in
PBS at a density of 10-20 x 10° cells per ml. The suspension was next analyzed and

sorted using FACSAria lll (BD Bioscience).

3.2.2 Evaluation of degranulation and cytokine production

To evaluate T cell functions upon interaction with tumor cells, including degranulation

capacity and cytokine production, flow cytometry-based assays were applied.

T cells are known to release the content of their cytotoxic granules, such as
perforin and granzymes, into the immune synapse to kill their target. Lysosomes

containing cytotoxic granules move to the cell surface and fuse with the plasma

48



membrane to release their contents upon specific receptor engagement between a
target cell and a cytotoxic cell. This lysosomal fusion results in lysosomal-associated
membrane glycoproteins (LAMPs), including CD107a, to be presented on the cell
surface. Thus, staining for cell surface expression of CD107a is a leading method for

measuring degranulation by flow cytometry.

Upon target cell interaction, T cells also produce and secrete cytokines, such as
IFN-y and TNF-a. To keep produced cytokines inside the immune cells, protein transport
inhibitors BD GolgiStop™ (BD Biosciences) and BD GolgiPlug™ (BD Biosciences) were
used. BD GolgiStop™ contains monensin, and BD GolgiPlug™ contains brefeldin A, both
agents cause the accumulation of cytokines and/or proteins in the Golgi complex, which
enhances the detectability of cytokine-producing cells with flow cytometric analysis.
Moreover, to access intracellular IFN-y and TNF-a, the cells were fixed and

permeabilized before flow cytometry analysis.

T cells and CAR-T cells degranulation and cytokine release were evaluated against

MCF-7 and MDA-MB-231 target cells (either parental or genetically modified).

Target cells were detached from culture flasks, resuspended in the complete
culture medium, and pipetted into a U-bottom 96-well plate at a density of 1 x 10° cells
per well. Effector cells were added to each well at density of 2 x 10, at the 2:1 E:T ratio.
Next, 0.8 ul per well Golgi stop and 1 ul per well Golgi plug was added to inhibit protein
transport, as well as 5 pl per well of a fluorescently labeled anti-CD107a antibody. The
final volume of the sample in each well was 200 pl. The plate was centrifuged for 3
minutes at 250 x g to spin down the cells for their direct contact and then incubated for
4 or 8 hours at 37°C in a humidified atmosphere with 5% CO,. Next, the plate was
centrifuged for 4 minutes at 300 x g, the supernatant was removed, and the pellet was
washed twice in 200 pl of EasySep buffer. After that, the anti-CD3 antibody, a marker for
extracellular staining of T cells, together with viability dye were added to the cells both
in 1:100 dilution in EasySep buffer. The plate was incubated for 20 minutes at 25°C, then
centrifuged for 4 min at 300 x g. The supernatant was removed, and the pellet was

washed once in 200 pl of EasySep buffer.

49



For the intracellular staining, the cells were resuspended in 100 ul of
Fixation/Permeabilization Solution (BD Biosciences) and incubated for 15 minutes at 4°C.
Then, the plate was centrifuged for 4 minutes at 300 x g, the supernatant was removed,
and the pellet was washed once with 200 pl of Perm/Wash™ Buffer (BD Biosciences)
containing saponin for better cell permeabilization. Next, anti-TNF-a and anti-IFN-y
antibodies were diluted 1:10 in Perm/Wash™ Buffer and added to the cell pellet in 25 pl
followed the incubation for 20 minutes at 4°C. Finally, the cells were washed twice with
200 pl of Perm/Wash™ Buffer, resuspended in 200 ul of EasySep buffer, and analyzed by
BD FACSCanto Il (BD Biosciences) flow cytometer. The antibodies and viability dye used

in the experiment are listed in Table 4.

Table 4 The list of antibodies and viability stain used in the evaluation of degranulation and

cytokine production.
target fluorochrome producer
CD107a PE BD Bioscience
CD3 PerCP BD Bioscience
TNFa PE-Cy7 BD Bioscience
IFNy APC BD Bioscience
viability stain FVS-V510 |Thermo Fisher Scientific

3.2.3 Compensation

When two or more fluorochromes are used in a single experiment, every fluorescent
molecule emits light within an individual spectrum. The emission light is split according
to wavelength and distributed to the detectors with proper filters that eliminate the
light that is out of the spectrum characteristic for each molecule. However, the emission
spectra may partly overlap, falling within the detector of another fluorochrome, and this
signal is termed spillover. Compensation is the process by which the fluorescence
spillover between detectors is calculated and mathematically corrected. For this
purpose, single-color control samples are run with an experiment, and the signal from
each fluorochrome that is detected in each of the other channels is measured. Based on
these measurements, the compensation needed for signal removal is calculated

(151,152).

In this study, both cells and polystyrene microparticles were used as single-color

controls. In the case of using cells, they were stained with a single fluorescent dye as
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described in the methods above. For performing compensation controls with
polystyrene microparticles, BD™ CompBeads anti-mouse Ig, k set (BD Bioscience) was
used. The set contains both positive and negative beads, a drop of each was added to
the mix with 100 pl of PBS, and the antibody was conjugated with fluorochrome in the
same dilution as used in the experiment. The mix was incubated for 20 minutes at 4°C,
then 500 ul of EasySep buffer was added, and the tube was centrifuged for 4 minutes at
300 x g. After removing the supernatant, the pellet was resuspended in 100 ul of

EasySep buffer and analyzed by BD FACSCanto Il (BD Biosciences) flow cytometer.

3.3 Western blotting

Western blotting is a semiquantitative biochemical technique used for the
immunodetection of proteins following separation by gel electrophoresis. The mixture of
separated proteins is transferred to a membrane, where an immobilized specific antigen
is detected by a primary antibody. The unbound antibody is washed off, and next, the
membrane is reacted with a secondary antibody labeled with an enzyme, which activity
is used to visualize the target protein by a chemiluminescent or chromogenic method.
The procedure allows for the identification of specific proteins from a complex mixture
of proteins extracted from cells. Additionally, the amount of the present proteins may
be evaluated, as it correlates with the band thickness and can be compared to the

standard such as housekeeping proteins of a stable expression level (153,154).

3.3.1 Sample preparation and cell lysis

Medium from the cells with 80% confluency was removed, the cells were washed three
times with ice-cold PBS, detached, pelleted by centrifugation, and resuspended in ice-
cold lysis buffer (150 mM NaCl, 1% Triton X-100, 50 mM Tris-HCI pH 8.0) containing
protease inhibitors (Roche). The lysates were centrifuged for 10 minutes at 12000 x g at
4°C, the supernatant was transferred to new tubes, and total protein concentration was
guantified using a bicinchoninic acid (BCA) assay. Protein lysates were stored at -20°C or

kept on ice.
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3.3.2 Determining lysate protein concentration by BCA assay

The protein concentration was assessed by BCA assay (Pierce™ BCA Protein Assay Kit
(Thermo Scientific). Bovine serum albumin (BSA) standard curves (between 0-1 000
ug/ml) were prepared in water. The samples were diluted ten times in water. A 10 pl of
the standards and the samples were added to the plate in duplicates. Next, 200 ul of the
BCA solution containing BCA protein assay carbonate buffer (Reagent A) and BCA
protein assay cupric sulfate solution (Reagent B) in 1:50 ratio. Next, the plate was
incubated for 30 min at 37°C with shacking. The absorbance was measured at 562 nm
using Asys UVM340 microplate reader (Biochrom). The total protein concentration in

each sample was then calculated based on the BSA standard curve.

3.3.3 Sample preparation

20-40 pg of the protein lysate was mixed with 5-times concentrated loading buffer (62
mM  Tris-HCI pH 6.8; 5% B-mercaptoethanol; 10% glycerol; 2.5% SDS; 0.004%
bromophenol blue) to the final 1 ug/ul concentration of the protein, then samples were
boiled for 5 minutes at 95-100°C in order to remove secondary and tertiary structures,
thereby dissociating large protein complexes. B-mercaptoethanol served as a reducing

agent.

3.3.4 Gel preparation

To perform sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), the
1.5 mm polyacrylamide gels were prepared using BioRad Laboratories equipment. The
resolving gel solution (12 or 15%) was prepared using the volumes presented in Table 5
depending on the percentage of gel required. The stacking gel solution was prepared

according to the recipe presented in Table 5 and overlayed the resolving gel.
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Table 5 The reagents and volumes used for the preparation of polyacrylamide gels.

Resolving gel
Gel % |Water (mL)| 30% acrylamide (mL) 1'23';;'(5':"_‘):" 10% SDS (uL)|10% APS (uL) TEMED (pL)
12% 3.2 4.0 2.6 100 100 10
15% 2.2 5.0 26 100 100 10
Stacking gel
Gel % |Water (mL)| 30% acrylamide (mL) 1'23'82';:"_():" 10% SDS (pL)|10% APS (uL) TEMED (L)
4% 5.86 1.34 2.6 100 100 10
SDS: Sodium dodecyl sulfate; APS: Ammonium Persulfate; TEMED: Tetram ethylethylenediamine.

3.3.5 Sample electrophoresis (SDS-PAGE)

The samples containing equal amounts of protein (15-20 pg per lane) were loaded onto
denaturing SDS-PAGE. The electrophoresis was carried out in the ProteanPlus™ Tetra
Cell (BioRad Laboratories) apparatus in a running buffer containing 192 mM glycine,
0.1% SDS, and 25 mM Tris-HCI with an output of 30 mA while the samples were in the

stacking gel, and then 40 mA when the samples reached the resolving gel.

3.3.6 Electrotransfer

After electrophoresis, the wet transfer was performed. The gel was transferred onto the
Protran® nitrocellulose membrane (Schleicher and Schuell BioScience), and protein
transfer was carried out in the transfer buffer (192 mM glycine, 25 mM Tris, 10%
methanol) at a constant current of 80 mA for 16h or 200 mA for 2 h at 4°C using BioRad

Laboratories equipment.

To verify the transfer effectiveness, the membrane was stained with Ponceau
solution (Abcam). Ponceau is a reversible and negatively charged stain that binds to the
positively charged amino groups of proteins and non-covalently to non-polar protein
regions. The membranes were incubated with Ponceau for 5 min with rocking and then
washed with TBST buffer (50 mM Tris-HCI pH 7,4; 150 mM NaCl and 0,1% Tween 20)
until the protein bands were visible. The membranes were next washed with TBST buffer

until they were completely destained.
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3.3.7 Western blotting and protein detection

After the transfer, the membranes were washed in TBST buffer (50 mM Tris-HCI pH 7,4;
150 mM NaCl and 0,1% Tween 20) and incubated in blocking solution (10% w/v nonfat
dry milk in TBST buffer) overnight at 4°C with gentle agitation. The membranes were
incubated in anti-PD-L1 (E1L3N®) XP® Rabbit mAb (Cell Signaling) primary antibody
solution at dilution 1:1000 (in TBST with 5% w/v nonfat dry milk) overnight at 4°C with
constant rocking, then washed three times with TBST for 10 min each with rocking. Next,
the secondary mouse anti-rabbit antibody (Jackson ImmunoResearch) conjugated with
horseradish peroxidase (HRP) (diluted 1:10000 in TBST with 5% w/v nonfat dry milk) was
added onto the membranes, which were then incubated for 2 h at 25°C with constant
rocking. After the incubation, the membranes were washed three times with 1x TBST for
10 minutes each with rocking. The signal for HRP was detected using Super Signal West
Pico Chemiluminescent Substrate (Thermo Fisher Scientific) kit. The reagents from the
kit were mixed in 1:1 ratio and applied on the membrane for 2 min, then the
chemiluminescence was detected by ChemiDoc (Bio-Rad) apparatus. As a loading control
for Western blotting, the HRP-conjugated antibody recognizing B-actin was used at
dilution 1:40000 in 1x TBST with 5% w/v nonfat dry milk. The membrane was incubated
with the antibody for 30 minutes at 25°C, then washed three times with 1x TBST for 10
minutes each with rocking. The signal for HRP was detected as described above. The

densitometry analysis was performed using Image Lab (Bio-Rad) software.

3.4 Agarose gel electrophoresis

Agarose gel electrophoresis is used to separate DNA fragments based on their molecular
weight. The DNA phosphates are negatively charged; therefore, when placed in an
electric field, the fragments migrate to the positive pole. The separation occurs due to
the DNA samples’ loading into the agarose gel, which agarose subunits associate non-
covalently during gelation, forming a network. Depending on pore size, DNA fragments
of different molecular weights migrate in the gel at a different speed. The DNA
fragments are detected by staining the gel with the intercalating dye, ethidium bromide
(EtBr), which allows the following visualization under UV light. Ethidium bromide stains

DNA in a concentration-dependent manner, so it is possible to estimate the quantity of
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DNA present in a band by comparing the band of known DNA amount. The size of the
fragments can be determined by using known size standards and comparing the distance

the unknown fragment has migrated (155,156).

To prepare 1% agarose gel, 1 mg of agarose was dissolved in 100 ml of 1x TAE
buffer (40 mM Tris-acetate, 1 mM EDTA). Next, ethidium bromide (Promega) was added
to the final concentration of 0.5 pug/ml, and the mix was poured into the gel tray with an
appropriate well comb. After the solidification of the gel, the comb was removed, and
the gel was transferred to the electrophoresis unit (BioRad) and filled with 1x TAE buffer
until the gel was covered. Next, the samples for the electrophoresis were prepared, 200-
500 ng of the diluted in water DNA was mixed with 5x concentrated loading dye
(Thermo Fisher Scientific). The samples and the appropriate Perfect Plus 1 kb DNA
Ladder (EURx), as a molecular weight standard for sizing the analyzed DNA fragments,
were loaded into the gel wells. The electrophoresis was run at a constant voltage of 90-

100V, and the gel was then analyzed using ChemiDoc imager (BioRad).

3.5 Preparation of calcium competent Escherichia coli bacteria

Bacterial transformation is a process of non-viral horizontal gene transfer by which a
recipient bacterial cell takes up exogenous DNA from the environment. The expression
of the proteins involved in this mechanism is not constant; however, it can be induced
under specific conditions in most transformable bacteria. The cell membranes then
become permeable to DNA, and the bacteria develop competence for genetic

transformation.

The most commonly used laboratory bacterial strain is Escherichia coli, which can
be modified under artificial conditions. In this study, two strains of E. coli were used: a
commercially available chemically competent bacteria DH5-alpha (NEB) and chemically

prepared in our laboratory Stbl3 cells (157,158).

The Stbi3 cells were made competent by treating them with calcium chloride
(CaClz). The addition of calcium chloride to the cell suspension allows plasmid DNA
binding to lipopolysaccharide (LPS) receptor molecules on the bacterial cell surface. To

prepare chemically competent StbI3 cells, the bacteria were first cultured for 18 h at
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37°C with shaking in the lysogeny broth (LB, Merck Millipore) medium. Next, 1 ml of the
overnight culture was used to inoculate 100 ml of fresh LB in order to use the cells in
their rapid growth later (log phase). The culture was grown with 220 RPM shaking at
37°C until it reached the density of approximately 5 x 107 cells per ml. After the
verification of optical density of the bacterial culture at 600 nm (ODsgo) using a
spectrophotometer, a 5 ml aliquot of the cell suspension was transferred to a new
sterile tube and cooled on ice for 10 minutes. Next, the cells were centrifuged at 5000 x
g for 5 minutes at 4°C. The pellet was then resuspended in 25 ml of ice-cold 0.1 M CaCl;
and incubated on ice for 20 minutes. After the incubation, the cells were again
centrifuged at 5000 x g for 5 minutes at 4°C, and the pellet was resuspended in 5 ml of
ice-cold 0.1 M CaCl; with 15% glycerol. The cell suspension was aliquoted into 50 pl

portions and stored at -80°C until being used for transformation.

