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Editorial on the Research Topic

Anti-tumor activity of cytotoxic immune cells: basic research and
clinical perspectives

Immunotherapy has become an important strategy for the treatment of cancers.
Currently available cancer immunotherapies include monoclonal antibodies, bispecific T
cell engagers, tumor vaccines, T cells modified with chimeric antigen receptors (CAR-T),
and immune checkpoint inhibitors (ICIs). In the vast majority of cases, current
immunotherapy is based on the engagement of cytotoxic cells. This Research Topic
explores T cell activity regulation and the use of cytotoxic T cell and NK cell-based
methods in cancer treatment through a compilation of experimental and review articles. It
covers studies on pathways governing T cell activation, the mechanisms orchestrating inter
and intra-cellular communication among T cells and the tumor microenvironment (TME),
and the prognostic significance of distinct T cell subpopulations across diverse cancer types.
Additionally, the effective utilization of cytotoxic T cells and NK cells for cancer
immunotherapy, specifically by leveraging monoclonal antibodies, ICIs, and CAR-T cells
is discussed. Furthermore, insights derived from clinical trials evaluating the efficacy of
cancer immunotherapies are presented. These contributions furnish important
perspectives to the dynamic landscape of cancer treatment.

Three articles focus on the functional aspects of T cell activity. Firstly, Monticone et al.
present an original paper introducing a novel immunosuppressive pathway within T cells. This
pathway, involving adenosine receptor A2AR, Cbl-b, and Notchl, acts as a distinct immune
checkpoint in the TME, modulating T cell responses. The authors demonstrate that enhancing
Notchl1 signaling, by impeding Cbl-b-mediated degradation, substantially boosts anti-cancer T
cell responses, providing an innovative immunotherapeutic strategy with potential selectivity for
T cells over cancer cells. The review article by Zhou et al. focuses on T cell-derived exosomes. It
explores the dual effects of CD8 and CD4 T cell-derived exosomes on tumor progression, with
insights into modifying exosome surfaces for therapeutic intervention. The role of regulatory
T cells (Tregs)-derived exosomes in tumor immune escape is also discussed, suggesting novel
cancer immunotherapy through targeting of Treg-derived exosomes. The review also points to
engineered T cell-derived exosomes as a potential drug delivery system with high stability and
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low immunogenicity. Finally, the article by Moussawy et al. reviews the
non-cytotoxic functions of CD8 T cells, including their role in cancer
immunotherapy, in particular in anti-tumoral vaccination. Addressing
weak immunogenicity of tumoral antigens, the article describes how
bystander CD8 T cells enhance the anti-tumoral effect of dendritic cell-
based vaccines, suggesting their role as potent adjuvants.

The two subsequent original papers focus on detecting specific
tumor-infiltrating lymphocytes (TILs) subpopulations in certain types
of cancer, exploring their prognostic functions and discussing their
potential impact on immunotherapy efficacy. In Vlaming et al.‘s article,
a rare CD8 T cell subpopulation expressing CD103/TIM-3/CXCL13
markers was found to be associated with improved survival of epithelial
ovarian cancer patients. TIM-3/CD8/CD103-positive T cells can serve
as a prognostic marker for epithelial ovarian cancer patients and as a
target population for reactivation by immunotherapeutics. The article
by Zhou et al. focuses on the quantitative evaluation of Tregs in
nasopharyngeal cancer. Tregs play a crucial role in suppressing
antitumor immunity in the TME. The study outlines the infiltrating
profile and spatial distribution of TILs in nasopharyngeal cancer,
examining the prognostic value of TILs composition, spatial
architecture, and PDLI expression on TILs subpopulations in a large
cohort of nasopharyngeal cancer patients. Increased infiltration of
Tregs, especially PDL1+ Tregs, near tumor cells and CTLs correlates
with unfavorable outcomes, highlighting the crucial role of dynamic
intercellular interactions between heterogeneous T cell subtypes in
disease progression. The findings suggest that PDL1+ Tregs interact
with CTLs via the PD1/PDLI axis, mediating CTL dysfunction and
enhancing immune suppression, with implications for future clinical
investigations and immunotherapy in nasopharyngeal cancer patients.

Finally, four articles focus on harnessing cytotoxic T and NK
cells for cancer immunotherapy. The review article by Dabkowska
et al. presents advancements in cancer immunotherapies targeting
CD20. It highlights the revolutionary impact of CD20-targeting
immunotherapies like rituximab and further discusses novel
advancements such as bispecific T cell engagers and CAR-T cells.
The article focuses mainly on CD20-targeting immunotherapeutics
that are clinically approved or tested in clinical trials. The article by
Singh et al. presents promising safety results from a phase 1 clinical
trial involving non-virally modified CAR-T cells, employing the
sleeping beauty transposon-based approach. This innovative T cell
modification strategy, characterized by shortened manufacturing
time, demonstrates both safety and cost-effectiveness, offering
promising antitumor activity, particularly beneficial in the context
of solid tumor immunotherapy. The article by Tomasik et al.
provides an in-depth overview of FDA-approved 2nd generation
CAR-T cell products and explores the advancements in 3rd and
next-generation CAR constructs, summarizing initial results of
clinical trials. Although 3rd-generation CAR-T cells,
incorporating two costimulatory domains in their CAR
constructs, exhibit improved expansion and persistence, their
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response rates are similar to conventional CAR-T therapies.
Ongoing clinical trials investigate various additional approaches,
including immune checkpoint modulation, cytokine secretion,
safety-switch mechanisms, and genetically edited CAR-T cells.
Some of these innovative solutions demonstrate promising
potential, achieving response rates of up to 100%, however, they
still await evaluation in bigger patient cohorts. Additionally,
CRISPR-KO technologies contribute to the development of off-
the-shelf CAR-T cells by knocking out TCR and MHC molecules,
offering cost and time-saving advantages. Ongoing trials will
evaluate their efficacy, safety, and potential concerns, such as
susceptibility to natural killer cell-mediated cytotoxicity. As the
authors suggest, the strategic combination of efficacy enhancers
with safety switches emerges as a rational approach, pending in-
depth analysis and comprehensive trial results. Finally, a
comprehensive review article by He and Hu focuses on the
progress in utilizing ICIs for small-cell lung cancer. ICIs
monotherapy and combination therapy have become established
as standard options for small-cell lung cancer patients, with
ongoing research aiming to further improve ICI immunotherapy
by investigating novel combination strategies involving
chemotherapeutics and radiation treatment. The article addresses
current limitations and explores prospects for future developments,
marking significant progress in both first- and third-line treatments
for small-cell lung cancer patients.

In conclusion, the research outlined in these articles
underscores the dynamic progress and potential avenues within
cytotoxic cell-based cancer immunotherapies.

Author contributions

ME: Conceptualization, Writing — original draft, Writing -
review & editing. MW: Writing - review & editing.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1001129
https://doi.org/10.3389/fimmu.2022.1031746
https://doi.org/10.3389/fimmu.2022.1015283
https://doi.org/10.3389/fimmu.2024.1363102
https://doi.org/10.3389/fimmu.2024.1363102
https://doi.org/10.3389/fimmu.2022.1032397
https://doi.org/10.3389/fimmu.2022.1034707
https://doi.org/10.3389/fimmu.2023.1126582
https://doi.org/10.3389/fimmu.2024.1428565
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

? frontiers ‘ Frontiers in Immunology

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Magdalena Winiarska,
Medical University of Warsaw, Poland

REVIEWED BY
Demin Li,

University of Oxford, United Kingdom
Doriana Fruci,

Bambino Gesu Children’s Hospital,
(IRCCYS), Italy

*CORRESPONDENCE
Lucio Miele
Imiele@lsuhsc.edu

SPECIALTY SECTION
This article was submitted to
Cancer Immunity

and Immunotherapy,

a section of the journal
Frontiers in Immunology

RECEIVED 06 July 2022
AccepTED 08 August 2022
PUBLISHED 26 August 2022

CITATION
Monticone G, Huang Z, Csibi F, Leit S,
Ciccone D, Champhekar AS, Austin JE,
Ucar DA, Hossain F, Ibba SV,

Boulares AH, Carpino N, Xu K,
Majumder S, Osborne BA, Loh C and
Miele L (2022) Targeting the Cbl-b-
Notchl axis as a novel
immunotherapeutic strategy to boost
CD8+ T-cell responses.

Front. Immunol. 13:987298.

doi: 10.3389/fimmu.2022.987298

COPYRIGHT

© 2022 Monticone, Huang, Csibi, Leit,
Ciccone, Champhekar, Austin, Ucar,
Hossain, Ibba, Boulares, Carpino, Xu,
Majumder, Osborne, Loh and Miele. This
is an open-access article distributed
under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction
in other forums is permitted, provided
the original author(s) and the
copyright owner(s) are credited and
that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is
permitted which does not comply with
these terms.

Frontiers in Immunology

TvPE Original Research
PUBLISHED 26 August 2022
p0110.3389/fimmu.2022.987298

Targeting the Cbl-b-Notchl axis
as a novel immunotherapeutic
strategy to boost CD8+

T-cell responses

Giulia Monticone®, Zhi Huang®, Fred Csibi? Silvana Leit?,
David Ciccone? Ameya S. Champhekar?, Jermaine E. Austin®,
Deniz A. Ucar?, Fokhrul Hossain*, Salome V. Ibba®,

A. Hamid Boulares®, Nicholas Carpino®, Keli Xu’,

Samarpan Majumder?, Barbara A. Osborne?,

Christine Loh? and Lucio Miele™

*Department of Genetics, Louisiana State University Health Sciences Center, New Orleans,

LA, United States, 2Nimbus Therapeutics, Cambridge, MA, United States, *Department of Microbiology,
Immunology and Molecular Genetics, University of California, Los Angeles, CA, United States,
“Department of Biology, University of Virginia, Charlottesville, VA, United States, *°Department of
Interdisciplinary Oncology, Louisiana State University Health Sciences Center, New Orleans,

LA, United States, ®Department of Microbiology and Immunology, Stony Brook University, Stony Brook,
NY, United States, “Department of Neurobiology and Anatomical Sciences, University of Mississippi
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A critical feature of cancer is the ability to induce immunosuppression and
evade immune responses. Tumor-induced immunosuppression diminishes
the effectiveness of endogenous immune responses and decreases the
efficacy of cancer immunotherapy. In this study, we describe a new
immunosuppressive pathway in which adenosine promotes Casitas B-
lineage lymphoma b (Cbl-b)-mediated Notchl degradation, causing
suppression of CD8+ T-cells effector functions. Genetic knockout and
pharmacological inhibition of Cbl-b prevents Notchl degradation in
response to adenosine and reactivates its signaling. Reactivation of Notchl
results in enhanced CD8+ T-cell effector functions, anti-cancer response
and resistance to immunosuppression. Our work provides evidence that
targeting the Cbl-b-Notchl axis is a novel promising strategy for
cancer immunotherapy.
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Introduction

Tumor-induced immunosuppression is a hallmark feature of
cancer which allows tumors to evade immune surveillance and
progress (1). This is a major challenge for endogenous anti-
cancer immune responses as well as for the successful
application of cancer immunotherapies (2). Therefore, there is
a critical need for novel cancer immunotherapies that can not
only boost the immune response, but also overcome tumor-
induced immunosuppression.

Tumors achieve immunosuppression in different ways,
including production of immunosuppressive molecules,
recruitment of suppressive immune cells and formation of
physical barriers to immune infiltration (3). Among these
strategies, overproduction of adenosine, an ATP metabolite, plays
a major part in suppressing immune responses in the tumor
microenvironment (4). Adenosine modulates the immune
response by activating transmembrane G-protein coupled
receptors (GPCRs) expressed on the membrane of immune cells
(5, 6). Several studies have shown that adenosine suppresses CD8+
T-cells by activating the adenosine A2A receptor (A2AR) and
blocking A2AR with selective antagonists results in enhanced
anti-cancer immune responses (4, 7-9). Our group has shown
that A2AR activation leads to downregulation of Notchl, a key
regulator of T-cell effector functions (7). Notchl signaling is
triggered by T-cell receptor (TCR) activation and modulates T-
cell effector functions by regulating proliferation and production of
cytokines, including y-interferon (IFN-y) and Granzyme B (GNZB)
(10-14). In line with the role of Notch1 in stimulating effector T-cell
functions, exogenous expression of Notchl in CD8+ T-cells
enhances anti-cancer T-cells responses and render T-cells
resistant to immunosuppression in the tumor microenvironment
of lung carcinoma and thymoma (15). On the contrary, inhibition
of Notchl activation with gamma-secretase inhibitors (GSI) has
been shown to suppress T-cell activation, reduce proliferation and
cytokine production (16-18). These findings suggest that Notch1 is
a potential target to control tumor-induced immunosuppression.

Notch receptors are heterodimeric transmembrane proteins
consisting of a large extracellular domain for ligand binding and
a transmembrane domain. Upon binding to ligands presented
on adjacent cells, the extracellular subunit dissociates from the
transmembrane subunit, which the undergoes proteolytic
cleavages mediated by ADAMI10 and gamma-secretase,
respectively. This releases the Notch intracellular domain
(NICD) which will translocate into the cell nucleus, form a
complex with co-activators and activate transcription of target
genes (19, 20). Notch signaling can also be regulated in a ligand-
independent manner (21-23). Ligand-independent endocytic
regulation of Notch is of particular importance in Drosophila
(24-26), as well as, in mammalian T-cells, where TCR activation
triggers ligand-independent activation of Notchl (10, 12, 13).
Several studies have reported that different ubiquitin ligases are
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involved in the ligand-independent regulation of Notch in
Drosophila (24, 26, 27). However, it is yet unknown which and
how ubiquitin ligases are involved in regulating Notchl in
T-cells.

Casitas B-lineage lymphoma b (Cbl-b) is an E3 ubiquitin
ligase that has been identified as an important negative
regulator of TCR signaling cascade. Cbl-b controls the
threshold of T-cell activation and T-cell anergy (28, 29). Cbl-
b has been implicated in the degradation of surface receptors in
coordination with the Tyr-phosphatase Suppressor of T-cell
receptor signaling 1 (STS-1 or UBASH3B), another negative
regulator of TCR signaling (30-32). Cbl-b deficiency in T-cells
has been associated with enhanced T-cell function and anti-
tumor potential. Indeed, Cbl-b deficient T-cells have a lower
activation threshold and can be stimulated in the absence of
CD28 co-stimulation (29). Mice lacking Cbl-b reject tumors
because of increased T-cell and NK cell immune responses
(33-35) and depletion of Cbl-b inhibits exhaustion in CD8+ T-
cells and CAR-T cells (36).

Tumor-induced immunosuppression, including adenosine-
mediated suppression of T-cells, poses a major limitation to the
efficacy of cancer immunotherapy. To identify new effective
immunotherapeutic strategies to overcome tumor-induced
immunosuppression, here we investigated the
immunosuppressive pathway regulating Notchl downstream
of A2AR and strategies to target this pathway to enhance T-
cell anti-tumor responses. Our results identified a new
regulatory axis in which adenosine, via A2AR, promotes Cbl-
b-mediated Notch1 degradation, causing immunosuppression in
CD8+ T-cells. We showed that genetic KO and pharmacological
inhibition of Cbl-b prevents Notchl degradation in response to
adenosine and reactivates its signaling, thus resulting in
enhanced CD8+ T-cell effector functions, anti-cancer response
and resistance to immunosuppression. Our findings indicate
that the Cbl-b-Notchl axis is a novel promising target for
cancer immunotherapy.

Materials and methods
Mice

C57BL/6 and FVB mice (6-8 week-old) were purchased from
The Jackson Laboratory (Bar Harbor, ME) and housed in
specific pathogen-free conditions in a 12h light/12h dark cycle
with food and water available ad libitum. For isolation of CD8+
T-cells, spleens and lymph nodes were aseptically harvested
post-euthanasia. For the orthotopic TNBC models 2x10/6
million C0321 or M-WNT cells were injected into the 4th
mammary fat pad of C57BL/6 or FVB mice, respectively. For
the syngeneic colon adenocarcinoma model, 2.5x10A5 MC-38
were injected subcutaneously in C57BL/6 mice. All experiments
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involving mice were approved by the Institutional Animal Care
and Use Committee (IACUC) at LSUHSC (New Orleans, LA).

Cell lines

C0321 and M-WNT TNBC cell lines were developed as
described in Zhang, (37), Zhang, (38) and Dunlab, (39). MC-38
colon adenocarcinoma cell line and 293T cells were purchased
from ATCC (Manassas, VA). C0321 and 293T cells were cultured
in DMEM and M-WNT and MC-38 cells in RPMI. Both media
were supplemented with 10% fetal bovine serum, 4 mM L-
Glutamine, 50 U/ml penicillin and 50 pg streptomycin (Gibco).

Primary CD8+ T-cells

CD8+ T-cells were aseptically isolated from the spleen and
lymph nodes of C57BL/6 or FVB (6-8 weeks old) mice using the
negative selection Easysep mouse CD8+ T-cell isolation kit
(StemCell Technologies) according to the manufacturer’s
instructions. Spleens and lymph nodes from Cbl-b KO
(Cbl-b ) were kindly provided by Dr. J. Chiang [NCI-NIH;
(29)] and STS-1/STS-2 double KO (STS-1 7”STS-2 ") by Dr. N.
Carpino [Stony Brook University; (31)]. CD8+ T-cells were
cultured in RPMI supplemented with 10% fetal bovine serum,
4 mM L-Glutamine, 50 U/ml penicillin, 50 pg streptomycin and
50 uM 2-mercaptoethanol. The cells were activated in plates
coated with anti-mouse CD3e and anti-mouse CD28 antibodies
(1 ug/ml, BD Biosciences) for up to 72h.

CRISPR-Cas9 Notchl KO CD8+ T-cells

Mouse pan T-cells were isolated from C57BL/6 mouse
spleens and immediately subjected to electroporation. crRNAs
targeting the gene of interest were mixed with tracrRNA in 1:1
ratio and annealed at 95°C for 5min. 300pmol of crRNA:
tractrRNA (IDT) duplex were combined with 100pmol Cas9
(IDT) and incubated at room temperature for at least 15min to
generate Cas9/gRNA RNP. 1-5 x 1076 mouse T cells were
collected by centrifuging at 300g for 5min and re-suspended in
100ul mouse T-cell Nucleofector® Solution (Lonza). Cell
suspensions were mixed with Cas9/gRNA RNP and
transferred in cuvettes for electroporation with the
Nucleofector 2b device (Lonza). Program X-001 was used for
electroporation. 500ul Pre-warmed IL-2-containing (10ng/ml)
complete T-cell medium (RPMI with 10% FBS, 2 mM
GlutaMAX, 1 mM sodium pyruvate, 0.1 mM nonessential
amino acids, 55 UM B-mercaptoethanol, 100 U/ml
penicillin,100 pg/ml streptomycin, and 10 mM Hepes) was
added immediately into the cuvette after electroporation and
cells were gently transferred to a 12-well plate prefilled with
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1.5ml pre-warmed complete T-cell medium containing IL-2 in
each well and cultured in 37°C with 5% CO2. Mouse T-cells were
then activated with anti-CD3/anti-CD28 for 5h after
electroporation, in complete T-cell medium supplemented
with IL-2. Transfection efficiency was evaluated 3 days post-
electroporation and positively edited T-cells were sorted on the
basis of surface Notch expression level. Cells were then cultured
in complete T-cell medium containing IL-2 and IL-7 (10ng/ml)
for a week. We used the following crRNA targeting mouse
Notchl, 5-TTGAGATGCTCCCAGCCAAG-3’, which was
validated in Sawangarun et al. (40).

Tumor-derived organoids and imaging

Organoids were derived from C0321, M-WNT or MC-38
tumors in FVB and C57BL/6 mice. To establish organoids
cultures, tumors were minced and digested at 37°C in FBS-free
DMEM/F12 Glutamax containing 1mg/ml type IV collagenase
(Gibco). Digested tumors were passed through a 100 um and a
70 um strainer to isolate organoids of 70-100 pum in size. The
organoids were resuspended in type I rat tail collagen gel (Gibco)
and plated in 8-well chambered coverslips (u-slide 8 well, Ibidi).
The organoids cultures were hydrated with DMEM/F12
Glutamax supplemented with 5% FBS, 50 U/ml penicillin and
50 pg streptomycin. Treatments were added directly into the
medium after plating the organoids-collagen cultures. Cells in
organoids were stained using CellTracker ' Red CMTPX
(cytosol, Invitrogen) and Hoechst 33342 (nucleus, BD
Biosciences), and dead cells were labelled using a cell
membrane impermeable nucleic acid dye, NucGreen'" Dead
488 ReadyProbesTM (Invitrogen). Infiltrating CD8+ T-cells were
stained in organoids using rat anti-mouse CD8c. PE-conjugated
antibody (Clone 53-6.7, BD biosciences). For CD8-Notch1 co-
localization experiments, organoids were fixed in 2% formalin,
permeabilized in 0.2% Triton and block with 2.5% goat serum
and Fc block (BD Biosciences). CD8+ T-cells were stained with
rat anti-mouse CD8o. PE-conjugated antibody (Clone 53-6.7,
BD biosciences) and Notchl with rabbit anti-Notch1 (D6F11,
Cell Signaling Technology) primary antibody, and goat anti-rat
Texas Red (Invitrogen), goat anti-rabbit Alexa Fluor 488
(Invitrogen) secondary antibodies, respectively. Cell nuclei
were stained using DAPI.

Organoids were imaged at day 0-6 using a BZ-x800 microscope
(Keyence) with 4x, 20x or 60x objectives. To measure the size of
organoids over time, bright field images of a given organoid were
taken at day 0, 4 and 6 of culture using the multi-point tool of BZ-
%800, which allows to save a specific position in the culture plate.
The area of the organoids was measured using Image]J. To quantify
cell death in organoids, the area positive for dead cell staining was
measured and normalized by the total area of organoids using the
BZ-x800 analyzer software; or the fluorescence intensity of the dead
cell staining was measured and normalized by the area of the
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organoids using Image]J. The same method was used to quantify the
infiltration of CD8+ T-cells, by measuring the CD8+ area/
fluorescence intensity and normalizing by the total organoid area.
To quantify the co-localization between Notchl and CD8, Notchl
fluorescence intensity was measured within the CD8+ areas of at
least three different images per sample using Image]. Full co-
localization fluorescence intensity was set to a value of 100 and
the fluorescence intensity values obtained were expressed in
percentages accordingly. Images were processed using the BZ-
x800 analyzer software. For clarity, we reduced the threshold
intensity of Notchl staining in organoids to highlight Notchl
staining in CD8+ T-cells, which is more focused and intense
compared to the staining in surrounding cancer and stroma cells.
The threshold-adjusted images are presented in Figure 6C, whereas
the original images are presented in Supplementary Figure 7B.

For flow cytometry analysis, organoids were dissociated into
single cells at 37°C in FBS-free DMEM/F12 Glutamax
containing Img/ml type IV collagenase (Gibco). Cells were
stained for viability using the Fixable Viability Stain 780
(FVS780, BD biosciences) for 10min in PBS at RT, surface
stained with anti-CD45 (FITC rat anti-mouse, clone 30-F11,
BD biosciences), CD3 (BV421 hamster anti-mouse, clone 145-
2C11 RUO, BD biosciences), CD8 (BV711 rat anti-mouse, clone
53-6.7 RUO, BD biosciences) in PBS at 4°C, fixed with 2%
formaldehyde for 20min at 4°C, permeabilized using the Perm/
Wash buffer of the Transcription Factor Buffer Set (BD
biosciences) and intracellularly stained with anti-IFN-gamma
(PE-CF594 rat anti-mouse, clone XMG1.2 RUO, BD
biosciences). Flow cytometric analysis was performed using
Gallios cytometer (Beckman Coulter). Results were analyzed
using Kaluza software (Beckman Coulter) and CD8+ IFNg+ cells
were identified by gating for live cells, CD45+ and CD3+.

Compounds and potency studies

A2AR agonist, CGS-21680, and antagonist, ZM-241385,
were purchased from Tocris. Cbl-b inhibitors, NTX-512, NTX-
447 and NTX-307, were produced by Nimbus Therapeutics. TR-
FRET was used to assess the potency of the compounds. Briefly,
recombinant human Cbl-b (aa 36-427) was expressed in E. coli,
purified and biotinylated in vitro. Recombinant human Src (aa
254-536)-Zap-70 (aa 281-297) fusion protein was expressed in E.
coli and purified. Recombinant human UBE2D2(C85K) was
expressed in E. coli, purified, ubiquitinated and BODIPY
labelled in vitro. The compounds were dissolved in DMSO
(typically at 10-20mM), and a ten-point half log dilution series
was prepared using acoustic dispensing. The assay was
performed by adding Cbl-b enzyme and Src-Zap/ATP
(enzyme reaction) in the presence of UBE2D2(C85K)-Ub-FL-
BODIPY, Streptavidin-Tb (binding reaction). The assay signal
was measured at 520nm on an Envision plate reader, with
reference signal at 620nm. Data was normalized using high
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and low assay controls: % Inhibition =100-(100*((high control) -
unknown)/(high control - low control)). A 4-parameter dose-
response equation was used to fit the normalized dose-response
data and derive an IC50 for the compounds.

Constructs and transfection

The constructs used were as follows: all HA-tagged Cbl-b
constructs were a gift from Dr. Stanley Lipkowitz (41, 42) while
the His-tagged ubiquitin construct was from Dr. Dirk Bohman
(43). NTM and all Myc-tagged Notchl deletion constructs have
been previously described (44, 45). Lipofectamine 3000
(Invitrogen) was used to transfect 293T cells following the
manufacturer’s instructions.

Luciferase reporter assay

Luciferase assays were performed using the Dual Luciferase
assay kit (Promega). 293T cells were transfected with Notch and
Cbl-b constructs as indicated. All cells received a Hes-luciferase
construct and a Renilla luciferase expression vector (pRL-CMV).
Cells were cultured for 48 hours, harvested and lysates were
made as per the manufacturer’s protocol. Reporter gene
transcription was measured using a luminometer.

Immunoprecipitation and western blot

Primary CD8+ T-cells were lysed in RIPA lysis buffer (Santa
Cruz Biotechnology) for western blot or in Pierce IP lysis buffer
(Thermo Fisher) for IP, supplemented with 1 mM Protease
Inhibitor Cocktail (Thermo Fisher), 1 mM PMSF and 1 mM
sodium orthovanadate. For IP, lysates were pre-cleared using
Pierce Protein A/G Magnetic beads (Thermo Fisher) for 1 hour.
Pre-cleared lysates were incubated over night at 4°C with end-
over-end rotation with 2 ug of anti-Notchl (D1ElIl, Cell
Signaling) or anti-Cbl-b (G1, Santa Cruz Biotechnology) or
rabbit IgG control antibody (Thermo Fisher). Pierce Protein A/
G Magnetic beads (Thermo Fisher) were added and incubated for
1 hour at room temperature with end-over-end rotation. The
beads were washed three times with lysis buffer and two times
with deionized water at RT, resuspended in 2X Laemmli sample
buffer (Biorad) and incubated at 95°C for 5 minutes to elute the
immunoprecipitated proteins. For mass spectrometry, IP samples
were prepared using Pierce MS-compatible Magnetic IP kit
(Thermo Fisher) according to the manufacturer’s instructions.

293T cells were transfected with constructs as indicated,
cultured for 48 hours and lysates were prepared using a lysis
buffer containing 50 mM Hepes (pH 7.8), 1% NP-40, 250 mM
NaCl, Pefabloc (0.125 mM, Fluka) and approximately 1 mg of
protein was used per IP. For the ubiquitination assay, the
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proteosomal inhibitor lactacystin (20 pM, Kamiya Biomedical
Corp.) was added to the culture media for 8 hours before
preparing protein lysates with the above lysis buffer
supplemented with N-Ethylmaleimide (25mM, Sigma). Lysates
were pre-cleared using Protein G Sepharose beads (GE
Healthcare) for 1 hour at 4°C and, depending upon the
experiment, 4-6 pg of anti-Notchl (C-20, Santa Cruz
Biotechnology), anti-HA tag (Cell Signaling) or rabbit IgG
control antibody (Santa Cruz Biotechnology) was added to
pre-cleared lysates. After incubating on ice for 2 hours, 30 pl
of Protein G Sepharose beads were added per tube and incubated
for 1 hour at 4°C with end-over-end rotation to pull down
antigen-antibody complexes. Beads were washed thoroughly
with lysis buffer at RT, resuspended in 2X Laemmli sample
buffer (Biorad) and incubated at 95°C for 5 minutes to elute the
immunoprecipitated proteins.

For Western blotting, protein lysates were resolved on 4-15%
or 7.5% SDS-PAGE gels (Biorad) and transferred on to PVDF
membranes (Millipore). Blots were incubated overnight with
primary antibody diluted in Intercept blocking buffer (Licor).
The next day, blots were incubated with an appropriate HRP-
conjugated secondary antibody for chemiluminescence
detection, or with IRDye fluorescent secondary antibodies
(Licor) for fluorescence detection, for 1 hour at RT. Proteins
were visualized by developing the blots with ECL reagent
(Biorad) or imaged on an Odyssey scanner (Licor). The
following primary antibodies were used for Western blot in
this study: anti-Notchl (D1E11, Cell Signaling, or mNI1A,
Novus, or C-20, SCBT) for Notchl full length and cleaved
forms; anti-cleaved Notchl Val1744 (D3B8, Cell Signaling or
PA5-99448, Invitrogen-Thermofisher) for NICD; anti-Cbl-b
(G1, Santa Cruz Biotechnology or 12781-1-AP, Proteintech);
anti-STS-1 (19563-1-AP, Proteintech); anti-B-actin (AC-15,
SCBT); anti-phospho-Tyr (PY99, STCB); anti-HA tag (Clone
6E2, Millipore).

Mass spectrometry

Mass spectrometry analyses was performed by Dr. Samuel
Mackintosh’s team as part of the IDeA National Resource for
Quantitative Proteomics Voucher program. The samples were
trypsin-digested and analyzed through data independent
acquisition (DIA) quantitative proteomic platform in an
Orbitrap Exploris 480 mass spectrometer.

ELISA assay

Cytokine production was measured in supernatants of
primary CD8+ T-cells activated and treated as explained
above, using ELISA kits (Invitrogen) according to the
manufacturer’s instructions.
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Proliferation assay

Proliferation was measured by labelling primary CD8+ T-
cells with 1 M carboxyfluorescein diacetate succinimidyl ester
(CFSE, Thermo Fisher) for 10 min at 37°C before activation
and treatments. CFSE fluorescence was measured by flow
cytometric analysis on a Gallios cytometer (Beckman
Coulter) and data analyzed using Kaluza software
(Beckman Coulter).

Statistics

Two-tailed unpaired Student’s t-test was used for pairwise
comparisons between two groups and one-way ANOVA with
Bonferroni correction for multiple comparisons was used for
comparisons between multiple groups. P values <0.05 were
considered significant.

Results

A2AR modulates Notchl degradation and
T-cell functions in CD8+ T-cells

Our previous work showed that A2AR activation by
adenosine downregulates Notchl in CD8+ T-cells (7).
However, how A2AR regulates Notchl is still unknown. In
our previous study, we did not observe effects of A2AR
activation on Notchl mRNA (7), suggesting that Notchl
downregulation may occur at the protein level. Therefore, we
hypothesized that Notchl downregulation by A2AR activation
was the result of increased protein degradation. To test this idea,
we isolated primary CD8+ T-cells from mouse spleens, activated
with anti-CD3/CD28, and treated the cells with the selective
A2AR agonist CGS-21680 (CGS), which mimics the effect of
physiological adenosine and activates A2AR, and the selective
A2AR antagonist, ZM-241395 (ZM), which blocks A2AR. We
observed that Notchl full length (NIFL), transmembrane
Notchl (N1TM) as well as the cleaved, transcriptionally active
form of Notchl (NICD) were downregulated in CD8+ T-cells
treated with CGS, whereas the A2AR antagonist ZM rescued
CGS-mediated downregulation (Figure 1A). To test whether
Notchl downregulation by CGS was the result of increased
protein degradation, Notchl was immunoprecipitated and
ubiquitination was detected. We observed that CGS
dramatically increased the ubiquitination of Notchl, compared
to untreated and ZM-treated CD8+ T-cells (Figure 1B). To
confirm that increased ubiquitination was related to more
degradation, we treated CD8+ T-cells with the protein
synthesis inhibitor Cycloheximide (CHX) and detected Notchl
protein levels at different time points. We found that Notch1 was
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decreased more rapidly in CGS treated CD8+ T-cells (Figure 1C
and Supplementary Figure 1), further suggesting that A2AR
activation promotes Notchl degradation. Finally, we confirmed
that A2AR activation results in immunosuppression. We
observed that CGS decreased proliferation and IFN-gamma
production, which is a transcriptional target of Notchl (12,
13), in CD8+ T-cells (Figure 1D).

Several studies have shown that A2AR blockade with
selective antagonists results in enhanced T-cell function and
anti-tumor activity (4, 8, 9). Consistently, we observed that the
A2AR antagonist ZM reverses Notchl degradation and CGS-
induced suppression of T-cell functions (Figures 1A-D),
indicating that rescuing Notchl from degradation promotes
activation of T-cell function including proliferation and
cytokine secretion. We also asked if restoring Notchl in CD8+
T-cells, by blocking A2AR, promotes anti-tumor immunity. To
test this idea, we generated tumor-derived organoids from a
syngeneic Triple-Negative-Breast Cancer (TNBC) model, C0321
(37, 38), treated with ZM or CGS. Tumor-derived organoids are
clusters of cells which contain all cell types present in the original
tumor, including cancer cells, infiltrating immune cells and
stroma cells and are a reliable ex vivo system that recapitulates
the features of the original tumor and its microenvironment (46,
47). Remarkably, we found that more CD8+ T-cells were positive
for Notchl in ZM-treated organoids than in controls (Figure 2A)
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and ZM-treated organoids displayed increased IFN-gamma
production, higher infiltration and clusters of CD8+ T-cells
surrounding cancer cells, instead of the dispersed organization
of T-cells observed in control organoids (Figure 2A and
Supplementary Figure 2A). This pattern of Notchl positive
CD8+ T-cells associated with increased anti-tumor effect, as
ZM treatment significantly suppressed tumor organoid growth
and increased cancer cell death compared to control and CGS-
treated organoids (Figures 2B, C). In addition, ZM was only
effective in organoids derived from immunocompetent mice, but
not from immunocompromised athymic Nu/Nu mice,
consistent with the finding that the anti-tumor effect of ZM is
immune-mediated (Figure 2C and Supplementary Figure 2B; 4,
8, 9). Taken together, our results indicate that A2AR activation
suppresses CD8+ T-cells function, at least in part, through
promoting Notchl degradation, and A2AR blockade restores
Notchl, T-cell function and anti-tumor potential.