3.6 Bacterial transformation

The DNA introduced into a competent strain of bacteria usually is in the form of the
plasmid. Plasmids are circular, double-stranded DNA molecules that are physically
separated from the cell’s chromosomal DNA and can replicate independently. Plasmid
DNA occurs naturally in bacteria and contains genes that provide some benefit to the
host cell, such as drug resistance. Like chromosomal DNA, plasmid DNA is duplicated
before every cell division, which assures continued propagation of the plasmid through
the following generations of the cell. The plasmids used in recombinant DNA technology
replicate in E. coli and are engineered to optimize their use as vectors in DNA cloning.
Their length is reduced as compared to naturally occurring, and the sequence is
modified to contain a replication origin, a region in which exogenous DNA fragments can
be inserted, and an antibiotic resistance gene — the transformed cells then can be

selected from the untransformed cells by the inclusion of an antibiotic (159).

Transformation of plasmid DNA into E. coli in this study was performed using the
heat shock method to insert a foreign plasmid or ligation product into bacteria.
Chemically competent bacteria (either DH5-alpha or Stbl3) were quickly thawed on ice
and then mixed with the DNA diluted in nuclease-free water. Typically, 1-10 ng of DNA

resuspended in no more than 5 ul of water were added to a 50 pl aliquot of competent
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cells. After 30 minutes of incubation on ice, the mixture of bacteria and DNA was placed
at 42°C for 30-45 seconds (heat shock) and then cooled on ice for 2 minutes. Next, 500
ul of super optimal catabolite repression medium (SOC, NEB) was added to the tube,
and the bacteria were incubated for 1 h at 37°C with shaking. After the incubation, the
cells were centrifuged at 5000 x g for 5 minutes. The pellet was resuspended in 100 ul of
the remaining SOC medium and plated out on LB agar plates containing the appropriate

antibiotic.

3.7 Plasmid DNA preparation

All the manipulations were carried out in the aseptic environment in a laminar cabinet.
Depending on the purpose, either 5 or 100 ml of LB medium was mixed with an
appropriate antibiotic to the final concentration of 100 pug/mL of ampicillin or 50 pg/mL
kanamycin. The culture was then inoculated with bacteria from a single colony at the LB
agar plate and incubated for 18 h at 37°C with shaking. The next day, the DNA was
isolated and purified using either QlAprep Spin Miniprep Kit (Qiagen) for 5 ml cultures or
NucleoBond Xtra Midi kit (Macherey-Nagel) for 100 ml cultures according to the

manufacturer’s protocol. Both kits are based on the alkaline lysis of the bacterial cells.

3.8 Polymerase chain reaction

Polymerase chain reaction (PCR) is a technique that allows amplifying a specific DNA
region in vitro. The process is carried out in a thermal cycler as different temperature is
required at each reaction step. The double-stranded DNA (dsDNA) is denaturized by
heating to around 95°C; then, primers bind onto the single DNA strands at
approximately 60-65°C in the annealing process. Next, the polymerase binds to the
primers and extends the primers by adding new nucleotides to the 3’ end, using the
single-stranded DNA as a template (160). Phusion DNA polymerase (Thermo Fisher
Scientific), used in this study, operates at around 72°C. The steps, including annealing
and extension, are repeated between 25 and 35 times, and, in the end, the reaction

mixture is cooled down in order to obtain dsDNA as a product of the reaction.

In this study, the PCR was performed using Phusion High-Fidelity PCR Kit (Thermo

Fisher Scientific) according to the manufacturer’s instruction and ran in T100™ Thermal
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Cycler (BioRad). Between 10 and 50 ng of the DNA sample was used as the template.
Deoxyribonucleoside triphosphates mix (dNTP, Sigma) was used as a substrate to
synthesize new DNA strands. Two primers (forward and reverse) were designed to
amplify the region of interest and diluted to prepare 100 mM concentration stock.
DMSO was added to disrupt secondary structure formation in the DNA template. The
reaction mix was prepared as described in Table 6.

Table 6 The components of the reaction mix prepared for the amplification of the region of
interest by PCR reaction.

Component 50 plreaction | Final concentration
water add to 50 pl
5X Phusion™ HF Buffer 10 pl 1X
10 mM dNTP 1ul 200 uM each
forward primer 25 0.5uM
reversed primer 2.5 ul 0.5uM
template DNA X ul
DMSO 1.5l 3%
Phusion™ High—Fidelity DNA Polymerase 0.5 ul 0.02 U/uL

3.9 Chimeric Antigen Receptor

3.9.1 PD-L1-CAR construct

Second-generation PD-L1-targeting CAR was designed and its synthesis was ordered in
Creative Biolabs (Shirley, NY 11967, USA). The construct consists of atezolizumab-based
scFv combined with the CAR backbone with IgG4 hinge, CD28 (including the

transmembrane region, TM), and CD3 signaling domains (Figure 9).

anti-PD-L1 scFv IgG4 hinge CD28 CD3¢

B -

Figure 9 The modular structure of PD-L1-CAR construct (see details in text).

3.10 Molecular cloning

3.10.1 DNA Assembly

DNA assembly is a method of physically joining multiple DNA fragments to create a

synthetically designed DNA sequence. The advantage of the DNA assembly cloning
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method compared to restriction enzyme-based cloning is that it allows the insertion of
one or more DNA fragments into any position of the linearized vector and does not rely
on the presence of restriction sites within a particular sequence to be synthesized or
cloned. At the moment, there are multiple methods of DNA assembly available,

including NEBuilder® HiFi DNA Assembly (NEB), that was used in this study.

The technique was applied to cloning the PD-L1-CAR into a pSEW-GFP lentiviral
vector (161) gifted by Prof. Torsten Tonn, Medical Faculty Carl Gustav Carus, Technical
University in DresdenThe obtained vector was later used for modification of T cells. The

new construct was cloned in collaboration with Dr. Malgorzata Bajor (Figure 10).

pSEW-PD-L1-CAR
10927 bp

t
HIFI DNA
5 ASSEMBLY

Insertion between DNA ends

Overlap and insertion
] 1..2074

0 |:> [?895 1 2074
Do oy -
WPRE| Amp 5 LTR RRE SFFV-Promoter l PD-L1-CAR |

3’SIN
2 Isolation of the fragment Sdal - BamHI (8895 bp) 4 Isolation of the amplified fragment (2074 bp)

1 Digestion with 3 PCR Amplification of the fragment
restriction enzymes 2500 .. 4530 using designed primers

pSEW-GFP pCDH-EF1-PDL1-CAR-P2A-mCherry
9659 bp 9242 bp

Figure 10 The scheme of PD-L1-CAR construct subcloning into the lentiviral vector pSEW (see
details in the text). The map was generated using SnapGene software.

For this purpose, a pSEW-GFP vector was sequentially digested using Fast Digest

BamHI and Sdal restriction enzymes (Thermo Fisher Scientific) for 15 minutes at 37°C.
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Then, the reaction mix was run on 1% agarose gel in order to separate two DNA
fragments and isolate an 8892 bp long vector without the GFP-encoding sequence. The
vector was cut from the gel and cleaned up using Wizard® SV Gel and PCR Clean-Up
Start-Up Kit (Promega). The DNA concentration was measured by Nanodrop (Thermo
Fisher Scientific). Next, the insert containing the PD-L1-CAR-encoding sequence was
prepared for the assembly. Using SnapGene software (GSL Biotech LLC), the primers for
PCR amplification of the insert were designed so that the amplified DNA fragment would
contain additional homologous to the vector overlapping ends. The PCR reaction was set
using Phusion High-Fidelity PCR Kit (Thermo Fisher Scientific) and ran in T100™ Thermal
Cycler (BioRad). The obtained PCR product was run on 1% agarose gel. The amplified
fragment of desired 2074 bp length was isolated, cleaned up using Wizard® SV Gel and
PCR Clean-Up Start-Up Kit (Promega). DNA concentration was measured by Nanodrop
(Thermo Fisher Scientific). Next, the DNA assembly reaction mix was prepared using
NEBuilder® HiFi DNA Assembly (NEB) according to the manufacturer's protocol. A total
of 0.03-0.2 pmol of DNA fragments was used, NEBuilder HiFi DNA Assembly Master Mix
was added, and the reaction mix was incubated for 15 minutes at 50°C. NEB 5-alpha
Competent E. coli cells (provided in the cloning kit) were transformed with 2 pl of the
assembled product, and bacteria were selected using ampicillin. The obtained colonies
were cultured in LB medium supplemented with 100 pg/mL ampicillin, and plasmid DNA
was isolated using QlAprep Spin Miniprep Kit (Qiagen). The constructs obtained from
different clones were first verified by digestion with Fast Digest BamHI| and Sdal
restriction enzymes (Thermo Fisher Scientific) and run on 1% agarose gel. The results of

the cloning were confirmed by DNA sequencing of the inserts.

3.10.2 sgRNA cloning

Lentiviral plasmid lentiCRISPR v2 containing both the Streptococcus pyogenes Cas9
nuclease and the single guide RNA (sgRNA) scaffold was a gift from Feng Zhang
(Addgene, #52961). The plasmid map is presented in Figure 11.
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Figure 11 Lentiviral plasmid lentiCRISPR v2. The map was generated using SnapGene software.

The sequences of sgRNA targeting human PD-L1 were selected from Human

CRISPR Knockout Pooled Library Brunello, and pairs of oligonucleotides (primers) for

cloning these sequences into lentiCRISPR v2 vector were designed (Table 7).

Oligonucleotides were purchased from the Oligo.pl service (Institute of Biochemistry and

Biophysics of the Polish Academy of Sciences).

Table 7 The sequences of the sgRNA targeting PD-L1 subcloned into lentiCRISPR v2 vector.

crRNA sequence Pairs of primers for cloning

Forward 5-CACCGACATGTCAGTTCATGTTCAG-3’

sgPD-L1_1| ACATGTCAGTTCATGTTCAG | o erse 5-AAACCTGAACATGAACTGACATGTC-3'

Forward 5’-CACCGACTGCTTGTCCAGATGACTT-3'

sgPD-L1_2 | ACTGCTTGTCCAGATGACTT Reverse 5-AAACAAGTCATCTGGACAAGCAGTC-3'

Forward 5’-CACCGCACCACCAATTCCAAGAGAG-3’

sgPD-L1_3 | CACCACCAATTCCAAGAGAG Reverse 5-AAACCTCTCTTGGAATTGGTGGTGC-3’

Forward 5'-CACCGGGTTCCCAAGGACCTATATG-3’

SgPD-L1_4 | GGTTCCCAAGGACCTATATG Reverse 5-AAACCATATAGGTCCTTGGGAACCC-3'

Forward 5-CACCGTGAACATGAACTGACATGTC-3

SGPD-LA_5 | TGAACATGAACTGACATETC | Reverse 5-AAACGACATGTCAGTTCATGTTCAC-3
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First, lentiCRISPR v2 vector was linearized by digestion with Fast Digest BsmBI
restriction enzyme (Thermo Fisher Scientific) for 15 minutes at 50°C. Afterward, the
reaction mix was run on 1% agarose gel. The plasmid was purified using Wizard® SV Gel
and PCR Clean-Up Start-Up Kit (Promega), and the DNA concentration was measured by
Nanodrop (Thermo Fisher Scientific). The oligonucleotides were diluted in nuclease-free
water to the final concentration of 100 uM. The mix of oligonucleotides with T4 ligase
buffer (NEB) and T4 Polynucleotide Kinase (PNK, NEB) was prepared (Table 8).

Table 8 The components of the mix prepared for the phosphorylation and annealing of the
oligonucleotides.

Component Amount
forward primer 1yl
reverse primer 1l

T4 PNK 1yl
10X T4 Ligase buffer 5l
ddH.0 42 pl

The reaction of phosphorylation and annealing of oligonucleotides was carried
out in the thermocycler (BioRad) in the following conditions: incubation for 30 min at
37°C, then heating to 95°C for 2 min and cooling down to 25°C at 0.1°C per second.
Annealed and phosphorylated oligonucleotides were diluted 1:100 in nuclease-free
water and 2 pl of the mix was used to set up the reaction of ligation with linearized
lentiCRISPR v2 vector (Table 9).

Table 9 The components of the mix prepared for the ligation of the sgRNA sequences and
lentiCRISPR v2 vector.

Component Amount
digested vector DNA | 100 ng
annealed oligos 2 ul
T4 ligase 1 ul
10X T4 Ligase buffer 2 ul
ddH,O up to 20ul

The mix was incubated for 18 h at 16°C. The next day, 5 pl of the ligation mix was
used to transform Stbl3 competent E. coli cells, and the bacteria were selected using 100
ug/mL ampicillin. The obtained colonies were cultured in LB medium with ampicillin, and

plasmid DNA was isolated using QlAprep Spin Miniprep Kit (Qiagen). The constructs
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obtained from different clones were first verified by digestion with Fast Digest BsmBI
restriction enzyme (Thermo Fisher Scientific) and run on 1% agarose gel. The cloning
results were confirmed by DNA sequencing of the inserts at the Oligo.pl service (Institute

of Biochemistry and Biophysics of the Polish Academy of Sciences).

3.11 Modification of the target cell lines by lentiviral transduction
Constructs (plasmids) used for lentiviral modification of target cell lines:

e Lentiviral plasmid lentiCRISPR v2 (Addgene, #52961) containing both the
Streptococcus pyogenes Cas9 nuclease and the sgRNA scaffold with subcloned
crRNA sequences for human PD-L1 (described above) expressed together with a
puromycin resistance marker (Figure 11);

e Lentiviral vector for bicistronic expression of a gene consisting of a subcloned
sequence of human PD-L1 gene and a puromycin resistance marker (pLVX-IRES-
Puro, Takara Bio) was a gift from Dr. Angelika Muchowicz, Department of

Immunology, Medical University of Warsaw (Figure 12);

cPPT/CTS

pLVX-PD-L1

9681 bp

C
My Promoter

3000

Figure 12 Lentiviral vector pLVX-PD-L1. The map was generated using SnapGene software.
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e Lentiviral plasmid plLenti7.3-redluc (Thermo Fisher Scientific) containing a GFP
marker was a gift from Dr. Angelika Muchowicz, Department of Immunology,

Medical University of Warsaw (Figure 13);
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Figure 13 Lentiviral vector pLenti7.3-redluc. The map was generated using SnapGene software.
3.11.1 Lentiviral transduction of target cell lines

Lentiviruses express reverse transcriptase, which converts the viral RNA to double-
stranded DNA, and integrase, which inserts this viral DNA into the host DNA. Once the
viral DNA is integrated into the host DNA, it divides along with the host cell, allowing to
obtain stable expression of the introduced gene of interest. In this study, MCF-7 and
MDA-MB-231 cell lines were modified first with pLenti7.3-redluc to express luciferase.
Then, MDA-MB-231 cell lines or luciferase reporter MDA-MB-231 stable cell lines were
transduced with lentiCRISPR v2 sgPD-L1 to knock out PD-L1 encoding gene or with

lentiCRISPR v2 sgNTC (non-targeted control) as a control (Figure 14).
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MDA-MB-231 parental ‘ [MDA—MB—231 redluc (/uciferase expression)]

[- MDA-MB-231 sgNTC (high PD-L1 expressionﬂ [ MDA-MB-231 redluc sgNTC (high PD-L1 expressionﬂ

MDA-MB-231 sgPD-L1 (PD-L1 KO) MDA-MB-231 redluc sgPD-L1 (PD-L1 KO)

Figure 14 The sequential lentiviral modifications of MDA-MB-231 cells. First, the cells were
modified to express luciferase, next the modification with sgNTC or sgPD-L1 was performed.

MCF-7 cell lines or luciferase reporter MCF-7 stable cell lines were transduced
with pLVX-IRES-PD-L1 plasmid to overexpress PD-L1 molecule or with pLVX-IRES-Puro
plasmid as a control. Moreover, the MCF-7 cell lines transduced with lentiCRISPR v2
sgPD-L1 to knock out PD-L1 encoding gene, or with lentiCRISPR v2 sgNTC as control were

also modified (Figure 15).

MCF-7 parental - [ MCF-7 redluc (luciferase expression) ]

MCF-7 PLVX (low PD-L1 expression)

MCF-7 redluc PLVX (low PD-L1 expression)
MCF-7 PD-L1 (high PD-L1 expression) MCF-7 redluc PD-L1 (high PD-L1 expression)

MCF-7 sgNTC (low PD-L1 expression) MCF-7 redluc sgNTC (low PD-L1 expression)

MCF-7 sgPD-L1 (PD-L1 KO) MCF-7 redluc sgPD-L1 (PD-L1 KO)

Figure 15 The sequential lentiviral modifications of MCF-7 cells. First, the cells were modified to
express luciferase, next the modification with empty PLVX vector or PD-L1 overexpression was
performed.

HEK293T packaging cell line was used for the lentivirus production. Briefly, the
HEK293T were transfected using a polyethyleneimine (PEl) transfection protocol to
deliver simultaneously a transfer plasmid with gene of interest, VSV-G envelope
expressing plasmid pMD2.G (Addgene, #12259) and lentiviral packaging plasmid psPAX2
(Addgene, #12260). For this purpose, HEK293T cells were seeded at a density of 2.8 x
10° cells per 10 cm plate in a complete culture medium a day before transfection. After
24 h, the culture medium was replaced with 9 ml of Reduced-Serum Medium (Opti-
MEM, Gibco) supplemented with 5% FBS. A mixture of three transfection plasmids was

prepared in 500 ul of Opti-MEM:
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e 1.3 pmol of psPAX2;
e 0.72 pmol of pMD2.G;
e 1.64 pmol of transfer plasmid.
A control transfer plasmid with fluorescent protein (e.g., GFP) expression was used to

confirm the transfection efficiency using a fluorescent microscope.

PEI (Sigma) was diluted with 500 pl of Opti-MEM and mixed with DNA in a 3:1
ratio (ug PEl: ug DNA). Next, the tube was mixed thoroughly and incubated for 15
minutes at room temperature. Afterward, the transfection mix was transferred dropwise
onto a 10 cm tissue culture plate with HEK293T cells. The cells were incubated for 18 h,
and then the medium was replaced with 10 ml of complete culture medium. The virus
was harvested 48 h after transfection. The culture medium containing the lentiviral
particles was aspirated from the plates, filtered through a 0.45 um syringe filter, and
centrifuged at 3000 x g for 18 h at 4°C. Approximately 600 ul of concentrated viral
supernatant at the bottom of the centrifuged tube were used for further steps of

lentiviral transduction or stored at -80°C.

For lentiviral transduction, target cells were seeded at the 6-well culture plate at
a density of 2 x 10° cells per well in a complete culture medium. The next day, the
medium was replaced with 600 pl of concentrated viral supernatant mixed with 400 ul
of complete culture medium and 4 pg/ml polybrene (Sigma-Aldrich). The plate with the
cells was centrifuged at 300 x g for 1 h at 25°C and then incubated for 24 h. On the next

day, the medium was replaced with a fresh appropriate culture medium.

3.11.2 Puromycin selection

Mammalian antibiotic resistance to puromycin delivered by pLVX-IRES-Puro and
lentiCRISPR v2 vectors enabled the selection of a stable cell culture by eliminating
unmodified cells. As a result, a more homogenous cell population was obtained.
Puromycin selection was performed 48 h after transfection. Puromycin stock of 2 mg/ml
concentration was diluted 1:1000 in a complete culture medium, and the mix was used
to replace medium in the cell cultures without detaching the cells. After 24 h, the
medium was again replaced with a fresh medium containing 2 pug/ml of puromycin to

remove dead cells from the culture. After 5 days of puromycin treatment, the cells were
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recovered in a complete culture medium and used for further experiments. After
transduction with plLenti7.3-redluc, cells with the highest GFP expression were sorted
using BD FACSAria lll flow cytometer (described in the Materials and Methods section,

paragraph Ne 3.4.1).

3.12 Modification of T cells by mRNA electroporation

3.12.1 Plasmid pCipA102 expressing CAR for in vitro mRNA synthesis

Plasmid vector pCIpA102 (162) for mRNA expression (Figure 16) was a gift from Dr. Stein
Seebge-Larssen from Oslo University Hospital, Norway. The sequence recognized by Mfel
restriction enzyme is incorporated directly after the polyA tail of the insert and
linearization of the plasmid with the enzyme recognizing this restriction site serves as a

stop signal for RNA polymerase.

CMV enhancer

T7 promoter

pCIPA102-PD-L1-CAR
6116 bp

Mfel (3360)

Figure 16 Vector pCIpA102 for PD-L1-CAR mRNA expression. The map was generated using
SnapGene software.
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The sequence encoding PD-L1-CAR was subcloned into pCIpA102 vector by Dr.
Agnieszka Graczyk-Jarzynka.

3.12.2 In vitro mRNA synthesis

mMRNA for PD-L1-CAR was produced in vitro using RiboMAX™ Large Scale RNA Production
System (Promega). The primary in vitro transcription produces uncapped, 5'-
triphosphorylated RNA. Meanwhile, the 5'-cap is a hallmark of eukaryotic mRNA and its
presence is necessary for numerous cellular interactions. The preparation of correctly
capped RNAs is essential to assess the proper functioning of mRNAs, as it also increases
mRNA stability and translational efficiency (163). In order to obtain capped CAR
encoding mRNA, the anti-reverse cap analog (ARCA) methylated at the 3'-OH of the N7-
methylguanosine ribose was directly added to the reaction during in vitro transcription.
As the limitation of a co-transcriptional capping is a competition of the cap analog with
GTP as initiator nucleotide, the synthesis protocol was optimized by lowering the GTP
concentration. According to the manufacturer's suggestion, a 4:1 mixture of a cap

analog to GTP was used in transcription reactions.

During the mRNA synthesis process, all the manipulations were carried out in a
laminar hood to avoid RNA nucleases contamination. First, 40 ug of pClpA102 plasmid
with an appropriate insert were linearized by digestion with Mfel (New England BiolLabs)
restriction enzyme for 18 h at 37°C. Next, the plasmid in the reaction mix was purified
using QIAquick PCR Purification Kit (Qiagen). The DNA concentration was measured
using Nanodrop (Thermo Scientific), and the restriction digest was confirmed by 1%
agarose gel. The linearized plasmid was used as a template in the reaction of mRNA
synthesis. The reaction mix included: nuclease-free water, ribonucleotide triphosphates,
an anti-reverse cap analog (ARCA, Trilink), a T7 transcription buffer, a T7 enzyme mix,

and a DNA template (Table 10).
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Table 10 The components of the mix prepared for in vitro mRNA synthesis.

Component 100 plreaction
water add to 100 pl
rATP (100 mM) 7.5
rCTP (100 mM) 7.5
rUTP (100 mM) 7.5
rGTP (100 mM) 2.25 pl
ARCA (100 mM) 9 ul
5X T7 transcriprion buffer 20 ul
T7 enzyme mix 10 pl
DNA template 10 ug

The mix was incubated for 4 h at 37°C, then 10 U of DNA nuclease were added to
digest the DNA template for 15 min. Next, the synthesized mRNA was precipitated by
adding an equal volume of lithium chloride (LiCl, Thermo Fisher Scientific) to the probe,
which was then incubated for 20 minutes at -20°C. Precipitated mRNA was collected by
centrifugation at 12 000 x g for 30 minutes at 4°C, the supernatant was removed, and
the pellet was resuspended in 500 pl of 70% ethanol. Next, the mixture was centrifuged
at 12 000 x g for 10 minutes at 4°C, the supernatant was discarded, and the pellet was
centrifuged again at 12 000 x g for 1 minute at 4°C to remove the remaining
supernatant. The pellet was left to dry for 20 minutes at 25°C, suspended in 50 ul of
nuclease-free water, and left to dissolve for 18 h at 4°C. The concentration of completely
dissolved mRNA concentration was measured by Nanodrop. The obtained mRNA was
aliquoted in 20-40 pl portions (in concentration 1 pg/ul) and stored at -80° for further

experiments.

3.12.3 T cells electroporation

Human T cells were counted, resuspended at a density of 1 x 10° cells per ml in a culture
medium, and activated by adding Dynabeads Human T-Activator CD3/CD28 (Thermo
Fisher Scientific) and IL-2 as described previously. On the fourth day of stimulation, the
cells were electroporated with PD-L1-CAR mRNA. The procedure was performed using
Gene Pulser Xcell Electroporation Systems (BioRad) and Gene Pulser/Micropulser

electroporation cuvettes (BioRad).

T cells were centrifuged at 300 x g for 4 minutes and then resuspended in

EasySep buffer. Dynabeads Human T-Activator CD3/CD28 (Thermo Fisher Scientific)
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were removed using a magnet. Then T cells were centrifuged again at 300 x g for 4
minutes, and the supernatant was removed. Electroporation buffer was mixed with
MRNA, and the T cells were resuspended in the mix. Electroporation conditions were
optimized in this study. The cell number, buffer volume, and amount of mRNA were

adjusted to the configuration of used cuvettes (Table 11).

Table 11 Optimized conditions for T cell electroporation.

Cuvette size | Number of T cells | Buffervolume | mRNA amount Conditions
1 mm 1 min 50 ul 10 ug 100 V5 ms
2 mm 2 min 100 pl 10 ug 200V 5ms
4 mm 4 min 400 pl 20 ug 550V 5 ms

The T cells were then transferred to electroporation cuvettes, electroporated,
and quickly transferred using Pasteur's pipette to a 6-well culture plate with 2 ml per
well of prewarmed complete medium supplemented with 200 U/ml IL-2. The cells were
incubated for 18 h at 37°C in a cell incubator in a humidified atmosphere with 5% CO,,

and then the PD-L1-CAR expression was evaluated by flow cytometry.

3.13 Modification of T cells by lentiviral transduction

A pSEW plasmid expressing PD-L1-CAR was used for T cell modification. The lentiviral
particles were produced in HEK293T cells as described in the Materials and Methods

section (paragraph Ne 3.12.1). As a control, the original pPSEW-GFP plasmid was used.

Before the transduction, freshly isolated or thawed human PBMCs were seeded
onto a 6-well culture plate at a density of 1 x 10° cells per well in 3 ml of RPMI complete
culture medium. PBMC's were stimulated with 2.4 ug/ml of phytohemagglutinin-L (PHA-
L, Sigma Aldrich) for three days. On the fourth day, the plate was centrifuged at 300 x g
for 4 minutes, approximately 2.5 ml of the medium were gently aspirated and replaced
with 600 pl of concentrated viral supernatant, and 4 ug/ml of polybrene (Sigma-Aldrich)
was added. The plate was centrifuged at 1000 x g for 1 h at 32°C followed by incubation
for 18 h at 37°C in a humidified atmosphere with 5% CO,. On the next day, the cells were
centrifuged at 300 x g for 4 minutes and then resuspended in 4 ml of complete culture
medium supplemented with 200 U/ml IL-2 (PeproTech) and Dynabeads Human T-
Activator CD3/CD28 (Thermo Fisher Scientific) at a bead-to-cell ratio of 1:1. The CAR
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expression on the surface of the T cells was evaluated by flow cytometry 48 h after

transduction.

3.14 Evaluation of CAR expression on the surface of T cells

CAR expression on the surface of modified T cells was evaluated by flow cytometry,
using anti-Fc antibody or protein L. Anti-Fc antibody binds to the Fc portion of an

immunoglobulin, whereas protein L binds to the kappa light chain of immunoglobulin.

For the Fc staining, the T cells were centrifuged at 300 x g for 4 minutes and
washed with EasySep buffer. After washing, the supernatant was removed, and the T
cells were stained in 50 ul of anti-Fc antibody using goat anti-human IgG, Fcy fragment
specific antibody conjugated with Alexa Fluor 647 (Jackson ImmunoResearch) detecting
a CH2-CH3 hinge region of the CAR. The antibody was diluted at 1:200 in EasySep buffer.
The staining of CAR-T cells was performed for 20 minutes at 4°C in darkness. Next, the T
cells were washed once with 200 pl of EasySep buffer, resuspended in 200 ul of EasySep
buffer, and analyzed by BD FACSCanto Il (BD Biosciences) flow cytometer.

For the protein L staining, the T cells were centrifuged at 300 x g for 4 minutes
and washed with EasySep buffer. After washing, the supernatant was removed, and the
T cells were resuspended in 200 ul of EasySep buffer. Biotinylated protein L (GenScript)
was reconstituted in PBS at 1 mg/ml, and then 1 ug was added to the T cells. After 45
minutes of incubation at 4°C, the cells were washed twice with 200 ul of EasySep and
then incubated with diluted 1:100 APC-conjugated streptavidin (BD Bioscience) for 20
minutes at 4°C in darkness. Next, the T cells were washed once with 200 ul of EasySep
buffer, resuspended in 200 pl of EasySep buffer, and analyzed by BD FACSCanto Il (BD

Biosciences) flow cytometer.

3.15 Luciferase assay

Luciferases make up a class of oxidative enzymes found in several species that enable
the organisms that express them to emit light, and this ability is called bioluminescence.
The enzyme catalyzes the oxidation of firefly luciferin, requiring oxygen and ATP (Figure

17).

71



luciferase

\
Luciferin + O, + ATP ‘ Oxyluciferin + CO, + AMP + PPi f}I:igh

Figure 17 Luciferase-based assay principle (see details in text).

Mammalian cells transduced with the gene encoding firefly luciferase also
possess the ability of bioluminescence, which can be used to monitor cell viability and
proliferation because of the requirement of ATP. As a cell population proliferates, the
amount of available ATP increases, resulting in a concomitant increase in the
bioluminescent signal of the population. Conversely, a dying cell will stop emitting light

once its remaining intracellular ATP has been used up (164,165).

In this study, luciferase-based assays were used to evaluate the cytotoxicity of
PD-L1-CAR expressing T cells against target cancer cell lines. For this purpose, MCF-7 and
MDA-MB-231 cell lines (both parental and modified) were stably transduced to express
luciferase as described in the Materials and Methods section (paragraph Ne 3.13.1). For
the assay, MCF-7 redluc or MDA-MB-231 redluc target cells were seeded onto the 96-
well black plates with a clear bottom (PerkinElmer) at a density of 2.5 x 10* cells per well
in 100 ul of complete culture medium in triplicates and left to attach for 18 hat 37°Cin a
humidified atmosphere with 5% CO.. The T cells from the cell culture were centrifuged
at 300 x g for 4 min and then resuspended in EasySep buffer to remove Dynabeads
Human T-Activator CD3/CD28 (Thermo Fisher Scientific) using a magnet as described
previously. Next, the T cells were centrifuged at 300 x g for 4 minutes again, and the cell
pellet was resuspended in RPMI complete culture medium. Next, the culture medium
from tested target cell lines was removed and replaced with 100 ul of T cells in an
appropriate effector-to-target (E:T) ratio. The plate was then centrifuged at 200 x g for 3

minutes and incubated for 18 h at 37°C in a humidified atmosphere with 5% CO,.

For a bioluminescence readout, a Bright-Glo™ Luciferase Assay System (Promega)
was used. Directly before the readout, 100 pl of the mix of Bright-Glo™ Luciferase Assay
Buffer with the Bright-Glo™ Luciferase Assay Substrate was added to each well of the
plate with co-cultured cells. The plate was incubated for 5 minutes in darkness at 25°C,

and then the luminescent signal was detected using Victor Plate Reader (PerkinElmer).
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3.16 RTCA assay

The xCELLigence RTCA system (ACEA Biosciences) was used to monitor the viability of
the target tumor cells during the co-incubation with the effectors. The microtiter plates,
dedicated to the xCELLigence instrument, possess gold microelectrodes fused to their
bottom surface. In the presence of an electrically conductive solution, such as a culture
medium, the electron flow is freely transmitted between the electrodes. Once the cells
seeded onto the plate start to adhere, the interaction between the electrodes and the
solution is disrupted (Figure 18). The assay is based on measuring the changes in the
electron flow impedance and this cellular resistance to alternating current is used to
monitor the viability of surface-attached cancer cell targets continuously from the
moment the cells begin to attach to the substrate. The impedance signal is measured
automatically at the desired frequency and is expressed as arbitrary units called cell
index. The software suite allows for normalizing the readout and converting the
impedance parameter to % cytolysis and other kinetic relevant parameters. The immune
effector cells are non-adherent and do not directly affect the impedance signal.
However, the reduction of the attached target cancer cells number allows monitoring

the effector cells’ cytotoxic activity in real-time (166,167).

addition of adherent addition of immune
target cells effector cells
I o restoration
single well electron flow > o St fow
(side view) [——
negative terminal positive terminal

Figure 18 RTCA assay principle (see details in text).