A2AR promotes Cbl-b-mediated Notchl
degradation via STS-1

To determine how Notchl degradation is regulated by
A2AR, we analyzed the protein interactome of Notchl in
activated primary CD8+ T-cells treated with CGS or ZM
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A2AR modulates Notchl degradation and T-cell functions. Primary CD8+ T-cell isolated from the spleen and lymph nodes of C57B16 or FVB
mice were stimulated with anti-CD3/CD28 antibodies and treated with vehicle (control, DMSO) or 1uM ZM-241385 (ZM) or 1uM CGS-21680
(CGS) or ZM+CGS, as indicated in the figure. (A) Protein levels of Notchl full length (N1FL), Notchl transmembrane (N1TM) and Notchl
transcriptionally active form (NICD) in primary activated CD8+ T-cells. (B) Ubiquitinated Notch1 protein levels from Notchl immunoprecipitation
in primary activated CD8+ T-cells. Densitometry (O.D.) results for ubiquitinated Notchl normalized by IP:N1TM are shown below the panel.
Negative control refers to samples immunoprecipitated using beads but not antibody. (C) Notchl protein levels over time in primary activated
CD8+ T-cells in the presence of the protein synthesis inhibitor Cycloheximide (CHX). The plot shows densitometry results of western blots. (D)
Proliferation and production of IFN-y in supernatants from samples of primary activated CD8+ T-cells. The graphs show averages + standard
deviation from three independent experiments. *p < 0.05, **p < 0.01, two tailed T-test with equal variance. Unstimulated cells (Unstim) and
vehicle treated cells (control) were used as controls. B-actin was used to normalize densitometry values.
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A2AR antagonist ZM enhances Notchl-positive T-cell anti-tumor activity. Organoids were derived from a syngeneic TNBC mouse model,
C0321, in FVB mice or immunocompromised athymic Nu/Nu mice and treated with vehicle (control, DMSO) or 1uM ZM-241385 (ZM) or 1uM
CGS-21680 (CGS) or ZM+CGS, as indicated in the figure. (A) Colocalization of Notchl and CD8+ T-cells and production of IFN-gamma in
organoids. (B) Growth of organoids measured over time. (C) Cancer cell death in organoids from immunocompetent vs. immunocompromised
mice. Scale bars length is indicated above each bar (um). The graphs show averages + standard deviation from > 10 organoids from at least
three independent experiments. *p < 0.05, **p < 0.01, two tailed T-test with equal variance. NS, non-significant.

(Figure 3A). From the mass spectrometry analysis STS-1
appeared as the Notchl-interacting protein that was changed
the most by the treatments and more importantly, in opposite
directions: CGS increased Notchl interaction with STS-1,
whereas ZM decreased this interaction (Figures 3A, B). This
finding was of particular interest because STS-1 is a Tyr-
phosphatase that acts as an important negative regulator of
T-cell activation, but has never been linked with
immunosuppression via adenosine and A2AR. To test whether
STS-1 may control Notchl degradation in response to A2AR
activation, we detected Notchl in STS-1/2 KO CD8+ T-cells
treated with CGS. In line with our hypothesis, we found that
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Notchl was not downregulated in STS-1/2 KO T-cells in
response to CGS treatment (Figure 3C), indicating that lack of
STS-1 prevents A2AR-induced Notchl degradation. We next
asked how STS-1 mediates the degradation of Notchl. Since we
found that A2AR modulates the ubiquitination and degradation
of Notchl (Figure 1), we wanted to test whether STS-1 regulates
Notchl in CD8+ T-cells through a ubiquitin ligase. STS-1 is
known to interact with ubiquitin ligases of the Cbl-family
proteins through its SH3 domain and contribute to the
regulation of target proteins (30-32). We analyzed the
interactome of Notchl in activated primary CD8+ T-cells
using mass spectrometry (Figure 3D) and found that the Cbl-
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A2AR promotes Cbl-b-mediated Notchl degradation via STS-1. Mass spectrometry analysis was carried out in lysates where Notchl was
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immunoprecipitated from primary mouse CD8+ T-cells stimulated with anti-CD3/CD28 and treated with vehicle (control, DMSO) or 1yM ZM-
241385 (ZM) or 1uM CGS-21680 (CGS) or ZM+CGS, as indicated in the figure. (A) Heat map of mass spectrometry analysis of Notchl
interactome. Uniprot IDs of the detected proteins are indicated on the right side of the heat map. Protein abundance is expressed as NSAF log2
fold-change on a color scale from blue to red where blue indicates the lowest and red the highest value, respectively. (B) Volcano plot of
proteins identified in the mass spectrometry in ZM-treated vs. CGS-treated CD8+ T-cells. The X axis indicates fold change (log2) and Y axis the
p-value (-logl10). The dotted lines indicate the cut-off separating proteins with p<0.05 (blue and red dots) from non-significant ones (black dots).
Proteins that are interacting the least with Notchl are shifted to the left of the plot whereas the ones interacting the most are shifted to the
right. The bottom graph shows the interaction between Notchl and STS-1 (protein abundance) from the mass spectrometry analysis. (C) Protein
levels of Notchl, STS-1 and Cbl-b in primary activated CD8+ T-cells isolated from C57BL6 (WT) or STS-1/2 -/- (STS-1/2 KO) mice and treated
with vehicle (control, DMSO) or 1uM CGS. Densitometry (O.D.) results for NITM and Cbl-b normalized by B-actin are shown below the panel.
(D) Top 10 ubiquitin ligases interacting with Notchl ordered by the most to the least interacting based on mass spectrometry results (protein

abundance). The graphs show averages + standard deviation from three independent experiments. **p<0.01, two tailed T-test with equal

variance.

family protein, Cbl-b, was among the top ubiquitin ligases that
interact the most with Notchl. Therefore, we asked whether
STS-1 may promote Cbl-b and, in turn, Notchl degradation.
There is evidence of Cbl-b protein stability being positively
regulated by Tyr-phosphatases (48) and, consistently, we
found that Cbl-b was downregulated in STS-1/2 KO T-cells
(Figure 3C), suggesting that STS-1 may stabilize Cbl-b and in
turn, promote Cbl-b-mediated Notchl degradation.

We then asked whether Cbl-b mediates the regulation of
Notchl. To confirm the interaction between Notchl and Cbl-b
and map the interacting sites, we set up a series of
immunoprecipitation assays using 293T cells transfected with
various Myc-tagged Notchl and HA-tagged Cbl-b constructs
(Figures 4A, B). We tested whether Cbl-b could associate with
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transmembrane Notchl (N1TM) as well as the cleaved,
transcriptionally active form of Notchl (NICD). Cbl-b was pulled
down with both Notch constructs, however, N1TM always showed
slightly higher affinity for Cbl-b than NICD at similar expression
levels (Figure 4A). Next, we attempted to identify the regions
indispensable for Notchl - Cbl-b interaction. First, 293T cells
were transfected with a series of Notchl constructs in which an
increasing amount of the C-terminal region was deleted, along with
the HA-tagged full length Cbl-b construct. Among the various
deletion mutants used, only A2095, a construct that has part of the
transcriptional activation domain (TAD) deleted, did not bind Cbl-
b (Figure 4A). Reciprocal experiments using HA-tagged Cbl-b
deletion mutants revealed that the C-terminal region of Cbl-b is
important for binding Notch1 (Figure 4B). Deletion of the protein

frontiersin.org


https://doi.org/10.3389/fimmu.2022.987298
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Monticone et al.

IP:Notchl

°

[ T = ipchlb (HAtag)

10.3389/fimmu.2022.987298

IB:Cbl-b (HA-tag)

WT  CblbkO

S, oo 1P Noteht
IP: Cbl-b
-
NUACIN G
SIS
L KR PP S
(o] ST S D E S
R §xz§&x&‘&‘\v Notch1 activation $ S
FIIEIIISE o ENY
e Zz *% * %k
- ! = e 100kDa-| " "= | N1TM -
L)
’ 1B:Ubiquitinated s — | B-actin E
175kDa - 2 125 | o~ 2500
Notcht (His-tag) 5 37kDa E)
2
5 100kDa- Col-b L
&
EV

_.I.E. Pioteht
IP: Notchl

FIGURE 4

NITM  NITM + Cbl-

NITM(OD) 1 14
b

Cbl-b ubiquitinates and degrades Notchl. (A, B) Notchl or Cbl-b co-immunoprecipitation in protein lysates from 293T cells were transfected
with various Myc-tagged Notchl and/or HA-tagged Cbl-b constructs, as indicated. (C) Ubiquitinated Notchl protein levels detected upon
immunoprecipitation of Notchl in 293T cells co-transfected with a His-tagged NICD construct and various HA-tagged Cbl-b constructs, as
indicated. (D) Notchl activation in 293T cells measured using the Hes-luciferase reporter gene system. (E) Protein levels of Notchl and IFN-
gamma production in primary activated CD8+ T-cells isolated from C57BL6 (WT) or Cbl-b -/- (Cbl-b KO). Densitometry (O.D.) results for N1TM
normalized by B-actin are shown below the panel. The graphs show averages + standard deviation from three independent experiments. **p <
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kinase binding domain (TKB) at the N-terminus of Cbl-b in mutant
Cbl-b C2/3, did not impair the binding with Notchl, whereas a
mutant consisting of TKB only (Cbl-b N1/3) was unable to pull
down Notch1 (Figure 4B). Lastly, we confirmed that Cbl-b could be
immunoprecipitated with Notchl and STS-1 in primary CD8+ T-
cells (Supplementary Figure 3). These data showed that Cbl-b and
Notch1 associate with each other and a region containing part of the
TAD domain of NICD and the C-terminal region of Cbl-b are
important for this interaction. This is consistent with the
observations that other Notch-targeting ubiquitin ligases bind to
NICD (24) and Cbl-b interacts with its targets and SH3-domain
containing proteins, like STS-1, through its C-terminal region
(41, 49).

As Notchl ubiquitination is increased in CD8+ T-cells in
response to A2AR activation (Figure 1), we asked if Cbl-b
regulates Notchl signaling by directly ubiquitinating Notchl
protein. To do this, 293T cells were transfected with a His-
tagged ubiquitin construct along with Notchl and Cbl-b
constructs (Figure 4C). We detected the presence of
ubiquitinated Notchl only in the cells that were co-
transfected with Notchl and full-length Cbl-b. N- and C-
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terminal deletion mutants, as well as a point mutant of Cbl-b
(C373A) which is deficient in its E3 ligase activity, were unable
to ubiquitinate Notch1 (Figure 4C).

To determine whether Cbl-b-mediated Notchl
ubiquitination leads to Notchl signaling downregulation, we
used a reporter gene assay based on a reporter construct in
which the luciferase gene is placed downstream of a target of
Notchl, the Hes promoter (50). Reporter gene activity was
reduced two- to three-fold when Notchl and Cbl-b were co-
transfected in 293T cells, compared to Notch1 alone (Figure 4D),
indicating that Cbl-b negatively regulated Notch1 signaling. In
agreement with these results, we found that Notchl was
upregulated in Cbl-b KO primary CD8+ T-cells compared to
WT cells (Figure 4E) and led to increased IFN-gamma
production, suggesting that lack of Cbl-b rescues Notchl from
degradation and restores the transcription of its target genes.
Taken together, these results indicate that Cbl-b ubiquitinates
and degrades Notchl and lack of Cbl-b is sufficient to restore
Notchl protein levels and signaling. Our data supports a model
in which A2AR controls, via STS-1, Cbl-b-mediated
Notchl degradation.

frontiersin.org


https://doi.org/10.3389/fimmu.2022.987298
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Monticone et al.

Genetic KO and pharmacologic inhibition
of Cbl-b rescue Notchl and T-cell
functions from A2AR-mediated
immunosuppression

Our data place Cbl-b at the core of an immunosuppressive
pathway connecting A2AR, Notchl and T-cell functions. This is
also consistent with previous work that showed that Cbl-b is a
key negative regulator of T-cell activation (28, 29). Therefore, we
asked if genetic KO or pharmacological inhibition of Cbl-b could
be a strategy to enhance T-cell functions and counteract tumor-
induced immunosuppression by promoting Notchl. We treated
CD8+ T-cells from Cbl-b KO mice with CGS and detected

10.3389/fimmu.2022.987298

Notchl level and IFN-gamma (Figures 5A, B). In agreement
with our hypothesis, we found that CGS did not reduce Notchl
and INF-gamma in Cbl-b KO CD8+ T-cells (Figures 5A, B),
confirming that lack of Cbl-b prevents Notchl downregulation
and, in turn, promotes T-cell function. Considering these results,
we asked if pharmacologic inhibition of Cbl-b could recapitulate
what we observed in Cbl-b KO CD8+ T-cells. To accomplish
this, we tested the effect of novel small molecule investigational
compounds (NTX, Nimbus Therapeutics), designed to inhibit
Cbl-b, in primary CD8+ T-cells. NTX compounds were designed
using a structure-guided approach to inhibit Cbl-b enzymatic
activity. This structure-based approach ensures exquisite
selectivity towards Cbl-b and c-Cbl, another member of the
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Genetic KO and pharmacologic inhibition of Cbl-b rescue Notchl and T-cell functions from A2AR-mediated immunosuppression. (A) Protein
levels of Notchl and (B) IFN-gamma production in primary activated CD8+ T-cells isolated from C57BL6 (WT) or Cbl-b -/- (Cbl-b KO).
Densitometry (O.D.) results for NITM normalized by B-actin are shown below the panel. (C) Protein levels of Notchl in primary activated CD8+
T-cells and treated with Cbl-b inhibitors (1uM NTX-512, NTX-447, and NTX-307) or 1uM ZM-241385 (ZM) or 1uM CGS-21680 (CGS) or
combinations, as indicated in the figure. (D) Proliferation, (E) IFN-y and Granzyme B in primary CD8+ T-cells treated as in (C). (F) IFN-y
production in unmodified or CRISPR-Cas9 Notchl KO primary activated CD8+ T-cells untreated (control) or treated with 1uM NTX-307. The
panel in (F) shows Notchl protein levels in unmodified vs. Notchl KO cells. The graphs show averages + standard deviation from three

independent experiments.
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*p < 0.05, **p < 0.01, ***p < 0.001. two tailed T-test with equal variance. N.S, non-significant.
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Cbl-family of ubiquitin ligases. In this study, we selected three
candidate compounds, NTX-512, NTX-447 and NTX-307,
based on potency. The potency of the compounds to inhibit
Cbl-b was assessed by time-resolved measurement of
fluorescence with fluorescence resonance energy transfer
technology (TR-FRET) (Supplementary Figure 4). Consistent
with our data in Cbl-b KO T-cells, we found that Cbl-b
inhibitors, NTX-512, NTX-447 and NTX-307, rescue both full
length and cleaved forms of Notchl from CGS-mediated
downregulation, suggesting that Cbl-b inhibition prevents
Notchl downregulation (Figure 5C). The effect of Cbl-b
inhibitors on Notchl resulted in rescue of proliferation, IFN-
gamma and Granzyme B (GNZB) production from CGS-
mediated suppression and increased proliferation and
production of cytokines compared to vehicle-treated CD8+ T-
cells (Figures 5D, E). The compounds showed dose-dependent
effect on proliferation and cytokines production and remarkable
potency as indicated by low EC50s both as single agents and
against CGS (Supplementary Figures 5A, B). Importantly, the
compounds did not increase the production of IFN-gamma in
unstimulated CD8+ T-cells, indicating that they only boost the
function of antigen-stimulated CD8+ T-cells (Supplementary
Figure 5C). Finally, Cbl-b inhibitors failed to increase IFN-
gamma production in somatic (CRISPR/Cas9-mediated)
Notchl KO primary CD8+ T-cells, suggesting that the Cbl-b
inhibitor effect on T-cell function is Notchl-dependent
(Figure 5F). These results strongly indicate that Cbl-b
inhibition boosts Notchl and T-cell functions and renders
CD8+ T-cells resistant to A2AR-mediated immunosuppression.

Cbl-b inhibitors enhance CD8+ T-cells
anti-tumor responses as single-agent
and combinatorial immunotherapy with
immune-checkpoint inhibitors

Since Cbl-b inhibition enhances T-cell function and
resistance to A2AR-mediated-immunosuppression, we next
wanted to test whether the effect of Cbl-b inhibition could
translate into increased anti-tumor T-cell responses. In vivo
experiments were not attempted as the pharmacokinetics of
the novel inhibitors is still under investigation. Therefore, to
answer this question, we treated TNBC C0321 tumor-derived
organoids with different concentrations of Cbl-b inhibitors and
analyzed several readouts for anti-tumor activity. We found that
Cbl-b inhibitors significantly induced cell death in organoids in a
dose-dependent manner (Figure 6A). This effect was absent in
organoids derived from immunocompromised atymic Nu/Nu
mice, suggesting that the anti-cancer activity of the compounds
is immunologically mediated (Figure 6A). Concomitantly, we
found that Cbl-b inhibitors-treatment increased the production
of IFN-gamma in infiltrating CD8+ T-cells and in organoids
cultures (Figure 6B, Supplementary Figure 6), a sign of increased
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CD8+ T-cell activation. Lastly, we labeled CD8+ T-cells and
Notchl in organoids and observed a significant infiltration of
Notchl-positive CD8+ T-cells in organoids treated with Cbl-b
inhibitors compare to control organoids (Figure 6C). These
Notchl-positive T-cells were surrounding cancer cells, possibly
establishing immunological synapses for cancer cell killing. We
also confirmed that Cbl-b inhibitors did not affect Notchl in
cancer cell lines, including C0321, and cancer cells in organoids
(Supplementary Figure 7). Overall, our results indicate that Cbl-
b inhibition enhances CD8+ T-cell anti-cancer responses and
show potential as single-agent cancer immunotherapy.

Immune-checkpoint inhibitor therapy is FDA-approved for
the treatment of certain tumors, including TNBC, but only a
limited number of patients benefit from it (51). Therefore, we
tested if Cbl-b inhibitors could enhance the efficacy of anti-PD1/
PDL1 immunotherapy. We treated organoids derived from two
genetically distinct pre-clinical models of TNBC, C0321 and M-
WNT (37-39), and a model of colon cancer, MC38, with Cbl-b
inhibitors (Figure 7). We choose TNBC and colon cancer models
since both tumors are known to have an immunosuppressive
microenvironment (52, 53). The compounds were effective in
inducing cell death in organoids both as single agents and in
combination with anti-PD1/anti-PDL1 (Figure 7). Interestingly, a
marked enhancement of anti-tumor activity was seen when Cbl-b
inhibitors and anti-PDLI were used in combination in all models
(Figure 7), thus highlighting the possibility that these classes of
agents could be used for combinatorial immunotherapy. Our
results show that Cbl-b inhibitors, by inducing Notchl-
dependent CD8+ T-cells responses, have a promising potential
as anti-cancer single-agents and as combinatorial immunotherapy
with checkpoint inhibitors. Overall, Cbl-b inhibition represents a
new immunotherapeutic strategy that could be exploited to
sensitize tumors to anti-cancer T-cell responses and treat
tumors that are refractory to immunotherapy.

Discussion

Tumor-induced immunosuppression is a critical feature of
cancer that allows evasion from the immune system (1). This is a
major challenge for designing effective cancer immunotherapies
that circumvent immunosuppression and provide significant
response rates.

Our work describes a new regulatory pathway that is critical
for tumor-induced immunosuppression in CD8+ T-cells and
demonstrates that targeting this pathway is a promising strategy
to overcome immunosuppression and enhance anti-cancer
responses. We showed that activation of A2AR by adenosine,
promotes Cbl-b-mediated Notchl ubiquitination and
degradation. STS-1 Tyr-phosphatase associates with Notchl in
response to A2AR activation and coordinates Cbl-b-mediated
Notchl degradation (Figure 8). Genetic KO of Cbl-b increases
Notchl levels and signaling. Similarly, pharmacological
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inhibition of Cbl-b results in increased Notch1, T-cell functions,
anti-cancer response and resistance to immunosuppression in
TNBC and colon cancer models. We also provided evidence
illustrating that combination of Cbl-b inhibition and immune-
checkpoint inhibition has enhanced efficacy in the same models.

By identifying the Cbl-b-Notchl axis in CD8+ T-cells, we
showed for the first time a direct link between Cbl-b and
adenosine-mediated immunosuppression, and placed Cbl-b
and STS-1 at the center of Notchl regulation in CD8+ T-cells.
Our findings, suggest that the Cbl-b-Notch1 axis could represent
a new functional immune-checkpoint that dampens T-cell
responses in the tumor microenvironment and that blockade
of this pathway may be a key strategy to overcome tumor-
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induced immunosuppression. Future work will need to
determine the significance of this pathway in the tumor
microenvironment as well as under physiological conditions,
and its potential applications for cancer immunotherapy.

Our work supports a model in which both
immunosuppressive and activating signals may converge onto
the Cbl-b-Notchl axis and may be translated by Notchl into
transcriptional (and potentially non-transcriptional) signals to
regulate T-cell activation (Figure 8). In addition, Cbl-b may
mediate a constitutive degradative pathway that is switched on
and off depending on whether the cell requires more or less
Notchl. In T-cells Notchl is activated in a ligand-independent
manner through endocytosis (10). It is possible that Cbl-b
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degradative pathway could be part of the ligand-independent
endocytic pathway of Notchl in T-cells, since endocytic
regulation of Notch can either lead to activation or
degradation (10, 21, 23). In this endocytic pathway, Notchl
may be directed to degradation by Cbl-b-mediated
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Cbl-b-Notchl axis regulation. Adenosine induces immunosuppression in CD8+ T-cells in the tumor microenvironment by activating the
adenosine A2A receptor (A2AR), thus causing downregulation of Notchl and suppression of effector functions. A2AR controls Notchl levels by
regulating the ubiquitin ligase Casitas B-lineage lymphoma b (Cbl-b), which mediates the ubiquitination and degradation of Notchl. A2AR
promotes Cbl-b via Suppressor of T-cell receptor signaling 1 (STS-1) Tyr-phosphatase, possibly through Tyr-dephosphorylation of Cbl-b. A2AR,
together with other receptors, including T-cell receptor (TCR) and co-stimulation receptor CD28, may control Notchl levels in T-cells and, in
turn, effector functions by modulating Cbl-b. This model places Cbl-b at the core of a regulatory axis, which, by integrating positive and
negative signals from different receptors, determines the fate of Notchl and effector functions. Pharmacological inhibition of Cbl-b blocks this

axis and reactivates Notchl and effector functions
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Notchl in T-cells (7, 10, 12, 13). For example, upon T-cell
activation, signaling downstream of TCR may inhibit Cbl-b to
elevate Notchl and effector functions. Later, to avoid over-
activation and exhaustion of T-cells, co-stimulatory signals
(e.g. CD28) or immunosuppressive ones (e.g. A2AR) may
promotes Cbl-b-mediated degradation of Notchl and
downregulation of effector functions (Figure 8). This would
explain at least in part how Cbl-b controls the threshold for T-
cell activation (28, 29).

Previous work and our data, suggest that Cbl-b-mediated
degradation may be regulated through phosphorylation. Cbl-b is
negatively regulated by Tyr-phosphorylation by SHP-1 or Ser/
Thr-phosphorylation by PKC-theta in response to CD28 co-
stimulation, but dephosphorylated and promoted in response to
TCR stimulation (48, 54, 55). Accordingly, our results suggest
that Cbl-b may be positively regulated by STS-1, possibly
through Tyr-dephosphorylation, and promoted upon A2AR
activation. It is very likely that the phosphorylation of different
residues or a different phosphorylation status of Cbl-b may
increase or decrease Cbl-b function and/or stability. If Cbl-b is
controlled by phosphorylation, it is also possible that a Tyr-
kinase antagonizes STS-1 function, by phosphorylating and
inhibiting Cbl-b. Overall, our work supports the idea that
antagonistic signals from TCR and other receptors, like A2AR,
control Cbl-b and, in turn, effector functions via Notchl, thus
regulating the threshold of T-cell activation. This regulation,
including the signals it responds to, the function of STS-1 and
the possible involvement of Cbl-b in the endocytic trafficking of
Notchl, warrant further investigation.

Despite the successful application of immunotherapy,
response rates remain limited especially for immunosuppressive

10.3389/fimmu.2022.987298

solid tumors (51). New immunotherapies that are less sensitive
to different forms of tumor-induced immunosuppression could
greatly increase response rates among cancer patients. Our work,
together with previous studies (7, 15), supports the idea that
therapies that reactivate Notch1 in T-cells could be used to tune
T-cells against tumor-induced immunosuppression and enhance
anti-cancer immune responses (Figure 9). Specifically, we
described a new pathway that is amenable to pharmacological
targeting and has promising selectivity for Notchl in T-cells
versus cancer cells, a feature that is very important for Notch-
targeted therapies (16). By reactivating Notchl in T-cells we aim
to lower the threshold of T-cell activation to make tumor-
suppressed T-cells more responsive to tumor antigen
recognition when infiltrating the tumor microenvironment.
Consistently, we observed that reactivation of Notchl
increased/restored effector functions and primed T-cells to
attack cancer cells in tumor-derived organoids. Our results in
organoids from TNBC and colon cancer, two tumor types which
can suppress immune responses (52, 53), suggest that Notchl
reactivation via Cbl-b inhibition could be a promising strategy to
sensitize “cold” immunosuppressive tumors to cancer
immunotherapy. Another promising application of this
strategy, could be adoptive T-cell therapies. Resistance to
immunosuppression plays a critical role in these therapies and
both Notchl expression and Cbl-b deletion were found to
enhance the efficacy of adoptive T-cell transfer and CAR-T cell
therapy (15, 36). Our work presents a new class of candidate
immunotherapeutic compounds, Cbl-b inhibitors, that enhance
anti-cancer T-cell responses and resistance to tumor-induced
immunosuppression. We show that Cbl-b inhibitors are effective
as single-agents or in combination with anti-PDL1/PD1 in
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Dying cancer cell Suppressed T-cell

Cytokines
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FIGURE 9

Reactivation of Notchl in T-cells overcomes immunosuppression. Immunosuppressive signals induce suppression in CD8+ T-cells in the tumor
microenvironment. Some of these signals, including adenosine, may suppress CD8+ T-cell effector functions by downregulation of Notchl.
Reactivation of Notchl, with Cbl-b inhibitors or other strategies, may tune CD8+ T-cells against immunosuppression and enhance effector
functions, ultimately promoting anti-cancer responses in the tumor microenvironment.
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organoids derived from pre-clinical cancer models, thus these
compounds also have the potential to enhance responses to
other immunotherapies. The pharmacokinetic and
bioavailability of Cbl-b inhibitors is currently under
investigation and future work will focus on evaluating the
compounds anti-tumor activity in vivo in pre-clinical models
and their potential clinical development.

Our work described for the first time a critical
immunosuppressive pathway linking A2AR, Cbl-b and
Notchl, which could represent a new functional immune-
checkpoint that modulates T-cell responses in the tumor
microenvironment. We showed that promoting Notchl
signaling by blocking Cbl-b-mediated degradation results in a
robust increase in anti-cancer T-cell responses and resistance
to immunosuppression. Our findings provide evidence
that targeting Cbl-b-Notchl axis represents a promising
novel immunotherapeutic strategy to boost anti-cancer T-cell

responses and overcome tumor-induced immunosuppression.
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SUPPLEMENTARY FIGURE 1

A2AR activation increases Notchl degradation. Notchl protein levels in
primary activated CD8+ T-cells treated with the protein synthesis
inhibitor Cycloheximide (CHX) and vehicle (DMSO, control) or 1uM
CGS-21680 (CGS), over time.

SUPPLEMENTARY FIGURE 2

CD8+ T-cells infiltration and organoid growth. (A) CD8+ T-cells in TNBC
C0321 organoids, from immunocompetent FVB mice, treated with
vehicle (DMSO) or 1uM ZM-241385 (ZM). (B) Growth of organoids, from
immunocompromised athymic Nu/Nu mice, treated with vehicle (DMSO)
or 1uM ZM-241385 (ZM). Scale bar length is indicated above the bar (um).
The graphs show averages + standard deviation from >4 independent
experiments. *p<0.05, two tailed T-test with equal variance. NS,
non-significant.

SUPPLEMENTARY FIGURE 3

Co-immunoprecipitation of Cbl-b, Notchl and STS-1.
Immunoprecipitation of Cbl-b and co-detection of Notchl and STS-1 in
primary activated CD8+ T-cells. Negative control refers to samples
immunoprecipitated using beads but not antibody.

SUPPLEMENTARY FIGURE 4

Potency studies of NTX compounds. The potency of NTX compounds to
inhibit Cbl-b was assessed by time-resolved measurement of
fluorescence with fluorescence resonance energy transfer technology
(TR-FRET). The figure shows dose-response curves and IC50s calculated
using a 4-parameter dose-response equation. The X axis of the graphs
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show concentrations (UM) in log10. The Y axis show the responses (Cbl-b
inhibition) expressed as percentages. Data was normalized using high and
low assay controls: % Inhibition =100-(100*[(high control) - unknown)/
(high control - low control)]

SUPPLEMENTARY FIGURE 5

Cbl-b inhibitors show a dose-response effect in activated T-cells and no
effect in unstimulated T-cells. Dose-response curves and EC50s of
proliferation and production of IFN-y and Granzyme B (GNZB) in
primary activated CD8+ T-cells isolated treated with different
concentrations of (A) NTX-512 alone or against (B) 1uM CGS-21680
(CGS). The X axis of the graphs show concentrations (uM) in log10. The
Y axis show the responses (proliferation or cytokine production)
expressed as percentages. For clarity, the highest response value was
set to 100% and the other values were set accordingly. (C) Production of
INF-yin activated or unstimulated primary CD8+ T-cells and treated with
1uM NTX-512 or vehicle-treated (Control, DMSO). The graphs show
averages + standard deviation from three independent experiments.
***p<0.001. two tailed T-test with equal variance. N.S, non-significant.
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Cytotoxic CD8 T cells (CTLs) are classically described as the “serial killers” of the
immune system, where they play a pivotal role in protective immunity against a
wide spectrum of pathogens and tumors. Ironically, they are critical drivers of
transplant rejection and autoimmune diseases, a scenario very similar to the
famous novel “The strange case of Dr. Jekyll and Mr. Hyde". Until recently, it has
not been well-appreciated whether CTLs can also acquire non-cytotoxic
functions in health and disease. Several investigations into this question
revealed their non-cytotoxic functions through interactions with various
immune and non-immune cells. In this review, we will establish a new
classification for CD8 T cell functions including cytotoxic and non-cytotoxic.
Further, we will discuss this novel concept and speculate on how these functions
could contribute to homeostasis of the immune system as well as immunological
responses in transplantation, cancer, and autoimmune diseases.

KEYWORDS

non-cytotoxic, cross-talk, direct-, indirect-, CD8 T cells (CTLs)

1 A brief history of CD8 T cell cytotoxicity

The history of science is full of discoveries which usually begins with the intention to
understand a specific phenomenon in a cohort of patients or preclinical disease models-
so called “phenomenology”; however, most of the time, it ends with a completely different
story. For instance, much of what we know about cell-mediated cytotoxicity was borne
out from pioneering in vitro studies started in the early 1960s, which investigated graft
rejection using animal models. Indeed, the first report demonstrated that cellular
antibodies i.e., lymphocytes from canines transplanted with homograft kidney destroy
allogeneic targets in vitro as observed microscopically (1). Along the same lines,
lymphocytes from Balb/c mice allosensitized with C3H cells were shown to target and
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induce C3H cytolysis (2). Similarly, thoracic duct or lymph node
cells from allosensitized rodents were able to target and kill
donor kidney cells in vitro (3).

The above-mentioned observations further served as an
impetus to define the nature of these cells exerting cytotoxic
killing. By the end of 1960s and early 1970s, a series of elegant
studies demonstrated that treatment of such populations with
Thyl (CD90), Ly-2 (CD8a), and Ly-3 (CD8b) anti-sera
abolished the anti-allogeneic cytotoxicity of mouse cells,
suggesting the cytotoxic effect of T cells (4-6). However, the
mechanisms of cytotoxicity and T cell specificity were not clear
at that time. It was not until D. B. Amos hypothesized that
cytotoxicity was a result of a two-step process: (1) specific
recognition followed by (2) non-specific cytotoxicity, which
implied that there should be a specific T cell receptor for
antigen recognition (7). Later, several lines of evidence
supported this notion showing that sensitized lymphocytes
isolated from allo-immunized mice showed both specificity
and cytotoxicity against their targets. In these studies, upon
culturing these cells with macrophage monolayers expressing the
allo-H2 MHC antigen, the non-adherent cells did not possess a
cytotoxic activity while the adsorbed cells showed cytotoxicity
when eluted from the monolayer macrophage cells. These data
suggested that the cytotoxic cells were adsorbed on the
monolayers because they express receptors that could
recognize the H2 alloantigen (8-10). In two seminal papers,
Zinkernagel and Doherty further refined the specificity of the
lymphocyte receptor binding to their target cells showing MHC
restriction using LCMV-infected mouse model. They proposed
an “altered-self or the one receptor model” where MHC
recognition occurs via T cell receptor rather than the “two-
receptor or intimacy model” in which MHC recognition is a
separate event from viral antigen recognition by the T cell
receptor (11, 12).

During this period, huge strides had been achieved in
understanding CD8 T cell (CTL) biology including the
nature of the cytotoxic cells and antigen recognition by
receptor; albeit the mechanism(s) involved in cell-mediated
killing post-antigen recognition were still enigmatic. It all
began with C. Sanderson’s observation where the dying
target cell showed morphological changes that was distinct
from complement-mediated lysis but similar to recently
described apoptotic cell death (13). At that time, it has
become appreciated that CTLs are able to lyse several targets
sequentially- so called “serial killing” (14-16).

Despite their well-documented cytotoxic capabilities, several
elegant studies emerged in the past 30 years showing that CTLs
are equipped with non-cytotoxic functions as well. These
cytotoxic and non-cytotoxic functions can be exerted directly
through the killing machinery or indirectly via cross-talk with
other immune cells and possibly non-immune cells. Hence, we
thought to classify CTLs functions into four types: (1) Direct
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cytotoxicity, (2) Indirect cytotoxicity, (3) Direct non-
cytotoxicity, and (4) Indirect non-cytotoxicity (Figure 1).

2 Cytotoxic and non-cytotoxic
functions of CD8 T cells

2.1 Direct cytotoxicity: A serial killer with
many weapons

One of the cardinal features of CTLs is their potent killing
capacity against target cells including virally infected cells as well
as tumor cells. They perform these functions directly using a
whole arsenal of effector molecules including granzymes,
perforin, and FAS/FASL pathway (Figure 2A).

The cytotoxic effect of these molecules was first hinted by the
observation of microscopical tubular lesions in target cell
membranes (perforated cell membrane) following incubation
with cytotoxic T cells or granules isolated from them (17-21).
Consequently, a protein homologous to C9 of the complement
system was discovered and isolated from these granules known
as perforin. Both proteins can polymerize and form the
membrane attacking complex resulting in membrane
perforation (22-26). Along the same lines, granule exocytosis
model was proposed around the same time hypothesizing that
granule contents including perforin were released by exocytosis
at the synaptic space between CTL and target cell. To draw a
cause-and-effect relationship, several studies showed marked
decrease in the cytotoxicity of CTLs isolated from perforin
knockout mice or transfected with perforin siRNA, implying
the importance of such molecule in cytotoxicity (27-29).