All xCELLigence RTCA system-based experiments were conducted at 37°C (5%
CO,, 95% humidity). First, adherent target cells were detached from the culture plates,
counted, and seeded onto 16-well E-Plates (ACEA Biosciences) at a density of 3 x 10%
cells per well in 100 pl of the appropriate medium. The plates were incubated for 30
minutes at 25°C, then placed into the xCELLigence RTCA system and the cell proliferation
was monitored for 24 h with the impedance measured every 15 minutes. Before each

RTCA experiment, the Dynabeads Human T-Activator CD3/CD28 (Thermo Fisher
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Scientific) were magnetically removed from the T cells. Next, the T cells were
centrifuged at 300 x g for 4 minutes, and the T cell pellet was resuspended in RPMI
complete culture medium. The medium from the 16-well E-Plates with target cancer
cells was removed and replaced with 100 ul of T cells in an appropriate E to T ratio. For
the indicated experiments, 0.4 mg/ml atezolizumab (ATZ, Roche) was added. The E-
Plates with targets and effectors were incubated for 30 minutes at 25°C, then placed
back into the xCELLigence RTCA system, and the cancer cells viability was monitored for
12-24 h with the impedance measured every 5-15 minutes. The analysis of the results
was performed using RTCA Software Pro (ACEA Biosciences) and GraphPad Prism 8
(GraphPad Software). The impedance changes were normalized to the time of effector

cell addition and plotted over time as normalized cell index.

3.17 Preparation of the supernatants from target-induced T cells or PD-L1-CAR T cells

MDA-MB-231 breast cancer cells were seeded onto a 6-well plate at a density of 1 x 10°
per well in 2 ml of RPMI complete culture medium and incubated 24 h at 37°C in a
humidified atmosphere with 5% CO,. Next, the medium was removed and replaced with
the unmodified or PD-L1-CAR T cells at the 1:1 E:T ratio. Target and effector cells were
co-incubated for the next 24 h at 37°C in a humidified atmosphere with 5% CO,.
Afterward, the supernatants were collected, centrifuged at 2 000 x g for 5 minutes, and

left for further experiments at -20°C.

3.18 Cytokine array

Human Cytokine Array, Panel A (R&D Systems) was used to determine the relative levels
of 36 different human cytokines, chemokines, and acute-phase proteins in the
supernatants collected from co-incubated for 24 h cancer and effector cells. The array
includes nitrocellulose membranes with the capture antibodies spotted in duplicates
and a cocktail of biotinylated detection antibodies, that make complexes with the
cytokines which can be later bound by its cognate immobilized capture antibody on the
membrane. Streptavidin-Horseradish Peroxidase and chemiluminescent detection

reagents included in the kit were used to detect chemiluminescence.
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The procedure was performed according to the manufacturer's protocol. All
reagents were brought to 25°C before use. The supernatants from the T cells were
collected as described in Materials and Methods paragraph Ne 3.17, and 1 ml was used
for the array. The signals on the developed membranes were visualized by
chemiluminescence detection using ChemiDoc Imaging System (Bio-Rad Laboratories).
The exposure times were 4 and 8 minutes. The densitometric analysis was performed
using Image Lab software (Bio-Rad Laboratories) and GraphPad Prism 8 (GraphPad

Software).

3.19 Incubation of target cell lines with cytokines or supernatants

Cytokines TNF-a (Peprotech) and IFN-y (Gibco) were reconstituted in H,O at 100 pg/ml
and stored at -80°C. The supernatants from the T cells were collected as described in
Materials and Methods paragraph Ne 3.17. One day before the experiment, MCF-7 or
HEK293T cells were seeded onto a 12-well plate at a density of 2 x 10° cells per well in 1
ml of RPMI complete culture medium and left to adhere. The next day, the cytokines
were added to the medium in 30 pg/ml concentration, either separately or in
combination. For the treatment with the supernatants from activated T cells, the culture
medium was replaced with 1 ml of the supernatants. The target cells were incubated
with the treatment for 4, 8, or 24 h. Then the cells were detached with 0.25% trypsin-
EDTA solution, transferred to a 96-well plate, washed twice with 200 pl of EasySep
buffer, and stained with 1:100 diluted APC-conjugated anti-PD-L1 antibody (Thermo
Fisher Scientific, clone MIH1) for 20 minutes at 25°C. After the incubation, the cells were
washed once with 200 pul of EasySep buffer, resuspended in 200 ul of EasySep buffer,

and analyzed by BD FACSCanto Il (BD Biosciences) flow cytometer.

3.20 Analysis of the results

The results obtained by the flow cytometry technique were analyzed using FlowJo cell
analysis software (FlowJo). Imaging software Image Lab (BioRad) was used to compare
the signal generated by the bands detected on the Western blot and cytokine arrays.
SnapGene software (GSL Biotech LLC) was used to analyze nucleic acid sequences.

GraphPad Prism 8 statistics software was used for data analysis and visualization. The
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data were analyzed with either T-test for unpaired samples, one-way, or two-way
ANOVA with Tukey multiple comparison test. P values less than 0.05 were summarized
with one asterisk, less than 0.01 with two, less than 0.001 with three, and less than
0.0001 with four asterisks. The experiments were carried out in at least two biological
replicates, and one representative result of each of them was shown. The results were
represented as an arithmetic average from the biological replicates. The figures were

prepared using CorelDraw software (Corel Corporation) and BioRender.com.
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4. RESULTS

4.1 PD-L1 protein expression in breast cancer cell lines

To evaluate PD-L1 protein expression in breast cancer cell lines the Western blotting and
flow cytometry methods were applied. Six cell lines representing different subtypes of
breast cancer: triple-negative (MDA-MB-231, HCC-1806), ER-positive (MCF-7, ZR-75-1,
T47D), and HER2-positive (SkBr3) were analyzed by Western blotting (Figure 19A).
Densitometric analysis of the blots showed that the triple-negative breast cancer cell
line, MDA-MB-231, exhibited the highest level of PD-L1 protein as compared to other

analyzed cell lines (Figure 19B).
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Figure 19 Comparison of PD-L1 protein expression in six breast cancer cell lines. (A)
Representative Western blotting shows the amount of PD-L1 protein in 20 ug of total protein
lysates loaded onto the SDS-polyacrylamide gel and separated by electrophoresis in reducing
conditions. The experiment was repeated three times. (B) Bands were quantified by
densitometry; the signal for the PD-L1 band was normalized to the corresponding actin. The
data are presented as mean + SEM from three experiments.

Next, the surface expression of PD-L1 on MDA-MB-231 cells (PD-L1"&" according
to Western blotting analysis) and MCF-7 cells (PD-L1'°%/"ul according to Western blotting
analysis) was determined by flow cytometry using an anti-PD-L1 monoclonal antibody
(MIH1 clone). The flow cytometry results confirmed the results obtained by Western
blotting analysis, the PD-L1 protein was highly expressed on the surface of MDA-MB-231

cells (Figure 20A), while on MCF-7 cells its expression was undetectable (Figure 20B).
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Figure 20 Evaluation of surface PD-L1 expression on selected cell lines. Representative dot plots
show surface PD-L1 expression on (A) MDA-MB-231 and (B) MCF-7 cells evaluated by flow
cytometry against a background from isotype control. The staining was performed using an
anti-PD-L1 antibody (clone MIH1, dilution 1:100). Numbers on the plots indicate the
percentage (%) of PD-L1 positive cells. The PD-L1 expression level in cells was verified prior to
an experiment.

Based on the results obtained with two analytical methods, for further studies
MDA-MB-231 cell line was selected as a model with the high level of target protein
expression, and the MCF-7 cell line was primarily selected as a negative control, due to

its low level of PD-L1 expression in steady state.

4.2 Generation of the models for the evaluation of PD-L1-CAR-T cells anticancer

potential

4.2.1 Luciferase expressing target cell lines

The selected breast cancer cell lines (MDA-MB-231 and MCF-7) were modified by
lentiviral transduction with plenti7.3-redluc plasmid to express luciferase. The
transduction efficiency was evaluated by flow cytometry based on GFP expression

(Figure 21).
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Figure 21 Evaluation of transduction efficiency with plenti7.3-redluc plasmid. The GFP
expression in target cell lines was evaluated by flow cytometry. Numbers on the plots indicate
the percentage (%) of GFP positive (A) MDA-MB-231 cells and (B) MCF-7 cells transduced with
plenti7.3-redluc plasmid. RedLuc expression in transduced cells was monitored before
luciferase-based assays performance. The RedLuc expression level in transduced cells was
verified prior to an experiment.

MDA-MB-231 redluc and MCF-7 redluc cell lines were further used as target cells in

luciferase-based cytotoxic assays.

4.2.2 Generation of the PD-L1-knock-out (KO) derivative of MDA-MB-231 cell line

The PD-L1-knock-out derivative of MDA-MB-231 cell line (MDA-MB-231-sgPD-L1) was
generated to verify the specificity of the newly generated PD-L1-CAR. The MDA-MB-231
cell line modified with lentiCRISPR v2 plasmid with control sgNTC sequence (MDA-MB-
231-sgNTC) was used as a control. Surface PD-L1 expression on generated cell lines was
analyzed by flow cytometry. The results confirmed the significant decrease of PD-L1
surface expression on MDA-MB-231 sgPD-L1 cells as compared to parental and MDA-
MB-231 sgNTC cells (Figure 22A). The Western blotting analysis also revealed a decrease
in PD-L1 expression in MDA-MB-231 sgPD-L1 cells, while the expression in sgNTC control
was not affected by the genetic modification as compared to the parental MDA-MB-231

cell line (Figure 22B).
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Figure 22 Evaluation of PD-L1 expression in PD-L1-knockout (KO) derivative of the MDA-MB-
231 cell line. (A) Representative dot plots show surface PD-L1 expression evaluated by flow
cytometry against a background from isotype control. The staining was performed using an
anti-PD-L1 antibody (clone MIH1, dilution 1:100). Numbers on the plots indicate the
percentage (%) of PD-L1 positive cells. The PD-L1 expression level in transduced cells was
verified prior to an experiment. (B) Representative Western blotting shows the amount of PD-
L1 protein in 20 ug of total protein lysates loaded onto the SDS-polyacrylamide gel and
separated by electrophoresis in reducing conditions. The experiment was repeated three times.

4.2.3 Generation of the PD-L1-overexpressing derivative of MCF-7 cell line

The PD-Ll-overexpressing derivative of the MCF-7 cell line (MCF-7 PD-L1) was also
generated to verify the specificity of the newly generated PD-L1-CAR. The MCF-7 cell line

transduced with an empty pLVX vector was used as a control (MCF-7 PLVX).

Surface PD-L1 expression on newly generated cell lines was analyzed by flow
cytometry. The results confirmed the significant increase of PD-L1 protein expression on
MCF-7 PD-L1 cells as compared to MCF-7 PLVX control (Figure 23A). Western blotting
analysis as well showed a high increase in PD-L1 expression in MCF-7 PD-L1 cells, while
the expression in PLVX control was not affected by the genetic modification as

compared to the parental MCF-7 cell line (Figure 23B).
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Figure 23 Evaluation of PD-L1 expression in PD-L1-overexpressing derivative of MCF-7 cell line.
(A) Representative dot plots show surface PD-L1 expression evaluated by flow cytometry
against a background from isotype control. The staining was performed using an anti-PD-L1
antibody (clone MIH1, dilution 1:100). Numbers on the plots indicate the percentage (%) of PD-
L1 positive cells.The PD-L1 expression level in transduced cells was verified prior to an
experiment. (B) Representative Western blotting shows the amount of PD-L1 protein in 20 ug
of total protein lysates loaded onto the SDS-polyacrylamide gel and separated by
electrophoresis in reducing conditions. The experiment was repeated three times.

4.3 Implementation of primary human T cells modification with PD-L1-CAR construct

The most commonly used method for primary human T cell modification with chimeric
antigen receptors is viral delivery. Both lentiviruses and gammaretroviruses can
transduce and integrate their transgenes into the host cell genome, thus allowing for
stable CAR expression. However, gammaretroviruses are unable to effectively transduce
non-dividing cells and also are considered to be more immunogenic and oncogenic than
lentiviruses (168). In this study, the PD-L1-CAR construct was delivered in primary
human T cells using the lentiviral vector pSEW.

Another strategy for CAR introduction into the effector cells is using non-viral
vectors, which includes plasmid DNA or mRNA delivery with liposomes or
electroporation. These methods are considered a safer approach as transient CAR
expression limits the time T cells can exhibit their anti-tumor activity (169).
Electroporation of mRNA was shown to result in higher modification efficiency and
higher viability of the targeted cells (170), thus, the PD-L1-CAR-encoding mRNA was

used to modify primary human T cells during this study.
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4.3.1 Modification of the primary T cells with PD-L1-CAR construct via mRNA

electroporation

The CAR-encoding mRNA was synthesized in vitro and introduced into primary human T
cells using a square-wave electroporation system. The surface protein expression was
analyzed by flow cytometry 18-24 h post-electroporation and monitored for the next 72

h.

It was observed, that 24 h post-electroporation, almost 100% of the effector cells
expressed the PD-L1-CAR (Figure 24A). The analysis in the following days revealed, that
albeit the percentage of PD-L1-CAR-T cells remained high 48 h post-electroporation, the
geometric mean fluorescence intensity index (geomean) was already notably decreased
(Figure 24B). Subsequently, 72 h post-electroporation almost 90% of the T cells did not

express the CAR construct on their surface (Figure 24A and B).
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Figure 24 The expression of the PD-L1-CAR construct on the surface of T cells. (A)
Representative dot plots show surface PD-L1-CAR expression evaluated by flow cytometry at
indicated time points. The staining was performed using an anti-Fc antibody (dilution 1:100).
Numbers on the plots indicate the percentage (%) of PD-L1-CAR positive cells. (B) The
representative graph shows the analysis of geometric mean fluorescence intensity following
PD-L1-CAR staining 24-72 h post electroporation. The experiment was repeated three times.

The protocol for T cell modification via mRNA electroporation was established
and implemented. The obtained results indicated, that the PD-L1-CAR-encoding DNA is
successfully translated, and the protein is expressed on the surface of modified effector
cells. However, the short-termed PD-L1-CAR expression on the electroporated T cells is a
limiting factor for the cytotoxicity evaluation. Thus, to achieve long-term CAR expression

on the T cells, lentiviral modification was applied.
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4.3.2 Modification of the primary T cells with PD-L1-CAR construct via lentiviral

transduction

The PBMCs were stimulated with PHA-L for 3 days, and the obtained population
composed mainly from CD3+ T cells was transduced with a lentiviral vector encoding PD-
L1-CAR. The achieved efficiency of the modification was approximately 40% of the CAR-
positive cells. Therefore, to increase the efficiency of transduction, the optimization of
the transduction protocol, included the addition of efficiency enhancers. It was
observed, that polybrene, which is a cationic polymer that neutralizes the charge
repulsion between virions and the cell surface, improves the PD-L1-CAR construct

transduction efficiency up to 70% (Figure 25).
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Figure 25 The efficiency of the T cells lentiviral transduction with PD-L1-CAR. Representative
dot plots show surface PD-L1-CAR expression evaluated by flow cytometry 96 h post-
transduction. The staining was performed using an anti-Fc antibody (dilution 1:100). Numbers
on the plots indicate the percentage (%) of PD-L1-CAR positive cells. The experiment was
repeated twice. Data from one donor is shown.

Next, CAR-modified T cells were monitored in order to determine the stability of
PD-L1-CAR surface expression. The modified T cells maintained the surface PD-L1-CAR

expression from day 4 post-transduction up to 3 weeks (Figure 26).
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Figure 26 The expression of the PD-L1-CAR construct on the surface of transduced T cells.
Representative dot plots show surface PD-L1-CAR expression evaluated by flow cytometry 4
and 21 days post-transduction. The staining was performed using an anti-Fc antibody (dilution
1:100). Numbers on the plots indicate the percentage (%) of PD-L1-CAR positive cells. The
staining was performed following each T cell transduction to determine the modification
efficiency. Data from one donor is shown.

Thus, for the further evaluation of the PD-L1-CAR anticancer efficacy, the T cells
were modified by lentiviral transduction, which allows achieving a stable effector cell

modification.

4.3.3 Evaluation of PD-L1-CAR expression

The presence of the PD-L1-CAR protein on the T cell surface was assessed by flow
cytometry. As the extracellular domain of the CAR construct structurally consists of a
single-chain antibody-like fragment, to evaluate the PD-L1-CAR expression on the
effector cell surface the anti-Fc antibody conjugated with the fluorochrome or
biotinylated protein L were used in the study. The results of the staining, indicating the
efficacy of the T cell modifications, were similar regardless of the method of staining

used (Figure 27).
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Figure 27 Evaluation of the PD-L1-CAR expression on the T cell surface. Representative dot
plots show surface PD-L1-CAR expression evaluated by flow cytometry 4 days post-
transduction. The staining was performed using (A) an anti-Fc antibody (dilution 1:100) or (B)
biotinylated protein L (1 ug/sample) followed by APC-conjugated streptavidin (dilution 1:100).
Numbers on the plots indicate the percentage (%) of PD-L1-CAR positive cells. The experiment
was repeated twice. Data from one donor is shown.

However, as staining using anti-Fc antibody resulted in better separation of
positive and negative populations, staining with protein L requires an additional step of
the cell incubation with streptavidin-conjugated with a fluorochrome, as a method of
choice in the following experiments, the staining with an anti-Fc antibody was

performed.

4.3.4 PD-L1 is expressed on activated unmodified T cells, but not on activated PD-L1-

CAR-T cells

As it is known, PD-L1 can be expressed not only by tumor cells but also by effector cells
(171), thus, its expression was evaluated on primary T cells. It was observed that the
stimulation of T cells with CD3/CD28 beads evoked the upregulation of the surface PD-
L1 molecule on T cells within 24 h, with the expression reaching the peak on the day 3-4

post-stimulation and decreasing back to the basal level after Day 7 (Figure 28).
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Figure 28 The PD-L1 expression on the primary T cells stimulated with CD3/CD28 beads. T cells
were isolated from PBMC and cultured in the absence (Day 0) or presence of CD3/CD28 beads
(Day 1-7). The cells were stained using an anti-PD-L1 antibody (clone MIH1, dilution 1:100) and
the PD-L1 expression was evaluated by flow cytometry. The experiment was performed twice.
Data from one donor are shown as means + SD.

The observed effect may suggest a possible risk of fratricidal killing between the
activated effector cells bearing the PD-L1-CAR construct. Thus, the dynamic of PD-L1
expression in PD-L1-CAR-T cells was compared to the PD-L1 expression in unmodified T
cells. The transduction efficiency was evaluated 48 h after modification, the CAR

expression was detected on 80-90% of the T cells (Figure 29).
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Figure 29 The PD-L1-CAR expression on the surface of T cells evaluated 48 h after the lentiviral
transduction. Representative dot plots show surface PD-L1-CAR expression evaluated by flow
cytometry. The staining was performed using an anti-Fc antibody (dilution 1:100). Numbers on
the plots indicate the percentage (%) of PD-L1-CAR-positive cells. Data from two donors are
shown and the experiment was repeated twice.

Simultaneously, the PD-L1 expression on unstimulated T cells was evaluated. The
PD-L1 protein was detected on approximately 10% of unmodified T cells, while PD-L1-
CAR-T cells were PD-L1-negative as compared to isotype control (Figure 30, Day 0).
However, greater differences in PD-L1 surface expression between the groups were
observed already 24 h after CD3/CD28 beads addition, as the expression on unmodified
T cells notably increased in contrast to PD-L1-CAR-T cells which remained PD-L1-negative
(Figure 30, Day 1). The analysis in the following days revealed, that while the dynamics
of PD-L1 expression on unmodified T cells was similar to observed previously, the PD-L1
protein was undetectable on the surface of PD-L1-CAR-T cells (Figure 30, Day 4 and Day
7). Both groups were re-stimulated on Day 7, by adding the fresh portion of CD3/CD28
beads, and the PD-L1 staining 24 h afterward showed, that only unmodified T cells

upregulated PD-L1 expression (Figure 30, Day 8).
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Figure 30 The PD-L1 expression on the PD-L1-CAR-T cells stimulated with CD3/CD28 beads. T
cells were isolated from PBMC and transduced with the lentiviral vector encoding PD-L1-CAR.
Unmodified T cells were used as control. Both groups of cells were stimulated with CD3/CD28
beads 48 h post-transduction (Day 0) and restimulated one week afterward (Day 7). The PD-L1
expression dynamics were monitored before and following the stimulation. The cells were
stained using an anti-PD-L1 antibody (clone MIH1, dilution 1:100) and the PD-L1 expression
was evaluated by flow cytometry. Data are shown as means * SD from 2 donors and the
experiment was repeated twice.

The results indicate that PD-L1-CAR-bearing effector cells may eliminate the T
cells with the ability to upregulate PD-L1 expression, leaving in the culture only the

population that did not have an inducible expression of the target molecule.

To verify whether the loss of PD-L1 expression occurred on the PD-L1-CAR-T cells
surface only, the total PD-L1 expression in unmodified T cells and PD-L1-CAR-T cells was
assessed by Western blotting analysis. It was confirmed, that the level of total PD-L1
protein was low in both unmodified and PD-L1-CAR-T cells before the addition of
CD3/CD28 beads (Figure 31A, Day0). The increase in PD-L1 expression was observed
following the stimulation, wherein the level of total PD-L1 protein was notably reduced
in PD-L1-CAR-T cells as compared to unmodified T cells obtained from the same donor
(Figure 31A, Dayl, and Day4). On Day7, both unmodified T cells and PD-L1-CAR-T cells
had low PD-L1 expression, which confirmed the results obtained previously using flow
cytometry (Figure 31A, Day7). Both groups were re-stimulated with the fresh portion of
CD3/CD28 beads on Day7, and in the cell lysates were collected 24 h later, a higher level

of total PD-L1 protein was found in the samples from unmodified T cells than from PD-
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L1-CAR-T cells (Figure 31A, Day8). The densitometry analysis was performed to quantify

the antibody responses on Western blots (Figure 31B)
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Figure 31 Evaluation of PD-L1 expression in unmodified T cells and PD-L1-CAR-T cells following
the stimulation with CD3/CD28 beads. (A) Representative Western blotting shows the amount
of PD-L1 protein in 20 ug of total protein lysates loaded onto the SDS-polyacrylamide gel and
separated by electrophoresis in reducing conditions. The experiment was performed on T cells

from two donors. (B) Bands were quantified by densitometry; the signal for the PD-L1 band
was normalized to the corresponding actin. Data are shown as means + SD.

The results of the Western Blotting analysis demonstrate, that the pattern of
surface PD-L1 expression on both unmodified T cells and PD-L1-CAR-T cells correlates
with the changes of total PD-L1 protein amounts in the cells following the stimulation
with CD3/CD28 beads. Thus, the population of PD-L1-CAR-T cells appears to lack the

ability to induce PD-L1 protein expression in response to stimulation.

4.4 Evaluation of the anticancer efficacy of PD-L1 CAR-T cells against cancer cells

4.4.1 PD-L1-CAR-T cells degranulate and produce cytokines in the presence of target

cells with high PD-L1 expression specifically

In order to investigate the effector functions of generated PD-L1-CAR-T cells against the
selected breast cancer cell lines with various PD-L1 expression levels, the degranulation
of CAR-T cells was assessed by CD107a surface staining and the cytokine production was

evaluated within intracellular TNF-a and IFN-y staining.
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First, PD-L1-CAR-T cells were targeted against parental MDA-MB-231 and MCF-7
cells. Within 4 h of the experiment, it was observed, that CD107a expression increased
significantly on the surface of PD-L1-CAR-T cells following co-incubation with MDA-MB-
231 cells (PD-L1"&"), but not MCF-7 cells (PD-L1'°%/ul) (Figure 32A, red bars). Similarly,
PD-L1-CAR-T cells targeted against MDA-MB-231 cells produced significantly more TNF-a
and IFN-y, than PD-L1-CAR-T cells targeted against MCF-7 cells (Figure 32B and C, red

bars).
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Figure 32 Degranulation and cytokine production by PD-L1-CAR-T cells and control GFP-T cells
following co-incubation with parental breast cancer cells. Effector and target cells were co-
incubated for 4 h at a 2:1 E:T ratio. The assay results were evaluated by flow cytometry. (A)
Expression of CD107a, a marker of degranulation, in PD-L1-CAR T cells and control GFP-T cells
targeted against MDA-MB-231 and MCF-7 cells. (B, C) Cytokine production by PD-L1-CAR T cells
and GFP-T cells against MDA-MB-231 and MCF-7 cells, as measured by intracellular expression
of IFN-y and TNF-a. The assay was repeated three times and the results shown are
representative of one experiment. Data are shown as means + SD. The statistical analysis was
performed by the use of an unpaired T-test. **p<0.001.

Next, the PD-L1-CAR-T cells were co-incubated with the PD-L1-knockout (KO)
derivative of MDA-MB-231 cell line (MDA-MB-231-sgPD-L1), and the PD-L1-
overexpressing derivative of MCF-7 cell line (MCF-7-PD-L1). The expression of CD107a
on PD-L1-CAR-T cells incubated with MDA-MB-231-sgPD-L1 cells (PD-L1'°%/"!) was
significantly lower than on the effectors incubated with MDA-MB-231-sgNTC (PD-L1M&h).
At the same time, MCF-7 cells that were genetically modified to overexpress PD-L1
(MCF-7 PD-L1) demonstrated the gained capability to induce degranulation of PD-L1-
CAR-T cells, which was significantly higher than in the case of the effector cells incubated
with control MCF-7 PLVX cells. The results are depicted in Figure 33A. The results of the

intracellular cytokine staining (Figure 33 B and C) revealed, that once the PD-L1 gene
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was knocked out in the MDA-MB-231 cells, they were no longer capable of inducing the
effector cells cytokine production, similarly to MCF-7 PLVX cells (PD-L1!%/nul) The
opposite effect was observed with MCF-7 PD-L1 cells, which provoked cytokines

production in PD-L1 CAR-T cells similarly to MDA-MB-231 cells with naturally high PD-L1

expression.
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Figure 33 Degranulation and cytokine production by PD-L1-CAR-T cells and control GFP-T cells
following co-incubation with modified breast cancer cells. Effector and target cells were co-
incubated for 4 h at a 2:1 E:T ratio. The assay results were evaluated by flow cytometry. (A)
Expression of CD107a, a marker of degranulation, in PD-L1-CAR-T cells and GFP-T cells targeted
against MDA-MB-231 and MCF-7 derivative cell lines. (B, C) Cytokine production by PD-L1-CAR-
T cells and GFP-T cells against modified MDA-MB-231 and MCF-7 cells, as measured by
intracellular expression of TNF-a and IFN-y. The assay was repeated three times using T cells
from different donors and the results shown are representative of one experiment. Data are
shown as means + SD. Statistical analysis was performed by unpaired T-test. **p<0.001.

The results indicate the ability of the PD-L1-CAR construct to specifically
recognize the target molecule on the surface of the cancer cells and confirm that PD-L1-

CAR-T cells produce a functional response in the target presence.

4.4.2 PD-L1 CAR-T cells exhibit improved cytotoxicity against target MDA-MB-231 (PD-

L1h&h) cancer cells

In order to directly evaluate the killing ability of PD-L1-CAR-T cells against MDA-MB-231
cell lines, the effectors were incubated with luciferase-expressing targets for 18 h. The
following luminescence measurements suggested that CAR-bearing effectors eliminate

over 60% of MDA-MB-231 sgNTC cells with naturally high PD-L1 expression, while the
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knockout of PD-L1 encoding gene in MDA-MB-231 cells strongly diminishes PD-L1-CAR-T
cells killing ability (Figure 34, red bars).
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Figure 34 The killing potential of PD-L1-CAR-T cells and GFP-T cells against breast cancer cells
MDA-MB-231 sgNTC (PD-L1"9") and MDA-MB-231 sgPD-L1 (PD-L1"°") determined by luciferase-
based killing assay. Cancer cell lines were seeded onto the plate and left to adhere for 24 h.
The next day, PD-L1-CAR-T cells and GFP-T cells were added to the target cells at a 2:1 E:T
ratio. After 18 h of incubation, the cultures were lysed, and the percentage of viable target
cells was measured based on luminescence analysis. The assay was repeated twice in
triplicates and the results shown are representative of one experiment. The data are shown as
means * SD. Statistical analysis was performed by two-way ANOVA with Tukey’s multiple
comparisons test: ****p<0.0001, ***p<0.001, ns - statistically non-significant difference.

Additionally, to monitor PD-L1-CAR-T cell cytotoxic activity towards parental
MDA-MB-231 cancer cell lines in a real-time manner, the RTCA system was utilized.
Parental MDA-MB-231 cells (PD-L1"8") were efficiently eliminated by PD-L1-CAR-T cells,
with close to no viable targets left after 12 h incubation with the effectors (Figure 35A,
light red curve). Control GFP-T cells exhibited a modest natural cytotoxic effect against
the cancer cells, however, much lower than of the T cells bearing the PD-L1-CAR
construct (Figure 35A, light green curve). To confirm the PD-L1-CAR construct specificity,
the PD-L1 targeting antibody atezolizumab was added to the experimental groups in
order to competitively block the binding of PD-L1-CAR-T to its target. The blockade of
the PD-L1 target on the surface of the MDA-MB-231 cells led to their improved survival
when incubated with PD-L1-CAR-T cells (Figure 35A, dark red curve), and did not affect
the basal natural cytotoxicity of GFP-T cells (Figure 35A, dark green curve). The
comparison of viable target cell amount in each group after 12 h of killing assay was

depicted in Figure 35B.
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Figure 35 The killing potential of PD-L1-CAR-T cells and GFP-T cells against parental MDA-MB-
231 cancer cells determined by impedance analysis. Cancer cell lines were seeded onto the
plate and left to proliferate for 24 h. The next day, PD-L1-CAR-T cells or control GFP-T cells
were added to the monolayers of target cancer cells at a 2:1 E:T ratio in the absence or
presence of 0.4 mg/ml atezolizumab. The CAR-T cell-mediated killing was monitored for the
next 12 hours. (A) Representative mean impedance curves from two wells are shown. (B)
Normalized cell index for target cells in each group after 12 h co-incubation with the effectors.
The experiment was repeated in duplicates two times and the results shown are representative
of one experiment. The data are shown as means + SD. Statistical analysis was performed by
one-way ANOVA with Tukey’s multiple comparisons test: ***p<0.001, **p<0.01.