However, researchers began to realize that other effector
molecules beside perforin could also induce cytotoxicity since
CTLs can activate apoptosis as observed microscopically while
purified perforin induced necrosis (15, 30). Hence these
observations hinted that other effector molecules could work
hand-in-hand with perforin resulting in cell-mediated
cytotoxicity through granule exocytosis mechanism. One of
the strong candidates were serine esterases since cell-mediated
cytotoxicity was blocked in the presence of their inhibitors (31,
32). Later on, they were named as granzymes since they could be
isolated from granules (33-35). Consequently, perforin-
granzyme pathway was considered as one of the major
mechanisms of cell-mediated cytotoxicity where perforin
opened pores in the target cell membrane facilitating the entry
of granzymes into the cytosol including granzyme B (GzmB),
which in turn directly initiated apoptosis through activation of
Caspase 3 or indirectly through interaction with BH3-
interacting domain death agonist (BID) (30, 36, 37).

Although the perforin-granzyme pathway is considered as
one of the major pathways that CTLs use in their killing
process, it still does not fully account for the CTL killing
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capacity. For instance, lymphocytes that lack perforin were still
cytotoxic. Furthermore, although granule exocytosis requires
calcium signaling, CTLs are still capable of killing their targets
in a calcium-independent manner (38-40). These observations
along with other studies suggested the existence of an
alternative cytotoxic killing machinery, leaving the field in a
big debate (41). The discovery of the second cytotoxicity
pathway started with the generation of T cell hybridoma PC-
60-d10S showing calcium independent as well as non-MHC
restricted killing capacity specially against thymocytes (42, 43).
Around the same period, Nagata’s lab reported that
thymocytes isolated from wild-type mice expressed CD95
(APO-1/Fas), a known cell death containing domain
receptor, while Ipr mice did not (44) (mice with CD95
mutation leading lymphoproliferation phenotype). Later on,
the same lab was successful to clone the ligand using Fas-Fc
construct to select and isolate PC60-d10S clones expressing the
Fas ligand (FasL/CD95L) using FACS (45). In the FAS-
mediated mechanism, the binding of FASL to FAS expressed
by the target cell result in activation of Caspase 8 through FAS-
associated death domain protein (FADD), which ultimately
results in activation of Caspase 3 and induction of apoptosis
(46, 47) (Figure 2A). Thus far, the above-mentioned studies
demonstrated that CTLs kill their target cell through two main
pathways: (1) perforin-granzyme granule exocytosis
mechanism and (2) FAS-dependent pathway. However,
several studies showed that CTLs can also contribute to the
process of cytotoxicity indirectly through cross-talk with other
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immune cell types. This type of cytotoxicity will be discussed in
the following section.

2.2 Indirect cytotoxicity: Calling for help

2.2.1 Tissue-resident broad anti-microbial state

Since the immune system is constituted of multiple cell
types, it is expected that different cells cross-talk to each other to
perform specific functions. As discussed in the previous section,
CTLs can execute their killing functions locally through direct
contact with target cells in an MHC-I dependent manner using a
wide-spectrum of effector molecules (Figure 2A). However, they
should be present in sufficient numbers at peripheral tissues to
control the pathogen, which is not the case prior to infections.
To circumvent such dilemma, following infection, T cells
migrate to non-lymphoid tissues and differentiate into tissue-
resident non-circulating memory T cells (Tryss). Both antigen
presentation and cytokines are required for the differentiation of
Trums For instance, in mice, naive cells require cross-talking to
DNGR-1" dendritic cells (cDC1, CD103* CD8a" DCs) for the
generation of Ty, in response to Flu and Vaccinia viruses (48,
49). This type of communication also involves IL-12, IL-15, and
CD24 co-stimulation signals as well (50-54). In humans, the
cross-talk of CD1c* DCs with naive CD8 T cells plays a pivotal
role in generation of Try in @ TGF-B-dependent manner (55).
Further, both effector T cells (Tggg) and central memory T cells
(Tcm) have the capacity to differentiate into Trys (56). However,
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Cytotoxic functions of CD8 T cells: (A) Direct cytotoxicity: CD8 T cells release perforin and granzyme B through MHC-1/TCR axis in order to
activate the apoptotic pathway in the target cells. Further, the interaction between FasR and FasL results in activation of caspases and eventually
apoptosis (B) Indirect cytotoxicity: (a) In response to activation by antigen re-exposure and cytokine release, antigen-specific memory CD8 T
cells release a wide range of cytokines and chemokines such as IFNy, CCL3, and MCP1 that would help (b) recruit innate cells such monocytes
and NK cells that in turn secrete CXCL9/10 in order to further (c) amplify the recruitment of memory CD8 T cells, activate of B cells, and DCs

(not shown in the figure).

the question remains: “how such small numbers of Ty still can
control pathogen dissemination”.

One way to overcome this challenge is to start communicating
with other immune cell types. As shown in Figure 2B, upon
antigen and cytokine stimulation, memory T cells rapidly
express IFNy and chemokines promoting recruitment and
activation of innate myeloid and lymphoid cells including
monocytes and NK cells. These cells further amplify the
recruitment of memory cells via expression of CXCL9/10
chemokines resulting in the generation of systemic and/or
tissue broad anti-microbial state (Figure 2B). The Masopust
lab and others spearheaded elegant studies to examine this
model (57-61). For example, Schenkel et al. showed that Tryss
were able to recruit bystander circulating memory CD8 T cells
to peripheral tissues through VCAM-1/IFNY axis by using an
OT-I or P14 chimeric mouse model. In this model, naive OT-I
or P14 CD8 T cells were adoptively transferred to B6 mice
followed by VV-OVA or LCMV infection respectively. To
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activate Trys at the female reproductive tract (FRT), OVA or
LCMV-specific peptides were injected transcervically (t.c).
Concurrently, there was an upregulation of VCAM-1 (a4p1-
CD49d) on vascular endothelium and IFNYy by reactivated
TrMs. These events were associated with recruitment of OT-I
specific CD8 T cells (bystander) in response to LCMV
infection, which was blocked by neutralization of VCAM-1
or IFNy. Further, the recruitment of additional immune cell
types, including B cells, to FRT as well as the activation of
innate cells such as DCs and NK cells were observed (57, 58).
Along the same lines, it has been shown by Soudja et al. that
memory CD4 and CD8 T cells plays an essential role in
orchestrating activation of splenic innate immune cells
following secondary infections in an IFNy dependent manner
(60). In conclusion, Trys can deploy their cytotoxicity
indirectly through recruitment of a wide-range of immune
cell types acting as guardians of peripheral tissues in case
of reinfection.
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2.2.2 Tumor vaccines

Indirect cytotoxicity has been further supported by other
studies using tumor vaccine mouse models. For example,
Kalinski’s lab demonstrated that CD8 T cells can act as de
fecto helper cells supporting an effective anti-tumoral DC
immunological response (62). In these studies, they showed
that the adoptive transfer of autologous DCs loaded with
poorly immunogenic MC38 tumor lysate to the animals
bearing the same tumor was only marginally effective.
However, the inclusion of OVA257-264 epitope into the
vaccine supported the generation of MC38-specific CTL
responses in wild-type B6 animals and tumor clearance. These
data suggest that non-specific CD8 T cells could play an indirect
cytotoxic role through harnessing the killing capacity of antigen-
specific T cells via unknown mechanism(s). Similar data were
also obtained in a model of wild-type mice harboring memory
responses against LCMVgp33-41, a dominant epitope of a
natural mouse pathogen, where the inclusion of LCMVgp33-
41 peptide strongly enhanced the induction of CTLs against
MC38 tumors. These vaccines not only elevated CTLs’ function
against the poorly immunogenic MC38 adenocarcinoma but
also against the highly immunogenic OVA-expressing EG7
lymphoma (62). These studies provide a mechanistic insight
into the role of memory CD8 T cells in enhancing the anti-
tumoral effect, which suggest indirect cytotoxic function.
However, additional studies are required to determine which T
cells are responsible for the killing of the tumor, is it the tumor-
specific, non-specific (bystander), or both?

2.2.3 Helper function towards B cells

The helper function assumed by T cells has been extended to
encompass the role of CD8 T cells in inducing antibody
production by B cells and their involvement in killing tumors,
pathogen clearance and autoimmunity. More than 30 years ago,
the Le Gros lab showed that polyclonal stimulation (PMA/
Ionomycin + IL-2 + IL-4) of total CD8 T cells isolated from
murine lymph nodes (LNs) resulted in (1) down regulation of
CD8a, (2) decrease in cytotoxicity, (3) downregulation of IFNy
and perforin, (4) upregulation of T2 cytokines IL-4, IL-5, and
IL-10, and (5) help for B cells to produce IgG antibodies (63).
The authors took their analyses one step further and examined
whether this phenomenon was MHC-I restricted. Indeed,
stimulating CD8 T cells with MHC allo-antigens in the
presence of IL-4 resulted in non-cytolytic phenotype (63). Co-
culturing these activated cells with autologous B cells resulted in
the secretion of IgG antibodies in the culture supernatant. This
early study put CD8 T cells at a crossroad with antibody
producing B cells, which underlined a possible indirect
cytotoxic role of CD8 cells in the pathogenesis of autoimmunity.

Later on, extensive body of literature discussed the existence
of T follicular helper CD4 cells (CD4 Tth cells) and their role in
providing help to B cells for antibody production (64-70).
Similar to CXCR5* PD1* CD4 Tth cells, CXCR5" CD8 T cells

Frontiers in Immunology

27

10.3389/fimmu.2022.1001129

exhibit a B cell helper function, where they support antibody
production either (1) through a direct interaction with B cells
(71-74) or (2) via enhancement of CD4 T cell-B cell interaction
(75). Indeed, upon TCR stimulation, these cells upregulate
CD70, OX40 and ICOS molecules, which are required for T
cell dependent humoral responses.

The indirect cytotoxic function of CXCR5" CD8 T cells in
antibody production and B cell support had been demonstrated
in various disease states. For example, in gastric cancer, the
accumulation of CXCR5" CD8 T cells in the tumor is associated
with better patient overall survival (OS) (76). Similarly, IL-21
producing CXCR5" CD8 T cells accumulate in the
hepatocellular carcinoma tumor tissues in close proximity to
CD19" B cells, which predicts better disease prognosis (71).
These studies raise the question: what type of cross-talk is taking
place within the tumor microenvironment. One can predict
interaction between B cells and CXCR5" CD8 T cells. Indeed,
co-culturing these cells with B cells resulted in enhanced in vitro
differentiation of B cells as well as an increase in IgG and
reduction in IgM production. Hence, the indirect cytotoxic
role of CD8 T cells against tumors could be explained by
helping B cells to produce antibodies, which in turn bind
tumor cells and recruit NK cells to initiate antibody-dependent
cell cytotoxicity (ADCC). In another study, CXCR5" ICOS*
CD8 T cells had been shown to infiltrate tumoral lymph nodes
(LNs) in Hodgkin lymphoma (HL) (77). This subpopulation was
shown to upregulate the expression of IL-2, IL-4 and IL-21, key
cytokines for antibody production and B cell support. However,
they showed weak expression of effector molecules including
GzmB, perforin, and IFNY. Similarly, CXCR5" PD-1" ICOS*
CD8 T cells isolated from nasal polyp tissue promote antibody
production when co-cultured with B cells (78). Along the same
lines, the Youngblood lab showed elegantly that HIV-specific
CD8 T cells isolated from Elite controllers (ECs) expressed high
levels of CXCR5 transcript compared to ART-suppressed non-
controllers (79), which suggested the protective role of CXCR5"
CD8 T cell in EC patients. Further, the in vitro stimulation of
CD8 T cells isolated from ECs with HIV-specific peptides (gag)
upregulates CXCR5 (80).

The indirect cytotoxic role of these cells had been further
described in autoimmune diseases. For instance, in an
autoimmune hemolytic anemia murine model, Valentine et al.
demonstrated a significant increase of CXCR5* PD1* CD8 and
CD4 T cells in secondary lymphoid tissue early during
pathogenesis (75). The two subpopulations upregulated ICOS,
IL-21 and Bcl-6. However, treating the mice with CD8 and CD4
depleting antibodies resulted in increased survival, improved
anemia, reduced B cell survival and decreased anti-erythrocyte
IgG autoantibodies, suggesting the pathogenic role of these cells.
Thus far, these data support the potential protective indirect
cytotoxic function of T cells in the context of tumor
development and viral control, while pathogenic in case of
autoimmune diseases. Hence, it is important whether to
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harness or inhibit these indirect cytotoxic functions in the
context of cancer or autoimmunity, respectively.

In line with previous studies highlighting the capability of
the transcription factor Stat5 in negatively controlling CD4 Tth
cells and maintaining B cell tolerance (81, 82), Chen et al.
demonstrated that the deficiency of Stat5 in CD8 T cells led to

an increased autoantibody production in Ig -

sHEL transgenic
mice. This deficiency resulted in an increase in germinal center B
cells and expansion of CXCR5" PD-1* CD8 T cell population
after an acute viral infection. These data suggest that Stat5
negatively control CXCR5 PD1 CD8 T cell population as well
(72). In conclusion, CD8 T cells can provide help to B cell
resulting in enhancement of antibody production.

The specific cell surface molecules and cytokines expressed
by CD8 T cells involved in B cell support and antibody
production had been explored by Shen et al. (74). The authors
demonstrated that CD8 T cells that localize to B cell follicles in
tonsils and LNs express CXCR5 (74). Further, CXCR5* CD8 T
cells upregulate CD40L and ICOS, while polyclonal stimulation
of these cells resulted in increased expression of IFNY, IL-4 and
IL-21 (74). Additionally, co-culturing TCR stimulated CXCR5"
CD8 T cells with autologous B cells resulted in increased
production of antibodies, where this phenomenon was
completely abolished by blocking either CD40L or IL-21.
Finally, Loyal et al. defined a CD40L" helper CD8 memory
subpopulation that expresses IL-6 receptor and lacks the
cytotoxicity surface marker SLAMF7 (83). Ironically, this
indirect cytotoxic mechanism seems to be a double-edged
sword in a way where antibodies can protect against
pathogens, or kill tumor cells but also they can precipitate
autoimmunity and induce a self-damage.

2.3 Direct non-cytotoxicity: The other
face of the serial killer

Besides their known direct and indirect cytotoxic roles in
host protection against wide-spectrum of pathogens and tumors,
CTLs surprisingly can perform an entire array of non-cytotoxic
functions using their effector molecules to protect the host. We
classified these novel functions as direct non-cytotoxic since
CTLs can still use their effector molecules but to protect the host
against viral infections in a non-cytolytic fashion. In this section,
we will discuss the studies that address these functions in the
context of anti-viral and alloimmune responses.

2.3.1 Anti-viral responses
2.3.1.1 Human immunodeficiency virus (HIV)

The earliest report of CD8 T cell non-cytotoxicity in anti-
viral immune response was first described by Waler and
colleagues in 1986. In this study, the authors showed that
depletion of CD8 T cells from PBMCs in vitro culture resulted
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in an increased production of HIV viral particles (84).
Interestingly, this early study showed that CD8 T cells are
exerting their anti-viral effect on infected cells in a non-
cytolytic manner, independent of cell death, where HIV
infection was kept in a dormant phase. Further work revealed
that CD8 T cells’ non-cytotoxicity is mediated mostly by a
secreted factor that is a protein in nature referred to as the
CD8 T cell anti-viral factor (CAF) (Figure 3A). The isolation of
such protein is technically challenging due to its low expression
profile (85).

Later on, the non-cytotoxic role of CD8 T cells has been
demonstrated in non-human primates. Castro et al. reported
that in vivo antibody depletion of CD8 T cells in AIDS associated
retrovirus 2-infected chimpanzee, whose viral load is
undetectable for 8 years post inoculation, leads to HIV-
viremia. Nonetheless, when the animals recovered from the
antibody depletion, the viral load decreased again to its initial
undetectable levels (86). This study, along with other seminal
early studies, demonstrated that the infected CD4 T cells were
not cleared by specific CD8 T cells but rather the pro-viral DNA
residing in the infected CD4 T cells was kept stable and non-
transcribed (86). For more details about non-cytotoxic functions
of CD8 T cells during AIDS, please refer to this excellent review
(87). In conclusion, these studies along with others provide
strong evidence of a non-cytotoxic anti-viral role against HIV
(86, 88, 89).

2.3.1.2 Hepatitis B and C viruses (HBV and HCV)

Hepatitis B-virus specific CD8 T cells play an indispensable
role in controlling and resolving hepatitis B infection (90). For
instance, treating a hepatitis B infected chimpanzee with CD8
depleting monoclonal antibodies at week 6 post-infection
resulted in dramatic increase in the viral DNA (90), suggesting
the essential anti-viral role of CD8 T cells. Although CD8 T cell
cytotoxicity contributes to the viral control, this mechanism
appears to come into play later in the course of the disease since
viral DNA suppression preceded the peak of hepatic pathologic
damage (90).

In 1994, Guidotti et al. demonstrated that CD8 T cells
contribute to HBV control in a non-cytopathic-manner
through inhibition of viral gene expression in transgenic
mouse models (91). Since mice are inherently immune to
hepatitis B infection, two elegant transgenic models were
employed where they constitutively express HBV surface
proteins either under the control of HBV regulatory element
or under the control of murine albumin promoter (91). In this
model, the administration of HBsAg-specific CD8 T cells into
the transgenic mice resulted in significant reduction in hepatic
viral mRNA content without induction of any hepatic damage
(91). Additionally, both liver IFNy and TNFa. mRNA were
elevated coinciding with hepatic CTL infiltration. To draw a
cause-and-effect relationship, the authors either used IFNy and
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Direct non-cytotoxic effects of CD8 T cells: (A) HIV specific CD8 T cells (a) interact and recognize HIV infected CD4 cells via unknown
receptor-ligand and (b) release CAF which (c) prevents the transcription and translation of HIV viral proteins and therefore prevents the
propagation of viral progenies. (B) GzmB+ CD8 T cells cluster around the bodies of HSV-1 infected ganglionic neurons keeping the virus in
latent phase by degrading viral proteins (ICP 4/27), which is essential for the viral shift to active phase. This role is mediated by perforin and

granzyme B released by CD8 T cells.

TNFa knockout HBV transgenic mice or treated the mice with
blocking monoclonal antibodies 24 hours prior to CTL injection
(91, 92). In this approach, they observed failure to reduce viral
mRNA. Additionally, the transfer of HBsAg-specific CTLs
derived from perforin or FasL deficient mice into HBV
transgenic mice clears the HBV DNA replicative forms along
with the hepatocellular cytoplasmic HBV core antigen (HBcAg).
These data highlight the pivotal role of IFNy and TNFo in
controlling HBV infection independent of perforin and FasL
pathway (62), which raises the question: what are the molecular
mechanisms underlying these functions?

It has been shown that both IFNy and TNFo inhibit viral
replication through three different molecular mechanisms: (1)
upregulation of the nuclear deaminases APOBEC(A3)A and
(A3)B, which resort to the hepatitis B virus core protein to get
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access to the covalently closed circular DNA(cccDNA), essential
for viral persistence (92-94). Consequently, the deaminated
cccDNA can be degraded by nucleases (92-94), (2) IENY can
prevent the assembly of the viral RNA containing capsid in the
hepatocellular cytoplasm in a proteosome and Kinase
dependent-manner (95, 96), and (3) IFNYy induced proteases
cleave SSB/La, an RNA binding protein that protects and
stabilizes HBV mRNA, rendering the viral mRNA susceptible
to endoribonucleolytic degradation (97, 98).

CD8 T cells can also play an essential role in the clearance of
HCV and enhancement of protective immunity during acute
infection. However, this cytotoxicity stunts with chronic
infection where CD8 T cells frequently develop reduced
cytotoxicity. To efficiently inhibit HCV progression, CD8 T
cells develop a protective mechanism involving the TCR axis
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against the nonstructural protein 5 (NS5A). The NS5A TCR-
specific CD8 T cells, only represent a small proportion of anti-
viral CD8 T cells with a relatively low affinity requiring a higher
ligand burden to initiate cytotoxicity and production of effector
molecules. Nevertheless, these CD8 T cells can effectively inhibit
the replication of HCV in hepatocytes keeping the HCV mRNA
intact inside the infected cells. This process is rather non-
cytotoxic as it does not induce a change in the level of
hepatocellular enzymes such as AST (99).

The direct suppression of viral replication in HCV-infected
hepatocytes can be mediated by IFNy and TNFq, independent of
cell-to-cell contact with virus-specific CD8 T cells (100). IFNy
upregulates various enzymes with robust antiviral effect such as
protein Kinase R, ADAR adenosine deaminases, guanylate
binding protein. These enzymes phosphorylate the eukaryotic
initiation factor 2 (EIF-2), which in turn inhibits viral protein
synthesis and generates truncated nonfunctional viral proteins
that hinder viral replication (101). Thus far, these molecular
mechanisms highlight the pivotal non-classical role of CD8 T
cells in anti-HBV and HCV response. Instead of killing the
virally infected cells, CD8 T cells can, via its effector medicators
such as IFNy and TNFaq, inhibit viral replication and viral
protein synthesis, limiting viral spread.

2.3.1.3 Herpes simplex virus (HSV-1)

The non-cytotoxic function of CD8 T cells in anti-viral
responses has been extended to involve their role in
maintaining alpha herpes family infections at latency. It is
widely accepted that apoptosis of virally infected or tumor
cells is largely mediated by the effector molecule GzmB.
However, a novel non-cytotoxic function of GzmB has been
discovered by two groups in controlling the pathogenesis of
human alpha herpes viruses (102, 103). In these studies, the
authors showed that GzmB* CD8 T cells cluster around HSV-1
latently infected trigeminal ganglia (TG) where GzmB
surprisingly degrades one of the important proteins in the lytic
cycle of the virus (ICP4) without induction of apoptosis
(Figure 3B). Another study further reported additional GzmB
targets expressed by HSV-1 (ICP27) and the closely related virus
Varicella Zoster Virus (VZV ORF4 and ORF62). These studies
highlight a novel mechanism in which CTLs prevent viral
reactivation in a non-cytotoxic manner using the effector
molecule GzmB (102, 103). However, it is not completely clear
why GzmB™ CTLs did not induce apoptosis in this context. One
can speculate that the viral peptides outnumbered the
concentration of caspases in the cell. Hence, the peptides act
as a GzmB “sponge” switching its effect away from initiation
of apoptosis.

In general, the common theme in the anti-viral studies
discussed in this section is the preference towards a non-
cytotoxic mechanism rather than cytotoxic, which begets the
question: what are the signals that drive the immune system to
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decide between cytotoxic vs non-cytotoxic mechanisms? The
answer to this question encompasses several factors including
but not limited to the type of infected tissue, degree of infection,
and type of virus. For instance, the immune system might decide
not to restore its cytopathic mechanisms if large number of cells
are infected in the tissue specially for vital organs such as the
liver or the brain. On the contrary, CTLs can eradicate virally-
infected cells if they are few in number (104, 105).

2.3.2 Alloimmune responses

Alloreactive memory CD8 T cells are considered as the main
drivers of allograft rejection through their cytotoxic machinery
(106, 107). However, Krausnick et al. demonstrated a non-
cytotoxic role of CD8 T cells in regulating the alloimmune
response during lung transplantation (108). In this study, the
authors showed that B6 CD8 depleted mice or B6 CD8”" mice
acutely reject their pulmonary allografts from Balb/c mice with a
significant inflammatory infiltration in the grafted lungs.
Further, the adoptive transfer of wild-type B6 CD8 T cells into
immunosuppressed B6 CD8”" recipients restored tolerance to
BALB/c lung allografts. The authors took their analyses one step
further and performed a mixed lymphocyte reaction (MLR) to
further understand the role of CD8 T cells in this model. In these
analyses, they observed that CD8 T lymphocytes isolated from
tolerated BALB/c—B6 lung allografts, but not spleens could
inhibit proliferation of B6 congenic CD4" and CD8" T
lymphocytes (responders) in the presence of BALB/c
splenocytes (stimulators). These findings suggest that CD8 T
cells with regulatory capacity accumulate in lung allografts
enhancing graft tolerance, where a large proportion of CD8 T
cells infiltrating tolerated lung grafts acquire an IFNY" central
memory phenotype.

To further understand this phenomenon, the authors
pretreated recipient mice with IFNy-neutralizing antibody or
Ifny’" animals were used as hosts. Surprisingly, they observed a
break in tolerance and graft rejection. Injection of Ifny”’~ CD8 T
cells into CD8”~ mice failed to rescue BALB/c lung allografts
from rejection, despite costimulatory blockade (108).
Additionally, the authors observed that trafficking of these
central memory CD8 T cells was chemokine dependent.
Indeed, injection of Pertusis toxin treated CD8 central
memory cells (which irreversibly inactivate Gai-coupled
chemokine receptors) into immunosuppressed B6 recipient of
Balb/c lung impaired migration of central memory cells to
the lung. To this end, the obvious question is: How does IFNy
act to prevent rejection? Is it a signal related to the lung
microenvironment or intrinsic to the T cells? The authors took
their study one step further and showed that IFNYy exerted its
regulatory effect via a Nitric oxide (NO)-pathway. In fact,
inhibition of iNOS abrogated the suppressive capacity of T
cells. Hence, they showed that NO was essential in allowing
graft acceptance and maintaining tolerance locally. Taken
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together, these data demonstrated the non-cytotoxic role of host
CD8 T cells in lung allograft tolerance in an IFNY dependent-
manner. This work provided a deep insight into the role of CD8
T cells in regulating the alloimmune response in a non-cytotoxic
manner, albeit such role seems to be milieu dependent as similar
functions were not shown in other transplanted tissues.

2.4 Indirect non-cytotoxicity: The many
faces of a protector

Far from cytotoxicity, CD8 T cells were shown to exhibit
tissue protective functions and play an important role in
healthy re-modeling in the face of inflammation (109-111).
Indirectly, without resorting to their cytotoxic machinery, CD8
T cells can exert reparative functions by cross-talking with
immune and non-immune cells to recruit different types of

immune cells.

2.4.1 Tissue repair

Early after an acute myocardial ischemic attack, lymphocytes
and macrophages migrate to the necrotic myocardial area (111).
Infiltrating immune cells phagocytose the necrotic debris and
initiate the scar tissue formation (111). Along the same lines,
Curato et al. demonstrated that a subset of CTLs play a key role
in this process (110). In this study, the authors showed that CTLs
expressing the Angiotensin II receptor (AT2R) are protective
against myocardial ischemia through upregulation of the
immunomodulator cytokine IL-10 and downregulation of the
proinflammatory cytokines such as IFNYy. Further, co-culturing
post-ischemic AT2R" CD8 T cells with adult cardiac myocytes
resulted in significantly lower apoptotic rate when compared to
AT2R CD8 T cells. Adding neutralizing IL-10 antibodies to the
co-culture led to an increase in the cardiac myocyte apoptotic
rate in both AT2R" and AT2R” CD8 T cells, suggesting that IL-
10 is critical for the non-cytotoxic cardioprotective effect of
AT2R" CD8 T cells. These findings highlighted the role of
AT2R" CD8 T cells in locally regulating cytokine expression,
skewing it towards a reparative profile. Furthermore, the
protective effect of this population was emphasized by the
adoptive transfer of AT2R™ CD8 T cells in cardiac tissue,
which reduced myocardial ischemia. Thus far, this process
reduces the bystander inflammatory injury to the healthy
myocardial tissue, maintains cardiac myocyte viability, and
prevents one of the most drastic post infarctions sequalae,
which is autoimmunity against cardiac proteins and possibly
Dressler syndrome. Although the authors demonstrated the
pivotal non-cytotoxic role CD8 T cells in this disease model,
the means by which they are recruited to the necrotic area is still
to be determined. A possible mechanism could be via the release
of damage associated molecular patterns (DAMPs) by necrotic
myocytes that might activate infiltrating macrophages, which in
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turn create a chemokine rich niche that helps recruitment of
CD8 T cells to the site of injury.

Later on, interest has increased to further understand the
involvement of CD8 T cells in various tissue repair mechanisms.
Indeed CD8 T cells have been shown to play an important role in
post-traumatic skeletal muscle regeneration. Although the
muscle repair process depends namely on progenitor satellite
cells and anti-inflammatory macrophages, the recruitment of
CD8 T cells to the inflammatory microenvironment suggests a
crucial role for these cells in the regenerative process (112).
Using cardiotoxin induced mouse skeletal muscle injury model,
Zhang et al. demonstrated that depletion of CD8 T cells
impaired skeletal muscle regeneration and increased scar
formation by excessive matrix deposition (109). Consistently,
adoptive transfer of CD8 T cells into CD8 knockout mice
improved myofibroblast size and inhibited matrix deposition
post cardiotoxin injury. CD8 knockout mice have limited
recruitment of the Gr1™&" anti-inflammatory macrophages,
which are essential for skeletal muscle repair (113), into the
inflammatory environment leading to a reduction in the number
of satellite cells (109). CD8 T cells were further shown to play a
key role in the recruitment of Gr1 ™" macrophages through the
secretion of MCP-1 (Figure 4A). The mechanism through which
CD8 T cells are recruited to the injured skeletal muscle tissue
is still to be identified to provide basis for a therapeutic

regenerative model.

2.4.2 Protection of dendritic cells (DCs)

CD8 T cells can interact with various cell types of their
innate counterparts, orchestrating and fine tuning the immune
response. For instance, one study demonstrated that blood
circulating memory CD8 T cells, as opposed to the tissue
effector CD8 T cells, have a reduced cytotoxic ability towards
DCs. These cells were shown to characteristically express GzmB
and perforin at a lower level. They were shown to confer a helper
signal to DCs mediated by IFNY, supporting the production of
IL-12p70, a key cytokine for a Thl immune response. Memory
CD8 T cells help protecting antigen presenting DCs from the
cytotoxic killing by effector T cells through the upregulation of
the endogenous anti-granzyme protease inhibitor-9 (PI-9) in a
TNFo dependent-manner (114) (Figure 4B). This provides a
feedback mechanism that optimizes an effective antigen
presentation and allows for a stronger immune response where
potentiation of antigen presentation has a multitude of clinical
implications in the area of anti-microbial and cancer vaccines.

2.4.3 Homeostasis

Consciousness, the state of internal and external awareness
of a living-being, remains a controversial topic among scientists
and philosophers. Although it is not completely understood how
conscious the immune system is, one way to explain it is through
the cross-talk between wide-spectrum of immune and non-
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Indirect non-cytotoxic functions of CD8 T cells: (A) In response to skeletal muscle injury, CD8 T cells infiltrate the necrotic area and release
MCP-1 which in turn helps recruit reparative macrophages to the site of injury (B) Upon recognition of antigen presented by DCs, memory CD8
cells release TNFa, which in turn upregulates protease inhibitor 9 (PI-9, endogenous anti-granzyme B) in DCs protecting them from CTL killing
(C) Upon TCR stimulation, memory T cells undergo a rapid transition from a quiescent to a highly activated and proliferating state which is
mediated by IL-2 cytokine downstream TCR stimulation. The cross-talk between naive and activated memory CD8 T cells results in acquisition
of two main states by naive CD8 T cells: (1) activated/memory (CD45RO* CD69") and (2) hybrid population between naive and effector

(CD45RO™9 CD69).

immune cells. For instance, soluble mediators such as
chemokine gradients guide different immune cell types from
one organ to another. Additionally, cells can crosstalk to each
other through receptor-ligand interactions. Whether there is an
additional means by the cells to remain conscious is yet to be
discovered. Along the same lines, once memory T cells see a
foreign antigen, they undergo a rapid transition to a highly
activated proliferative state. Consequently, they become
“conscious” of the chemokine gradient and hence, they
migrate to the site of infection to clear the pathogen. For
instance, TCR activation of naive T cells results in down
regulation of CCR7 and CXCR4 chemokine receptors and
upregulation of inflammatory chemokine receptors including
CCR3, CCR5, and CXCR3. Consequently, they acquired the
capacity to migrate to inflamed tissues (115, 116). During the
migration of activated memory T cells, a portion of them
surprisingly migrate to antigen-free lymph nodes (117, 118)
yet, the biological significance behind this route of trafficking is
still enigmatic. Along the same lines, a recent study discussed the
migration of unconventional T cell cells (UTCs) from peripheral
tissues to draining LNs (119).

This scenario raises the question: “what is the function of
memory T cells following pathogen clearance? Do they have any
role(s) during homeostasis?”. One possibility could be a cross-
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talk between activated memory CD8 T cells and naive CD8 T
cells that continuously patrol between the periphery and LNs
(120-122). Indeed, recently our lab showed that activated
memory CD8 T cells acquire a novel non-cytotoxic function
by which they can interact and influence the phenotype and
transcriptome of naive CD8 T cells. In this scenario, they acquire
two states (1) an activated/memory T cell state and (2) a unique
hybrid state between naive and effector/activated memory cells
(123) (Figure 4C). Since both cell populations were sorted from
the same healthy subject, we speculate that activated memory T
cells are presenting self-antigen to naive T cells generating auto-
reactive T cells. These findings may explain the non-cytotoxic
functions of activated memory T cells and their contribution
for the rise of autoimmunity following vaccination
or transplantation.

3 Potential clinical implications of
CDS8 T cells’ non-cytotoxic functions

Multiple studies have discussed the non-cytotoxic anti-viral
effect of CD8 T cells in clinically asymptomatic HIV-infected
individuals (84, 124-127). CD8 T cells from these patients can
suppress in vitro viral replication with CD8/CD4 T cell ratios as
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low as 0.05:1 (128, 129). In contrast, CD8/CD4 cell ratios, as
high as 4:1, are needed to suppress 90% of the HIV replication in
CD4 T cells from AIDS patients (128, 129). The mechanism of
HIV replication inhibition is independent of CD4 killing since
the number of CD4 in coculture with CD8 were the same as the
control infected CD4 T cells alone (124, 127, 129). Further, CD8
T cells from AIDS patients demonstrated lower anti-viral activity
when co-cultured with autologous, naturally infected CD4 cells
or with acutely infected CD4 cells (128). This might be explained
by the development of an exhausted phenotype by CD8 T cells
because of persistent antigen stimulation secondary to a chronic
infection. Thus, substantial differences in the CD8 T cell
response between different types of HIV patients were
observed (124). Regarding the elite controllers (HIV positive
individuals whose immune system is capable to keep the HIV
viral load under 50 copies/ml), this non-cytotoxic CD8 activity
can remain stable for up to 20 years or more in some subjects not
receiving anti-retroviral therapy (ART). Notably as well, the
levels of integrated HIV-1 pro-viral DNA are lower in the
PBMCs from clinically asymptomatic HIV-1-seropositive
individuals than in progressors (86, 128). This integrated pro-
viral HIV DNA increases when the CD8 T cells are depleted
from their cultured PBMCs. Therefore, CD8 T cells can block
the virus spread by suppressing the levels of viral mRNA as well
as progeny virus.