Additionally, the RTCA assay was performed using MDA-MB-231-derived cell
lines with different levels of PD-L1 expression. It was observed, that the cytotoxicity of
PD-L1-CAR-T cells against the MDA-MB-231-sgPD-L1 cells was strongly diminished as
compared to the MDA-MB-231-sgNTC controls (Figure 36A, red curves), while basal
natural cytotoxicity of GFP-T cells was similar regardless of PD-L1 expression on targets
(Figure 36A, green curves). The comparison of viable target cell amount in each group

after 12 h of killing assay was depicted in Figure 36B.
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Figure 36 The killing potential of PD-L1-CAR-T cells against MDA-MB-231 sgNTC (PD-L1"%") and
MDA-MB-231 sgPD-L1 (PD-L1°") breast cancer cells determined by impedance analysis. Cancer
cell lines were seeded onto the plate and left to proliferate for 24 h. The next day, PD-L1-CAR-T
cells or control GFP T cells were added to the monolayers of target cancer cells at a 2:1 E:T
ratio. The CAR-T cell-mediated killing was monitored for the next 12 hours. (A) Representative
mean impedance curves from two wells are shown. (B) Normalized cell index for target cells in
each group after 12 h co-incubation with the effectors. The experiment was repeated in
duplicates two times and the results shown are representative of one experiment. The data are
shown as means * SD. Statistical analysis was performed by two-way ANOVA with Tukey’s
multiple comparisons test: ****p<0.0001.

Altogether, the obtained results suggest the ability of PD-L1-CAR-T cells to
efficiently eliminate target MDA-MB-231 cells which have naturally high PD-L1
expression. Concomitantly, as it was observed that atezolizumab blockade of the PD-L1
protein or PD-L1 genetic knock-out inhibits PD-L1-CAR-T cells cytotoxic activity, the

results confirm the ability of the modified effectors to recognize the target specifically.

4.4.3 PD-L1-CAR-T cells surprisingly exhibit cytotoxicity against target MCF-7 (PD-

L1'ow/null) cancer cells.

In order to directly evaluate the killing ability of PD-L1-CAR-T cells against MCF-7 cell
lines, the effectors were incubated with luciferase-expressing targets for 18 h.
Surprisingly, MCF-7 cells, which have initially low PD-L1 expression (MCF-7-PLVX and

MCF-7-sgNTC), were killed with a similar potency as the MCF-7 cells engineered to

%94



express exogenous PD-L1 molecule. Whereas, the killing of the MCF-7 cells with genetic

PD-L1 knock-out was not observed (Figure 37, red bars).
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Figure 37 The killing potential of PD-L1-CAR-T cells and control GFP-modified T cells against
breast cancer cells MCF-7-PLVX (PD-L1"°%), MCF-7-PD-L1 (PD-L1"%"), MICF-7-sgNTC (PD-L1""),
and MCF-7-sgPD-L1 (PD-L1™") determined by luciferase-based killing assay. Cancer cell lines
were seeded onto the plate and left to adhere. The next day, PD-L1-CAR-T cells and GFP-T
cells were added to the target cells at a 2:1 E:T ratio. After 18 h of incubation, the cultures
were lysed and the percentage of viable target cells was measured based on luminescence
analysis. The assay was repeated twice in triplicates and the results shown are representative
of one experiment. The data are shown as means * SD. Statistical analysis was performed by
two-way ANOVA with Tukey’s multiple comparisons test: ****p<0.0001, ***p<0.001,
*¥p<0.01, ns - statistically non-significant difference.

Additionally, to monitor PD-L1-CAR-T cell cytotoxic activity towards parental
MCEF-7 cancer cell lines in a real-time manner, the RTCA system was utilized. Control
GFP-T cells exhibited negligible cytotoxicity against target MCF-7 cells (Figure 38A, light
green curve). In contrast, parental MCF-7 cells (PD-L1'o%/"ul in steady-state, see Fig. 20B)
were efficiently eliminated by PD-L1-CAR-T cells by the end of the 12 h co-incubation,
however, a 4 — 6 h delay of the beginning of the killing was observed (Figure 38A, light
red curve). The addition of atezolizumab, and therefore, the blockade of potential PD-L1
molecule on the target cell surface, resulted in impaired PD-L1-CAR-T cells cytotoxic
activity towards MCF-7 cells (Figure 38A, dark red curve). The presence of atezolizumab
did not affect the activity of the GFP-T cells towards cancer cells (Figure 38A, dark green
curve). The comparison of viable target cell amount in each group after 12 h assay is

depicted in Figure 38B.
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Figure 38 The killing potential of PD-L1-CAR-T cells against parental MCF-7 breast cancer cells
measured by impedance analysis. The MCF-7 cancer cell line was seeded onto the plate and
left to adhere. The next day, PD-L1-CAR-T cells or control GFP-T cells were added to the
monolayers of MCF-7 cells at a 2:1 E:T ratio in the absence or presence of 0.4 mg/ml
atezolizumab. The CAR-T cell-mediated killing was monitored for the next 12 hours. (A)
Representative mean impedance curves from two wells are shown. (B) Normalized cell index
for target cells in each group after 12 h co-incubation with the effectors. The experiment was
repeated in duplicates two times results shown are representative of one experiment. The data
are shown as means * SD. Statistical analysis was performed by two-way ANOVA with Tukey’s
multiple comparisons test: ****p<0.0001, ***p<0.001, ns - statistically non-significant
difference.

Next, the PD-L1-CAR-T cells were evaluated in RTCA assay against MCF-7-PD-L1
cells (PD-L1"&8") versus MCF-7-PLVX control (PD-L1'°%). It was observed, that PD-L1-CAR-T
cells exhibit rapid and potent cytotoxic effect against MCF-7-PD-L1 cells, and also a
delayed, but specific cytotoxicity against the MCF-7-PLVX controls (Figure 39A, red
curves). The basal cytotoxicity of GFP-T cells exhibited a similar pattern regardless of
initial PD-L1 expression level on targets (Figure 39A, green curves). The comparison of
viable target cell amount in each group after 12 h of killing assay is depicted in Figure

398B.
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Figure 39 The killing potential of PD-L1-CAR-T cells against MCF-7-PLVX (PD-L1°*) and MCF-7
PD-L1 (PD-L1""9") breast cancer cells measured by impedance analysis. Cancer cell lines were
seeded onto the plate and left to adhere. The next day, PD-L1-CAR-T cells or control GFP-T cells
were added to the monolayers of target cancer cells at a 1:1 E:T ratio. The CAR-T cell-mediated
killing was monitored for the next 12 hours. (A) Representative mean impedance curves from 2
wells are shown. (B) Normalized cell index for target cells in each group after 12 h
coincubation with the effectors. The experiment was repeated in duplicates two times and the
results shown are representative of one experiment. The data are shown as means + SD.
Statistical analysis was performed by two-way ANOVA with Tukey’s multiple comparisons test:
**¥%p<0.0001, ***p<0.001, ns - statistically non-significant difference.

The results confirm the specificity of the PD-L1-CAR construct, but suggest a
possible induction of PD-L1 expression on the target MCF-7 cells during their longer
incubation with the modified T cells, as this effect was not observed previously in the 4 h

functional assay.

4.5 Investigation of the potential self-amplifying effect of the PD-L1-CAR

4.5.1 PD-L1-CAR-T cells may induce PD-L1 expression on MCF-7 cells by inflammatory

cytokines secretion

To investigate, whether the PD-L1 protein can be upregulated on the surface of MCF-7
cells, the cells were treated with TNF-a and IFN-y, as these cytokines were previously
reported to influence the PD-L1 expression on several other cancer cells (172). It was

observed, that IFN-y alone induced PD-L1 expression on the surface of MCF-7 cells after
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8 h of treatment (Figure 40, blue histograms), however, the effect was more potent and
visible when IFN-y was combined with TNF-a (Figure 40, orange histograms). The
treatment with TNF-a alone did not affect the PD-L1 expression on the target cells

regardless of the time of the treatment (Figure 40, green histograms).

Simultaneously, the potential ability of antigen-activated PD-L1-CAR-T to induce
PD-L1 expression on the target cells was assessed. The conditioned supernatants
collected from T cells and MDA-MB-231 co-cultures were transferred onto the MCF-7
cells. Once cells were incubated for 4 hours with the supernatant from activated PD-L1-
CAR-T cells, the induction of the surface expression of PD-L1 on MCF-7 cells was
observed. The percentage of PD-L1-positive cancer cells kept increasing with the
prolongation of the treatment (Figure 40, red histograms). By contrast, the MCF-7 cells
treated with the supernatants from unmodified T cells remained PD-L1-negative

regardless of the incubation time (Figure 40, purple histograms).
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Figure 40 The PD-L1 expression on MCF-7 cells treated with either cytokines or the supernatant
from activated PD-L1-CAR-T cells. MICF-7 cells were seeded onto culture plates and left to
adhere for 24 h. Next, the cytokines were added to the culture medium, or the culture medium
was exchanged for conditioned supernatants from the 24 h co-cultures of unmodified T cells or
PD-L1-CAR-T cells with MDA-MB-231 cells. The PD-L1 expression was assessed by flow
cytometry 4 h, 8 h, and 24 h after the incubation with either treatment. The staining was
performed using an anti-PD-L1 antibody (clone MIH1, dilution 1:100). The experiment was
repeated twice, and the representative data are shown.
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Both the effect potency and the time-dependent dynamics of the PD-L1
expression induction were similar within the MCF-7 cells treated by either combination
of TNF-a and IFN-y cytokines or the supernatant from antigen-activated PD-L1-CAR-T
cells. Thus, the results suggest, that the potential self-amplifying mechanism of PD-L1-
CAR-T cells action may be conditioned by their cytokine production, which may have a

stimulatory effect on the PD-L1 expression.

4.5.2 Antigen-activated PD-L1-CAR-T cells produced significantly increased amounts of

cytokines and chemokines

In order to investigate, what other components contained in the supernatant from
antigen-activated CAR-T cells may contribute to the PD-L1 induction in target cells, the
supernatants from PD-L1-CAR-T cells were collected and analyzed following the
incubation with MDA-MB-231 cells (PD-L1"&"). The analysis was performed using an
antibody array which allows to simultaneously detect the relative levels of several
cytokines and chemokines. The results indicated that a set of proteins is produced by
PD-L1-CAR-T cells in a higher amount than by unmodified T cells after 24 h co-culture
with MDA-MB-231 cells (Figure 41A). The expression of 17 out of 36 analyzed proteins
was significantly upregulated in PD-L1-CAR-T cells, with TNF-a and IFN-y cytokines
among them (Figure 41B).
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Figure 41 Evaluation of PD-L1-CAR-T cells cytokine production following antigen-mediated
activation. The relative levels of human cytokines were assessed in supernatants collected
from unmodified T cells or PD-L1-CAR-T cells co-cultured with MDA-MB-231 cells for 24 h at a
1:1 E:T ratio. (A) The cytokine array assay was performed (B) The significant changes of 17 out
of 36 cytokines are presented. The experiment was repeated using T cells from two donors,
each analyzed in duplicates. The representative data from one donor is shown. The data are
shown as means * SD.

Thus, the antigen-mediated activation of the T cells was followed by the
increased cytokine production, which collectively may induce PD-L1 expression on
cancer cells. Consequently, the initially PD-L1-negative target cells may become sensitive

to the treatment with the PD-L1-CAR-T cells.

4.6 Evaluation of the PD-L1-CAR-T cells cytotoxicity against non-malignant cells

4.6.1 PD-L1-CAR-T cells exhibit cytotoxicity against non-malignant mammary cell lines

which express PD-L1 protein

In order to assess the safety of the PD-L1-CAR in the breast cancer treatment, the T cells

bearing the construct were targeted against non-malignant mammary cells: telomerase-
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immortalized human mammary epithelial cells HMEC and spontaneously immortalized

cell line MCF10A.

First, the PD-L1 expression in the HMEC and MCF10A cells was assessed. The flow
cytometry analysis revealed that HMEC cells expressed a very low level of surface PD-L1,
while approximately 40% of MCF10A cells were PD-L1-positive (Figure 42A). However,
the Western blotting analysis has shown, that the PD-L1 protein was present in both
mammary HMEC and MCF10A cells, but not in another non-malignant cell line HEK293T,

which appeared to be PD-L1-negative and thus served as a negative control (Figure

42B).
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Figure 42 Evaluation of PD-L1 expression in non-malignant mammary cell lines. (A)
Representative dot plots show surface PD-L1 expression evaluated by flow cytometry against a
background from isotype control. The staining was performed using an anti-PD-L1 antibody
(clone MIH1, dilution 1:100). Numbers on the plots indicate the percentage (%) of PD-L1
positive cells. The experiment was repeated three times. (B) Representative Western blotting
shows the amount of PD-L1 protein in 20 ug of total protein lysates loaded onto the SDS-
polyacrylamide gel and separated by electrophoresis in reducing conditions. The experiment
was repeated three times.

The results suggest, that both non-malignant mammary cell lines exhibit PD-L1
expression, however, in the case of HMEC cells, the protein is located predominantly in

the intracellular compartments.

Next, the RTCA assay was performed to directly assess the potential cytotoxicity
of PD-L1-CAR-T cells against HMEC and MCF10A cells. The results showed, that both
HMEC and MCF10A cells were eliminated by the CAR-T cells with a similar dynamic,
regardless of their level of surface PD-L1 expression (Figure 43, light-red curves). Control
GFP-T cells exhibited little to no cytotoxicity against both non-malignant mammary cells
(Figure 43, light green curve). To confirm, that the PD-L1-CAR-T cells were specifically

killing the target cells expressing the PD-L1 molecule, atezolizumab was added to block
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the potential recognition of PD-L1 protein by the CAR scFv. The antibody presence
resulted in the impaired cytotoxic activity of the CAR-T cells towards both HMEC and
MCF10A cells (Figure 43, dark red curves). The presence of atezolizumab did not affect

the activity of the GFP-T cells towards cancer cells (Figure 43, dark green curves).
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Figure 43 The killing potential of PD-L1-CAR-T cells against HMEC and MCF10A non-malignant
breast cells measured by impedance analysis. Target cell lines were seeded onto the plate and
left to proliferate for 24 h. The next day, PD-L1-CAR-T cells or control GFP-T cells were added to
the monolayers of target cancer cells at a 2:1 E:T ratio. The CAR-T cell-mediated killing was
monitored for the next 12 hours. Representative mean impedance curves from two wells are
shown. The experiment was performed twice in duplicates and the results shown are
representative of one experiment. The data are shown as means *+ SD.

As the addition of atezolizumab and therefore PD-L1 blockade on target cells
impaired PD-L1-CAR-T cells cytotoxicity towards HMEC cells, the results suggested that
these non-malignant cells may upregulate the PD-L1 expression on their surface in

response to the PD-L1-CAR self-amplification activity.

To further investigate, whether the PD-L1-CAR-T cell cytotoxicity towards HMEC
cells may be conditioned by the self-amplifying effect of the effectors, both HMEC and
MCF10A cells were incubated with the conditioned supernatants collected from T cells
and MDA-MB-231 co-cultures. The PD-L1 expression on targets cells was analyzed by
flow cytometry following 24 h treatment. It was observed, that not only HMEC cells
upregulate the PD-L1 expression, but the percentage of PD-L1-positive MCF10A cells
also increased in the presence of the supernatants from the antigen-activated PD-L1-
CAR-T cells (Figure 44, red histograms). By contrast, the treatment with the supernatants
from unmodified T cells had no impact on the PD-L1 steady-state expression level on

both cell lines (Figure 44, purple histograms).
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Figure 44 The PD-L1 expression on HMEC and MCF10A cells treated with the supernatant from
activated PD-L1-CAR-T cells. HMEC and MCF10A cells were seeded onto culture plates and left
to adhere for 24 h. Next, the culture medium was exchanged for conditioned supernatants
from the 24 h co-cultures of either unmodified T cells or PD-L1-CAR-T cells with MDA-MB-231
cells. The PD-L1 expression was assessed by flow cytometry 24 h after the incubation with the
treatment. The staining was performed using an anti-PD-L1 antibody (clone MIH1, dilution
1:100). The experiment was repeated twice and the representative data are shown.

The results support previous observation on MCF-7 cells, and therefore the
hypothesis of the possible self-amplification mechanism of PD-L1-CAR-T cells.
Notwithstanding, the results indicate the risk of a potential on-target/off-tumor
cytotoxicity of PD-L1-CAR-T cells towards non-malignant mammary cells expressing PD-

L1 either in steady-state or following the induction.