Despite the overwhelming success of ART in controlling
HIV infection, HIV-specific CD8 T cells were shown to be
required for such control in tandem with ART. Indeed, in vivo
depletion of CD8 T cells using monoclonal antibodies in 13
Indian origin SIV infected Rhesus Monkeys maintained on ART
resulted in a significant increase in viral loads and SIV RNA in
plasma, with minimal change in the SIV DNA containing CD4 T
cells between pre and post depletion (130). This study further
underlines the non-cytotoxic role of CD8 T cells in controlling
viral replication. Hence, harnessing the non-cytotoxicity of CD8
T cells along with ART seems a plausible and potential
therapeutic approach specially in resistant patients or
progressors despite ART. As discussed previously, CAF could
be a potential candidate to enhance non-cytotoxic functions of
CD8 T cells in the context of HIV infection. Further, additional
studies are needed to draw parallels and learn for other viral
models such as HBV, HCV, and HSV-1.

Another implication for the non-cytotoxic functions of CD8
T cells is in the realm of anti-tumoral vaccination. The weak
immunogenicity of tumoral antigens raised the need for a
stronger immunogenic adjuvant that would confer help for
anti-tumoral immune response. Bystander CD8 T cells have
been shown by the previously mentioned work of Kalinski to
enhance the anti-tumoral effect provided by dendritic cell-based
vaccines (62). This work has been recently complemented by
Newman et al. who showed that active influenza vaccine
improved the outcome of lung cancer in both mouse models
and human patients (131). The study further showed that
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intratumorally vaccination with heat inactivated influenza
virus significantly reduced skin melanoma in mice and
improved host survival. This effect was shown to be mediated
by DCs via a Batf3” mice and leds to increase of CD8 T cells and
intra-tumoral anti-tumor CD8 T cells as well. Finally, CD8 T
cells were shown to protect DCs (direct non-cytotoxicity) in a
way to enhance antigen presentation and thereby augment the
subsequent immune response (114).

In summary, enhancing the antigenicity of tumor vaccines
by including a tumor non-specific antigen could be a potential
therapy in addition to chemotherapy and immunotherapy.
Despite these seminal studies showed a substantial help
provided by such vaccines, whether this effect is mediated
directly by anti-tumoral CD8 cells or anti-viral CD8 cells is
still unclear. This begets the following question: do anti-tumor
CD8 cells crosstalk and interact with non-specific CD8 cells in
the tumor microenvironment in order to receive the needed help
to amplify the anti-tumoral response?

The protective benefit of the non-cytotoxic effect of CD8 T
cells can be extended to be medically employed for regeneration
and tissue repair. As previously reported in this review, following
an ischemic event, a subpopulation of CD8 T cells that expresses
AT2R migrates to the injured cardiac tissue and participates in
the post-ischemic reparative processes. This subpopulation
produces IL-10 that enhances the reparative mechanisms and
prevents the deleterious scar formation. It is crucial to
understand the mechanisms involved in the recruitment of
these cells into cardiac tissue post-ischemic injury. The first
signal to recruit and activate these cells in order to initiate their
reparative functions is still to be deciphered: whether it depends
on an Angiotensin gradient post ischemia, DAMPs, or a specific
chemokine. Identifying the first step in this cascade of events
would allow finding a therapeutic measure to enhance post
ischemic cardiac remodeling and prevent scar formation
within the injured cardiac tissue.

4 Concluding remarks

CTLs are classically considered as the serial killers of the
immune system. As such, they are equipped with a wide array of
cytotoxic molecules such as Granzymes and perforin. They are
the soldiers of the immune system that clear pathogens, and fight
against tumoral growth. However, CD8 T cells assume other
protective, reparative, and homeostatic roles beyond their
cytotoxic capacity. Resorting to their cytotoxic molecular
machinery, CD8 T cells seem to play a direct non-cytotoxic
function. For instance, they were able to control infections
beyond directly killing the infected cells mainly by suppressing
viral replication to limit viral spread in case of HBV and HCV or
maintaining viral latency (e.g., HSV-1). Further, CD8 T cells
were shown to be implicated in regeneration and tissue repair
especially in post-ischemic cardiac remodeling (indirect non-
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cytotoxicity). Understanding the non-cytotoxic functions of
CD8 T cells is a critical step to harness CD8 T cell function in
cancer immunotherapy and vaccines.

5 Outstanding questions

* Are CTLs heterogenous regarding their cytotoxic
functions? Or are they plastic? In other words, can the
same CTL perform both cytotoxic and non-cytotoxic
functions depending on their environment and signal
received?

* Why do CTLs that express GzmB do not kill HSV-1
latently infected neurons?

* In tumor vaccines, what are the mechanisms responsible
for enhancement of tumor clearance? Is it crosstalk and
interaction between non-specific and tumor-specific
CD8 T cells? if so, how?

* How can we harness recruitment of AT2R" CD8 T cells
to the site of tissue injury during myocardial infarction
to enhance repair? What signals are responsible for
recruitment of these cells?

*  Why do alloreactive T cells in lung transplantation play
a protective role but not in other solid organ
transplantation? What is so special about the lungs?

* What kind of signals can we learn from the lung
microenvironment to apply to other solid organ
transplants?

* Why is there differential non-cytotoxic capacity
of CD8 T cells in HIV patients? Is it cell-intrinsic or
microenvironment driven?
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TIM-3-expressing lymphocytes
In epithelial ovarian cancer co-
express CXCL13 and associate

with improved survival
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Hans W. Nijman?, Marco de Bruyn® and Edwin Bremer™
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Reactivation of tumor infiltrating T lymphocytes (TILs) with immune checkpoint
inhibitors or co-stimulators has proven to be an effective anti-cancer strategy
for a broad range of malignancies. However, epithelial ovarian cancer (EOC)
remains largely refractory to current T cell-targeting immunotherapeutics.
Therefore, identification of novel immune checkpoint targets and biomarkers
with prognostic value for EOC is warranted. Combining multicolor
immunofluorescent staining’s with single cell RNA-sequencing analysis, we
here identified a TIM-3/CXCL13-positive tissue-resident memory (CD8/
CD103-positive) T cell (Trm) population in EOC. Analysis of a cohort of ~175
patients with high-grade serous EOC revealed TIM-3-positive Trm were
significantly associated with improved patient survival. As CXCL13-positive
CD8-positive T cells have been strongly linked to patient response to anti-
PD1 immune checkpoint blockade, combinatorial TIM-3 and PD-1 blockade
therapy may be of interest for the (re)activation of anti-cancer immunity
in EOC.

KEYWORDS

tumor infiltrating lymphocytes, epithelial ovarian cancer, TIM-3, CXCL13, RNA-seq

Introduction

For epithelial ovarian cancer (EOC) the infiltration of lymphocytes, particularly T
cells, in tumor tissue is associated with a better clinical outcome (1-3), suggesting T cell
immunotherapy may be of use. However, although re-activation of immune cells with
immune checkpoint inhibitors (ICI) or co-stimulators is effective for a wide range of
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malignancies (as reviewed in (4-6)), responses in EOC are
disappointing. Most notably, objective responses in EOC do
not exceed 7% with PD-1 checkpoint therapy (7-9).
Accordingly, releasing the PD-1/PDL-1 immune checkpoint
brake with ICI’s is not sufficient for re-establishing anti-tumor
immunity in EOC. For this reason, identification of novel
immune checkpoint targets on TILs as well as biomarkers with
prognostic value in EOC remains essential.

Intra-epithelial localization of CD8-positive TILs is
associated with improved patient survival in EOC, whereas
intratumoral yet stromally located TILs do not associate with
survival (10-14). More specifically, survival is associated with a
subset of TILs that can be identified by CD103 expression, an oE
integrin subunit regarded as a tissue-resident memory T cell
marker. This TIL population additionally expresses
immunotherapeutic targets, such as PD-1 and CD27, and can
possibly be re-activated by a combination of PD-1 checkpoint
inhibition and CD27 co-stimulators (12). This subpopulation is
defined as highly activated, tumor-specific, and tissue-resident
memory T cells that can also express the T cell immunoglobulin
and mucin domain 3 (TIM-3) checkpoint receptor (15). In line
with this, CD8-positive tumor-reactive T cells in different solid
tumors co-express PD-1, LAG-3, CTLA-4 and TIM-3 (16, 17).

Initially, TIM-3 expression was described on IFN-y producing
CD4-positive helper T cells and cytotoxic CD8-positive T cells and
reported to regulate macrophage activation (18). On TIL
populations, TIM-3 expression is associated with T cell exhaustion,
tumor progression, and poor clinical outcome in certain cancers (19-
22). Reversely, for other cancers, it can associate with benefit. For
instance, TIM-3 expression in TILs of triple-negative breast cancer
(TNBC) patients associated with longer recurrence-free and overall
survival (23). However, in a meta-analysis study of 3,072 cases from
21 published studies from a range of solid cancers TIM-3 expression
on TILs did not associate with overall survival. In contrast, TIM-3
expression on malignant cells did significantly associate with poor
overall survival (24). Thus, solely evaluating TIM-3 expression levels
within a TIL population is likely not sufficient and a more detailed
delineation of subsets of TILs that express TIM-3 is warranted.
Particularly, whether such a more relevant TIL population associates
with patient survival and may thus be of therapeutic interest.

Interestingly, expression of the chemokine CXCL13 has also
been identified in highly exhausted TIM-3-expressing TILs, a
cell population that was predictive for both response to ICIs
(PD-1 blockade) and survival in non-small cell lung cancer
patients and muscle-invasive bladder cancer (MIBC) (25, 26).
CXCLI13 expression itself associated with prognosis, immune
infiltration, and T cell exhaustion in ovarian cancer (27).
CXCL13 expression was TGFp-dependent and mediated B cell
recruitment and formation of tertiary lymphoid structures
(TLSs) in human tumors (28). Notably, although not directly
evaluated in the current study, the presence of TLSs in several
human tumors has been linked to improved prognosis and
outcome upon immunotherapy (29-31). Further, tumor

Frontiers in Immunology

39

10.3389/fimmu.2022.1031746

infiltrated CD8-positive T cells in tumors without TLSs lacked
prognostic benefit or even associated with increased risk of
disease progression (32, 33).

Here, a cohort of EOC core samples was evaluated for the
presence of tumor infiltrating CD8/CD103/TIM-3 triple-
positive T cells and subsequently correlated with patient
survival. Interestingly, increased tumor infiltration of CD8/
CD103/TIM-3 triple-positive cells associated with improved
patient survival in EOC, suggesting that CD8/CD103/TIM-3
triple-positive TILs can serve as a prognostic marker for EOC. In
line with this finding, a single-cell tumor immune transcriptomic
dataset revealed co-expression of TIM-3, CXCL13 and CD103
within the terminally exhausted CD8-positive T cell fraction
(pre-defined by using canonical markers and curated gene
signatures (34)). Expression of CXCL13 could predominantly
be attributed to the CD8/CD103/TIM-3 triple-positive fraction
compared to single- and double-positive counterparts in
primary EOC samples. Thus, TIM-3 expression on CD8/
CD103-double positive TILs may be used as surrogate marker
for prognostically favorable CXCL13-positive CD8-positive TILs
and may have prognostic value.

Materials and methods
Patient selection

Patient selection and construction of the tissue micro-array
(TMA) were described previously (35). Briefly, a recoded
database was created containing information on clinico-
pathological characteristics and follow-up of patients
diagnosed with advanced stage HGSOC at the University
Medical Center Groningen (Groningen, The Netherlands) and
Isala hospital Zwolle (Zwolle, The Netherlands) between January
2008 and January 2017. In total 176 EOC patients were included
from participating centers (see Table 1). Patients were staged
according to international Federation of Gynecology and
Obstetrics (FIGO) criteria 2014 based on World Health
Organization (WHO) guidelines. Histological subtype was
confirmed by experienced gynecologic pathologists based on
morphology, and when available P53 immunohistochemistry
staining. The presence of tumor tissue was confirmed on H&E
slides and representative locations with tumor tissue were
selected for the TMA. OS was calculated from the date of
initial treatment (either primary surgery or first cycle of neo-
adjuvant chemotherapy) and was last updated in July 2020.

Immunohistochemical staining
For immunohistochemistry (IHC), tissue microarray (TMA)

sections were constructed as described previously (36).
Formalin-fixed, paraffin-embedded (FFPE) TMA slides were
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TABLE 1 Patient characteristics cohort N=176.

N %
FIGO stage
I 9 5
I 133 76
v 34 19
Unknown 0 0
BRCA status
Mutant 16 9
Wildtype 50 28
Unknown 110 63
Primary treatment
Primary surgery 83 47
Neoajuvant chemotherapy 93 53
Surgery outcome
Macroscopic tumor 87 49
No macroscopic tumor 87 49
Unknown 2 1

FIGO, Fédération Internationale de Gynécologie et d’obstetrique.

dewaxed in xylene and later rehydrated by using degraded
concentrations of ethanol. Antigen retrieval was initiated
(10 mM citrate buffer, pH6) and endogenous peroxidase
activity was blocked (30% H,O, solution). Slides were stained
with rabbit anti-human CD103 mAb (anti-oEB7-integrin,
Abcam, Cambridge, UK, 1:200) before incubation overnight at
4 °C. The next day, slides were incubated with Envision-HRP
anti-rabbit and later amplified with fluorophore cyanine 5
according to manufacturer’s instructions (TSA Cyanine 5
(Cy5) detection Kit, Perkin Elmer, 1:50). Next, the slides were
stained with mouse anti-human CD8 (DAKO, Heverlee,
Belgium, clone C8/144B, 1:50) before incubation overnight 4 °
C. On the third day, slides were incubated with Envision-HRP
anti mouse and amplified using the Fluorescein detection kit
(Perkin Elmer, 753001KT, 1:50) according to the manufacturer’s
instructions. Afterwards, the slides were stained with rabbit anti-
TIM-3 mAb before incubation overnight at 4°C. The next day,
the slides were incubated with Envision-HRP anti-rabbit and
amplified by using TSA Cyanine 3 (Cy3) (Perkin Elmer,
753001KT, 1:50). The sections were embedded in prolong
diamond anti-fade mounting medium with DAPI
(Life Technologies).

Image acquisition and analysis

Sections were scanned using a TissueFAXS imaging system
(TissueGnostics, Vienna, Austria). Processed channels were
merged using Image]. Within each core, single-positive CD8
cells, double-positive CD103/CD8 cells and triple-positive CD8/
CD103/TIM-3 cells were counted, and the percentage of tumor/
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stromal surface was estimated. The slides were counted manually
by 2 individuals who were blinded for the clinicopathological
data. Afterwards, scores of the 2 individual counters were
compared and differences in counts of over 10% were
reanalyzed until consensus was reached.

Ethics

The study was approved by the local ethics review board
under Register number 201700448.

Single cell mRNA sequencing data
analysis

A single-cell tumor immune atlas based on over 500,000 cells
from 217 patients and 13 cancer types (described in (34)) was
utilized to evaluate gene expression in the tumor immune
microenvironment (TME). The dataset was downloaded in the
form of a RDS file containing the Seurat object. The data was
uploaded into Seurat V4 in R language version 4.0.3. Within this
cell atlas, immune cell fractions were pre-separated into 25
different clusters using canonical markers and curated gene
signatures (B cells, proliferative B cells, plasma B cells, naive T
cells, regulatory T cells, T helper cells, Th 17 cells, proliferative T
cells, recently activated CD4-positive T cells, naive-memory
CD4-positive T cells, transitional memory CD4-positive T
cells, pre-exhausted CD8-positive T cells, cytotoxic CD8-
positive T cells, effector memory CD8-positive T cells,
terminally exhausted CD8-positive T cells, NK cells, secreted
phosphoprotein 1 (SPP1) tumor-associated macrophages
(TAMs), M2 TAMs, pro-inflammatory TAMs, proliferative
monocytes and macrophages, monocytes, conventional
dendritic cells (¢cDC), plasmacytoid dendritic cells (pDC),
myeloid DC (mDC) and mast cells). Most cells were negative
for TIM-3 and therefore cells with non-zero TIM-3 expression
were considered TIM-3-positive. Differential expression was
calculated by using the FindMarkers function from Seurat with
MAST as the method of choice (37).

TIL flow cytometric analysis

Tumor infiltrating lymphocyte (TIL) extraction was
performed on ovarian cancer tissue obtained during surgery
collected in the University Medical Center Groningen, The
Netherlands. This study was carried out in the Netherlands in
accordance with International Ethical and Professional
Guidelines (the Declaration of Helsinki and the International
Conference on Harmonization Guidelines for Good Clinical
Practice. The use of anonymous rest material is regulated
under the code for good clinical practice in the Netherlands
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and had been processed anonymously (38). Patients had given
consent to use surgical material for research purposes. Primary
patient TILs used for analysis of the TIL phenotype were isolated
from fresh tumor samples obtained during cytoreductive
surgery. Thawed TILs were resuspended in FACS tubes in a
final volume of 200 pul and stimulated with Cell Stimulation
Cocktail (Thermo Fisher) for 12-16h at 37°C. Golgiplug (BD
Bioscences) was added the last 4h of the culture. CD3, CDS,
CD103, TIM-3 and CXCL13 expression was determined by
mAbs specific for the corresponding human molecules
conjugated with BV785 (CD3, Biolegend), BV421 (CD8, BD
Bioscences), Fluorescein Isothiocyanate (CD103, BD
Bioscences), Pe-CF594 (TIM-3, BD Biosciences) and APC
(CXCL13, Invitrogen). Fix and Perm solutions A and B from
Nordic MuBio (Susteren, the Netherlands) were used for
analysis of intracellular molecules. Acquisition was done on a
CytoFLEX flow cytometer (Beckman Coulter), and analysis was
performed using FlowJo V10.5.3.

Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics
for Windows, version 23 (IBM Corp., Armonk, N.Y., USA) and
R (version 3.6.2). Immune cell densities were log2 transformed
for analysis. Clustering of cases was done by hierarchical
clustering using Ward’s minimum variance method in R using
package heatmap. Correlations between immune clusters and
clinical and histopathological variables were analyzed using
Multiple regression analysis in SPSS. Analysis of OS as a
function of immune cell density was performed in R using
package Survminer. Survival curves were plotted using the
Kaplan-Meier method. A p-value of <0.05 was used as cutoff
for significance. Patients were divided into high or low/no
infiltration clusters, determined based on the optimal cut-off.

Results

Patterns of T cell infiltrates in EOC
patients

Immunofluorescent analysis of EOC patient tissue identified
CD8-positive, CD103-positive, TIM-3-positive cells (Figure 1A)
and all combinations thereof (Figure 1B). TIM-3-positive cells
represented a relatively small subpopulation, with median cell
counts of 63, 16 and 2 for CD8 single-positive (left), CD8/CD103
double-positive (middle) and CD8/CD103/TIM-3 triple-positive
(right) populations, respectively (Figure 1C). Hierarchical
clustering revealed that patient samples that displayed high
infiltration levels of triple-positive cells were also characterized
by infiltrates of double-positive cells (CD8/CD103 vs CD8/
CD103/TIM-3 bars in Figure 2). Upon multiple regression
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analysis no significant association of the FIGO-stage, BRCA-
status, primary treatment strategy or surgery outcome with any
of the clusters was established (Figure 2). Interestingly, although
statistical significance was not reached, an association between
BRCA-status (purple bar) and the triple-positive CD8/CD103/
TIM-3 cluster was identified. Further, multiple regression
analysis of histopathological markers PAX8, WT1, CK7, P16
and P53 determined during diagnostic workup revealed no
association with any of the immune clusters.

TIL TIM-3 expression associates with
improved survival in EOC

Infiltration of CD8-positive T cells did not significantly
associate with survival in the dichotomized patient cohort
(Figure 3A, p = 0.12). In line with previous data, CD8/CD103-
positive T cell infiltration did associate with a significant
improvement in survival (Figure 3B, p = 0. 003). Importantly,
although the total numbers of CD8/CD103/TIM-3 triple-
positive infiltrated cells were much lower than that of single-
and double-positive populations (see Figure 1B), the presence of
triple-positive T cells also associated with a significantly better
survival (Figure 3C, p = 0. 0028).

As the CD8/CD103 double-positive counts also include the
CD8/CD103/TIM-3 triple-positive counts, an analysis was
performed in which the triple-positive counts were removed
from the double-positive counts, yielding a double - triple
cluster (CD8/CD103-positive cells without (co-)expressing
TIM-3) (Figure 3D). Interestingly, even though the double -
triple population still significantly associates with (p = 0.021),
the survival difference between the high and the low fraction was
greatly reduced compared to the original, triple-positive high vs
low cluster (Figure 3B vs 3D). Of note, a CD8 single-positive
population without cells (co-)expressing CD103 and TIM-3 was
even associated with reduced survival (p = 0.0012, Figures 3A vs
3E). Together, a clear survival benefit was detected in patients
with high CD8/CD103/TIM-3 triple-positive tumor infiltration.
Further, the higher survival probability observed for the single-
positive high and double-positive high clusters can mainly be
attributed to triple-positive cell also present within
this population.

Tumor-infiltrating terminally exhausted
CD8-positive T cells have tumor-reactive
signatures and co-express CXCL13

and TIM-3

To understand the observed differential survival, we
analyzed differentially expressed genes (DEGs) within the pre-
defined (34) terminally exhausted CD8-positive TIL cluster
versus all the other tumor infiltrating immune cell clusters.
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Tumor infiltration of immune cell subsets CD8-positive, CD8/CD103-positive and CD8/CD103/TIM-3-positive in EOC core samples. Exemplary
processed IHC slide stained with antibodies targeting CD8 (green), CD103 (red) and TIM-3 (cyan) and corresponding secondary antibodies (A)
TMA sections were scanned using a TissueFAXS imaging system. Processed channels were merged using Imaged. Fluorescent overlay analysis
revealing CD8/CD103 double-positive, CD103/TIM-3 double positive and CD8/CD103/TIM-3 triple-positive cells (B). Single-, double- and triple-
positive cell populations were counted using ImageJ. Total raw cell counts of the single-, double- and triple-positive cell populations are Log2

transformed and displayed in (C)

This analysis revealed co-expression of several genes associated
with exhaustion, such as Lymphocyte Activating 3 (LAG3),
TIM-3, T Cell Immunoreceptor With Ig And ITIM Domains
(TIGIT), Programmed cell death protein 1 (PDCD1), CD39
(encoded by the ENTPDI1 gene) and Cytotoxic T Lymphocyte
Associated Protein 4 (CTLA4) (Figure 4A, left). Genes associated
with cytotoxicity, such as Granzyme B (GZMB), Natural Killer
Cell Granule Protein 7 (NKG7), Interferon Gamma (IFNG),
Granzyme A (GZMA), Granulysin (GNLY), TNF Receptor
Superfamily Member 9 (TNFRSF9/4-1BB) and CD27 were
likewise upregulated (Figure 4A, left).

In line with expectation, upregulated expression of tissue-
resident memory T cell marker CD103 (encoded by the ITGAE
gene) was detected, as well as upregulation of the B cell
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recruiting chemokine CXCL13 (Figure 4A, left). CXCL13/
CD103/CD8 triple-positive TILs have previously been
identified with B cell recruitment, TLS formation, neo-antigen
burden and cytolytic gene signatures in human tumors and
TIM-3 expression has been identified on CD39/CD103 double-
positive tumor-reactive CD8-positive T cells (17, 25). Therefore,
a possible TIM-3 and CXCL13 co-expression pattern within the
tumor infiltrating immune-repertoire was further evaluated
by us.

Both TIM-3 and CXCL13 expression was found across a range of
cell types, with relatively high expression of both molecules found
within the terminally exhausted CD8-positive T cell fraction
(Figure 4B, see arrow’s). As expected, high CXCL13 expression was
also found in T follicular helper cells (39). When comparing DEGs
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Patterns of infiltration of CD8/CD103/TIM-3-expressing immune cell subsets. Heatmap displaying infiltration of CD8/CD103/TIM-3-expressing
immune cell subsets in EOC core samples. Hierarchical cluster analysis of all samples displayed three clusters based on immune cell
populations: CD8-positive, CD8/CD103-positive and CD8/CD103/TIM-3-positive. Clinical characteristics are displayed for each sample,
including FIGO-stage, BRCA-status, primary treatment strategy (primary debulking surgery (PDS) versus neoadjuvant chemotherapy (NACT)) and
the presence of macroscopic disease after surgery (complete versus incomplete). Histopathological markers determined during diagnostic
workup including p53, PAX8, WT1 and CK7 are further displayed. Clustering of cases was done by hierarchical clustering using Ward’'s minimum
variance method in R using package pheatmap. Correlations between immune clusters and clinical and histopathological variables were

analyzed using multiple regression analysis in SPSS.

within the CXCL13-positive and negative fractions from the CD8-
positve TIL subset, again exhausted and cytotoxic signatures were
found (e.g., upregulation of LAG3, PDCDI1, CTLA4, TNFRSF18
(GITR), IFNG, TNFRSF4 (OX40) and TNFRSF9 (4-1BB))
(Figure 4C). Interestingly, in this analysis upregulated expression of
TIM-3 was also detected (Figure 4C, third bar from left), suggesting a
possible co-expression profile with CXCL13. Confirmatory
flowcytometric evaluation of CXCL13 expression on isolated
EOC TILs revealed that CXCL13 was predominantly found within
the CD8/CD103/TIM-3 triple-positive fraction compared to it’s
single- and double-positive counterparts (Figure 4D, red bars
vs all others). A representative gating strategy is displayed in
Supplemental Figure 1.

Discussion

In the present study, we demonstrated that a small
population of CD8/CD103/TIM-3 triple-positive TILs was
present in the tumor micro-environment of EOC patients.
This triple-positive population associated with improved
survival in EOC. Additionally, by evaluating gene signatures in
terminally exhausted CD8-positive TILs from various cancer
types, an effector/exhaustive/tumor-reactive profile with a co-
expression pattern of CD103, TIM-3 and CXCL13 was found.

The prognostic value of TIM-3 expression on TILs is a subject of
debate, as for some cancers high expression of TIM-3 within the TIL
population has been associated with poor prognosis, whereas in
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others it was found to have a positive impact on prognosis (reviewed
in (40)). For example, even though PD-1/TIM-3 double-positive
CD8-positive TILs in ovarian cancer displayed enhanced potential
for cytokine production and proliferation compared to other CD8-
positive TIL subsets, patients highly expressing PD-1 and TIM-3 in
TILs had reduced progression free survival compared to patients with
low PD-1 and TIM-3 TIL expression. However, no significant
difference for overall survival was observed (21). Likewise, in
oropharyngeal squamous cell carcinoma (OPSCC) TIM-3
expression in TILs was associated with a higher number of CD8-
positive TILs, whereas no significant impact on overall survival was
observed (41). In gastrointestinal stromal tumors (GIST) on the other
hand, TIM-3 expression levels on TILs were an independent
predictor of patients’ overall survival and disease-free survival (42).
Interestingly, although PD-1 and TIM-3 expressing TILs in diffuse
large B-cell lymphoma (DLBCL) displayed an exhausted phenotype,
their actual total numbers were expanded, and they expressed high
levels of cytotoxic molecules (43). Promisingly, their proliferative
potential and cytokine release could subsequently be restored by PD-
1 or TIM-3 blockade. Solely evaluating TIM-3 expression levels on
total TIL population is therefore not sufficient to define the subset of
TILs that associate with survival. For this reason, the identification of
a more relevant TIL population, like reported here, in terms of
association with patient survival is of interest.

In the current report, no significant association of the clinical
characteristics FIGO-stage, BRCA-status, primary treatment
strategy or surgery outcome with any of the evaluated immune
cell clusters was established, although an association between
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TIL TIM-3 expression associates with improved survival in EOC. Analyses of OS in months as a function of immune cell density based on
immune cell populations CD8-positive (A), CD8/CD103-positive (B), CD8/CD103/TIM-3-positive (C), CD8/CD103-positive - (CD8/CD103/TIM-
3-positive) (D) and CD8-positive - (CD8/CD103/TIM-3-positive) (E) performed by Cox proportional hazard models in R using packages RMS and
survival, plotted using package ggPlot2. Proportionality of hazards was confirmed by scaled Schoenfeld residuals. Optimal cutoff analysis was
determined in R using package Survminer. Survival curves were plotted in R using Survminer by using the Kaplan—Meier method. A p-value of

<0.05 was used as cutoff for significance.

BRCA-status and the CD8/CD103/TIM-3 triple-positive cluster
was observed. A BRCA 1/2-status has previously been linked to
immunogenicity and survival and might also be predictive for
response to immune checkpoint inhibitors (44-46). Further, the
survival benefit observed in the current report for EOC patients
can mainly be attributed to the presence of CD8/CD103/TIM-3
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triple-positive TILs, with limited to no impact of the CD8/CD103
double-positive or the CD8 single-positive cell population on
survival. In accordance, in patients with clear cell renal cell
carcinoma (ccRCC) it was shown that although extensive CD8-
positive T cell infiltrate levels were observed, due to the absence of
TLSs and expression of immune checkpoints there was an
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FIGURE 4

Tumor infiltrating terminally exhausted CD8-positive T cells have tumor-reactive signatures and co-express CXCL13 and TIM-3. Single-cell
tumor immune atlas RNA sequencing data-set based on over 500,000 cells from 217 patients and 13 cancer types to evaluate gene expression
in the tumor immune microenvironment. Immune cell fractions were pre-separated into 25 different clusters using canonical markers and
curated gene signatures (A, right). Evaluation of DEGs within the terminally exhausted CD8-positive TIL cluster versus all the other tumor
infiltrating immune cell clusters (A, left). Relative TIM-3 and CXCL13 expression found across the different immune cell fractions (B). DEGs found
within the CD8-positive CXCL13-positive vs CD8-positive CXCL13-negative analysis (C). (D) % CXCL13 events found in CD8/CD103/TIM-3-
positive (red bars), CD8/CD103-positive (green bars), CD8/TIM-3-positive (blue bars) and CD8-positive (yellow bars) populations from 4 different
primary ovarian cancer patient TIL samples evaluated by flow cytometry.

increased risk of disease progression (33). As in the current
manuscript no evidence is provided that CXCL13 produced by
CD8/CD103/TIM-3-triple positive cells leads to TLS formation,
evaluation of additional immune checkpoints and assessing the
presence of TLSs in the same EOC cohort as in the present study
may further help implementing of our observations.

CXCL13 is a key molecular determinant of the formation of
prognostically favorable TLSs and is considered to be a surrogate
marker for tumor TLS (26). Multiple studies have linked the
expression of CXCL13 to patient prognosis and its potential as
response biomarker to immunotherapy (26, 31, 39, 47). CXCL13
plays an important role in shaping the anti-tumor
microenvironment by facilitating immune cell recruitment,
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their activation and regulating the adaptive immune response
(48). Interestingly, in our scRNAseq analysis, CXCL13
expression was found within the terminally exhausted CD8-
positive T cell fraction next to that of TIM-3 and CD103.
Expression of CXCL13 was subsequently also confirmed on
the CD8/CD103/TIM-3 triple-positive fraction in primary
EOC samples. Within the CD8 subsets, CD8/CD103/TIM-3-
positive cells predominantly express CXCL13 and their
infiltration is associated with improved patient survival in
EOC. However, this finding may be limited to EOC as other
studies show that CD8/CXCL13-positive cells are also associated
with poor clinical outcomes and display an immunoevasive
contexture in the TME of ccRCC and gastric cancer (49, 50).
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Multiple DEGs, collectively reflecting an exhaustive
phenotype with a tumor-reactive potential, were furthermore
found in the scRNAseq analysis when comparing tumor
exhaustive CD8-positive TILs to the complete tumor
infiltrating immune cell repertoire. For example, upregulated
expression of LAG3, TIM-3, TIGIT, PDCD1, CTLA4 confirmed
a transcriptome associated with exhaustion (51, 52). Further,
upregulated expression of CD39 (ENTPD1) was detected, a
marker of persistent TCR stimulation on exhaustive T cells
(17, 53), co-expression of which with tissue-resident memory
T cell marker CD103 (ITGAE) has been identified on tumor-
reactive CD8-positive T cells in human solid cancers (17). The
anti-tumor CD103-positive CD8-positive T cell subset has
furthermore been associated with chemokine CXCL13
expression (28), and is in line with the co-expression with
TIM-3 in our analysis.

Targeting inhibitory receptors like TIM-3 to reverse T cell
exhaustion is of potential therapeutic interest for a variety of
cancers (54-56). In this respect, antagonistic antibodies targeting
TIM-3 on tumor-specific exhausted T cells alone or in
combination with PD-1 or PD-L1 targeting antibodies are
under clinical evaluation (57-59). As monotherapy however,
none to limited anti-tumor activity has been reported so far (57,
58). A bi-specific antibody targeting both TIM-3 and PD-L1 has
also been clinically evaluated, but it’s further development was
terminated due to unexpected immunogenicity upon targeting
of both the TIM-3 and PD-L1 arms (60). Indeed, the tumor-
specific role of T cell expressed TIM-3 as well as potential tumor
cell-expressed TIM-3 will need to be clarified in order to
rationally design TIM-3 targeted immunotherapy.

In conclusion, we identified a small set of CD8/CD103/TIM-3-
expressing tumor infiltrated T cells in EOC patients associated with
improved EOC patient survival. Therefore, CD8/CD103/TIM-3
triple-positive TILs may be a prognostic marker for EOC and
represents a target population of interest for reactivation by
immunotherapeutics. Further, DEG analysis revealed upregulated
expression of co-stimulatory, cytotoxic, and exhaustive genes, and
notably that of CXCL13, CD103 and TIM-3 within the terminally
exhausted CD8-positive T cell fraction. Due to the observed co-
expression pattern of TIM-3 and CXCL13, TIM-3 expression on
CD8/CD103-double positive TILs may be used as surrogate marker
for prognostically favorable CXCL13-positive CD8-positive TILs and
may have prognostic value itself.
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A representative gating strategy for flowcytometric evaluation of CXCL13
expression on isolated EOC TILs within the CD8/CD103/TIM-3 triple-
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counterparts. Cells were gated, followed by the selection of the viable
CD3/CD8-positive subset. Here the CD8/CD103/TIM-3 subsets were
evaluated for CXCL13 expression. An “all abs -CXCL13 antibody” was
taken along as control.

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2022.1031746/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1031746/full#supplementary-material
https://doi.org/10.3389/fimmu.2022.1031746
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Vlaming et al.