4.6.2 Non-malignant HEK293T cells do not upregulate PD-L1 expression and are

resistant to treatment with PD-L1-CAR-T

The evaluation of PD-L1 expression in various non-malignant cell lines indicated that
HEK293T cells express the protein neither on their surface (Figure 45), nor in the

intracellular compartments (Figure 42B).
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Figure 45 Evaluation of PD-L1 expression in non-malignant cell line HEK293T. Representative
dot plots show surface PD-L1 expression evaluated by flow cytometry against a background
from isotype control. The staining was performed using an anti-PD-L1 antibody (clone MIH1,
dilution 1:100). Numbers on the plots indicate the percentage (%) of PD-L1 positive cells. The
staining was repeated three times.

As it was previously observed, that initially PD-L1-negative MCF-7 cells can
upregulate PD-L1 expression on their surface under certain conditions (Figure 39), the
ability of HEK293T cells to express PD-L1 following the treatment with TNF-a and IFN-y
cytokines or the supernatant from antigen-activated PD-L1-CAR-T cells was also analyzed

(Figure 46).
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Figure 46 The PD-L1 expression on HEK293T cells treated with either cytokines or the
supernatant from activated PD-L1-CAR-T cells. HEK293T cells were seeded onto culture plates
and left to adhere for 24 h. Next, the cytokines were added to the culture medium, or the
culture medium was exchanged for conditioned supernatants from the 24 h co-cultures of
unmodified T cells or PD-L1-CAR-T cells with MDA-MB-231 cells. The PD-L1 expression was
assessed by flow cytometry 4 h, 8 h, and 24 h after the incubation with either treatment. The
staining was performed using an anti-PD-L1 antibody (clone MIH1, dilution 1:100). The
experiment was repeated twice, and the representative data are shown.

The results show, that, unlike MCF-7 cells, the HEK293T cells remain PD-L1-
negative regardless of the treatment conditions, making them potentially resistant to

the PD-L1-CAR-T cells cytotoxicity.

In order to investigate, whether the non-malignant cells that lack PD-L1
expression, either steady-state or induced, may still be targeted by PD-L1-CAR-T cells,
the HEK293T cells were used as target cells in the luciferase-based cytotoxicity assay. For
this purpose, the HEK293T cells were modified by lentiviral transduction to express

luciferase (Figure 47).
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Figure 47 Evaluation of HEK293T transduction efficiency with plenti7.3-redluc plasmid. The
GFP expression in target cell lines was evaluated by flow cytometry. Numbers on the plots
indicate the percentage (%) of GFP positive HEK293T cells transduced with pLenti7.3-redluc
plasmid. The RedLuc expression level in transduced cells was verified prior to an experiment.

Next, the cytotoxic activity of PD-L1-CAR-T cells against HEK293T cells was
evaluated in a luciferase-based killing assay. The results presented that HEK293T cells
remained almost completely resistant to the treatment with PD-L1-CAR-T cells, even
when E:T ratio was as high as 5:1 (Figure 48, red bars). Control GFP-T cells had similar to
the CAR-T cell effect on the HEK293T cells viability in the assay (Figure 48, green bars).
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Figure 48 The killing potential of PD-L1-CAR-T cells and control GFP-modified T cells against
HEK293T determined by luciferase-based killing assay. Target cell lines were seeded onto the
plate and left to adhere. The next day, PD-L1-CAR-T cells and GFP-T cells were added to the
target cells at a 2:1 and a 5:1 E:T ratios. After 18 h of incubation, the cultures were lysed, and
the percentage of viable target cells was measured based on luminescence analysis. The assay
was repeated twice in triplicates and the results shown are representative of one experiment.
The data are shown as means + SD. Statistical analysis was performed by unpaired T-test: ns -
statistically non-significant difference.
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In order to verify, whether HEK293T may be in general resistant to the T-cell
mediated cytotoxicity, the luciferase-expressing cell line was additionally modified by

lentiviral transduction to overexpress PD-L1 molecule (Figure 49).
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Figure 49 Evaluation of PD-L1 expression in PD-L1-overexpressing derivative of HEK293T cell
line. Representative dot plots show surface PD-L1 expression evaluated by flow cytometry
against a background from isotype control. The staining was performed using an anti-PD-L1
antibody (clone MIH1, dilution 1:100). Numbers on the plots indicate the percentage (%) of PD-
L1 positive cells. The PD-L1 expression level in transduced cells was verified prior to an
experiment.

Next, the cytotoxic activity of PD-L1-CAR-T cells against generated HEK293T PLVX
and HEK293T PD-L1 cells was compared in a luciferase-based killing assay. It was
observed, that artificially introduced PD-L1 into HEK293T cells resulted in their E:T ratio-
dependent sensitivity to the PD-L1-CAR-T cells cytotoxicity (Figure 50, dark red and light
red bars). Control GFP-T cells exhibited little to no effect on HEK293T cell viability,
regardless of PD-L1 expression on the targets (Figure 50, dark green and light green

bars).
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Figure 50 The killing potential of PD-L1-CAR-T cells and control GFP-modified T cells against
HEK293T PLVX cells ( PD-L1™") and HEK293T PD-L1 (PD-L1"%") cells determined by luciferase-
based killing assay. Target cell lines were seeded onto the plate and left to adhere. The next
day, PD-L1-CAR-T cells and GFP-T cells were added to the target cells at a 2:1 and a 5:1 E:T
ratios. After 18 h of incubation, the cultures were lysed, and the percentage of viable target
cells was measured based on luminescence analysis. The assay was repeated twice in
triplicates and the results shown are representative of one experiment. The data are shown as
means + SD. Statistical analysis was performed by two-way ANOVA with Tukey’s multiple
comparisons test: ****p<0.0001, ns - statistically non-significant difference.

The results suggested, that non-malignant cells HEK293T, which do not exhibit
PD-L1 expression, neither steady-state nor induced, may be resistant to the treatment

with PD-L1-CAR-T cells.
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5. DISCUSSION

The CAR-T cell-based therapy has still limited success in solid tumor treatment due to
several challenges. One of them is finding a suitable target molecule for the CAR
construct. Unlike B cell-derived hematological cancers, in which the tumor cells almost
universally express CD19 marker, solid tumors rarely express on their surface one
tumor- or tissue-specific antigen. It is more common to find a tumor-associated antigen
(TAA) that is overexpressed on tumors as compared to normal tissues (173). PD-L1
molecule can be considered such an antigen, as its increased expression is found, among
others, in breast cancer, lung cancer, colorectal cancer, gastric cancer, bladder cancer,
pancreatic cancer, prostate cancer, and DLBCL (174). Moreover, present in TME immune
cells as well as cancer-associated fibroblasts (CAFs), which are an important component
of the tumor stroma, also express PD-L1 (80). Additionally, increased PD-L1 expression
on cancer cells leads to increased inhibition of T cell activity and subsequent tumor
survival (175). Altogether, the listed characteristics of PD-L1 molecule make it an
attractive target for CAR-based therapy and thus, this approach was evaluated within

the presented project.

5.1 Targeting PD-L1 molecule in breast cancer treatment

Within this study, the anticancer efficacy of the PD-L1 targeting CAR was evaluated using
breast cancer cells as a model. The analysis of PD-L1 mRNA expression in 45 breast
cancer cell lines and 5,454 breast cancers showed, that the molecule was upregulated in
20% of 5,454 breast cancers and 38% of 1,205 basal tumors (176). The evaluation of PD-
L1 protein expression in six breast cancer cell lines performed within this study
demonstrated, that triple-negative MDA-MB-231 cells exhibited the highest PD-L1
protein level as compared to other analyzed cell lines (Figure 18). The results confirmed
the earlier reported observations, in which, PD-L1 expression was found to be increased
in 20% of breast tumors lacking expression of estrogen receptor, progesterone receptor
and HER2/neu (HER2) indicating PD-L1 as a relevant therapeutic target in TNBC (144).
TNBCs are generally aggressive tumors with a high rate of metastasis and poorer
prognosis than other breast cancer subtypes. TNBC patients are usually treated with

cytotoxic chemotherapy, as endocrine therapy or anti-HER2 antibody trastuzumab is
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ineffective in their case. However, systemic treatment with chemotherapy often results
in early relapse and metastasis. Moreover, a recent study has shown that treatment of
human or murine TNBC cells with currently applied chemotherapeutic drugs affects the
transcriptional induction of PD-L1 mRNA and protein expression, leading to a marked
increase in the percentage of PD-L1+ breast cancer cells (177). The hypothesis of the
unstable PD-L1 phenotype of these tumors was additionally supported by the studies
that evaluated PD-L1 gene and protein expression in both cancer and immune cells in
TNBC. It was found, that there was no correlation between the number of PD-L1 gene
copy number and the level of PD-L1 protein expression, which suggests that PD-L1
expression on breast tumors is rather induced by exogenous factors, such as IFN-y
released by activated T- or NK cells entering the initially PD-L1-negative tumor site (178).
Moreover, PD-L1 was found to be upregulated not only on breast cancer cells, but also
on the TILs in the tumor microenvironment, and whilst the first phenotype is rather
associated with unfavorable prognosis for the patient, the PD-L1 expression on the

immune cells may be related to a better survival (179,180).

Thus, targeting PD-L1 molecule can be a reasonable alternative in TNBC
treatment. The recently obtained results of the IMpassion130 trial support the feasibility
of such an approach. The study, where nab-paclitaxel and anti-PD-L1 antibody
atezolizumab were combined in the metastatic TNBC treatment, demonstrated the
prolonged progression-free survival in patients, especially those with PD-L1-positive
phenotype (181). Additionally, as numerous reports revealed that TNBCs are
immunogenic and the presence of TILs is associated with better patients' clinical
outcomes (182), CAR-T therapy, being a combination of the adoptive cells transfer and

targeted therapy, is a promising tool in the treatment of TNBC specifically.

5.2 Targeting PD-L1 molecule using CAR-based approach

Following the modification, CAR-T cells are cultured and expanded in vitro prior to their
reinfusion into a patient. It is known, that T cells are capable of fratricide killing, which in
normal conditions serves as a mechanism to maintain T cell homeostasis (183). In the
case of CAR-T cells production, this ability may be especially concerning in circumstances

where the target antigen is constitutively or transiently expressed on a T cell (184). The
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issue was addressed within this study, therefore, the PD-L1 protein expression was
evaluated on primary human T cells. The results revealed that stimulation via CD3/CD28
receptors upregulates PD-L1 on the T cells, posing the risk of the fratricidal killing
between the T cells bearing PD-L1-CAR construct (Figure 28). However, further analysis
has shown, that even though the T cells expressing PD-L1 may be eliminated from the
culture of PD-L1-CAR-T cells, the fratricide is transient and induces the disappearance of
the antigen from the PD-L1-CAR-T cells in contrast to unmodified T cells (Figure 30).
Additionally, the possibility of the PD-L1 antigen masking by the presence of PD-L1-CAR
molecule was excluded by the evaluation of the total PD-L1 protein amount in the
analyzed T cells (Figure 31). These results suggest, that the population of resistant PD-
L1-negative T cells is selected, and these cells can be expanded in vitro. Notably, PD-L1
was previously reported to be expressed on cytotoxic T cells from melanoma patients,
and the level of PD-L1+ CD8+ cells was strongly correlated with a number of markers
associated with a negative impact on disease outcome, such as high levels of circulating
MDSCs and decreased levels of plasmacytoid DCsPMID: 25592374 (185). Additionally,
recent studies have demonstrated, that PD-L1 was upregulated on T cells in response to
antigen-presentation in a model of pancreatic adenocarcinoma cancer, and PD-L1
ligation on T cells induces intracellular signaling that is equally suppressive to that of PD-
1. Moreover, in @ murine model, conditional deletion of PD-L1 in T cells improved their
adaptive tumor immunity (186). Thus, the elimination of the PD-L1+ T cells in the
process of PD-L1-CAR-T cells production may be beneficial for the anticancer efficacy of
the modified effectors. In this study, the results obtained from functional and
cytotoxicity assays confirm the unaffected ability of the PD-L1-negative PD-L1-CAR-T

cells to degranulate, produce cytokines, and kill target cancer cells.

Importantly, the specificity of the PD-L1-CAR-T cells was also confirmed. The
results have shown, that PD-L1-CAR-T cells degranulation in a 4 hour-long assay was
strongly conditioned by the steady-state PD-L1 presence on the target cells, as PD-L1-
CAR-T cells exhibited a response towards MDA-MB-231 cells (PD-L1"&"), but not MCF-7
cells (PD-L1'*%) (Figure 32). Additionally, the genetic knock-out of PD-L1 in MDA-MB-231
cells led to a loss of their ability to provoke degranulation of the effectors, which

excludes the possibility of their sensitivity to PD-L1-CAR-T cells due to other factors.
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Similarly, the natural resistance of MCF-7 cells was excluded, as their genetic
modification to overexpress PD-L1 led to PD-L1-CAR-T cells response comparable to the
response to MDA-MB-231 cells with naturally high target molecule expression (Figure
33). The results of the cytotoxicity assays performed using MDA-MB-231 cells also show
the effectiveness and specificity of PD-L1-CAR-T cells in the elimination of cancer cells
expressing PD-L1. It was observed, that both genetic PD-L1 knock-out (Figure 34, Figure
36) and PD-L1 blockade with atezolizumab (Figure 35) reversed otherwise potent PD-L1-
CAR-T cells cytotoxicity against MDA-MB-231 cells.

Surprisingly, initially, PD-L1'°% MCF-7 cells appeared to be sensitive to the
treatment with PD-L1-CAR-T cells in a prolonged co-incubation of the targets with the
effectors. The evidence of the decreased effector cytotoxicity observed following
genetic PD-L1 knock-out in MCF-7 cells (Figure 37) or PD-L1 blockade on the targets with
atezolizumab (Figure 38) suggested, that killing was conditioned by the presence of the
target protein on MCF-7 cells or the induction of its expression. This hypothesis was
supported by the observation of the killing dynamics in real-time, as the MCF-7 PLVX
cells were eliminated by PD-L1-CAR-T cells with 4-6 h delay as compared to MCF-7 PD-L1
cells (Figure 39). It has been earlier reported, that PD-L1 expression can be regulated in
cancer cells by signaling pathways, transcriptional factors, and epigenetic factors (187).
Several proinflammatory agents, including IFN-y, were shown to upregulate PD-L1 on
various cancer cells (188). Thus, in order to investigate, whether MCF-7 cells, in general,
are able to induce PD-L1 expression on their surface, the cells were treated with
proinflammatory cytokines. Indeed, it was observed, that already 4 h treatment with a
combination of IFN-y and TNF-a resulted in a potent increase of PD-L1+ MCF-7 cells,
which was in agreement with the killing dynamics observed in the RTCA assay (Figure
39). Most cytotoxic T cells are known to release IFN-y and TNF-a (189), thus, the target
cancer cells were also treated with the supernatants from antigen-activated CAR-T cells,
and the effect of this treatment was even more significant when compared to the
treatment with proinflammatory cytokines (Figure 40). The presence of the cytokines in
the supernatants was confirmed, moreover, the results suggest that several other
factors may contribute to the observed effect of the PD-L1 induction (Figure 41). Among

the cytokines that were observed to be upregulated in the supernatants from activated
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CAR-T using the cytokine array, for example, IL.-6 was previously reported to increase
PD-L1 expression on APCs (190) PMID: 21268011 and GM-CSF, on immature DCs (191)
PMID: 12538684. Thus, massive PD-L1 induction on MCF-7 cells, which are PD-L1"% in
steady-state, is a consequence of antigen-specific CAR activation and subsequent release

of cytokines from CAR-T cells.

The observed effects of PD-L1-CAR-T cells on MCF-7 cells suggest, that the PD-L1-
CAR construct may have a self-amplifying mechanism of action, which might have both
positive and negative consequences. PD-L1-CAR-T cells may be effective not only in the
elimination of breast cancer cells, regardless of their initial PD-L1 expression level, but as
well eliminating other immunosuppressive cellular elements of the tumor
microenvironment. For example, tumor-associated macrophages, which are the most
prominent component of the breast cancer microenvironment (192), were shown to be
able to upregulate PD-L1 expression following the treatment with IFN-y (193). The
recent studies also demonstrate, that dendritic cells represent a crucial source of PD-L1
in the TME, as PD-L1 deletion in DCs, but not more numerously presented macrophages,
greatly restricted tumor growth and led to enhanced antitumor CD8+ T-cell responses
(194). Additionally, PD-L1 expression on DCs can be as well upregulated by IFN-y and T
cells presence in general (195). Thus, this unique self-amplifying ability of the PD-L1-
CAR-T cells would broaden their cytotoxic reaction towards the tumor stroma cells

adjacent to the malignant cells, even if the stromal cells were initially PD-L1'°".

However, the self-amplification phenomenon of the PD-L1-CAR poses an even
higher necessity to address the safety issues of this strategy. Especially considering the
fact that the clinical trial conducted to evaluate PD-L1-CAR-T cells in patients with
advanced lung cancer (NCT03330834) had to be terminated due to the serious adverse
effects caused by the treatment. It is known, that vital organs such as lungs, spleen, and
heart constitutively express PD-L1 protein (https://www.proteinatlas.org/) and thus can
be severely damaged. Moreover, the potential ability of PD-L1-CAR-T cells to induce PD-
L1 expression on various other cells and to further attack them makes the scale of the
toxicity difficult to predict. Among all the parental cell lines evaluated in this study, only
HEK293T cell line was resistant to the PD-L1-CAR-mediated toxicity, despite even an
increased E:T ratio (Figure 48). HEK293T cells were PD-L1"! initially (Figure 45) and,
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unlike MCF-7 cells, remained refractory to the induction of PD-L1 expression either by
cytokines or supernatants derived from antigen-activated PD-L1-CAR-T cells (Figure 46).
Interestingly, the genetic modification of HEK293T cells to overexpress PD-L1 (Figure 49)
resulted in their sensitivity to the treatment with PD-L1-CAR-T cells (Figure 50). This
observation excludes the possible resistance of HEK293T to cell-mediated cytotoxicity in
general and suggests that this non-malignant cell line can be an interesting model to
study in the future. However, the results obtained using non-malignant mammary cells
indicate, that other non-transformed cells surrounding the tumor may have low basal
PD-L1 expression (Figure 42) and additionally upregulated its expression in response to
the molecules secreted by activated PD-L1-CAR-T cells (Figure 44), thus becoming

targets for the CAR-T cell cytotoxicity (Figure 43).

5.2.1 Reported studies of the PD-L1-CAR-based treatment

Since 2018, several other research groups have published the results of their research
evaluating the PD-L1-CAR-based approach. The effectiveness of the PD-L1-CAR-T cells
was proved against human bronchioalveolar carcinoma cells (196), human non-small cell
lung cancer and pancreatic cancer (197,198) and human leukemia and colorectal cancer
cells (199,200). Additionally, two bispecific CAR constructs targeting PD-L1 as one of the
antigens were shown to have a superior cytotoxic effect as compared to monovalent
CAR-T cells. Dual CAR-T cells targeting PD-L1 and MUC16 antigens were demonstrated to
efficiently eliminate ovarian cancer cells in vitro and to prolong the survival time of
tumor-bearing mice in vivo (201). Whereas, bispecific CAR-T cells targeting PD-L1 and
hepatocyte growth factor receptor (c-Met) were reported to have an improved cytotoxic
effect against human hepatocellular carcinoma (202). In these studies, CAR-T cells
targeting PD-L1 molecule were evaluated in vitro and in vivo in xenograft models. The
mice used for the xenograft models establishment lack B and T cells, and also have other
severe immune deficiencies in order to prevent tumor rejection (203). However, the
defective immune cell populations of the animals as well prevent the CRS development,
which is the major adverse effect caused by CAR-T cells applied in clinics (204). Thus, the

issue of the toxicity of the PD-L1-CAR-based approach was not addressed directly.
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In another study published in 2020, the PD-L1-CAR construct was used to modify
irradiated human NK cells, which were then able to efficiently eliminate both human and
mouse head and neck squamous cell carcinoma (HNSCC) cells. The approach was as well
demonstrated to be effective in the treatment of immune-competent mice bearing
syngeneic tumors, and lead to the rejection of the tumor or its growth delay. The use of
the wild-type mice allowed to partially evaluate the ability of the PD-L1-CAR-bearing
effector cells to eliminate the immune cells present in TME, such as macrophages and
neutrophilic and monocytic myeloid cells. It was observed, that these cells, which
endogenously expressed high levels of PD-L1, were eliminated not only in TME but also
in the periphery. Nevertheless, any severe side effects were not observed in this study
(205). Similarly, in the study with syngeneic models of aggressive melanoma, where
murine PD-L1-CAR-T cells increased survival and decreased tumor growth, only
moderate immunogenicity was noted (206). However, the lack of severe toxicity even in
syngeneic mouse models cannot be interpreted as a possible outcome of the human
patient treatment due to the differences in human and mouse biology, as well as in

target and CAR sequences (207).

Currently, the HER-2/PD-L1 dual-targeting CAR-T cells are evaluated in patients
with HER2 positive solid tumor serosal cavity metastases (NCT04684459). The early
phase | of the study started in March 2021, and so far (in January 2022) neither the
details of the study nor the primary results have been published yet. Thus, it is unclear
what strategy was applied to overcome the possible severe side effects of the therapy,
including the risk of damaging non-malignant tissues due to the self-amplifying

mechanism of PD-L1-CAR-T cells action that was reported in the presented project.

5.2.2 Further improvement of the safety of PD-L1-CAR-based therapy

As mentioned above, the lack of antigens that are highly specific for tumor cells is one of
the major challenges in solid cancer treatment with CAR-T cells. Thus, even the low-level
expression of target antigens in non-malignant tissues often results in CAR-T cell “on-
target/off-tumor” toxicity. A fatal example of this was the case of the patient treated
with CAR-T cells specific for the cancer-associated antigen HER2, where the treatment

led to rapid respiratory failure and multi-organ dysfunction, resulting in the death of the
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patient (208). It is important to mention, that even though the majority of CAR-T cells,
including PD-L1-CAR-T cells used in this study, recognize antigen through scFv derived
from monoclonal antibodies, the toxicity profile of CAR-T cells and a particular
corresponding mAb may not be identical. Such a conclusion was made based on the
comparison of anti-HER2 mAb trastuzumab with HER2-CAR-T cells (208,209). Thus, even
though the mAb atezolizumab, which is a base for scFv of the PD-L1-CAR evaluated in
this study, was approved by FDA for PD-L1 positive unresectable TNBC in 2019 (210), the

optimizations increasing the safety of the PD-L1-CAR-T cells need to be considered.

The studies of the CAR-T therapies for solid tumors revealed that both chosen
method of T cell modification and the method of CAR-T cell administration into the
patient may have a significant impact on the therapy outcome. For example, despite the
initial concerns, HER2-CAR-T cell therapy was proven safe at significantly lower CAR T-
cell doses (211). To even further reduce off-target toxicity, the T cells may be engineered
with transient CAR expression by using in vitro transcribed mRNA encoding a CAR. The
method was evaluated in a study using CAR-T cells targeting mesothelin, and a positive
clinical effect without evidence of off-tumor toxicity was demonstrated in two out of
eighteen patients (212). The PD-L1-CAR may also be introduced into primary T cells via
MRNA electroporation, and the construct expression may be thus limited to 48 h post-
modification (Figure 24). Additionally, CAR-T cells may be administered by direct intra-
tumoral injection to boost their infiltration and safety (213). For example, treating
metastatic breast cancer with intra-tumoral administration of mRNA-transfected c-Met-
CART cells in a phase 0 clinical trial (NCT01837602) resulted in extensive tumor necrosis
at the injection site, while none of the six patients had drug-related adverse effects

greater than grade 1 (214).

The more advanced technique of CAR expression control is based on using the
tetracycline regulatory system, which may be incorporated into a CAR construct.
Inducible CD19-CARs were evaluated in a few studies, where introduced into the
construct tetracycline regulation system was supposed to be activated only in the
presence of doxycycline. The obtained results demonstrated the promising potential of
this approach, as in both studies the CAR expression significantly decreased after

doxycycline removal, while in the drug presence CD19-CAR-T cells with a tetracycline

116



system exhibited unaltered cytotoxicity and cytokine production both in vitro and in vivo
(215,216). Recently, the same approach was used in an attempt to improve the safety of
the CAR-T cells targeting CD38 molecule, and the results also indicated increased safety
of the therapy (217). Moreover, the iCasp9-system, which enables the conditional
elimination of gene-modified cells, can also be tested, however, the recently conducted
clinical trial demonstrated that this approach may still not protect the patient from the

delayed CRS development (218).

Another way to address the issue of “on-target/off-tumor” cytotoxicity of CAR-T
cells is engineering chimeric receptors that require a signal from combinatorial antigens
to activate the T cell, meaning that only the tumor cells that co-express more than one
TAA would be attacked. One of the solutions proposed in 2013 was based on the
physical separation of two signaling domains: the CD3( and CD28 signals were
assembled into separate CAR constructs individually targeting two different antigens.
The trans-signaling CAR-T cells exhibited low activation against the cells expressing only
one of the targeted proteins, which were mesothelin and folate receptor a (FRa), but
demonstrated potent functional response encountering epithelial ovarian tumor cells
co-expressing both antigens (219). The more recent approach is based on using a
synthetic Notch receptor (synNotch), which recognizes one antigen and then induces the
expression of a CAR targeting the second antigen (220). The mechanism of the synNotch

receptor action is schematically presented in Figure 51.
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Figure 51 Two-step system of tumor cell recognition based on using a synthetic Notch receptor.
Based on (221).

In the study published in 2021, synNotch CAR-T cells were shown to display
superior control of the tumor burden in mouse models of human mesothelioma and
ovarian cancer, when compared to the T cells constitutively expressing CARs targeting
the same antigens. Alkaline phosphatase placental-like 2 (ALPPL2) was identified as a
tumor-specific antigen expressed in various tumors, including mesothelioma and ovarian
cancer, and it was used as a primary antigen for the synthetic Notch receptor. The study
demonstrated, that the synNotch receptor targeting ALPPL2 can be combined with CARs
targeting other tumor-associated antigens, such as melanoma cell adhesion molecule
(MCAM), mesothelin, or HER2. Moreover, synNotch-controlled expression prevented
CAR-mediated tonic signaling in T cells, maintaining their non-exhausted phenotype
(222). A similar effect was observed in the study, where synNotch CAR-T cells were used
in glioblastoma treatment. The synNotch-CAR circuit applied was primed by the specific
for the central nervous system MOG antigen, which led to the local induction of the
expression of a CAR targeting tumor-specific glioblastoma neo-antigen epidermal
growth factor receptor splice variant lll (EGFRvIII) (223). In the case of PD-L1-CAR-based
therapy, the conditioning of the CAR construct expression with other TAAs recognition

could significantly reduce the risk of non-malignant tissues damage. The earlier
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mentioned examples of bispecific CARs targeting PD-L1 (combined with targeting
MUC16 in ovarian cancer or c-Met in human hepatocellular carcinoma) suggest that the
effectiveness of the approach would also increase. There are several molecules reported
being upregulated in breast tumors, which could be potentially exploited as priming
antigens for synNotch-PD-L1-CAR. For example, surface molecules mesothelin, FRa, FRa,
tumor endothelial marker 8 (TEMS8), chondroitin sulfate proteoglycan 4 (CSPG4),
receptor-tyrosine-kinase-like orphan receptor 1 (ROR1), c-Met, MUC1, NKG2D ligands,
epidermal growth factor receptor (EGFR), intercellular adhesion molecule-1 (ICAM-1)
and receptor tyrosine kinase AXL were found to be upregulated in a high percentage of
TNBC samples, while being expressed on a low level in non-malignant tissues (182).
Additionally, recent studies demonstrate that even intracellularly overexpressed TAAs
can be recognized by modified T cells. The expression of New York esophageal
squamous cell carcinoma-1 (NY-ESO-1) and Wilms tumor antigen (WT-1) was detected in
18% and 54% of TNBC samples, respectively (224), and both these molecules can be
targeted in the HLA context using modified TCR (225,226). The self-amplifying
mechanism of PD-L1-CAR-T cells action allows for targeting also other breast tumor
types, as the PD-L1 expression may be induced on initially PD-L1"°" cancer cells. Thus,
HER2 antigen, which is overexpressed in 25—30% of all breast cancers (227), may as well

be exploited.

Except signaling from combinatorial antigens, the specific characteristics of the
solid tumor microenvironment could be used as factors conditioning the induction of a
CAR expression. High proliferation rate, and thus, high metabolic demands of the tumor
cells often result in a state of inadequate oxygen supply in the TME, where oxygen
concentration may be lower than 2% while in healthy tissues it is usually between 5 and
10% (228). Hypoxia is an outstanding feature of most solid tumors and in the case of

breast cancer, approximately 25-40% of cases exhibit hypoxic regions (229).

Thus, hypoxia may be used as a marker for induction of a CAR expression, and
this is achievable due to the naturally existing mechanisms, which cells utilize to detect
and rapidly respond to hypoxia. In particular, the constitutive expression of transcription
factor hypoxia-inducible-1 factor-alpha (HIF1-a), which degrades under the normoxia

conditions. When a CAR was fused with an oxygen-dependent degradation domain
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(ODD) of HIF1-a, the normoxia conditions led to the CAR proteasomal degradation as
well. However, in that first study, the residual tumor cell killing under normoxic
conditions was observed (230). To solve this issue, a dual oxygen-sensing T4-CAR was
generated. A more stringent hypoxia-regulated CAR expression system was designed by
combining the fusion of ODD domain to the CAR encoding sequence with incorporating
a series of 9 consecutive hypoxia-responsive elements (HREs) into the CAR promotor,
which permitted HIF1-a-mediated transcription of the CAR. This dual hypoxia-sensing
system was proved to be superior to single hypoxia-sensing modules of the 9xHRE

cassette or ODD, which displayed leakiness in CAR expression (231).

Altogether, these findings may be considered in further studies aimed to improve

PD-L1-CAR safety in breast cancer treatment.
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6. CONCLUSIONS

The main aims of this thesis were to provide the "proof-of-concept" results for the
strategy of targeting obtained PD-L1-CAR-T cells against PD-L1-expressing human breast

cancer cells and to evaluate the safety of the approach in vitro.
The performed studies allow to conclude:

e primary human T cells can be effectively modified to express PD-L1-CAR by both
MRNA electroporation and lentiviral transduction methods;

e in contrast to unmodified primary T cells, PD-L1-CAR-T cells do not express PD-L1
protein on their surface following the stimulation;

e PD-L1-CAR-T cells recognize the target PD-L1 protein specifically and produce the
inflammatory cytokines following the target recognition;

e PD-L1-CAR-T cells have an improved ability to specifically eliminate breast cancer
cells constitutively expressing the PD-L1 protein;

e PD-L1-CAR-T cells can trigger the PD-L1 expression in the majority of initially PD-
L1-negative malignant and non-malignant cells;

e PD-L1-CAR-T cells exhibit enhanced cytotoxicity against both malignant and non-
malignant cells which have the ability to upregulate PD-L1 expression;

e the self-amplifying mechanism of PD-L1-CAR-T cells action potentially increases
the approach effectiveness and universality allowing for the elimination of not
only tumor cells, but also the cells composing the tumor microenvironment;

e the self-amplifying mechanism of PD-L1-CAR-T cells action poses the risk of
increased toxicity towards non-malignant cells surrounding the tumor and

therefore requires the significant improvement of the safety of the approach.

Altogether, the results obtained within this study suggest that targeting PD-L1 molecule
using CAR-T cells can be a promising strategy in breast cancer treatment. However, this
approach requires further optimization in order to obtain improved safety and thus
prevent the PD-L1-CAR-T cell cytotoxicity against non-malignant cells surrounding the

treated tumor.
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