References

1. Zhang L, Conejo-Garcia JR, Katsaros D, Gimotty PA, Massobrio M, Regnani
G, et al. Intratumoral T cells, recurrence, and survival in epithelial ovarian cancer.
N Engl ] Med (2003) 348(3):203-13. doi: 10.1056/NEJM0a020177

2. Sato E, Olson SH, Ahn J, Bundy B, Nishikawa H, Qian F, et al. Intraepithelial
CD8+ tumor-infiltrating lymphocytes and a high CD8+/regulatory T cell ratio are
associated with favorable prognosis in ovarian cancer. Proc Natl Acad Sci U.S.A.
(2005) 102(51):18538-43. doi: 10.1073/pnas.0509182102

3. LiJ, Wang ], Chen R, Bai Y, Lu X. The prognostic value of tumor—inﬁltrating
T lymphocytes in ovarian cancer. Oncotarget (2017) 8(9):15621-31. doi: 10.18632/
oncotarget.14919

4. Wei SC, Dufty CR, Allison JP. Fundamental mechanisms of immune
checkpoint blockade therapy. Cancer Discovery (2018) 8(9):1069-86. doi:
10.1158/2159-8290.CD-18-0367

5. Leach DR, Krummel MF, Allison JP. Enhancement of antitumor immunity
by CTLA-4 blockade. Science (1996) 271(5256):1734-6. doi: 10.1126/
science.271.5256.1734

6. Rotte A. Combination of CTLA-4 and PD-1 blockers for treatment of cancer.
Journal of Experimental & Clinical Cancer Research (2019) 38(1):1-12. J.J.o.E. and
C.C. Research. doi: 10.1186/s13046-019-1259-z

7. Brahmer JR, Tykodi SS, Chow LQ, Hwu W], Topalian SL, Hwu P, et al. Safety
and activity of anti-PD-L1 antibody in patients with advanced cancer. N Engl ] Med
(2012) 366(26):2455-65. doi: 10.1056/NEJMoal200694

8. du Bois A, Kristensen G, Ray-Coquard I, Reuss A, Pignata S, Colombo N, et al.
Standard first-line chemotherapy with or without nintedanib for advanced ovarian
cancer (AGO-OVAR 12): a randomised, double-blind, placebo-controlled phase 3
trial. Lancet Oncol (2016) 17(1):78-89. doi: 10.1016/S1470-2045(15)00366-6

9. Jayson GC, Kohn EC, Kitchener HC, Ledermann JA. Ovarian cancer. Lancet
(9951) 2014:1376-88:384. doi: 10.1016/S0140-6736(13)62146-7

10. Webb JR, Milne K, Watson P, DeLeeuw R], Nelson B. Tumor-infiltrating
lymphocytes expressing the tissue resident memory marker CD103 are associated
with increased survival in high-grade serous ovarian cancer. Clin Cancer Res (2014)
20(2):434-44. doi: 10.1158/1078-0432.CCR-13-1877

11. Schenkel JM, Masopust DJI. Tissue-resident memory T cells. Immunity
(2014) 41(6):886-97. doi: 10.1016/j.immuni.2014.12.007

12. Komdeur FL, Wouters MC, Workel HH, Tijans AM, Terwindt AL,
Brunekreeft KL, et al. CD103+ intraepithelial T cells in high-grade serous
ovarian cancer are phenotypically diverse TCRalphabeta+ CD8alphabeta+ T cells
that can be targeted for cancer immunotherapy. Oncotarget (2016) 7(46):75130-44.
doi: 10.18632/oncotarget.12077

13. Webb JR, Milne K, Nelson BH. PD-1 and CD103 are widely coexpressed on
prognostically favorable intraepithelial CD8 T cells in human ovarian cancer.
Cancer Immunol Res (2015) 3(8):926-35. doi: 10.1158/2326-6066.CIR-14-0239

14. Komdeur FL, Prins TM, van de Wall S, Plat A, Wisman GBA, Hollema H, et al.
CD103+ tumor-infiltrating lymphocytes are tumor-reactive intraepithelial CD8+ T cells
associated with prognostic benefit and therapy response in cervical cancer.
Oncoimmunology (2017) 6(9):e1338230. doi: 10.1080/2162402X.2017.1338230

15. Djenidi F, Adam J, Goubar A, Durgeau A, Meurice G, de Montpreéville V,
et al. CD8+CD103+ tumor-infiltrating lymphocytes are tumor-specific tissue-
resident memory T cells and a prognostic factor for survival in lung cancer
patients. ] Immunol (2015) 194(7):3475-86. doi: 10.4049/jimmunol.1402711

16. Gros A, Robbins PF, Yao X, Li YF, Turcotte S, Tran E, et al. PD-1 identifies
the patient-specific CD8(+) tumor-reactive repertoire infiltrating human tumors. J
Clin Invest (2014) 124(5):2246-59. doi: 10.1172/JCI73639

17. Duhen T, Duhen R, Montler R, Moses ], Moudgil T, de Miranda NF, et al.
Co-Expression of CD39 and CD103 identifies tumor-reactive CD8 T cells in
human solid tumors. Nat Commun (2018) 9(1):2724. doi: 10.1038/s41467-018-
05072-0

18. Monney L, Sabatos CA, Gaglia JL, Ryu A, Waldner H, Chernova T, et al.
Th1-specific cell surface protein Tim-3 regulates macrophage activation and
severity of an autoimmune disease. Nature (2002) 415(6871):536-41. doi:
10.1038/415536a

19. Fourcade ], Sun Z, Benallaoua M, Guillaume P, Luescher IF, Sander C, et al.
Upregulation of Tim-3 and PD-1 expression is associated with tumor antigen-
specific CD8+ T cell dysfunction in melanoma patients. J Exp Med (2010) 207
(10):2175-86. doi: 10.1084/jem.20100637

20. Granier C, Dariane C, Combe P, Verkarre V, Urien S, Badoual C, et al. Tim-
3 expression on tumor-infiltrating PD-1(+)CD8(+) T cells correlates with poor
clinical outcome in renal cell carcinoma. Cancer Res (2017) 77(5):1075-82. doi:
10.1158/0008-5472.CAN-16-0274

Frontiers in Immunology

10.3389/fimmu.2022.1031746

21. Sawada M, Goto K, Morimoto-Okazawa A, Haruna M, Yamamoto K,
Yamamoto Y, et al. PD-1+ Tim3+ tumor-infiltrating CD8 T cells sustain the
potential for IFN-gamma production, but lose cytotoxic activity in ovarian cancer.
Int Immunol (2020) 32(6):397-405. doi: 10.1093/intimm/dxaa010

22. Fucikova J, Rakova ], Hensler M, Kasikova L, Belicova L, Hladikova K, et al.
TIM-3 dictates functional orientation of the immune infiltrate in ovarian cancer.
Clin Cancer Res (2019) 25(15):4820-31. doi: 10.1158/1078-0432.CCR-18-4175

23. Do Byun K, Hwang HJ, Park KJ, Kim MC, Cho SH, Ju MH, et al. T-Cell
immunoglobulin mucin 3 expression on tumor infiltrating lymphocytes as a
positive prognosticator in triple-negative breast cancer. J Breast Cancer (2018) 21
(4):406-14. doi: 10.4048/jbc.2018.21.e61

24. Qin S, Dong B, Yi M, Chu Q, Wu K. Prognostic values of TIM-3 expression
in patients with solid tumors: A meta-analysis and database evaluation. Front Oncol
(2020) 10:1288. doi: 10.3389/fonc.2020.01288

25. Thommen DS, Koelzer VH, Herzig P, Roller A, Trefny M, Dimeloe S, et al.
A transcriptionally and functionally distinct PD-1(+) CD8(+) T cell pool with
predictive potential in non-small-cell lung cancer treated with PD-1 blockade. Nat
Med (2018) 24(7):994-1004. doi: 10.1038/s41591-018-0057-z

26. Groeneveld CS, Fontugne ], Cabel L, Bernard-Pierrot I, Radvanyi F, Allory
Y, et al. Tertiary lymphoid structures marker CXCLI13 is associated with better
survival for patients with advanced-stage bladder cancer treated with
immunotherapy. Eur ] Cancer (2021) 148:181-9. doi: 10.1016/j.ejca.2021.01.036

27. Duan H, Lv Y, Liao P, Wang Y, Zheng Z, Qu H. CXCL13 correlates with
prognosis, immune infiltration, and T cell exhaustion in ovarian cancer. (2021)
doi: 10.21203/rs.3.rs-1026024/v1

28. Workel HH, Lubbers JM, Arnold R, Prins TM, van der Vlies P, de Lange K,
etal. A transcriptionally distinct CXCL13(+)CD103(+)CD8(+) T-cell population is
associated with b-cell recruitment and neoantigen load in human cancer. Cancer
Immunol Res (2019) 7(5):784-96. doi: 10.1158/2326-6066.CIR-18-0517

29. Dieu-Nosjean MC, Giraldo NA, Kaplon H, Germain C, Fridman WH,
Sautés-Fridman C. Tertiary lymphoid structures, drivers of the anti-tumor
responses in human cancers. Immunol Rev (2016) 271(1):260-75. doi: 10.1111/
imr.12405

30. Cabrita R, Lauss M, Sanna A, Donia M, Skaarup Larsen M, Mitra S, et al.
Tertiary lymphoid structures improve immunotherapy and survival in melanoma.
Nature (2020) 577(7791):561-5. doi: 10.1038/s41586-019-1914-8

31. Yang M, Lu J, Zhang G, Wang Y, He M, Xu Q, et al. CXCL13 shapes
immunoactive tumor microenvironment and enhances the efficacy of PD-1
checkpoint blockade in high-grade serous ovarian cancer. ] Immunother Cancer
(2021) 9(1):e001136. doi: 10.1136/jitc-2020-001136

32. Kroeger DR, Milne K, Nelson BH. Tumor-infiltrating plasma cells are
associated with tertiary lymphoid structures, cytolytic T-cell responses, and
superior prognosis in ovarian cancer. Clin Cancer Res (2016) 22(12):3005-15.
doi: 10.1158/1078-0432.CCR-15-2762

33. Giraldo NA, Becht E, Skliris G, Verkarre V, Vano Y, Mejean A, et al.
Orchestration and prognostic significance of immune checkpoints in the
microenvironment of primary and metastatic renal cell cancer. Clin Cancer Res
(2015) 21(13):3031-40. doi: 10.1158/1078-0432.CCR-14-2926

34. Nieto P, Elosua-Bayes M, Trincado JL, Marchese D, Massoni-Badosa R,
Salvany M, et al. A single-cell tumor immune atlas for precision oncology. Genome
research (2020) 31(10):1913-26. doi: 10.1101/2020.10.26.354829

35. Wouters MC, Komdeur FL, Workel HH, Klip HG, Plat A, Kooi NM, et al.
Treatment regimen, surgical outcome, and T-cell differentiation influence
prognostic benefit of tumor-infiltrating lymphocytes in high-grade serous
ovarian cancer. Clin Cancer Res (2016) 22(3):714-24. doi: 10.1158/1078-
0432.CCR-15-1617

36. De Jong RA, Leffers N, Boezen HM, Ten Hoor KA, van der Zee AG]J,
Hollema H, et al. Presence of tumor-infiltrating lymphocytes is an independent
prognostic factor in type I and II endometrial cancer. Gynecol Oncol (2009) 114
(1):105-10. doi: 10.1016/j.ygyno.2009.03.022

37. Finak G, McDavid A, Yajima M, Deng J, Gersuk V, Shalek AK, et al. MAST:
a flexible statistical framework for assessing transcriptional changes and
characterizing heterogeneity in single-cell RNA sequencing data. Genome Biol
(2015) 16:278. doi: 10.1186/s13059-015-0844-5

38. Human tissue and medical research: Code of conduct for responsible use
(2011). Available at: https://www.federa.org/sites/default/files/images/print_
version_code_of_conduct_english.pdf.

39. Gu-Trantien C, Migliori E, Buisseret L, de Wind A, Brohée S, Garaud S, et al.
CXCL13-producing TFH cells link immune suppression and adaptive memory in

frontiersin.org


https://doi.org/10.1056/NEJMoa020177
https://doi.org/10.1073/pnas.0509182102
https://doi.org/10.18632/oncotarget.14919
https://doi.org/10.18632/oncotarget.14919
https://doi.org/10.1158/2159-8290.CD-18-0367
https://doi.org/10.1126/science.271.5256.1734
https://doi.org/10.1126/science.271.5256.1734
https://doi.org/10.1186/s13046-019-1259-z
https://doi.org/10.1056/NEJMoa1200694
https://doi.org/10.1016/S1470-2045(15)00366-6
https://doi.org/10.1016/S0140-6736(13)62146-7
https://doi.org/10.1158/1078-0432.CCR-13-1877
https://doi.org/10.1016/j.immuni.2014.12.007
https://doi.org/10.18632/oncotarget.12077
https://doi.org/10.1158/2326-6066.CIR-14-0239
https://doi.org/10.1080/2162402X.2017.1338230
https://doi.org/10.4049/jimmunol.1402711
https://doi.org/10.1172/JCI73639
https://doi.org/10.1038/s41467-018-05072-0
https://doi.org/10.1038/s41467-018-05072-0
https://doi.org/10.1038/415536a
https://doi.org/10.1084/jem.20100637
https://doi.org/10.1158/0008-5472.CAN-16-0274
https://doi.org/10.1093/intimm/dxaa010
https://doi.org/10.1158/1078-0432.CCR-18-4175
https://doi.org/10.4048/jbc.2018.21.e61
https://doi.org/10.3389/fonc.2020.01288
https://doi.org/10.1038/s41591-018-0057-z
https://doi.org/10.1016/j.ejca.2021.01.036
https://doi.org/10.21203/rs.3.rs-1026024/v1
https://doi.org/10.1158/2326-6066.CIR-18-0517
https://doi.org/10.1111/imr.12405
https://doi.org/10.1111/imr.12405
https://doi.org/10.1038/s41586-019-1914-8
https://doi.org/10.1136/jitc-2020-001136
https://doi.org/10.1158/1078-0432.CCR-15-2762
https://doi.org/10.1158/1078-0432.CCR-14-2926
https://doi.org/10.1101/2020.10.26.354829
https://doi.org/10.1158/1078-0432.CCR-15-1617
https://doi.org/10.1158/1078-0432.CCR-15-1617
https://doi.org/10.1016/j.ygyno.2009.03.022
https://doi.org/10.1186/s13059-015-0844-5
https://www.federa.org/sites/default/files/images/print_version_code_of_conduct_english.pdf
https://www.federa.org/sites/default/files/images/print_version_code_of_conduct_english.pdf
https://doi.org/10.3389/fimmu.2022.1031746
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Vlaming et al.

human breast cancer. JCI Insight (2017) 2(11):e91487. doi: 10.1172/
jci.insight. 91487

40. Kandel S, Adhikary P, Li G, Cheng K. The TIM3/Gal9 signaling pathway:
An emerging target for cancer immunotherapy. Cancer Lett (2021) 510:67-78.
doi: 10.1016/j.canlet.2021.04.011

41. Wuerdemann N, Piitz K, Eckel H, Jain R, Wittekindt C, Huebbers CU, et al.
LAG-3, TIM-3 and VISTA expression on tumor-infiltrating lymphocytes in
oropharyngeal squamous cell carcinoma-potential biomarkers for targeted
therapy concepts. Int ] Mol Sci (2020) 22(1):379. doi: 10.3390/ijms22010379

42. Zhuang C, Ni B, Zhang ZZ, Zhao WY, Tu L, Ma XL, et al. Low distribution
of TIM-3(+) cytotoxic tumor-infiltrating lymphocytes predicts poor outcomes in
gastrointestinal stromal tumors. ] Immunol Res (2021) 2021:6647292. doi: 10.1155/
2021/6647292

43. Roussel M, Le KS, Granier C, Llamas Gutierrez F, Foucher E, Le Gallou S,
et al. Functional characterization of PDI+TIM3+ tumor-infiltrating T cells in
DLBCL and effects of PD1 or TIM3 blockade. Blood Adv (2021) 5(7):1816-29. doi:
10.1182/bloodadvances.2020003080

44. Strickland KC, Howitt BE, Shukla SA, Rodig S, Ritterhouse LL, Liu JF, et al.
Association and prognostic significance of BRCA1/2-mutation status with
neoantigen load, number of tumor-infiltrating lymphocytes and expression of
PD-1/PD-L1 in high grade serous ovarian cancer. Oncotarget (2016) 7(12):13587-
98. doi: 10.18632/oncotarget.7277

45. Wen WX, Leong CO. Association of BRCA1- and BRCA2-deficiency with
mutation burden, expression of PD-L1/PD-1, immune infiltrates, and T cell-
inflamed signature in breast cancer. PLos One (2019) 14(4):e0215381. doi:
10.1371/journal.pone.0215381

46. Zhou Z, Li M. Evaluation of BRCA1 and BRCA2 as indicators of response to
immune checkpoint inhibitors. JAMA Netw Open (2021) 4(5):e217728. doi:
10.1001/jamanetworkopen.2021.7728

47. Ukita M, Hamanishi J, Yoshitomi H, Yamanoi K, Takamatsu S, Ueda A,
et al. Tertiary lymphoid structures induced by CXCL13-producing CD4+ T cells
increase tumor infiltrating CD8+ T cells and b cells in ovarian cancer. bioRxiv
(2021). doi: 10.1101/2021.12.01.470493

48. Hsieh CH, Jian CZ, Lin LI, Low GS, Ou PY, Hsu C, et al. Potential role of
CXCL13/CXCR5 signaling in immune checkpoint inhibitor treatment in cancer.
Cancers (Basel) (2022) 14(2):294. doi: 10.3390/cancers14020294

49. Dai S, Zeng H, Liu Z, Jin K, Jiang W, Wang Z, et al. Intratumoral CXCL13
(+)CD8(+)T cell infiltration determines poor clinical outcomes and
immunoevasive contexture in patients with clear cell renal cell carcinoma. J
Immunother Cancer (2021) 9(2):e001823. doi: 10.1136/jitc-2020-001823

Frontiers in Immunology

48

10.3389/fimmu.2022.1031746

50. Jin K, Cao Y, GuY, Fang H, Fei Y, Wang J, et al. Poor clinical outcomes and
immunoevasive contexture in CXCL13+CD8+ T cells enriched gastric cancer
patients. Oncoimmunology (2021) 10(1):1915560. doi: 10.1080/
2162402X.2021.1915560

51. Egelston CA, Avalos C, Tu TY, Simons DL, Jimenez G, Jung JY, et al.
Human breast tumor-infiltrating CD8(+) T cells retain polyfunctionality despite
PD-1 expression. Nat Commun (2018) 9(1):4297. doi: 10.1038/s41467-018-
06653-9

52. Wherry EJ, Kurachi M. Molecular and cellular insights into T cell
exhaustion. Nat Rev Immunol (2015) 15(8):486-99. doi: 10.1038/nri3862

53. Gupta PK, Godec J, Wolski D, Adland E, Yates K, Pauken KE, et al. CD39
expression identifies terminally exhausted CD8+ T cells. PLos Pathog (2015) 11
(10):¢1005177. doi: 10.1371/journal.ppat.1005177

54. Sakuishi K, Apetoh L, Sullivan JM, Blazar BR, Kuchroo VK, Anderson AC.
Targeting Tim-3 and PD-1 pathways to reverse T cell exhaustion and restore anti-
tumor immunity. ] Exp Med (2010) 207(10):2187-94. doi: 10.1084/jem.20100643

55. Ngiow SF, Von Scheidt B, Akiba H, Yagita H, Teng MW, Smyth MJ. Anti-
TIM3 antibody promotes T cell IFN-y-mediated antitumor immunity and
suppresses established tumors. Cancer research (2011) 71(10):3540-51. doi:
10.1158/0008-5472.CAN-11-0096

56. Guo Z, Cheng D, Xia Z, Luan M, Wu L, Wang G, et al. Combined TIM-3
blockade and CD137 activation affords the long-term protection in a murine model
of ovarian cancer. J Transl Med (2013) 11:215. doi: 10.1186/1479-5876-11-215

57. Curigliano G, Gelderblom H, Mach N, Doi T, Tai D, Forde PM, et al. Phase
I/Ib clinical trial of sabatolimab, an anti-TIM-3 antibody, alone and in combination
with spartalizumab, an anti-PD-1 antibody, in advanced solid tumors. Clinical
Cancer Research (2021) 27(13):3620-9. doi: 10.1158/1078-0432.CCR-20-4746

58. Harding JJ, Moreno V, Bang YJ, Hong MH, Patnaik A, Trigo J, et al.
Blocking TIM-3 in treatment-refractory advanced solid tumors: a phase ia/b study
of LY3321367 with or without an anti-PD-L1 antibody. Clinical Cancer Research
(2021) 27(8):2168-78. doi: 10.1158/1078-0432.CCR-20-4405

59. Desai J, Meniawy T, Beagle B, Li Z, Mu S, Wu J, et al. Bgb-A425, an
investigational anti-TIM-3 monoclonal antibody, in combination with
tislelizumab, an anti-PD-1 monoclonal antibody, in patients with advanced solid
tumors: A phase I/II trial in progress. Journal of Clinical Oncology (2020) 38
(15_suppl):TPS3146-TPS3146. doi: 10.1200/JCO.2020.38.15_suppl. TPS3146

60. Hellmann MD, Bivi N, Calderon B, Shimizu T, Delafontaine B, Liu ZT, et al.
Safety and immunogenicity of LY3415244, a bispecific antibody against TIM-3 and
PD-LI, in patients with advanced solid tumors. Clinical Cancer Research (2021) 27
(10):2773-81. doi: 10.1158/1078-0432.CCR-20-3716

frontiersin.org


https://doi.org/10.1172/jci.insight.91487
https://doi.org/10.1172/jci.insight.91487
https://doi.org/10.1016/j.canlet.2021.04.011
https://doi.org/10.3390/ijms22010379
https://doi.org/10.1155/2021/6647292
https://doi.org/10.1155/2021/6647292
https://doi.org/10.1182/bloodadvances.2020003080
https://doi.org/10.18632/oncotarget.7277
https://doi.org/10.1371/journal.pone.0215381
https://doi.org/10.1001/jamanetworkopen.2021.7728
https://doi.org/10.1101/2021.12.01.470493
https://doi.org/10.3390/cancers14020294
https://doi.org/10.1136/jitc-2020-001823
https://doi.org/10.1080/2162402X.2021.1915560
https://doi.org/10.1080/2162402X.2021.1915560
https://doi.org/10.1038/s41467-018-06653-9
https://doi.org/10.1038/s41467-018-06653-9
https://doi.org/10.1038/nri3862
https://doi.org/10.1371/journal.ppat.1005177
https://doi.org/10.1084/jem.20100643
https://doi.org/10.1158/0008-5472.CAN-11-0096
https://doi.org/10.1186/1479-5876-11-215
https://doi.org/10.1158/1078-0432.CCR-20-4746
https://doi.org/10.1158/1078-0432.CCR-20-4405
https://doi.org/10.1200/JCO.2020.38.15_suppl.TPS3146
https://doi.org/10.1158/1078-0432.CCR-20-3716
https://doi.org/10.3389/fimmu.2022.1031746
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

3 frontiers ‘ Frontiers in Immunology

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Anna Kabanova,
Toscana Life Sciences, Italy

REVIEWED BY
Anthony M. Battram,

Institut de Recerca Biomeédica August
Pi'i Sunyer (IDIBAPS), Spain

Ming Jiang,

The First Affiliated Hospital of Xinjiang
Medical University, China

*CORRESPONDENCE
Marcin Jasiriski
marcin.jasinski@wum.edu.pl

SPECIALTY SECTION

This article was submitted to
Cancer Immunity

and Immunotherapy,

a section of the journal
Frontiers in Immunology

RECEIVED 01 September 2022
ACCEPTED 14 October 2022
PUBLISHED 28 October 2022

CITATION

Tomasik J, Jasinski M and Basak GW
(2022) Next generations of CAR-T
cells - new therapeutic opportunities
in hematology?

Front. Immunol. 13:1034707.

doi: 10.3389/fimmu.2022.1034707

COPYRIGHT

© 2022 Tomasik, Jasiriski and Basak.
This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Immunology

TYPE Review
PUBLISHED 28 October 2022
po110.3389/fimmu.2022.1034707

Next generations of CAR-T
cells - new therapeutic
opportunities in hematology?

1.2%

Jaromir Tomasik', Marcin Jasiriski*** and Grzegorz W. Basak®

‘Department of Hematology, Transplantation and Internal Medicine, Medical University of Warsaw,
Warsaw, Poland, 2Doctoral School, Medical University of Warsaw, Warsaw, Poland

In recent years, the introduction of chimeric antigen receptor (CAR) T-cell
therapies into clinics has been a breakthrough in treating relapsed or refractory
malignancies in hematology and oncology. To date, Food and Drug
Administration (FDA) has approved six CAR-T therapies for specific non-
Hodgkin lymphomas, B-cell acute lymphoblastic leukemia, and multiple
myeloma. All registered treatments and most clinical trials are based on so-
called 2nd generation CARs, which consist of an extracellular antigen-binding
region, one costimulatory domain, and a CD3z signaling domain.
Unfortunately, despite remarkable overall treatment outcomes, a relatively
high percentage of patients do not benefit from CAR-T therapy (overall
response rate varies between 50 and 100%, with following relapse rates as
high as 66% due to limited durability of the response). Moreover, it is associated
with adverse effects such as cytokine release syndrome and neurotoxicity.
Advances in immunology and molecular engineering have facilitated the
construction of the next generation of CAR-T cells equipped with various
molecular mechanisms. These include additional costimulatory domains (3rd
generation), safety switches, immune-checkpoint modulation, cytokine
expression, or knockout of therapy-interfering molecules, to name just a
few. Implementation of next-generation CAR T-cells may allow overcoming
current limitations of CAR-T therapies, decreasing unwanted side effects, and
targeting other hematological malignancies. Accordingly, some clinical trials
are currently evaluating the safety and efficacy of novel CAR-T therapies. This
review describes the CAR-T cell constructs concerning the clinical application,
summarizes completed and ongoing clinical trials of next-generation CAR-T
therapies, and presents future perspectives.

KEYWORDS
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Introduction

The emergence of chimeric antigen receptor T (CAR-T) cell
therapies has changed our view on treating malignancies in the
field of hematology. The idea of harnessing the immune system
in combat against cancer turned out to be the right way and
showed outstanding treatment results. That was particularly true
in the case of B cell acute lymphoblastic leukemia (B-ALL) (1)
and diffuse large B-cell lymphoma (DLBCL) (2). But these
hopeful outcomes were visible only in some patients, and
additionally, many of them experienced severe side effects such
as cytokine release syndrome (CRS) (3), neurotoxicity (4) or
even death. In addition, despite initial response to the therapy,
many patients eventually experienced disease relapse because of
genetic mutations, short CAR-T cells persistence,
immunogenicity against CAR-T cells, antigen escape, CAR-T
cells exhaustion, or lineage switching (5). Consequently, the
need to develop new CAR-T cells with better efficacy and safety
profile emerged.

The first generation of CAR-T cells mimicked the natural
cellular response by having the extracellular domain accountable
for antigen recognition and was joined with the singular
intracellular domain (6) (Figure 1A). The main disadvantage
of that construct was the relatively short time of persistence of
these cells in the patient, which is one of the known factors
contributing to the response to the therapy (7). Therefore, the
second generation of CAR-T cells emerged, which had an
additional intracellular motif - the signaling domain of
costimulatory receptors such as 4-1BB/CD137 (8) or CD28 (9)
(Figure 1B). That caused the extended existence of CAR-T cells

A 1st generation B 2nd generation

C 3rd generation

10.3389/fimmu.2022.1034707

in the patient and better treatment results (10). Currently, all
FDA-approved CAR-T therapies are based on this type of
construct (Table 1). To improve the outcomes even further,
researchers devised the idea of the third generation of CAR-T
cells, which had a second costimulatory signaling domain (19)
(Figure 1C). Most common, both CD28 and 4-1BB were used to
enhance the effects of therapy (20). But still, the fact is that not all
patients respond to that therapy (21). Therefore, the newest
concepts — the fourth, fifth and other generations of CAR-T cells
have emerged in recent years (22) (Figure 1D). For instance,
these cells can produce IL-12 for remodeling the tumor
microenvironment to break the resistance of the malignant
cells (23). That construct is known as T cells redirected for
universal cytokine killing (TRUCKS). Several other types of
CAR-T cells being now under investigation are universal CAR
[having no endogenous T cell receptor (TCR) or major
histocompatibility complex (MHC)] (24), self-driving CAR
(carrying a chemokine receptor on its surface which connects
to the chemokines released by tumor cells) (25), armored CAR
(resist immunosuppressive microenvironment created by
malignant cells) (26), self-destruct CAR (due to administration
of external signals their activity can be stopped) (27), and
conditional CAR (due to administration of external signals
their activity can be initiated) (28). The details regarding these
constructs are going to be discussed further.

In this review, we aim to present the reader with the new
constructs of CAR-T cells and show the currently recruiting
clinical trials. Moreover, we summarize the results of completed
clinical trials with CAR-T cells in the field of hematology and
describe the perspectives for the future.

D 4th/NEXT generation

costimulatory

CD3z domains

CD3z

FIGURE 1

costimulatory
domain .

cytokine
inducer

CD3z CD3z

Generations of CAR-T cells. (A) First-generation CAR-T cells — equipped with an extracellular antigen-recognizing domain combined with
intracellular CD3z accounting for signal transduction. (B) Second-generation CAR-T cells - equipped with an extracellular antigen-recognizing
domain combined with two intracellular domains: CD3z and an additional costimulatory domain (e.g., CD28 or 4-1BB). (C) Third-generation
CAR-T cells - equipped with an extracellular antigen-recognizing domain combined with three intracellular domains: CD3z and two additional
costimulatory domains. (D) Fourth/Next-generation CAR-T cells — a diversified group of CAR-T constructs embracing armored CAR-T cells,
cytokine-expressing CAR-T cells (illustrated above), switchable CAR-T cells, and universal CAR-T cells. Created with BioRender.com.
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TABLE 1 FDA-approved CAR-T therapies — second-generation CAR-T cells.

No. CAR-T  Target Disease =~ Complete response
name antigen (CR) rate

1. Axi-cel CD19 r/r DLBCL/ 54%
FL/PMBCL

2. Tisa-cel CD19 r/r DLBCL 40%
r/r ALL in 81%
adults <25y

3. Liso-cel CD19 r/r DLBCL/ 53%
FL/PMBCL

4. Brexu-cel CD19 r/r MCL 59%
r/r ALL 56%

5. Ide-cel BCMA r/r MM 39%

6. Cilta-cel BCMA r/r MM 67%

Overall response
rate (ORR)

10.3389/fimmu.2022.1034707

Grade 3 or
higher CRS

Grade 3 or higher Reference
ICANS

82% 13% 28% (11)

52% 22%

77%

12%
40%

(12)

81% (13)

73% 42% 30% (14)

81%
71%
76%
97%

15%
24%
6%
4%

31%
25%
3%
9%

15)
16)
17)

(
(
(
(18)

ALL, Acute Lymphoblastic Leukemia; CD, Cluster of Differentiation; CRS, Cytokine Release Syndrome; DLBCL, Diffuse Large B-cell Lymphoma; ICANS, Immune Effector Cell-Associated
Neurotoxicity Syndrome; FL, follicular lymphoma; MCL, Mantle Cell Lymphoma; MM, Multiple Myeloma; PMBCL, Primary Mediastinal Large B-cell Lymphoma.

The third generation of CAR-T cells

As was said previously, the aim of developing the third
generation of CAR-T cells was to enhance their efficiency. To do
that, the researchers constructed a cell with two complementary
costimulatory domains, most frequently combining CD28 and
4-1BB. The reason was the notion that costimulatory domains
have different features, that could complement each other. That
is particularly the point when it comes to the disease with a low
burden as the signal for activation and persistence given by
tumor cells will be limited, and the additional costimulation may
be benefitable. For instance, CD28 may lead to quicker
expansion of T cells and more rapid elimination of tumor
cells, whereas 4-1BB is associated with longer persistence of
CAR-T cells in the host (10). In that chapter, the results of trials
with third - generation CAR-T cells in hematology will be
summarized and still recruiting ones will be presented.

Initially, the main question about the third generation of
CAR-T cells was to check whether it possesses better features
than the second generation. Ramos et al. presented an in vivo
study of third - generation vs second - generation CD19-specific
CAR-T cells in B cell non-Hodgkin’s lymphomas. They used two
different constructs — one with only CD28 as a costimulating
domain and the second one with two costimulating domains
(CD28 and 4-1BB). That study showed better expansion (up to
40-fold) and longer persistence of 3-rd generation CAR-T cells
compared with 2-nd generation. Interestingly, the difference was
the most striking in the five patients with lower disease burden,
which may be particularly useful in heavily pretreated patients.
That study is still recruiting its patients and will end in February
2034 and have 64 participants not only with B cell lymphomas
but also with ALL and chronic lymphocytic leukemia (CLL)
(NCT01853631) (29).

In another study by Enblad et al., which was a phase I/Ila
trial with CD-19 - targeting CAR-T cells of the third generation
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in patients with B-cell lymphomas and leukemias they showed
similar results (NCT02132624). Six of 15 patients achieved
initial complete response, and the procedure was relatively
safe, with only four patients requiring hospitalization due to
adverse events (30).

In the work of Schubert et al., the results confirming the
previously reported outcomes were presented (NCT03676504).
They reported eight patients that were infused with CD-19 -
targeting CAR-T cells [2 with adult ALL, 2 CLL, 1 mantle cell
lymphoma (MCL), 2 DLBCL, 1 transformed follicular
lymphoma (FL)], and the clinical responses were seen in 6 of
them (2 of them had CAR-T infusion just before the
publication). The authors showed that the clinical responses
were possible even with small numbers of CAR-T cells infused
(10° cells/m? or 5x10° cells/m?), and the persistence of CAR-T
cells improved (the cells were detectable three months following
administration). Moreover, they migrated to CSF, which could
be of great importance in the case of CNS involvement (31).

However, there are also clinical trials using third-generation
CAR-T cells that are targeting other molecules than CD-19. One
of them, third-generation CD-22 - targeting CAR-T cells, are
now studied by Wuhan Union Hospital group (NCT04007978).
In that phase 1 study, the patients with B cell lymphoma and
ALL are being recruited. The study is estimated to be completed
on December 30, 2022. The same group created a phase 1 study
with a third-generation CAR-T cells targeting CD123 in patients
with relapsed/refractory acute myeloid leukemia (AML)
(NCT04014881). This molecule is a transmembrane subunit of
the IL-3 receptor, expressed on AML blasts. The estimated study
completion date was July 1, 2022, but the results have not been
published yet. In the ENABLE phase 1 study, researchers use a
third-generation CD19-targeting CAR-T cells to treat patients
with r/r non-Hodgkin lymphomas to identify a safe dose
(NCT04049513). The estimated study completion date is for
August 2026 (32).
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Altogether, although third-generation CAR-T cells show
better expansion and longer persistence compared with 2-nd
generation (29), some clinical assessments do not reveal such an
advantage (30). Furthermore, despite encouraging overall
outcomes, initial trial results do not show major
improvements in response rates over the conventional CAR-T
therapies (Table 1). However, currently available data are
obtained from small and heterogenic samples, therefore, are
insufficient to draw conclusions. Nevertheless, 3-rd generation
CAR-T therapies still possess several drawbacks of the previous
generation, for instance, manufacturing challenges or
unsatisfactory efficacy, rationalizing investigating next-
generation CAR-T cells.

The next generations of CAR-T cells

Advances in molecular engineering provided new options
for managing CAR-T therapy-associated issues that have
become unavoidable after its introduction into clinical practice
(33). The researchers have developed various next-generation
CAR-T constructs that incorporate exquisite mechanisms to
overcome the constraints of currently available second-
generation CAR-T therapies, namely excessive toxicity and
limited efficacy (33). As the preclinical studies have shown
promising outcomes, both in vitro and in vivo, many clinical
trials evaluating the safety and efficacy of next-generation CAR-
T cells have been commenced. As of August 2022, 85 such
investigations have been registered at ClinicalTrials.gov,
summarized in Supplementary Table 1. Currently, there are
four distinctive approaches tested in clinics. Two aim to increase
efficacy by modulating immune checkpoint pathways (9 trials)
or induction of cytokine secretion (6 trials). Another
investigated approach is implementing a safety-switch
mechanism (40 trials) which enables the control of treatment-
related adverse events, for instance, cytokine release syndrome
(CRS), by disabling CAR-T cells with exogenous agents. Finally,
30 trials are evaluating genetically edited CAR-T cells suitable for
allogeneic use or designated to treat T-cell malignancies. In the
following sections, we describe the abovementioned approaches
regarding clinical trials and confront the available results with
the conventional CAR T therapies.

In addition, it is essential to emphasize that there are other
approaches to utilizing CAR constructs that are beyond the
scope of this review as they are based on the second generation of
CAR constructs or other cell types. For instance, bispecific 2-nd
generation CAR-T cells targeting two surface antigens showed
promising results in preclinical and clinical studies (34, 35). The
main aim of the bispecific approach is to reduce relapse rates
caused by antigen loss (36). Research in CAR-NK cells is another
promising field of study. Although CAR-NK cells have some
advantages over conventional CAR-T cells (e.g., increased safety
profile due to MHC independence and different spectrum of
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secreted cytokines; allogeneic use), their clinical application is
limited by reduced expansion and persistence in vivo as well as
manufacture difficulties (37). Nevertheless, all the benefits of
CAR-NK cells can be achieved by engineering in next-
generation CAR-T cells.

Armored CAR-T cells — immune
checkpoint modulation

Immune checkpoint modulation in CAR-T therapy aims to
circumvent the inhibitory stimulation in the tumor
microenvironment. I hematology, all the clinical trials
evaluating the feasibility of this approach rely explicitly on
disrupting the programmed cell death protein 1 (PD-1)
pathway. Interestingly, despite the relatively small number of
trials (n=8), individual investigations present distinctive
methods of dysregulating PD-1 signaling (Figure 2).

In NCT03258047, the researchers used an innovative
approach in which the extracellular PD-1 was fused to the
intracellular CD28 activating domain (38) (Figure 2A).
Consequently, the binding of the programmed death-ligand 1
(PD-L1) to PD-1 was transformed into activating signal, thus,
more potent anti-tumor efficacy had been expected (38). The
study involved 17 participants suffering from B-cell non-
Hodgkin lymphomas (13 - DLBCL, 2 - transformed FL, 2 -
MCL) (38). The complete remission (CR) and objective response
rate (ORR) achieved in this trial were 41,2% and 58,8%,
respectively (38). For the DLBCL patients alone, CR was
achieved by 5 of 13 patients (38,4%), whereas ORR was 54%
(38). Compared to the approved second-generation CAR-T
therapies for relapsed/refractory (r/r) DLBCL (CR 52%, ORR
72%) (2), these numbers show no initial advantage of next-
generation CAR-T over conventional CAR-T; however, the
comparison is highly biased due to small enrollment in the
discussed clinical trial. The same immune checkpoint
modulation approach is being Investigated in the
NCT03932955 clinical trial with no results available.

Another explored method of disrupting PD-1 signaling is
programming CAR-T cells to secrete PD-1 Fc fusion protein
(Figure 2B). In this setting, PD-1 Fc fusion protein binds to PD-
L1 and prevents its suppressive effects on T-cells. Currently, two
studies are evaluating the safety and efficacy of the presented
approach in r/r multiple myeloma (NCT04162119) and r/r B-
cell lymphomas (NCT04163302). Unfortunately, no clinical data
have been published yet.

In clinical trial NCT04836507, the investigators have
presented initial results from r/r large B-cell lymphoma
(LBCL) patients treated with anbalcabtagene autoleucel
(Anbal-cel). This novel CAR-T cell product features
knockdown of both PD-1 and T-cell immunoreceptor with Ig
and ITIM (immunoreceptor tyrosine-based inhibitory motif)
domains (TIGIT) (39). Anbal-cel demonstrated impressive
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Armored CAR-T cells — immune checkpoint modulation. (A) Transforming the inhibitory signal into stimulation. This construct embodies the
extracellular PD-1 domain fused to the intracellular CD28. Interaction between PD-1 and PD-L1 (expressed in the tumor microenvironment) is
transformed into activating signal and leads to the enhanced CAR-T response. (B) Secretion of PD-1 Fc to block PD-L1 inhibitory signaling. The
CAR-T cell is programmed to express and secrete a protein that combines the PD-1 domain and fragment crystallizable region (Fc) of an antibody.
The secreted protein blocks PD-L1 molecules of malignant cells and makes them susceptible to innate immune cells. (C) Downregulation of PD-1
expression. The CAR-T cells are transfected with short hairpin RNA (shRNA) and subsequently, PD-1 expression is silenced via RNA interference.

Created with BioRender.com

outcomes with a CR of 78% (39), and further investigations are
planned (39). In addition, knockdown of PD-1 is also being
evaluated in NCT03208556 clinical trial (Figure 2C). Other
approaches targeting PD-1 signaling include Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR)-
mediated knockdown of PD-1 gene (NCT04213469) and
incorporation of cytosolic-activated PD-1 (NCT03540303).
Both trials investigate the safety and efficacy of next-
generation CAR-T cells in r/r B-cell non-Hodgkin
lymphomas (NHLs).

Except for the PD-1 pathway modulation, another armored
CAR-T cell construct is being evaluated in the NCT04037566
clinical trial. CAR-T cells with decreased expression of
Hematopoietic Progenitor Kinase 1 (HPK1) - a negative
intracellular immune checkpoint (40), showed promising
preliminary results (41). In all of the enrolled patients, 72,7%
of them achieved CR or CRi, comparable with FDA-approved
anti-CD19 therapies (41).

In conclusion, armored CAR-T cells appear to be a
promising therapeutic approach in the treatment CDI9
positive malignancies. In the discussed trials, complete
response rates vary from 41,2% to impressive 78% (38, 39).
Nevertheless, due to the small number of patients enrolled in the
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studies, large-scale investigations should be conducted to
evaluate the feasibility of these constructs.

TRUCKs — cytokine-expressing
CAR-T cells

T cells redirected for universal cytokine-mediated killing
(TRUCKs) are next-generation CAR-T cells engineered to
express certain cytokines to augment CAR-T cells’ anti-tumor
efficacy, improve their persistence, and alter characteristics of the
tumor microenvironment (33) (Figure 3). Currently, six clinical
trials are evaluating the rationale of TRUCKS in the treatment of
hematological malignancies.

Interleukin-7 (IL-7) and Chemokine (C-C Motif) Ligand 19
(CCL19)-expressing CAR-T cells are being evaluated in four
clinical trials (NCT04381741, NCT03929107, NCT04833504,
NCT03778346). IL-7 fosters the proliferation and survival of
T-cells, whereas CCL19 acts as a chemoattractant for both T-
cells and dendritic cells (DCs) (42). Their incorporation into the
CAR-T construct intends to mimic the cytokine environment in
lymphoid organs (33). Investigators have presented the
preliminary results of NCT04381741 trial in which patients
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TRUCKs - cytokine-expressing CAR-T cells. TRUCKs are next-generation CAR-T cells engineered to express certain cytokines to augment CAR-
T cells” antitumor efficacy, improve their persistence, and alte tumor microenvironment characteristics. Following antigen recognition, in
addition to cytotoxic activity, the engineered cells release selected cytokines. Depending on the type, cytokines may promote the proliferation
and survival of CAR-T cells and act as chemoattractants and enhancers of antitumor activity. Created with BioRender.com.

suffering from r/r DLBCL received IL-7/CCL19-expressing
CAR-T cells with CR rate of 4/7 and ORR 5/7 (43). In
addition, the same approach has been explored by
NCT03778346 clinical targeting r/r multiple myeloma (MM),
in which two enrolled patients achieved a CR (100%) (44).
Furthermore, NCT04833504 and NCT03929107 are
investigating this type of TRUCK in r/r B-cell lymphomas,
however no results have been reported yet.

Another cytokine-secreting CAR-T is being evaluated in
NCT04684563 clinical trial. This study aims to determine the
maximum dose of interleukin-18 (IL-18) co-expressing CAR-T
cells for patients with NHL and CLL. The incorporation of IL-18
into the CAR-T construct is supported by its role in the
enhancement of CAR-T proliferation and anti-tumor activity
(45). Interestingly, IL-18 is also associated with tumor
progression (46), therefore long-term results concerning the
safety of IL-18-expressing CAR-T cells in clinics are
highly awaited.

NCT03602157 clinical trial represents a different approach
to utilizing cytokine signaling in CAR-T cells. The investigators
constructed an anti-CD30 CAR-T cell designated to treat r/r
Hodgkin lymphoma and cutaneous T-cell lymphoma (CTCL)
that incorporates C-C chemokine receptor type 4 (CCR4) (47).
This receptor binds to Chemokine (C-C Motif) Ligand 17
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(CCL17) secreted by Hodgkin lymphoma cells which in turn
improves CAR-T cell trafficking into tumor site (47). The
preliminary results of the trial in the Hodgkin lymphoma
cohort are auspicious, 6 enrolled patients achieved CR (75%),
whereas ORR was achieved by all patients (100%) (47).
Unfortunately, no one achieved remission in the CTCL group
of 2 persons (47).

To summarize, TRUCK CAR-T cells may serve as
compelling therapeutic agents in certain diseases, with
complete response rates as high as 75% in Hodgkin lymphoma
and 100% in multiple myeloma (44, 47). On the other hand,
results in CTCL and DLBCL are not so optimistic (43, 47).
Nevertheless, similarly to armored CAR-T cells, due to the small
number of patients enrolled in the studies, large-scale
investigations should be conducted to evaluate the feasibility of
these constructs.

Switchable CAR-T cells — control of the
toxicities

The construction of switchable CAR-T cells has been

prompted by treatment-associated toxicities that accompany
conventional CAR-T therapies, with CRS and neurotoxicity
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occurring most frequently (33). New technologies enabled
researchers to incorporate safety switches that deplete CAR-T
cells by inducing apoptosis, complement-dependent cytotoxicity
(CDC) or antibody-dependent cellular cytotoxicity (ADCC)
upon administration of an exogenous agent (48) (summarized
in Figure 4). Switchable CAR-T cells are engineered by
additional transduction of genes that encode easily targetable
surface antigens or inducible intracellular effectors (48). As soon
as the incorporated gene is expressed, the cells become
susceptible to specific pharmaceuticals and can be depleted if
necessary (48).

Incorporating the truncated epidermal growth factor
receptor (EGFRt), a surface antigen, into CAR-T cells is a
common safety-switch approach in registered clinical trials.
EGFRt is targeted by monoclonal antibody cetuximab, which
enables the removal of the T-cells via CDC or ADCC (33)
(Figure 4A). As of August 2022, 20 clinical trials are investigating
EGFRt-based switchable CAR-T cells in multiple hematological
malignancies: 14 in CD19-positive leukemias and lymphomas, 1
in CD22 positive malignancies, 1 in CD19- and CD22-positive
leukemias, 2 in CD123-positive acute myeloid leukemia (AML)
and 4 in MM. Unfortunately, there is no available data
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concerning the launch of the EGFRt safety-switch mechanism
in the human organism. The lack of such reports presumably
results from the absence of life-threatening adverse events
during the investigations. As the grade 3 or 4 toxicities were
very rare and reversible, there could have been no need to
eliminate CAR-T cells, however, no detailed explanation is
provided by the research teams. Importantly, this fact implies
the urgent need for evaluating the safety of triggering the
therapy-controlling mechanism, and any information
regarding this issue is highly awaited. In CD19-positive
malignancies, clinical trials revealed significantly variable
preliminary results. Correspondingly, the NCT03085173 study
reported an overall CR rate of 57%, with DLBCL patients
achieving a CR of 88% compared to 22% achieved by CLL
patients (49). In the trials providing data from B-cell NHLs
patients, complete responses were also variable matching 42% in
NCT02706405 (50), 45% in NCT02153580 (51), and 75% in
NCTO01815749 (52). Among eight pediatric patients suffering
from CD19-positive NHL enrolled in the NCT02028455 trial,
CR was achieved by two patients (25%), however the response
was not sustained in either patient (53). In NCT01865617,
subsequently to CAR-T cells infusion, CR was achieved in 22%
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surface protein that can be targeted by a specific antibody. The binding of the antibody enables the removal of the CAR-T cells via antibody-
dependent cytotoxicity or complement-dependent cytotoxicity. (B) Induction of apoptosis. Administration of AP1903 elicits dimerization of
inducible caspase 9 (iCasp9) which in turn leads to activation of proapoptotic molecules and subsequent apoptosis of the iCasp9-transduced
CAR-T cell. (C) HSV-TK safety-switch strategy. The HSV-TK gene codes an enzyme that transforms an inactive prodrug (GCV) into a competitive
inhibitor of DNA polymerase. As a result, DNA replication is disrupted, and CAR-T cell undergoes apoptosis. Created with BioRender.com.
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of CLL, 19% of NHL, and 21% of ALL patients (54).
Impressively, in the NCT02146924 clinical trial, all patients
had CR or CR with incomplete count recovery (CRi) (55).
Other promising results have been obtained in the
NCT03330691 clinical trial evaluating the safety and feasibility
of CD19 and CD22 specific CAR-T cells in treating pediatric
CD19- and CD22-positive leukemia. 84.6% of the enrolled
patients achieved a CR, of which 95% were MRD negative
(56). This study is especially noteworthy as CAR-T cells
targeting CD19 antigen were equipped with a trastuzumab-
susceptible truncated HER2 (HER2t) safety switch (56).
Furthermore, two clinical trials (NCT03114670 and
NCT02159495) investigate EGFRt-based switchable CAR-T
cells in AML. Moreover, NCT02159495 includes treatment
assessment in blastic plasmacytoid dendritic cell neoplasm
(BPDCN) and does have preliminary results (57). Of the 7
AML patients, two achieved CR (29%) and one obtained
morphologic leukemic-free state (MLFS), whereas, in
(BPDCN) group, one patient achieved CR (50%) (57). In
multiple myeloma, four clinical trials are exploring the
feasibility and safety of the discussed switchable CAR-T cells.
NCTO03338972 study reported an ORR of 100%, but the
investigators did not mention the number of CR (58). In
another study, NCT03070327, ORR was achieved by 64% of
patients (59). NCT03093168 revealed an ORR of 86% and CR of
29% (60). B-cell Maturation Antigen (BCMA) is the only target
of CAR-T cells in the abovementioned MM-associated trials.
Finally, NCT03093168 is evaluating signaling lymphocytic
activation molecule F7 (SLAMEF7)-aimed CAR-T in MM,
however the preliminary outcomes are unknown. Results from
other clinical trials concerning EGFRt-based switchable CAR-T
cells included in Supplementary Table 1 have not been
published yet.

The inclusion of the RQR8 suicide gene is an analogous
approach to controlling CAR-T cells after therapeutic
administration. RQR8 gene encodes a cell surface protein
combining epitopes derived from CD20 and CD34 antigens
(61). This strategy enables CAR-T cell depletion via CDC or
ADCC following the administration of monoclonal antibody
rituximab (61) (Figure 4A). Currently, NCT03590574 clinical
trial is investigating RQR8-based switchable CAR-T cells in
Peripheral T cell lymphomas (PTCL). Initial results show an
ORR of 67%, with 56% of patients achieving complete metabolic
responses (CMR) (62). Another trial, NCT03287804, has been
terminated due to unsatisfactory preliminary efficacy in the
treatment of multiple myeloma.

The incorporation of inducible caspase 9 (iCasp9) represents
a distinctive approach to CAR-T ablation (Figure 4B). Upon
administration of AP1903 (rimiducid), biologically inert small
molecule, specially modified caspase 9 undergoes dimerization
and triggers the apoptotic pathway (33). Currently, 17 clinical
trials are evaluating the clinical application of iCasp9-based
switchable CAR-T cells, however only 4 of them provide initial
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data. NCT03016377 clinical trial has reported a case of an ALL
patient who had experienced neurotoxicity after the CAR-T
infusion (63). Following the AP1903 administration, the
symptoms fully resolved, and the only adverse event was grade
2 bilirubin elevation that lasted for three days (63). Interestingly,
the investigators observed a clinically significant antileukemic
response despite the elimination of >90% CAR-T cells (63). In
the NCT02274584 trial, merely a case report of a Hodgkin
lymphoma patient has been published, showing temporary
partial remission (64). Additionally, partial results from
NCT03050190 have been combined with information from
NCT03173417 and NCT 02813837 (65), therefore, we are
unable to elucidate data exclusively from NCT03050190.
NCT03125577 trial reported data from 4 patients, all of whom
had CRs following the CAR-T infusion (66). Noteworthy is a
clinical trial (ChiCTR-OOC-16007779) registered only in the
Chinese Clinical Trial Registry. This trial investigates iCasp9
switchable CAR-T therapy for patients with B-cell non-Hodgkin
lymphomas. The overall CR rate was 43% (ORR 67%), with
DLBCL patients achieving a CR of 33% compared to 56% in the
non-DLBCL group (67). Unfortunately, except for
NCT03016377, trials do not report the launch of the iCasp9
safety switch. The safety concerns may be partially answered by a
study concerning graft-versus-host-disease (GvHD), in which
the activation of the iCasp9 safety switch resulted in the
resolution of GvHD symptoms and rapid elimination of 90%
of transgenic T-cells with no subsequent adverse events (68).
The remaining clinical trials regarding the iCasp9 safety switch
have been summarized in Supplementary Table 1.

Another suicide gene that could be utilized as a safety switch
in CAR-T therapies is herpes simplex virus thymidine kinase
(HSV-TK) Mut 2 gene, the product of which is targeted by the
prodrug ganciclovir (GCV). HSV-TK converts GCV into GCV-
triphosphate, a competitive inhibitor of deoxyguanosine
incorporation into DNA that causes cell death by disrupting
the replication process (69) (Figure 4C). HSV-TK-based
switchable CAR-T cells were evaluated in the terminated
NCT04097301 trial. Eventually, only two patients were
enrolled (both with MM) and showed no response to the
treatment (70). The safety switch had not been activated due
to the lack of T-cell-related toxicities (70).

In summary, reports from switchable CAR-T investigations
show highly variable results. In CD19 positive malignancies
treated with CAR-T cells incorporating surface targets (e.g.,
EGFRt, HER2, RQR8), complete response rates ranged from
19% to 84,6% (54, 56). In inducible caspase 9 (iCasp9) trials, CR
rates ranged from 33% to 100% (66, 67). However, the safety-
switch strategy aims to increase safety not efficacy by default.
Therefore, more attention should be drawn to the results of the
safety switch launch. Unfortunately, only Foster et al. reported
the use of this mechanism, showing safety and full resolution of
the symptoms (63). As adverse events are of major concern in
CAR-T therapies, further reports are highly demanded.
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Universal CAR-T cells and fratricide-
resistant CAR-T cells

Nowadays, conventional CAR-T products are manufactured
from autologous T-cells derived from a patient qualified for the
therapy (33). This method implies several limitations, including
long manufacturing time, difficulties in mobilizing the
appropriate quantity of T-cells, and reduced T-cell quality in
heavily treated patients (33). However, the achievements of
molecular engineering enabled the generation of allogeneic
CAR-T cells that could circumvent the abovementioned
hurdles. To construct a universal CAR-T, major
histocompatibility complex (MHC) and T-cell receptor (TCR)
molecules need to be removed from donor-derived cells (33). It
can be easily achieved thanks to the application of genome-
editing tools such as CRISPR/Cas9 or Transcription activator-
like (TAL) effector nuclease (TALEN), which facilitate gene
knockout (33) (Figure 5). The initial safety and feasibility of
advanced CRISPR/Cas9 technology in T-cell engineering have
been demonstrated in the first-in-human pilot trial
NCT03399448 (71). Notably, the study proved that multiplex
CRISPR-Cas9 editing of the human genome is possible at the
clinical scale (71). Correspondingly, the discussed technologies
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can also be implemented to generate fratricide-resistant (self-
killing-resistant) CAR-T cells in which T-cell-specific antigens
are removed (72). This approach allows CAR-T cells to target
various T-cell malignancies (72). Currently, 30 trials are
evaluating genetically edited allogeneic or fratricide-resistant
CAR-T cells (all also being allogeneic except cells in
NCT04767308). Therefore, all trials discussed below are
examining allogeneic CAR-T cells. Crucially, due to the
relatively high number of clinical trials concerning allogeneic
CAR-T cells, we have decided not to include studies that do not
specify the introduced modifications and mechanisms of gene
editing as we could not guarantee the relevance of such
information to this review.

To date, CRISPR/Cas9 engineered CAR-T cells have been
investigated in 15 trials, whereas TALEN has been applied to 12
trials. Three studies used different approaches to gene editing.
The Lancet has already published results from NCT02808442
and NCT02746952 studies examining TALEN-edited CAR-T
cells in B-cell ALL patients. They have shown the CR or CRi of
67% with overall survival (OS) of 55% (73). The most common
adverse event was CRS and was observed in 91% of patients
(14% of them had grade 3 or 4 CRS) (73). Other adverse events
included neurotoxicity (18%), acute skin GvHD (10%), and

B CRISPR/Cas9 genome
editing

guide RNA

Cas9 enzyme

=

cleavage

surface
antigen KO

Universal CAR-T cell

Universal CAR-T cells — genome editing strategies. (A) TALEN genome editing. TALEN is a genome-editing system in which a targeted DNA
sequence is recognized by a pair of individually designed DNA-binding domains. Then, a pair of nuclease domains cause a double-stranded
DNA break and subsequent knockout of the targeted gene. (B) CRISPR/Cas9 genome editing. CRISPR/Cas9 is a genome-editing system in

which a targeted DNA sequence is recognized by guide RNA associated with Cas9 endonuclease that cleaves DNA strand, thus causing the

knockout of a selected gene. Created with BioRender.com.

Frontiers in Immunology

57

frontiersin.org


https://www.biorender.com
https://doi.org/10.3389/fimmu.2022.1034707
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Tomasik et al.

grade 4 prolonged cytopenia (32%) (74). Two treatment-related
deaths were reported (73). Overall, the study showed promising
efficacy accompanied by severe adverse events. In another study
of TALEN-edited CAR-T cells in ALL (NCT04150497), 4 of 5
patients experienced multiple treatment-related toxicities,
whereas ORR was 60% (75). Contrarily, initial data from the
NCT04416984 clinical trial targeting DLBCL showed less severe
adverse events, however only 25% of patients responded to the
treatment (76). In addition, early data obtained in the
NCT03939026 trial suggest a manageable safety profile of
universal CAR-T therapy in r/r LBCL and follicular lymphoma
(FL) patients, with an ORR of 78% (77).. The safety and efficacy
of CRISPR/Cas9 engineered CAR-T cells in r/r B-cell acute
lymphoblastic leukemia have been evaluated in NCT04227015.
Five of 6 patients achieved CR or CRi (83%), with CRS occurring
in all patients (including one grade 3 CRS) (78). The
NCT04093596 study of universal CAR-T cells in r/r multiple
myeloma showed an ORR of 33% with manageable
toxicities (79).

As of August 2022, 5 trials evaluating the administration of
fratricide-resistant CAR-T cells have been registered at
ClinicalTrials.gov. In the NCT04502446 investigation, CAR-T
cells targeting the CD70 antigen were engineered to eliminate
the expression of TCR, MHC-I as well as CD70 to abolish
fratricide and increase efficacy (80). 47% of patients achieved
ORR, whereas CR was 20% (80). No severe adverse events were
observed (80). Furthermore, the NCT04264078 trial provided
data concerning universal fratricide-resistant CAR-T cell used
against r/r T-cell ALL (81). CRISPR/Cas9 platform was used to
disrupt TCR and CD7 genes to prevent GvHD and fratricide
(81). 80% of patients (4/5) obtained CR, however the treatment
was associated with severe CRS in all subjects (four patients had
grade 3 CRS, one patient had grade 4 CRS) (81). The high
efficacy of the treatment has been confirmed by the results
from subsequently enrolled patients, with a CR of 83% (5/6),
whereas safety findings were consistent with the previous
observations (82).

Future perspectives

Along with the accumulation of research data and
widespread use of molecular engineering, questions about the
future of next-generation CAR-T cells in clinics are unavoidable.
Even though it is hard to foresee whether all next-generation
CAR-T approaches will become a standard of care in the future,
we would like to propose improvements to currently explored
strategies that could contribute to even better treatment results.
In addition, we discuss the most promising approaches that
could be implemented in the upcoming years.

Principally, individual augmentation strategies of the next-
generation CAR-T cells aim to circumvent specific limitations of
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conventional CAR-T therapies (33). For instance, the
incorporation of additional costimulatory domains, induction
of cytokine secretion, and immune checkpoint modulation are
intended to improve efficacy of eliminating malignant cells.
Available reports indicate that 3rd-generation CAR-T cells
equipped with additional costimulatory domains may not
bring the expected benefits (30, 83). On the contrary, immune
checkpoint modulation in CAR-T constructs is associated with
CR rates as high as 78% and constitutes a promising method in
the treatment of PD-L1 malignancies (38, 39). TRUCK CAR-T
cells are designed to utilize cytokines as chemoattractants or
enhancers of T-cell proliferation and survival (33). The reports
show the highly variable efficacy of this therapeutic approach
(CR rates ranging from 0% to impressive 100%) (43, 44, 47).
Unfortunately, the number of enrolled patients in the studies
regarding the abovementioned strategies is insufficient to
provide an unbiased answer on whether they are likely to
become a new standard of care or not. The results of ongoing
trials will show whether the enhancers increase efficacy and will
answer safety inquiries. Metanalyses will be necessary. If the
treatment complications accompanying next-generation T-cells
appeared significantly worse than conventional therapies,
incorporating a safety switch would be in high demand. To
date, only one study reported the use of safety switch, however
with excellent outcome (63). Currently, ongoing trials regarding
switchable CAR-T cells should provide adequate information
about the feasibility and perspectives of this controlling strategy.
Altogether, we suggest that combining the efficacy enhancers
with safety switches in one CAR-T product is a reasonable
strategy to increase the safety and efficacy of CAR-T therapies.

Nevertheless, the implementation of additional genes into
the cellular genome brings other hazards. For instance, multiple
gene insertions associated with gene editing may increase the
risk of disrupting genes responsible for cell metabolism or
replication, resulting in cell depletion or transformation into
malignant clones (33). Additionally, induction of cytokine
expression could potentially lead to toxicities associated with
the pleiotropic character of these compounds.

The last paragraph is devoted exclusively to universal CAR-
T cells that, in our view, have the potential to revolutionize the
scene of CAR-T therapies in combination with previously
described next-generation strategies. “Off-the-shelf” allogeneic
CAR-T cells engineered with molecular tools like CRISPR/Cas9
demonstrate several advantages over conventional CAR-T cell
therapies, even with comparable efficacy. Moreover, potential
toxicities resulting from the allogeneic nature of these cells
could be circumvented by incorporating a safety switch
mechanism. Above all, in the case of conventional autologous
CAR-T cells, a patient undergoes time-consuming procedures of
manufacturing the personalized treatment. On the contrary,
universal CAR-T cells can be prepared in advance so that the
infusion can occur almost immediately with less time for a

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1034707
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Tomasik et al.

disease to progress. Moreover, universal CAR-T cells allow
CAR-T therapy for patients who cannot provide appropriate-
quality T-cells or the quantity of their T-cells is insufficient. This
approach is also more convenient for the patient and the
healthcare provider as there is no need for hospitalization to
perform leukapheresis. In addition, allogeneic universal CAR-T
cells could be redistributed and stored in multiple locations
throughout the country, thereby eliminating transport-related
exclusion in healthcare. Finally, widespread application of these
CAR-T therapeutics would undoubtedly lead to decreased
treatment costs, a barrier that currently inhibits the clinical
application of CAR-T therapies. However, despite optimistic
perspectives, universal CAR-T cells have shortcomings. For
instance, the knockout of MHC-related genes makes them
vulnerable to natural killer cell-mediated cytotoxicity.
Therefore, the results of ongoing clinical trials are highly
awaited and will hopefully remove the emerging doubts.

In conclusion, we believe that the most successful next-
generation CAR-T cells will be universal allogeneic CAR-T cells
(manufactured with CRISPR/Cas9 technology) characterized by
immune checkpoint resistance and expressing cytokines that
traffic T-cells into the tumor sites. Furthermore, such a construct
will incorporate a safety-switch mechanism for managing
potential toxicities. As these mechanisms have been
individually proven efficient in preclinical studies (33) and
early clinical results discussed in this review are promising,
such a combination could circumvent the current limitations
of CAR-T therapies and contribute to the improvement of
treatment outcomes worldwide.
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Chimeric antigen receptor (CAR) T-cell therapy has emerged recently as a
standard of care treatment for patients with relapsed or refractory acute
lymphoblastic leukemia (ALL) and several subtypes of B-cell non-Hodgkin
lymphoma (NHL). However, its use remains limited to highly specialized
centers, given the complexity of its administration and its associated
toxicities. We previously reported our experience in using a novel Sleeping
Beauty (SB) CD19-specific CAR T-cell therapy in the peri-transplant setting,
where it exhibited an excellent safety profile with encouraging survival
outcomes. We have since modified the SB CD19 CAR construct to improve
its efficacy and shorten its manufacturing time. We report here the phase 1
clinical trial safety results. Fourteen heavily treated patients with relapsed/
refractory ALL and NHL were infused. Overall, no serious adverse events were
directly attributed to the study treatment. Three patients developed grades 1-2
cytokine release syndrome and none of the study patients experienced
neurotoxicity. All dose levels were well tolerated and no dose-limiting
toxicities were reported. For efficacy, 3 of 8 (38%) patients with ALL achieved
CR/CRi (complete remission with incomplete count recovery) and 1 (13%)
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patient had sustained molecular disease positivity. Of the 4 patients with
DLBCL, 2 (50%) achieved CR. The SB-based CAR constructs allow
manufacturing of targeted CAR T-cell therapies that are safe, cost-effective
and with encouraging antitumor activity.

KEYWORDS

sleeping beauty, non-viral gene transfer, CD19, CAR, T cells, lymphoid malignhancy,
acute lymphoblastic leukemia, non-hodgkin lymphoma

Introduction

Despite the advances made over the past decade and the
introduction of several novel therapeutics, there remains an
unmet need to further improve the outcomes of patients with
advanced hematologic malignancies. CD19-targeted chimeric
antigen receptor (CAR) T-cell therapy has emerged recently as
one of the new standard treatments for patients with relapsed or
refractory acute lymphoblastic leukemia (ALL) and several
subtypes of B-cell non-Hodgkin lymphoma (NHL) (1-4).
However, durable responses are noted in less than 50% of
these patients (5), and the widespread use of this promising
therapy is hampered by the known unique and potentially
serious toxicities, particularly cytokine release syndrome (CRS)
and immune effector cell-associated neurotoxicity syndrome
(ICANS) (6). Hence, there is a need for CAR constructs with a
better safety profile that at a minimum maintain this practice-
changing therapy’s efficacy, if not improve it.

We have previously reported our experience in using a novel
Sleeping Beauty (SB) (7) CD19-specific CAR T-cell therapy in
two phase 1 clinical trials (NCT00968760 and NCT01497184)
(8,9). T-cells were genetically modified using the SB transposon/
transposase system to produce a second-generation CAR
construct (10), with co-signaling through CD3 and CD28 (11).
Through incorporating SB CAR T-cells into the hematopoietic
stem cell transplantation (HCT) setting (infusing cells 2 days
after stem cell infusion), we showed an excellent safety profile,
long-term persistence of the genetically modified T-cells
(median of 4.5 years), and potentially improved outcomes in
patients with advanced B-cell lymphoid malignancies (8, 12).
Twenty-six patients were treated in these phase 1 studies, with
no unexpected acute or delayed toxicities noted. Based on the
promising phase 1 findings in patients with low tumor burden at
time of cell infusion, we made modifications to the CAR stalk to
reduce binding to Fc receptors, and modifications to the
manufacturing process to shorten the production time in
efforts to improve efficacy in patients with bulky disease, and
improve ease of administration, respectively (13). Herein, we
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report the final safety and efficacy results of this clinical trial
(NCT02807883; IND# 16474).

Materials and methods
Study design

This was a prospective, open-label, single-arm, single center,
phase 1 clinical trial evaluating 5 dose escalation/de-escalation
levels (DL -1: < 1 x 10°/kg; DL +1 > 1 x 10°/kg but < 1 x 10°/kg;
DL +2 > 1x 10%kgbut < 1x 10”/kg; DL +3 > 1 x 10”/kg but < 1 x
10%/kg; DL +4 > 1 x 10%/kg but < 1 x 10°/kg). The phase 1 clinical
trial design we employed in this study was as previously
described by Ji et al. (14). Dose-limiting toxicity (DLT) was
defined as a non-reversible grade 3 or any grade 4-5 non-
hematological organ toxicities and/or allergic/autoimmune
reactions related to the study cell infusion. Adverse events
were graded using the Common Terminology Criteria for
Adverse Events version 4 (CTCAE V 4.0). Responses were
assessed and defined per disease category, as previously
described (15).

Ethics approval and patient consent

The study was conducted after the protocol was reviewed
and approved by MD Anderson Cancer Center’s Institutional
Review Board (IRB). Patients provided informed consent prior
to enrollment in the clinical study in accordance with the
Declaration of Helsinki. This phase 1 clinical trial was
registered at ClinicalTrials.gov (NCT02807883).

Patient eligibility

Patients with relapsed/refractory CD19" B-cell lymphoid
malignancies, ages 1 through 80 years, were eligible. B-cell
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lymphoid malignances included acute lymphoblastic leukemia
(ALL), diffuse large B-cell lymphoma (DLBCL), chronic
lymphocytic leukemia/small lymphocytic lymphoma (CLL/
SLL), follicular lymphoma, marginal zone lymphoma, and
mantle cell lymphoma, with confirmed positive CD19 by flow
cytometry on the malignant cells. At study entry, patients were
required to have adequate organ function, Karnofsky
performance status (KPS) >60%, and with no evidence of
active hepatitis B or C infection. Patients with a history of
HIV infection were excluded. Those with prior allogeneic
HCT were allowed after at least 3 months following
transplant. Patients had measurable disease at study entry and
had failed standard frontline therapy. Bridging chemotherapy to
control disease while waiting for CAR T-cell production was
allowed and at the discretion of the treating physician. Notably,
patients must have had measurable disease and adequate organ
function at time of starting lymphodepletion prior to CAR

T infusion.

DNA constructs

This study used a second generation CD19-specific CAR (10,
16, 17) consisting of an anti-CD19scfv held on the cell surface by
a CD8o stalk and with signaling through CD3{ and CD28 co-
stimulatory endodomains (CDI9RCD8CD28) (13). The CAR
was expressed in a SB transposon and SB transposase was
encoded by a pCMV-SB11 plasmid (18).

Cell lines

All cell lines were cultured in complete media (RPMI 1640,
10% heat inactivated fetal bovine serum (HyClone), and 1%
Glutamax-100 (Gibco)) at 5% CO, and 37°C. Daudif,m,
NALM-6, EL-4 and EL-4 modified to express CD19 (CD19"
EL-4) were maintained, as previously described (18). K562 clone
#1 AaPC was developed as previously described (19) and
expressed CD19, CD32, CD64, CD86, CD137L and membrane
bound IL-15. A working cell bank of clone #1 was used to
propagate AaPC in WAVE Bioreactors, y-irradiated, and
cryopreserved for future use, as described previously (8).
Thawed irradiated AaPC were utilized for generation of CAR
T-cells. Cell lines were negative for mycoplasma and endotoxin.
The identities of cell lines were established by STR DNA
fingerprinting performed by the Characterized Cell Line Core
at MD Anderson Cancer Center.

Generation of CAR T-cells

Peripheral blood mononuclear cells (PBMC) were obtained
via patient derived leukapheresis products. PBMC were isolated
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using the Biosafe Sepax II platform, as described previously (18).
In short, the Sepax II is a closed system centrifugation
instrument that utilizes an automated Ficoll gradient protocol
to separate PBMCs from non-target cell types. After Ficoll
gradient isolation, PBMCs were washed twice with PBS/EDTA
supplemented with human serum albumin and the washed cells
were transferred into a 200 mL blood banking bag. The PBMCs
were then cryopreserved for future manufacturing purposes.
Genetic modification to generate CAR T-cells was performed,
as described earlier (8). PBMC were thawed and rested in
complete media for two hours at 37°C, 5% CO,. The rested
cells were resuspended at a concentration of 2x107/100uL of a
mixture containing 15ug transposon DNA plasmid coding for
CDI9RCDS8CD28 transposon, 5ug transposase DNA plasmid
(pCMV-SB11) coding for SB11 transposase, and Human T-cell
kit reagent (cat# VPA-1002, Lonza). The mixture was
transferred to a cuvette, electroporated using program U-14 of
the Nucleofector II device (Amaxa, Lonza) and transferred to
complete media for a two-hour rest at 37°C, 5% CO,. A half
media change was performed and the electroporated cells were
then incubated overnight at 37°C, 5% CO,. The next day, cells
were harvested, counted, and phenotyped by flow cytometry.
Cells were then co-cultured with 100Gy irradiated K562 clone #1
AaPCs at a 1:1 ratio (AaPC: CAR" T-cell) along with IL-21
(PeproTech, 30ng/mL). Media changes and cytokine additions
were performed every 2-3 days. IL-2 (Aldesleukin, Novartis,
50U/mL) was incorporated into the media changes starting at
day 7 to avoid early outgrowth of natural killer (NK) cells. T-cell
cultures were evaluated for CAR" expression and re-stimulated
every 7 days with 100Gy irradiated clone #1 AaPCs with the
addition of IL-21 and IL-2. T-cells were expanded in culture to
reach appropriate patient dose levels and cryopreserved
thereafter.

Lymphodepletion and CAR
T-cell infusion

Lymphodepletion was recommended for all study patients,
unless there were remarkable cytopenias from prior therapies.
Lymphodepletion consisted of fludarabine 30 mg/m* and
cyclophosphamide 500 mg/m” for 3 consecutive days, followed
by CAR T-cell infusion at least 48 hours after completion of
lymphodepletion. Reduced intensity lymphodepletion
(fludarabine 25 mg/m® and cyclophosphamide 250 mg/m?)
was allowed at the discretion of the treating physician. Prior to
CAR T-cell infusion, patients should have been off steroids for at
least 72 hours (unless on physiological dose replacements), with
no active infection, and with resolution of any non-hematologic
toxicity from lymphodepletion to < grade 3. The day of CAR T-
cell infusion was designated as Day 0. The CAR T-cell dose was
defined by the dose group per the phase 1 dose escalation/de-
escalation schedule, as described in the study design section.
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Safety and evaluations

Disease assessments with peripheral blood studies, bone
marrow examinations, and PET when clinically relevant were
done prior to study entry and at 30 days following CAR T
infusion to assess for response. The CTCAE V 4.0 was used to
grade toxicities.

Response definitions and
outcome measures

The primary objectives were to determine the safety profile
and maximum tolerated dose (MTD) of SB CAR T-cells.
Secondary objectives included assessment of disease response
and to determine persistence of CAR T-cells. CR was defined as
having < 5% malignant blasts in the bone marrow, recovery of
normal blood counts with absolute neutrophil count > 0.5 x 10°/L
and platelet count > 20 x 10°/L, normal karyotype, and absence of
extramedullary disease. MRD was assessed using multiparameter
flow cytometry with a threshold of > 0.01%. CR for lymphoma
was defined by CT and/or PET, as per Cheson criteria (15).

Flow cytometry

Immunophenotyping by flow cytometric analysis was
performed by staining T-cell suspensions with a live/dead stain
followed by surface antibody staining for anti-CD3, CD4, CD8,
CD45, CD56, CDl11¢, CD19, CD14, CD16, CD20, CD32,
CD45R0O, CD27, CD95, CD45RA, CD28 CD62L, CD197,
TCRaf, TCRYS and CAR (Supplementary Methods). All
experiments were performed using a BD Fortessa or BD FACS
Calibur. Data was analyzed using FlowJo software.

Chromium release assay

Specific lysis of CD19" targets by CAR™ T-cells was
determined using a standard 4 hour chromium release
assay (18).

Gene integration (CAR copy number)

Assessment of integrated CAR copy number of SB-modified
T-cells was determined by droplet digital PCR (ddPCR), a
sensitive method of detecting and quantifying infrequent
target DNA molecules (20), as described previously (8). 50ng
of genomic DNA was multiplexed using primer/probe sets for
the CAR and a housekeeping gene (EIF2C1) (Supplementary
Methods). PCR droplets were generated and analyzed using a
QX-100 Digital Droplet PCR System (Bio-Rad).

Frontiers in Immunology

65

10.3389/fimmu.2022.1032397

Serum cytokines

Blood samples collected post CAR T-cell infusion were
processed to isolate serum and cryopreserved in aliquots at -80°
C for analysis. For evaluation of cytokines in the serum of patients
post infusion, serum samples were thawed and processed using a
Bio-Plex Pro Human Cytokine 27-plex Assay (Bio-Rad, Hercules,
CA) according to the manufacturer’s instructions. Briefly, serum
samples were diluted (1:4) in complete media (RPMI containing
10% FBS with Glutamax-1), incubated with capture beads, and
read in a Bio-Plex 200 system (Bio-Rad).

Statistical analysis

Progression-free survival (PFS) time was computed from date
of cell infusion to date of progression or death, whichever came
first. Patients who were alive at their last follow-up date who had
not progressed were censored. Overall survival (OS) time was
computed from date of cell infusion to date of death. Patients who
were alive at their last follow-up date were censored. The Kaplan-
Meier method was used to estimate PFS and OS.

Results

Generation of CAR T-cells for
clinical trial

Genetically modified T-cells were co-cultured with y-irradiated
AaPCs (clone #1) in the presence of exogenous cytokines (IL-2, IL-
21) for a median of 22 days (mean + SD, 234 + 5.19) and
cryopreserved for infusion (Figure 1A). Twenty-six patients were
enrolled on the study from June 2016 through April 2019. CAR
product was successfully generated for 23 patients, while product
manufacture failure occurred for 3 patients (Supplementary Table
S1). The gene-modified T-cells had an average expansion of 4681-
fold for CAR" T-cells, median 97.9% CD3" (mean + SD, 91.4% +
13.26%), median 80.5% CAR" (mean + SD, 70.1% + 29.7%) and
were predominantly CD8" (mean + SD, 70.2% * 18.7%; mean
CD4/CD8, 0.19) (Figures 1B, C, Supplementary Table S1). They
were able to effectively lyse at a effector:target ratio of 5:1 various
CD19" B-cell lines, Daudi (Burkitt’s Lymphoma) co-expressing f3,-
microglobulin (21) (Daudif3,;m) to reduce lysis by LAC or NK cells
(mean + SD, 44.6% + 18.2%) and NALM-6 (pre-B ALL; mean *
SD, 38.4% * 15.1%) in a cytotoxicity assay. An increase of 4.8-fold
(5:1, E:T) in killing of CD19" EL-4 cells as compared to
unmodified CD19"*® EL-4 (mouse T-cell lymphoma) targets
demonstrated specificity for CD19 by CAR T cells.
(Supplementary Figure S1, Supplementary Table S2). Expanded
T cells were cryopreserved, passed release testing to generate a
certificate of analysis (22), and were thawed on the day of infusion
after the recipient met eligibility.
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Patient characteristics and safety

Fourteen patients with a median age of 40 years (range, 16-
73 years) received CAR T-cell therapy and were included in the
final safety and efficacy analysis (Table 1). Nine patients did not
have cells infused due to the following reasons: rapid disease
progression with clinical deterioration and death (n=4), no

disease at time of CAR availability (n=3, 2 of which remain in
remission and 1 patient relapsed with CNS involvement and
died from disease progression), allogeneic HCT (n=1), and loss
of insurance (n=1).

Of the 14 patients who received thawed SB CD19-specific
CAR T-cells (viability, mean * SD, 98.8% + 2.13%,
Supplementary Table S1), 8 patients had B-ALL, 4 patients

TABLE 1 Study patient characteristics and treatment outcomes in detail for the infused patients, N=14.

Acc Age Gender Diagnosis Prior lines of

# therapy plant
2 68 M CLL 3 No
4 40 M ALL 6 Yes
6 36 F DLBCL 4 Yes
8 40 F ALL 4 Yes
9 29 F ALL 4 No
13 46 M ALL 5 Yes
14 72 M DLBCL 5 Yes
16 16 M ALL 3 Yes
20 47 F DLBCL* 3 No
21 31 M ALL 4 Yes
22 73 F DLBCL 2 No
23 57 F CLL 3 Yes
25 34 M ALL 4 Yes
26 39 M ALL 2 Yes

Prior trans- Cohort CRS ICANS Response Progressed

Status at last

follow-up

1 No No No Yes Died, secondary cancer
response

1 No No CRi Yes Died, active disease

-1 No No No Yes Died, active disease
response

1 No No CR Yes Died, active disease

2 Yes No No Yes Died, active disease
response

2 Yes No MRD Yes Died, active disease
negative

2 Yes No CR No Alive, in remission

1 No No No Yes Died, active disease
response

3 No No CR Yes Alive, in remission

3 No No No Yes Died, active disease
response

Progression  Yes Died, active disease

3 No No No Yes Alive, active disease
response

1 No No No Yes Died, active disease
response

1 No No MRD No Alive, in remission
positive

ALL, acute lymphoblastic leukemia; CLL, chronic lymphocytic leukemia; CR, complete remission; CRi, CR with incomplete platelet and/or neutrophil recovery; CRS, cytokine release
syndrome; ICANS, immune effector cell associated neurotoxicity syndrome; DLBCL, diffuse large B-cell lymphoma; F, female; M, male; MRD, minimal residual disease.

*Transformed from marginal zone lymphoma.
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had DLBCL and 2 patients had CLL. Patients were heavily
pretreated, with a median of 4 (range, 2-6) prior lines of
therapy. Additionally, 10 patients had prior allogeneic HCT, of
whom 3 received two transplants (one patient received an
autologous and then an allogeneic transplant, and two patients
received two prior allogeneic transplants). Two patients,
numbers 2 and 16 in Table I, received reduced intensity
lymphodepletion due to significant cytopenia at time of
study treatment.

Overall, no serious adverse events were directly attributed to
the study treatment. Only 1 patient had a grade 2 infusion
reaction, which resolved with supportive treatment. No
unexpected acute or delayed toxicities were observed. Three
patients developed grades 1-2 CRS and none of the study
patients had ICANS. Three events of grade 3 non-
hematological adverse events occurred; one each for infection,
elevated alanine aminotransferase, and elevated aspartate
aminotransferase. All dose levels were well tolerated with no
DLTs reported.

Response and survival

Of the 14 patients assessed for efficacy, 5 (36%) patients
achieved objective responses, 2 (14%) had stable disease (both
had CLL), and 1 patient had sustained minimal residual disease
(MRD) positivity (ALL patient). Table 1 presents the disease and
treatment characteristics of the 14 individual patients in the

10.3389/fimmu.2022.1032397

study and their respective outcomes. Of the 8 patients with ALL,
3 (38%) patients achieved CR/CRi (complete remission with
incomplete count recovery) at 1 month, 1 (13%) patient had
sustained molecular measurable residual disease (MRD)
positivity, and 4 (50%) patients had no response. Of the
responding 3 patients in remission, all progressed during the
study period (Figure 2). Of the 4 patients with DLBCL, 2 (50%)
achieved complete remission, 1 patient had progressive disease
at 1 month after CAR T-cell therapy, and 1 patient had rapid
leptomeningeal central nervous system progression and
transitioned to hospice before day 30 disease assessments. The
2 responding patients had durable remissions; 1 remains in
remission at 3 years after cell infusion and the second patient
progressed at 18 months after therapy (Figure 2). The 2 CLL
patients did not respond to CAR T-cell therapy (Figure 2).

The median (range) follow-up for the 14 study patients was
14.8 months (0.9-62.0 months). The 1-year PES rate for all study
patients was 21%; 13% for the ALL patients and 50% for the
DLBCL patients. The respective 1-year OS rates for all study
patients, ALL, and DLBCL were 57%, 50%, and
50%, respectively.

Persistence of CAR T-cells in patients

Peripheral blood was collected serially over time from the
patients, and the presence of genetically modified CAR" T-cells
was investigated using both ddPCR and flow cytometry. CAR T-
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cells could be detected by flow cytometry up to 30 days post
infusion, after which the level of detection was at background
level. Using the more sensitive ddPCR method, CAR T-cells
could be detected up to an average of 203 days post infusion.
Data for select patients are shown in Figure 3, and data for all
patients is shown in Supplementary Figure S2. We did not
observe any correlation between persistence and response.

Serum cytokines

Persistence of CAR" T-cells depends on signaling through
the CAR moiety and through cytokine receptors. We observed
no difference in the levels of cytokines signaling through the
common cytokine receptor Y (gamma) chain before and after
infusion of the T-cells. We noted low levels of IL-2 and IL-15,
normal levels of IL-4 and IL-7, and elevated levels of IL-9. Of the
cytokines implicated in cytokine release syndrome, IFN-y and

10.3389/fimmu.2022.1032397

CXCL10 were altered 1 week (p<0.05) and 2 weeks (p<0.05) post
infusion, respectively (Supplementary Figure S3).

Discussion

We report on the long-term findings of non-viral, SB
generated, autologous CD19 directed CAR T-cells in patients
with advanced lymphoid malignancies. We note our ability to
consistently manufacture up to dose level three (107 CAR T-
cells/kg). Furthermore, similar to our previous trial (8), the CAR
T infusion was very well tolerated, with minimal rates of CRS
and no noted ICANS. The intent of this trial was to investigate
whether modifications to the CAR T product would increase
efficacy. Our previous clinical trials infused T-cells expressing a
ond generation CAR (designated CD19RCD28) with an IgG,-Fc
stalk that activated T-cells via chimeric CD28 and CD3( (8).
Modifications to the CAR stalk to reduce binding of Fc receptor

100000 Baseline 3 days 1 week 2 weeks 1 month 3 months 6 months 1year
10000 0.003 e 0.03%) 0.06% 0.008%! ) - 001%
1000 B ™ ”i
4 100 il ’
10 ’ L @ .
il LN .
04 T Ty ; T v
QA g {bQ b?’ .-OQ QQ,§,5"0°
100000
10000 — A 0090% [0.004 0.007% 0079 +{  [0.010%
1000 — - . o
3 100 ;j
" | S & !
! gy L
S 5 A ¥ @
100000
10000
1000
13 ; 100 W (
a 1 H
1) 1 H
2 o1
] Q‘b«.\u,,pqq'&o%@
gwoooo
'g 1?3;)00 d.002 0.036% 0%
14 2 100
> ° =
S od o
né S > A NS P P
S 100000
10000
1000 —
20 100 m Bl
10
1
o1 NI
v D o
100000
0o M 0.025%
1000 {[— — .
100 o«
26 o g
: 2
0.1 a Sy
S 5 A0S S o
Days after CAR* T-cell infusion
FIGURE 3

Persistence of CAR™ T-cells in selected patients. The presence of CAR T-cells was evaluated by ddPCR (bar graphs) and flow cytometry (dot-
plots) before (baseline) and at various timepoints after infusion of the gene-modified T-cells.

Frontiers in Immunology

68

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1032397
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Singh et al.

(s) and antigen recognition has shown to further improve the
persistence of the genetically modified T-cells (23-25). Of the
various stalks tested, including the IgG4-Fc mutant EQ (L235E
and N297Q), CD8o hinge, and 12aa IgG; hinge, the CAR with a
CD8a-derived hinge (CD19RCD8CD28) showed reduced
binding to Fcy receptors (FcyR) and superior efficacy and
persistence in NSG xenograft MRD leukemic models (13).
Moreover, repeated stimulation cycles can erode the
therapeutic potential of ex vivo propagated T-cells (26, 27).
Therefore, we shortened the length of time in tissue culture to
sustain the outgrowth of CAR" T-cells that preserves a
“memory” T-cell phenotype and genotype. Reducing the
number of recursive stimulation cycles on aAPCs from 4x to
2x showed an improved memory phenotype (CCR7/CD45RA)
(28) of the CAR T-cells, which led to improved efficacy and
survival in mouse models (13).

With these modifications, we noted robust in vivo expansion
of the CAR T product and responses in some patients. We
treated a heterogeneous patient population, which precludes our
ability to study any predictors for response. We noted long-term
persistence in some patients but there did not appear to be any
correlation between in vivo CAR T persistence and response.

Further modifications to the CAR T construct, as well as
exploring other tumor associated antigens (TAA) and other
substrates for CAR T production, are under investigation in
efforts to improve the efficacy of immunotherapies using the SB
platform. Magnani et al. reported on a phase I/II trial using
donor-derived CD19 CAR T-cells generated with the SB
transposon and differentiated into cytokine-induced killer
(CIK) cells for patients with B-ALL who relapsed after
allogeneic HCT (29). The product was successfully made for
all 13 treated patients and was generated from a peripheral blood
collection from the donor. It consisted of mainly CD3"
lymphocytes, with 43% CAR expression. Patients received a
single dose of the CAR T product. Six of the 7 patients treated at
the highest dose level had a CR or CRi, including 5 with an MRD
negative response. Robust expansion was achieved in the
majority of the patients. CAR T-cells were measurable by
transgene copy PCR for up to 10 months. Toxicities reported
included 2 patients with grade I and 1 patient with grade IT CRS
at the highest dose in the absence of graft-versus-host disease
(GVHD), neurotoxicity, or DLT (29).

Our study highlights the success of genetic engineering of T
cells based on SB nonviral gene transfer system combined with
ex vivo expansion on AaPCs to generate CD19 CAR T cells from
patients with a variety of lymphoid malignancies. By utilizing an
improved CAR design and shorter ex vivo expansion protocol,
we observed persistence of T cells by both flow cytometry and
PCR in 42% of the patients, an improvement from our previous
trials, with active disease. Furthermore, SB-modified CAR T cells
were well tolerated and no severe CRS or ICANS were observed.
Further studies to improve persistence and efficacy are
warranted, and we are adapting cytokine (IL-15) co-
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stimulation to support T cell in vivo persistence and
maintenance of an immature differentiation state (30).
Therefore, SB platform allows for more cost efficient and
nimble construction of CAR T products. CAR DNA constructs
can be easily and rapidly produced at much lower cost (10)
compared to clinical grade lentivirus or retrovirus (10, 31).
Outsourcing and the need for specialized handling along with
limited GMP facilities for generation of viruses and long wait times
due to unprecedented demand, all make the use of recombinant
viruses tedious and unattractive and hence the need for alternative
non-viral transduced CAR constructs. Additionally, for early
proof-of-concept trials, the reduced pricing for plasmid DNA
allows for speed in translating preclinical data into clinical trials.
This approach may be particularly useful in the setting of
immunotherapy for patients with solid tumors, where identifying
optimal TAAs is critical and under active investigation. Further
studies are needed to improve efficacy of these promising therapies.
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Spatial architecture

of regulatory T-cells
correlates with disease
progression in patients

with nasopharyngeal cancer

Fengge Zhou™*, Gulidanna Shayan™, Shiran Sun,

Xiaodong Huang®, Xuesong Chen*, Kai Wang®, Yuan Qu*,
Runye Wu', Ye Zhang*, Qingfeng Liu‘, Jianghu Zhang",
Jingwei Luo?, Xinqgi Shi*, Yang Liu®, Bin Liang®, Ye-Xiong Li*,
Jingbo Wang™ and Junlin Yi**

‘Department of Radiation Oncology, National Cancer Center/National Clinical Research Center for
Cancer/Cancer Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College,
Beijing, China, ?Tumor Research and Therapy Center, Shandong Provincial Hospital Affiliated to
Shandong First Medical University, Jinan, Shandong, China, *Department of Radiation Oncology,

National Cancer Center/National Clinical Research Center for Cancer/ Hebei Cancer Hospital,
Chinese Academy of Medical Sciences, Langfang, China

Purpose: This study aims to investigate the prognostic value of composition
and spatial architecture of tumor-infiltrating lymphocytes (TILs) as well as PDL1
expression on TILs subpopulations in nasopharyngeal carcinoma (NPC).

Methods: A total of 121 patients with NPC were included and divided into two
groups: favorable (n = 68) and unfavorable (n = 53). The archived tumor tissues
of the included patients were retrieved, and a tissue microarray was
constructed. The density and spatial distribution of TILs infiltration were
analyzed using the multiplex fluorescent immunohistochemistry staining for
CD3, CD4, CD8, Foxp3, cytokeratin (CK), PDL1, and 4’,6-diamidino-2-
phenylindole (DAPI). The infiltration density of TILs subpopulations and PDL1
expression were compared between the two groups. The Geross function was
calculated to quantify the relative proximity of any two types of cells. The Cox
proportional hazards regression model was used to identify factors associated
with overall survival (OS) and disease-free survival (DFS).

Results: The densities of regulatory T-cells (Tregs), effector T-cells (Teffs), PDL1
+ Tregs, and PDL1+ Teffs were significantly higher in patients with unfavorable
outcomes. PDL1 expression on tumor cells (TCs) or overall TILs was not
associated with survival. Multivariate analysis revealed that higher PDL1+
Tregs infiltration density was independently associated with inferior OS and
DFS, whereas Tregs infiltration density was only a prognostic marker for DFS.
Spatial analysis revealed that unfavorable group had significantly stronger Tregs
and PDL1+ Tregs engagement in the proximity of TCs and cytotoxic T
lymphocyte (CTLs). Geross analysis further revealed that Tregs and PDL1+
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Tregs were more likely to colocalize with CTLs. Moreover, increased Grc : Treg
(Tregs engagement surrounding TCs) and Gery @ ppLi+ Treg Were identified as
independent factors correlated with poor outcomes.

Conclusion: TILs have a diverse infiltrating pattern and spatial distribution in
NPC. Increased infiltration of Tregs, particularly PDL1+ Tregs, as well as their
proximity to TCs and CTLs, correlates with unfavorable outcomes, implying the
significance of intercellular immune regulation in mediating disease progression.

KEYWORDS

tumor infiltrating lymphocytes (TILs), programmed cell death ligand 1 (PDL1),
nasopharyngeal carcinoma (NPC), cell spatial distribution, regulatory T cells (Tregs),
cytotoxic T lymphocytes (CTLs), immune supression, proximity

Background

Nasopharyngeal carcinoma (NPC) is characterized by
its close association with Epstein-Barr virus (EBV) infection,
poor differentiation, and sensitivity to radiotherapy and
chemotherapy (1, 2). Intensity-modulated radiotherapy
(IMRT) and advanced chemotherapeutic regimens have
provided excellent overall loco-regional management for NPC
(3-5). However, distant metastasis and local recurrence continue
to occur in approximately 30%-40% of patients, and the
response rate to immune checkpoint inhibitors is only 20%-
30% (6-11). Therefore, it is crucial to identify additional robust
prognostic markers of NPC and guide treatment beyond the
well-known staging system and EBV DNA load (12).

The tumor microenvironment (TME) is an intricately
organized landscape occupied by infiltrating immune cells,
epithelial cells, vascular and lymphatic vessels, cytokines, and
chemokines (13). The tumor immune microenvironment
(TIME) is critical in the development and progression of
many solid tumors (14-19). TIME analysis reveals the diverse
composition and functional states of immune cells (20). Tumor-
infiltrating lymphocytes (TILs), being the most important
component of TIME, play a vital role in mediating antitumor
immunity in the TME. Previous studies have demonstrated that
TILs have a prognostic impact on a variety of solid cancers (15-
19). Nevertheless, tumor cells (TCs) can evade immune
surveillance in a variety of ways, including upregulating
immune checkpoint receptor ligands such as programmed

Abbreviations: NPC, nasopharyngeal carcinoma; PDL1, programmed cell
death-ligand 1; PD1, programmed cell death protein 1; TILs, tumor
infiltrating lymphocytes; OS, overall survival; DFS, disease free survival;
CTLs, cytotoxic T lymphocytes; Teffs, effector T cells; Tregs, regulatory T
cells; IC, immune cell; TC, tumor cell; IQR, interquartile range; HR, hazard

ratio; CI, confidence interval; KPS, Karnofsky performance status.
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death-ligand 1 (PDL1) (21). Furthermore, regulatory T-cells
(Tregs) and other suppressive signals can enhance tumor
progression by attenuating antitumor immunity (13-15, 20).

A few studies have been conducted over the last several decades
to investigate the immunological landscape of NPC using
hematoxylin and eosin (H&E) staining, immunohistochemical
(IHC) staining, and flow cytometry. Recent studies have
demonstrated that the immunological components such as CD8
+ T-cell infiltration and PD1/PDL1 expression may have
prognostic value, but the results are still controversial (22-24).
Asides from TILs composition, a few recent studies have shown
that the spatial architecture of the TIME may also play an essential
role in mediating cancer progression (25, 26). Thus, investigating
the TIME composition and spatial architecture of NPC samples
may provide additional critical insights into the complex and
heterogeneous immunological landscape associated with
disease progression.

The present study provides a comprehensive analysis of the
composition and abundance of TILs, as well as PDL1 expression in
the TME using the multiplex fluorescent immunohistochemistry
(mfTHC) approach, aiming to evaluate the prognostic role of TILs in
NPC. Furthermore, the spatial architecture of TCs and TILs is
studied using multispectral imaging analysis. This allows
researchers to assess the role of TILs intercellular proximity and
distribution pattern in mediating disease progression, revealing a
potential treatment-responsive biomarker for immune-
modulatory therapy.

Materials
Study population

In this study, patients with NPC who were staged as I-IVA
according to the 8™ American Joint Committee on Cancer
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(AJCC) TNM staging system, had no concomitant immune
system disease, received IMRT at our institution between
March 2010 and July 2014, and had sufficient tumor sample
collection prior to any anticancer treatment were included.
Eligible patients were then divided into two groups with
comparable clinicopathological characteristics but distinct
posttreatment outcomes. For attaining a balance between the
two groups, clinicopathological data such as age, sex, smoking
history, histological classification, AJCC 8" TNM stage,
Karnofsky performance status, lactate dehydrogenase level,
hemoglobin level, platelet count, and treatment modality were
considered. The 5-year disease progression rate was the main
prognostic index in this study. Finally, 121 patients were
included, with 68 in the favorable group surviving at least 5
years without disease progression (Group 1) and 53 in the
unfavorable group having disease progression within 5 years
(Group 2).

Samples for mfIHC stains

All fresh tumor samples were preserved at our institution at
-80°C liquid nitrogen with signed written informed consent.
Formalin-fixed, paraffin-embedded (FFPE) blocks were
prepared using a standard method. All H&E-stained slides
were reassessed independently by two pathologists, and they
were blinded to clinical data. After reviewing H&E-stained
slides, one 1.5 mm diameter tumor tissue core from
representative sections of FFPE blocks was used to construct
the tissue microarray (TMA) (Shanghai Outdo Biotech Co., Ltd).

Seven-color immunohistochemical
multiplex

The Opal 7-color manual IHC kit 50 slides (Akoya,
NEL811001KT) was used according to the manufacturer’s
protocol. Briefly, TMA block sections were deparaffinized in
an automatic dyeing machine (Leica ST5020, Leica) and
subjected to antigen retrieval by microwave treatment in
Citrate buffer (pH=6.0). Sections were then incubated in 3%
hydrogen peroxide in methanol for 30 min at room temperature
and subsequently with a blocking solution containing 0.3%
bovine serum albumin in 0.05% Tween solution for 30 min.
Then, the sections were incubated with primary antibody for 60
min at room temperature and its corresponding HRP-
conjugated secondary antibody for 10 min, followed by opal
fluorophores for 10 min. The staining sequence of primary
antibodies and corresponding fluorescence channels was anti-
CD4, CD3, PDL1, CD8, Foxp3 and CK, with the corresponding
opal fluorophores 520, 690, 570, 620, 540 and 650, respectively.
After staining the above markers in turn, sections were
counterstained with 4',6-diamidino-2-phenylindole (DAPI)

Frontiers in Immunology

74

10.3389/fimmu.2022.1015283

(Life Tech) and mounted with VECTASHIELD fluorescence
mounting medium (Vector Labs, Burlingame, CA).

TILs phenotyping

To study the infiltration composition of T-cell
subpopulations in NPC and their potential correlation with
posttreatment progression, the following markers were used:
cytokeratin (CK), CD3, CD4, CD8, Foxp3, and 4',6-diamidino-
2-phenylindole (DAPI,nuclear stain). CK was used to identify
epithelial cancer cells in NPC tumor samples. The detailed
information on biomarkers and antibodies used is presented in
Supplementary Table 1. T-cells were identified using the CD3
marker. Furthermore, T-cell subpopulations were identified
according to the standard staining protocol as cytotoxic T
lymphocytes (CTLs, CD3+CD8+), CD4+ effector T-cells (Teffs,
CD3+CD4+Foxp3-), Tregs (CD3+CD4+Foxp3+), and other T-
cells (CD3+CD4-CD8-Foxp3-) (27). Finally, all other cells that
were not recruited in our phenotyping categories, such as
normal nasopharyngeal epithelial cells, blood vessels, nerves,
macrophages, and other nuclear cells, were grouped into one
category and labeled as “others.”

Multispectral imaging

Multiplex fluorescent-stained TMA slides were scanned
using the image analysis software StrataQuest (TissueGnostics-
StrataQuest 7.7.1.165 version) for multicellular contextual tissue
analysis in both bright field and fluorescence images. The total
counts of various cell phenotypes derived from all available cores
were analyzed. Additionally, the core density was calculated by
dividing the total number of cells by the area of each core (cells/
mm?). The spectral signature for each fluorophore was
determined using single-antigen staining and captured using a
multispectral fluorescent microscope, which records an image
every 10 nm over the full-emission spectrum. This enabled the
simultaneous capture of seven different fluorophores into a
single composite image, which could then be unmixed and
separated into six unique images representing each
fluorophore and the nuclear stain DAPI, as well as the precise
x and y spatial coordinates of each identified cell.

PDL1 evaluation

PDLI immunostaining was observed in the membrane and/
or cytoplasm of the TCs and lymphocytes. At the cellular level,
PDLI expression was measured as the percentage of tumor or
immune cells with positive staining (range: 0%-100%). At the
patient level, specific phenotypes of cells with a PDL1 staining
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score of at least 5% were considered positive PDL1 expression
(22). Since the evaluation and cutoff values for TILs are not
standardized, the immune cell count in our study was based on a
predetermined threshold of fluorescence intensity, which was
identified by the mean value of fluorescence intensity of stained
cells manually counted at a magnification (200x) in 10 random
views. The median density of immune cells was chosen to divide
the patient cohort into high and low expression groups (28). All
staining was assessed by two independent pathologists who were
blinded to the clinicopathologic data.

Spatial distribution

The spatial distribution of TILs surrounding TCs was first
analyzed in various tissue compartments (inner tumor vs.
stroma). Next, the stroma area within 200 um of the tumor
edges was divided into 10 intervals, and the infiltration density of
each type of TILs within each interval was quantitatively
estimated. Furthermore, the Gcross function (Gij(r)) was
calculated to estimate the distribution probability of finding at

>

77 within a given radius

« »

least one specified point r” (um) of any

.

specified point “i,” allowing quantification of the relative
proximity of any two cell types (29). Therefore, the Gcross
function value becomes a quantitative index of TILs infiltration
when the “/” is applied as a TC and “j” as TILs, with greater Gr¢:
11 values indicating a higher TILs infiltration density near TCs.
Additionally, the area under the curve (AUC) of the Gcross
curve was calculated to represent the accumulated infiltration
level of cell type “j” within a given distance from cell type “i.”
Accordingly, larger AUCs indicate higher immune cell
interaction around TCs. Typical Gcross function curves
indicating high (left), intermediate (middle), and low (right)

levels of infiltration are illustrated in Supplementary Figure 1.

Statistical analysis

The continuous variables, such as percentage, density, and
Gcross value, were presented as median and interquartile range
(IQR) and compared between two groups using the Mann-
Whitney U-test. The categorical data were compared using the
Chi-squared test. Disease-free survival (DFS) was defined as the
time between the first date of diagnosis and disease progression
or death, whereas overall survival (OS) was defined as the time
between the first day of treatment and death from any cause or
the last follow-up. The survival index was estimated using the
Kaplan-Meier method, and the significance of the difference was
assessed using the log-rank test. The Cox proportional hazards
regression model was used to identify factors related to survival
variables and to calculate the hazard ratio and corresponding
confidence interval. To further evaluate the prognostic
significance of TME, the densities and spatial architectures of
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TIL phenotypes were respectively assessed in multivariable Cox
regression models that initially included age, sex, smoking
history, histological type, N stage, T stage, and TNM stage. All
statistical tests were two-sided, and a p-value of 0.05 or less was
considered statistically significant. All statistical analyses were
conducted by using the GraphPad Prism 8.0 software (GraphPad
Software Inc.), the Statistical Package for the Social Sciences
(SPSS) 22.0 software (IBM Inc.), and the R 3.6.3 software (R
Foundation for Statistical Computing).

Results

Patients ’ clinicopathological
characteristics

In the final analysis, 121 patients with NPC were included and
classified into two groups: favorable (Group 1, n = 68) and
unfavorable (Group 2, n = 53). The overall population had a
median follow-up time of 78.0 months (IQR: 57.5-93.2 months).
The 5-year OS and DFS rates in the favorable and unfavorable
groups were 100% vs. 45.3% (p < 0.001) and 100% vs. 0% (p <
0.001), respectively. Table 1 demonstrates the clinicopathological
characteristics of all studied patients. The median age in the
favorable and unfavorable groups was 48 and 47 years,
respectively, with males accounting for the majority of patients
in both groups. Nearly 90% of patients had stage III to IVA
diseases and received concurrent chemoradiotherapy. The
pathological classification of all patients was nonkeratinizing
undifferentiated subtype. Furthermore, the clinicopathological
characteristics were comparable between the two groups.

TILs subpopulation heterogeneity and
disease progression

TILs subpopulations and PDLI expression on TCs and TILs
were assessed for each core using mfIHC staining. Figure 1
shows a representative immunofluorescence image. When the
TILs compositions of the two groups were compared, patients in
Group 2 had a significantly higher proportion of Tregs than
those in Group 1 (0.8% vs. 0.3%, respectively, p = 0.023), whereas
there was no significant difference in the proportions of TCs,
total TILs, Teffs, and CTLs (Figures 2A-D).

Aside from cell proportion, cell density (calculated by
dividing cell counts by area) can reflect cell distribution to
some extent. The median densities of the total TILs, CTLs,
Teffs, and Tregs were 2260.1 (IQR: 1721.1-3213.1), 582.1 (IQR:
242.7-1225.1), 140.1 (IQR: 69.8-318.6), and 58.2 (IQR: 19.0-
142.0) cells/mm?, respectively. There were no significant
differences in total TILs or CTLs density between the two
groups (Figures 2E, F), but the median Tregs density (103.6 vs.
34.0 cells/mm?, p = 0.002) and median Teffs density (184.4 vs.
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TABLE 1 General characteristics of patients in two groups.

Characteristics Group 1 (n=68) Group 2 (n=53) P value
n (%) n (%)

Age (years) 0.964
Median(range) 48 (18-76) 47 (23-74)

Sex 0.667
Male 53 (77.9) 43 (81.1)
Female 15 (22.1) 10 (18.9)

Smoking history 0.845
No 29 (43.3) 22 (41.5)

Yes 38 (56.7) 31 (58.5)

Histological type 0.900
WHO I 29 (42.6) 22 (41.5)
WHO III 39 (57.4) 31 (58.5)

T stage 0.900
T1 11 (16.2) 10 (18.9)
T2 14 (20.6) 9 (17.0)
T3 22 (32.4) 20 (37.7)
T4 21 (30.9) 14 (26.4)

N stage 0.082
NO 7 (10.3) 2 (3.8)
N1 18 (26.5) 9 (17.0)
N2 21 (30.9) 28 (52.8)
N3 22 (32.4) 14 (26.4)

Overall stage 0.653
I 2(2.9) 1(1.9)
II 6(8.8) 2(38)
11 23 (33.8) 22 (41.5)
IVA 37 (54.4) 28 (52.8)

KPS 1.000
<80 3 (44) 2(38)
>80 65 (95.6) 51 (96.2)

LDH(U/L) 0.085
<245 67 (98.5) 48 (90.6)
>245 1(1.5) 5(9.4)

HB (g/L) 0.327
<130 9 (13.2) 11 (20.8)
=130 59 (86.8) 42 (79.2)

PLT (x10°/L) 0.432
<300 59 (88.1) 44 (83.0)
>300 8 (11.9) 9 (17.0)

Treatment pattern 0.825
CCRT 44 (64.7) 33 (62.2)
IC+CCRT 10 (14.7) 10 (18.9)
RT/IC+RT/CCRT 14 (20.6) 10 (18.9)

+AC

WHO 1II, non-keratinizing differentiated carcinoma; WHO III, non-keratinizing
undifferentiated carcinoma; KPS, karnofsky performance status; LDH, lactate dehydrogenase;
HB, haemoglobin; PLT, platelet; CCRT, concurrent chemoradiotherapy; IC, induction
chemotherapy; RT, radiation therapy; AC, adjuvant chemotherapy.
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113.3 cells/mm?, p = 0.023) were significantly higher in patients
with an unfavorable outcome than in those with a favorable
outcome, respectively (Figures 2G, H). The detailed densities of
each subtype are presented in Supplementary Table 2. When the
median value was used as a cutoff, no significant associations
were found between the infiltration densities of any of the TILs
subpopulations and clinicopathological characteristics
(Supplementary Table 3), implying that TILs have a prognostic
impact that is independent of clinicopathological features.

Furthermore, PDL1 expression was assessed in various cell
subtypes. The median percentages of PDL1 positive TCs (PDLI1+
TCs) and PDLI positive TILs (PDL1+ TILs) in the favorable and
unfavorable groups were 20.3% vs. 18.6% (p = 0.775) and 71.1%
vs. 60.0% (p = 0.166), respectively. In the overall population, the
median densities of PDL1+ TCs and PDL1+ TILs were 3113.8
(IQR: 1043.4-5461.6) and 1037.4 (IQR: 711.5-1709.1) cells/
mm?, respectively. In terms of PDLI expression on TILs
subpopulations, densities of PDL1+ Tregs (56.1 vs. 17.7 cells/
mm?, p = 0.001) and PDL1+ Teffs (112.7 vs. 58.0 cells/mm?, p =
0.011) were significantly higher in patients with unfavorable
outcomes than in those with favorable ones, respectively, with no
significant differences in densities of PDL1+ TCs, PDL1+ TILs,
or PDL1+ CTLs between the two groups (Figures 21-L).

When the median value was used as a cutoff, no significant
association was found between the infiltration densities of PDL1
+ TCs, PDL1+ TILs, or any PDL1+ TILs subpopulations and the
clinicopathological characteristics (Supplementary Table 4),
implying that the higher infiltration density of PDL1+ Tregs
and PDL1+ Teffs in the unfavorable group was independent of
other prognostic factors for NPC.

Tregs spatial distribution and disease
progression

The spatial distribution pattern of TILs subpopulations was
analyzed to further investigate the impact of Tregs and PDLI1+
Tregs on disease progression. Despite the similarity in the total
TILs infiltration between the inner and stroma areas in the
overall population, the stroma area had significantly higher
infiltrations of CTLs (p = 0.001), Tefts (p < 0.001), Tregs (p =
0.04), and PDL1+ Tregs (p < 0.001) (Figure 3A). There was no
significant difference between the two groups in terms of total
TILs, CTLs, Teffs, Tregs, or PDL1+ Tregs engagement within the
inner tumor area (Figure 3B). Patients in the unfavorable group
had greater infiltration of Tregs (p = 0.008) and PDL1+ Tregs
(p = 0.015) within the stroma area (Figure 3C). Detailed
infiltration densities of TIL subpopulations in the inner and
stromal areas are presented in Supplementary Table 5. The
Gceross function was used as a more precise descriptive
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FIGURE 1

Opal seven-color multiplex analysis of NPC tumor tissue identifies specific TILs subtypes. Representative image of multiplex fluorescence
staining and the enlarged subsection are displayed on the top panel. In the lower panel, images for unmixed single marker of CD3, CD4, CD8
and Foxp3 are presented in the left four columns. The right column demonstrates merged fluorescence image of various combination of four
markers, resulting in the identification of typical TILs phenotypes such as CTLs, Teffs and Tregs

method to better investigate spatial intercellular interactions.
Figure 3D depicts a schematic model for various scenarios of
infiltration with the same number of immune cells located
within a 20 pm radius of the TC. Despite the same infiltration
density, the Gcross function can better reflect the distinct
engagement level of immune cells. Within a 100 pym radius,
the AUCs of the Gcross functions reflecting various cellular
interactions were compared between the two groups, with
patients with poor outcomes having significantly higher
Gceross AUCs of the TC : Tregs (Figure 3E). Figures 3F-H
show Gcross function values at specific radii of 20, 30, and 50
pum. Similarly, patients with poor outcomes had significantly
higher G : g at radii of 30 and 50 um, as well as higher G,
PDL1+ Treg at the radius of 50 um. Detailed Gcross function values
for each radius for the two groups are presented in
Supplementary Table 6. The spatial distributions of Tregs and
PDL1+ Tregs surrounding CTLs were also investigated, in
addition to intercellular distances between TILs and TCs. The
Geross AUCs of CTL : Treg and CTL : PDLI+ Treg were
significantly higher in the unfavorable group, implying that
Tregs and PDL1+ Tregs are strongly engaged in the proximity
of CTLs. Consistent with the AUC analysis, both Gery, ¢ rreg and
GerL: pDLI+ Treg at the specific radius of 20, 30, and 50 um were
significantly higher in patients with disease progression,
indicating the potential role of intercellular interaction
between Tregs, PDL1+ Tregs, and CTLs in mediating tumor
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progression. It should be noted that both Tregs and PDL1+
Tregs had much higher infiltration probabilities near CTLs than
TCs (Supplementary Table 7).

Univariate and multivariate analyses for
OS and DFS

In the overall study population, Table 2 presents univariate
and multivariate analyses of density and Gcross function score of
TILs subpopulations for OS and DFS. Patients with higher
densities of Tregs, PDL1+ Teffs, and PDL1+ Tregs had
significantly lower DFS in univariate analysis. Patients with
more abundant PDL1+ Tregs infiltration had a lower OS, with
a p-value approaching statistical significance. Further
multivariate analysis revealed that higher infiltrations of Tregs,
Teffs, PDL1+ Teffs, and PDL1+ Tregs were significantly
associated with lower DFS, whereas only abundant PDLI+
Tregs infiltration may be associated with lower OS trending
toward significance.

Furthermore, the impact of Tregs spatial architecture on
disease progression was investigated. Univariate analysis of the
Gecross function revealed that the TC : Treg, TC : PDL1+ Treg,
CTL : Treg, and CTL : PDL1+ Treg colocalizations were all
associated with worse DFS to varying degrees. Further
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Composition of heterogeneous infiltrating immune cell subpopulations in Group 1 and Group 2. (A) Relative distribution of all analyzed cell
phenotypes in NPC sample tissues. (B-D) Relative distribution analysis of different T cell subtypes between two groups, firstly by separating the
total cell number into other, CK+ cells or CD3+ T cells (including all T cell subtypes) (B); then focusing on CD3+ T cells and dividing them into
CD4+ T (CD3+CD4+), CD8+ (CD3+CD8+) and other (CD3+CD4-CD8-) cells (C); and finally focusing on CD3+CD4+ T cells and dividing them
into Foxp3+ and Foxp3- T cells (D). (E-H) Pairwise comparisons of the density of TIL subpopulations between the two groups for TILs (E), CTLs
(F), Teffs (G) and Tregs (H). (I-L) Pairwise comparisons of PDL1 positive TIL subpopulations between the two groups. *p < 0.05, **p < 0.01, ns,

not significant.

multivariate analysis confirmed that higher Gr¢ : 1regy Grc : ppLI
+ Tregp GCTL * Treg aNd GerL @ pDLI+ Treg all had independently
negative effects on DFS. Table 2 and Figures 4A, B present
detailed data on the univariable and multivariable analyses
for DES.

Although TC : Treg, TC : PDL1+ Treg, CT : Treg, and CTL :
PDL1+ Treg colocalization within a certain radius had a significant
correlation with OS, multivariable analysis revealed that only Grc :
Treg A0d GerL : ppLL+ Treg Were independently correlated with lower
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OS. Table 2 and Figures 4C, D present detailed data on univariate
and multivariate Cox regression analyses for OS.

To better investigate the prognostic role of the aforementioned
elements, Figure 5 depicts the Kaplan-Meier survival curves for
OS and DFS between subgroups with high vs. low density of Tregs,
PDLI+ Tregs, and the high vs. low Gcross functions of TC : Treg
and CTL : PDL1+ Treg. The survival curves for OS and DFS
between subgroups with high and low infiltration, as well as other
TIL colocalization, are shown in Supplementary Figure 2.

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1015283
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhou et al.
A
=1 Inner Bl Stroma
4400 |E|
]
©
o
o **
£ 2400
S ***
£
E * Aok ok
s 400 T o T
> -
=400
f o] | |
8 200
0
TILs CTLs Teffs Tregs PDL1+Tregs
B
=1 Group 1 = Group 2
3000 ns
8 '
3 ns
S 2000
o
c
£ 10004
£ IEi ns ns
= H H
%5 400 T
2
2 200
o)
[=]
o-
TILs CTLs Teffs Tregs PDL1+Tregs
Inner area
C
ns = Group 1 Group 2
4600 —
»
= 3600
8 ns
© 2600 ns *k *k
5 i — —
£ 16004
£ I
« 600+
'8 600 T
2
‘G 400
c
8 2004
0=
TILs CTLs Teffs Tregs PDL1+Tregs
Stroma area
0 20um
()
higher G-Cross value lower G-Cross value
FIGURE 3

10.3389/fimmu.2022.1015283

E
50 =1 Group 1 =1 Group 2
ns
o
S
© %k *%
3 40 % ns —
=} i i
<
]
o 20
o
o
o
F
=1 Group1 E3 Group 2
£ o012
3 *k
8 —
£
o
=}
©
>
g TT |I|I|
2 0.00002
n
2 0.00001
°
o
Q o. T
3 3
9 &€ &*”’
0. < & >
o & Ro‘:\ o QOV
[ &
G
= Group 1 = Group 2
€ 0.30q *k
a3 —
]
£
g 0207 o, *k
H .|-
>
5 0.10 T
8 0.10
<
2
0 0.05
4
e
=3
8o b T B
& &
& <« & BN &8
% & £ > 5
[ > go"\ & 8&\
¢ o
H
=1 Group 1 = Group 2

0.80
0.60
0.40 ’_L l —
0.204

015

0.10

0.05

Gcross function value in 50um
o
*
*
*
*
% *
*

Spatial distribution of heterogeneous infiltrating immune cell subpopulations. (A) Pairwise comparison of the infiltration differences for TILs,
CTLs, Teffs, Tregs and PDL1+ Tregs in the whole population between inner and stroma area. (B) Pairwise comparison of the infiltration
differences for TILs, CTLs, Teffs, Tregs and PDL1+ Tregs within inner area between two groups. (C) Pairwise comparison of the infiltration
differences for TILs, CTLs, Teffs, Tregs and PDL1+ Tregs in stroma area between two groups. (D) Schematic model for different scenarios of
infiltration with the same number of immune cells locating within a 20 um radius of the tumor cell, reflecting distinct engagement level of
immune cells. (E) Pairwise comparisons of the Gcross-AUC values for Gre : o1, Gre @ Treq Gre © Teft, GTe & pDL1+Treg: GCTL © Treg @Nd Geri : poLt

+Treg PEtween two groups. (F-H) Pairwise comparisons of the G-cross values at 20 um (F), 30 um (G) and 50 um (H) radii for Gy :
PDL1+Treg Ger - Treg and Gery - PDL1+Treg between two groups.

Tregr Grc : terrs Gre

Discussion

In this study, we comprehensively analyzed the composition
and spatial distribution of TILs and PDLI expression in NPC
using mfIHC and multispectral imaging analysis. Tregs and
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ctu Gre
*p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant.

PDL1+ Tregs compositionally higher density and spatial
closeness to TCs were significantly associated with worse
outcomes. Furthermore, increased Tregs engagement,
particularly PDL1+ Tregs surrounding CTLs, was highly

associated with poor outcomes. Overall, our findings
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TABLE 2 Univariate and multivariate analysis for OS and DFS according to densities and Gcross functions of TILs subpopulations.

Variables Median IQR

(cells/mm?)

Density

TILs 2260.1 (1721.2-3213.1)
High vs Low

p value

CTLs 582.1 (242.7-1225.1)
High vs Low

p value

Teffs 140.1 (69.8-318.6)
High vs Low

p value

Tregs 58.2 (19.0-142.0)
High vs Low
p value
PDLI+TILs 1037.4 (711.5-1709.1)
High vs Low
p value
PDLI+TCs 3113.8 (1043.4-5461.6)
High vs Low
p value
PDL1+CTLs 223.7 (76.0-466.6)
High vs Low
p value
PDL1+Teffs 69.7 (33.5-148.3)
High vs Low
p value
PDL1+Tregs 322 (11.5-63.7)
High vs Low

p value

Geross function value®
Grc @ Treg 1.80 (0.55-4.35)
High vs Low
p value

GTC * PDL1+Treg 1.07 (0.40-2.61)
High vs Low
p value
GCTL © Treg 9.19 (3.49-17.12)
High vs Low

p value

GCIL & PDL1+Treg 4.21 (1.38-9.41)
High vs Low
p value

20 um radius
Grc © Treg 0.0008 (0.0002-0.0031)
High vs Low

p value

Frontiers in Immunology

Disease-free survival

Univariate HR
(95% CI)

1.13 (0.66-1.94)
0.647

0.84 (0.49-1.44)
0.539

1.64 (0.94-2.84)
0.078

1.79 (1.03-3.12)
0.040

0.90 (0.53-1.55)
0.701

0.78 (0.46-1.34)
0.371

0.74 (0.43-1.27)
0.274

1.87 (1.07-3.27)
0.027

2.34 (1.32-4.14)
0.003

2.35 (1.33-4.15)
0.003

1.61(0.93-2.79)
0.090

2.01 (1.14-3.52)
0.015

2.08 (1.18-3.65)

0.011

1.67 (0.96-2.89)
0.069

Overall survival

Multivariate HR
(95% CI)®

Multivariate HR
(95% CI)*

Univariate HR
(95% CI)

1.27 (0.73-2.22) 1.12 (0.56-2.22) 1.19 (0.58-2.42)
0.402 0.747 0.636

0.75 (0.42-1.32) 0.77 (0.38-1.53) 0.69 (0.34-1.42)
0.317 0.45 0.316

1.83 (1.03-3.23) 1.47 (0.73-2.95) 1.38 (0.67-2.82)
0.039 0.279 0.382

1.94 (1.09-3.42) 1.71 (0.85-3.46) 1.71 (-.83-3.51)
0.023 0.136 0.146

0.934 (0.54-1.62) 1.01 (0.54-2.13) 1.23 (0.61-2.46)
0.807 0.836 0.563

0.76 (0.42-1.35) 1.39 (0.70-2.77) 0.72 (0.35-1.47)
0.351 0.342 0.369

0.68 (0.38-1.20) 0.54 (0.26-1.09) 0.55 (0.26-1.13)
0.180 0.085 0.105

2.07 (1.18-3.65) 1.27 (0.64-2.52) 1.40 (0.69-2.83)
0.012 0.497 0.348

2.54 (1.42-4.56) 2.00 (0.98-4.08) 2.01 (0.98-4.15)
0.002 0.055 0.058

243 (1.34-4.42) 2.27 (1.10-4.69) 2.20 (1.04-4.63)
0.004 0.026 0.039

1.68 (0.96-2.95) 1.62 (0.81-3.26) 1.57 (0.77-3.18)
0.072 0.176 0.215

2.16 (1.21-3.87) 1.96 (0.96-4.00) 1.78 (0.86-3.68)
0.009 0.066 0.121

2.15 (1.21-3.80) 2.03 (0.99-4.15) 2.08 (1.00-4.29)
0.009 0.053 0.049

1.75 (0.98-3.12) 1.42 (0.71-2.83) 1.44 (0.70-2.95)
0.060 0.32 0.326

(Continued)
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TABLE 2 Continued

Variables

Gre PDL1+Treg

Median IQR
(cells/mm?)

0.0006 (0.0000-0.0017)

Disease-free survival

Univariate HR
(95% CI)

High vs Low 1.21 (0.71-2.07)
p value 0.493
GCIL * Treg 0.0089 (0.0014-0.0212)

High vs Low 2.29 (1.29-4.04)
p value 0.004

Gerr PDL1+Treg
High vs Low
p value

30 um radius

0.0034 (0.000-0.0104)

2.01 (1.15-3.53)
0.011

GTC * Treg 0.0037 (0.001-0.0111)
High vs Low 2.17 (1.24-3.81)
p value 0.007

Gre: PDL1+Treg

0.0026 (0.0006-0.0067)

High vs Low 1.64 (0.94-2.84)
p value 0.080
Gert : reg 0.0326 (0.0088-0.0670)

High vs Low 2.26 (1.28-3.40)
p value 0.005

Gerr PDL1+Treg
High vs Low
p value

50 um radius

0.0161 (0.0028-0.0319)

2.20 (1.25-3.87)
0.006

Gre : reg 0.0127 (0.0036-0.0342)
High vs Low 2.42 (1.37-4.28)
p value 0.002

Gre PDL1+Treg

0.0071 (0.0027-0.0201)

High vs Low 1.99 (1.12-3.49)
p value 0.017
Gert : reg 0.0842 (0.0265-0.1597)

High vs Low 1.78 (1.02-3.10)
p value 0.042

Gerr PDL1+Treg
High vs Low
p value

0.0384 (0.0110-0.0855)

2.34 (1.32-4.14)
0.003

Multivariate HR

(95% CI)®

1.23 (0.70-2.15)
0.467

2.39 (1.33-4.29)
0.003

2.14 (1.21-3.80)
0.009
225 (1.24-4.09)

0.008

1.72 (0.97-3.04)
0.065

2.37 (1.31-4.30)
0.004

243 (1.37-4.30)
0.002
2.38 (1.32-4.30)

0.004

2.00(1.12-3.56)
0.019

1.91 (1.07-3.41)
0.028

245 (1.38-4.38)
0.003

10.3389/fimmu.2022.1015283

Overall survival

Univariate HR
(95% CI)

1.09 (0.55-2.15)
0.808

2.31 (1.11-4.80)
0.025

1.70 (0.84-3.44)
0.139
1.98 (0.98-4.04)

0.058

1.63 (0.81-3.28)
0.170

2.29 (1.20-4.75)
0.027

2.14 (1.04-4.37)
0.038
2.33 (1.13-4.80)

0.022

2.19 (1.06-4.51)
0.034

1.70 (0.84-3.44)
0.139

2.37 (1.14-4.91)
0.021

#,Cox proportional hazards regression model adjusted for age, sex, N stage, T stage, TNM stage, smoking history, histological type.
® Geross function values measured as the probability of finding at least one Treg/PDL1+Tregs within a given radius from a tumor cell or CTLs.

CI, confidence interval; HR, hazard ratio; IQR, interquartile range.

Multivariate HR

(95% CI)*

1.04 (0.51-2.10)
0918

2.06 (0.99-4.30)
0.053

1.79 (0.88-3.64)
0.110
2.01 (0.97-4.19)

0.062

1.62 (0.79-3.22)
0.183

1.91 (0.91-4.01)
0.087

2.20 (1.07-4.54)
0.032
2.19 (1.05-4.58)

0.037

2.07 (0.99-4.32)
0.054

1.56 (0.76-3.21)
0.230

2.35 (1.12-4.92)
0.023

TILs, tumor infiltrating lymphocytes; CTLs, cytotoxic T lymphocytes; Teffs, positive effector T cells; Tregs, regulatory T cells; PDL1+ TILs, PDLI positive tumor infiltrating lymphocytes; PDL1
+TCs, PDLI positive tumor cells; PDL1+CTLs, PDLI positive cytotoxic T lymphocytes; PDL1+Teffs, PDL1 positive effector T cells; PDL1+Tregs, PDLI positive regulatory T cells.

demonstrate that a suppressive immune microenvironment had
a propelling effect on NPC progression regardless of potential
clinical confounders, with crucial implications for prognosis
prediction and immune-modulatory therapy.

TILs are well known for their vital role in mediating
antitumor immune responses. Cellular factors including
myeloid-derived suppressor cells (MDSCs), tumor-associated
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macrophages(TAMs), CD8+ T cells and regulatory T cells
(Tregs) in TME also may impact the prognosis of sloid tumors
(30). Therefore, a thorough understanding of the diversity and
complexity of TME emerges as a crucial approach to identifying
more valid biomarkers for failure prediction and therapeutic
targets. Previous studies on the prognostic significance of TILs in
various tumors, including NPC, have yielded conflicting results.
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Wang et al. (19) and Almangush et al. (23) used H&E-stained
slides to assess the prognostic value of TILs in endemic and
nonendemic areas of NPC, respectively. Both studies found that
overall TILs were significantly associated with survival, whereas
TILs subtypes were not further evaluated. Ooft et al. (24), Al-
Rajhi et al. (31), and Zhu et al. (32) found that increasing
intratumoral CD3+ TILs infiltration was associated with
superior OS and DFS without further investigation of
subphenotypes. Ono et al. investigated TILs subpopulations
and found that higher CTLs density was a significant factor in
favorable prognosis (33). However, in our study, neither the
abundance nor the density of TILs or CTLs was found to be
associated with clinical outcomes. In agreement with our
finding, Larbcharoensub et al. found that CTLs abundance was
not associated with a significant difference in clinical survival
(34). These inconsistencies suggest the presence of significant
heterogeneity in TME and the need for further investigation of
TME’s impact on the antitumor immune response.

Tregs play crucial roles in suppressing antitumor immunity in
TME by expressing ligands for inhibitory checkpoint receptors and
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secreting suppressive cytokines, promoting the occurrence and
development of tumors (35, 36). Therefore, it is not surprising
that Tregs are often associated with a poor prognosis in cancer.
Although the high density of Foxp3 positive TILs was consistently
associated with poor survival in patients with operable tongue
cancer (37), breast cancer (38), hepatocellular cancer (39), ovarian
cancer (40), and esophageal cancer (41), it was also reported to be
associated with favorable outcomes in patients with head and neck
squamous cell cancer (42), colorectal cancer (43), and SCLC (44).
Such controversial findings have also been reported in patients with
NPC. Ooft et al. found that a high Foxp3 count was an independent
predictor of better OS (45). In our study, patients with a higher
infiltration of Tregs had a significantly inferior OS and DFES, which
was consistent with Lu’s study findings (46). Lab work conducted
by Huo et al. demonstrated that EBV-EBNA1 enhanced the
chemotactic migration of Treg cells through the TGF1-SMAD3-
PI3K-AKT-c-JUN-miR-200a-CXCL12-CXCR4 axis in NPC
microenvironment, thereby promoting NPC immune escape (47).
Alternatively, Tregs can secrete immunosuppressive cytokines
including TGF-f, IL-10, and IL-35, and subsequently suppress
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Comparisons of Kaplan-Meier survival curves between high and low infiltration density of TILs and Gcross function scores. (Upper panel)

Disease free survival curves for Tregs (A), PDL1+ Tregs (B), Grc :
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cytotoxic effect of CD8 positive CTL and effector T cells (Teff) (48,
49). Therefore, overcoming the suppressive signal of Tregs may be
critical to restoring exhausted CTLs function and enhancing patient
responsiveness to immune-modulatory therapy.

The PD1/PDLL1 axis is a well-known immune checkpoint
that attenuates T-cells’ antitumor immune response and
mediates immunological escape (50). Despite the fact that a
considerable number of studies assessed the prognostic value of
PDL1 expression in NPC, the results were inconsistent among
studies (23, 24, 32, 33, 51-55). Zhang et al. and Li et al. reported
that high PDL1 expression on TCs was significantly associated
with poor DFS or OS (55) (56). However, Zhu et al. found that
positive PDL1 expression on TCs is a favorable prognostic factor
in patients with NPC (32). Conversely, Liu et al. found that high
PDL1 expression on TILs and TCs was highly associated with
decreased local recurrence in patients with NPC after
radiotherapy (54). Similarly, Ono et al. demonstrated that
patients with higher PDL1 expression on TILs had longer
progression-free survival and OS (33). However, another two
previous studies found no association between PDL1 expression
on TILs and survival outcomes (34, 51). Likewise, neither PDL1+
TCs nor PDL1+ TILs densities were found to be associated with
survival outcomes in patients with NPC in our present study.

Aside from PDLI expression on TCs and overall TILs, our
study used the mfTHC method to conduct a more extensive and
meticulous investigation into the prognostic significance of
PDL1 expression on TILs subphenotypes. The combination of
mfIHC, high-quality image acquisition, and multispectral
imaging analysis, as advanced technology, allows for
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treg (C) and Geri @ poLi+Treg (D). (Lower panel) Overall survival curves for Tregs

simultaneous multimarker labeling as well as cellular
proximity analysis in a single core of tissue, providing a novel
insight into TME research. One notable finding in the present
study was that patients with more abundant PDL1+ Treg
infiltration had the worst survival. A similar scenario has been
reported in other solid tumors. DiDomenico et al. found that
PDLI was important in the expansion and maintenance of Tregs
immunosuppression activity in glioma (57). Furthermore, Wu
et al. found that the frequency of PD-L1" Tregs was positively
correlated with PD-1-positive CD8 in the tumor stroma of non-
small cell lung cancer (58). Additionally, Wu et al. found that
PD-1" CD8 with PD-L1™ Tregs group had the lowest
proportion of tumor necrosis factor-alpha- and interferon-
gamma-producing CTLs while achieving the best response to
PD-1 blockade immunotherapy. Based on the present research,
it is plausible to speculate that PDL1 inhibitors may aid in the
recovery of CTL tumor-Kkilling capacity by attenuating PDLI1+
Treg suppression, thereby introducing another appealing
mechanism of PD1/PDLL1 axis blockade. De et al. reported that
tumor infiltrating Tregs can express surface specific molecules
such as PD-L1 and PD-L2 in order to bind their receptors on the
surface of CD8+ T cells, inhibiting CD8+ T-cell activation,
which also supported our outcomes and hypothesis (36).

In addition to the composition of the TILs subpopulation,
our study revealed the intercellular spatial association in TME.
Although a few studies have researched the TME either by using
mlIF (59) or by applying spatial analysis (60) in NPC, mIF based
TME composition and spatial structure have not been
comprehensively investigated. As far as we know, our study
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was the first to investigate both the compositional abundance
and the spatial distribution of TILs in NPC. In the present study,
Gcross analysis was adopted to quantify the intercellular
proximity between any two types of cells. Herein, radii of 20,
30, 50, and 100 um were selected as distances of interest for this
study since distances between 20 and 110 pum have been
previously suggested to represent physiological distances for
direct intercellular crosstalk (25, 61). According to Gcross
analysis, significant engagement of Tregs surrounding TCs was
independently associated with poor outcomes. These findings
are consistent with recent findings in lung cancer (15) and
esophageal cancer (17), highlighting the significance of the
close proximity of Tregs to TCs in prompting progression.

Another significant finding of the present study is that closer
and denser infiltration of PDL1+ Tregs surrounding CTLs was
independently associated with a worse outcome. Furthermore,
we found that Tregs and PDL1+ Tregs had a substantially higher
probability of infiltrating near CTLs than TCs. These findings
support our hypothesis that PDL1+ Tregs interact with CTLs via
the PD1/PDL1 axis and subsequently mediate CTL dysfunction
in antitumor activity, resulting in enhanced immune
suppression. This has implications for future clinical
investigations and mechanisms of prognosis prediction, as well
as immunotherapy for patients with NPC.

Our study also has other strengths. To the best of our
knowledge, this is the first study to investigate both the
compositional abundance and the spatial distribution of TILs in
NPC. Second, our study population included two groups of patients
with well-matched characteristics but distinct DFS, which reduced
the confounding effect of traditional prognostic factors and aided
the identification of valid differential immunomarkers. Third, rather
than semiquantitative measurements, the mfIHC technology allows
for the codetection of multiple markers at a single cell level,
demonstrating the high quality of cell phenotyping and accurate
cell densities.

Nevertheless, there are several limitations to our study. First,
patients in our study received treatment in the early 2010s, when
EBV DNA was not well known as a prognostic factor. Therefore,
the EBV DNA data in our database were incomplete and thus were
not considered in the present study. Second, we only investigated
classical TILs subpopulations along with PDLI expression, whereas
other markers of TILs functional state were not covered in this
study. Future studies incorporating alternative lymphocyte markers
could offer a more comprehensive landscape of TME. Third,
although we established the prognostic role of PDLI+ Tregs
infiltration in NPC, other immune-suppressive cell populations,
such as MDSCs and M2 macrophages, may also play vital roles in
immune suppression. Future studies should delve into more
abundant cell subpopulations to provide a more precise cell-cell
interaction network. Finally, TMA cannot represent the whole slide,
just as the whole slide cannot represent the whole tumor. The
heterogeneity always exists within the tumor, especially in those
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with large tumor burden. However, many studies have shown good
concordance rate between TMA and whole slide (62).

To conclude, our study comprehensively demonstrates the
infiltrating profile and spatial distribution characteristics of TILs
in NPC. Increased Tregs infiltration, particularly PDL1+ Tregs, as
well as their proximity to TCs and CTLs, correlates with
unfavorable outcomes, highlighting the essential role of dynamic
intercellular interactions between heterogeneous T-cell subtypes
in disease progression. This study offers new insights into the
immunological landscape of NPC, adding evidence of the
prognostic value of TILs and the potential mechanism of PDL1/
PD1 axis blockade in the era of immune-modulatory therapy.
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Progress in the clinical
application of immune
checkpoint inhibitors in small
cell lung cancer

Jiahui He and Qinyong Hu*

Department of Oncology, Renmin Hospital of Wuhan University, Wuhan, Hubei, China

Small cell lung cancer (SCLC) is a refractory cancer with poor prognosis due to its
aggressive malignancy and high rates of metastasis, recurrence and drug
resistance. These characteristics have also greatly impeded the identification of
new treatment methods and drugs. The traditional model of SCLC treatment that
has been reliant on platinum combined with etoposide for decades has been
superseded by the emergence of immune checkpoint inhibitors (ICls), which
have shown significant therapeutic effects and broad application prospects as a
monotherapy. This has led to the evaluation of ICls with different mechanisms of
action and their use in combination with radiotherapy or a variety of molecular
targeted drugs to achieve synergy, complementary advantages, and reduce
adverse reactions. Here, we review the progress in the use of ICls as a
monotherapy or in combination therapy for SCLC and consider the current
limitations of these approaches as well as prospects for future developments.

KEYWORDS

small cell lung cancer, immune checkpoint inhibitors, combined immunotherapy,
clinical trials, CTLA- 4, PD1,PD-L1

1 Introduction

Small cell lung cancer (SCLC), which accounts for approximately 15% of all types of
lung cancer, is a neuroendocrine tumor with rapid growth, early metastasis and poor
prognosis (1). Platinum and etoposide (EP)-based systemic chemotherapy has long been
considered the first-line treatment for extensive-stage SCLC. Chemotherapy is effective in
early-stage SCLC, but the vast majority of patients will rapidly relapse and die within a few
months (2).

Immunotherapy has become an important strategy for the treatment of tumors. Cancer
immunotherapies include tumor vaccines, cytokines, chimeric antigen receptor T cell
immunotherapy (CAR-T), and immune checkpoint inhibitors (ICIs), which have become a
focus of research in recent years (3). ICIs eliminate tumors by inhibiting the immune
escape of tumor cells and enhancing the immune response of T cells (4). ICIs have been
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positively correlated with tumor mutation burden (5). SCLC is a
smoking-related disease characterized by a high tumor mutation
burden, indicating that SCLC may be highly sensitive to ICI-based
immunotherapy (2). The ICIs used to treat SCLC include inhibitors
of programmed cell death 1 (PD-1), programmed cell death ligand
(PD-L1) and cytotoxic T lymphocyte-associated antigen 4 (CTLA-
4) (6). Numerous clinical studies are ongoing to further explore the
role of ICIs as adjuvant or neoadjuvant therapy for lung
cancer patients.

The field of SCLC research was widely considered to be a
“forbidden zone” until the emergence of ICIs offered the potential
for more efficient and less toxic modes of immunotherapy both
alone and in combination with radiotherapy or a variety of
molecular targeted drugs. Here, we review the clinical trials of
ICIs as monotherapy and in combination therapy for SCLC
(Table 1), and discuss the progress in this field as well as the
limitations and prospects for future developments that will pave the
way for improved outcomes for patients with SCLC.

2 CTLA-4 inhibitors

CTLA-4 is a negative regulator of T cell activation. As the first
ICIs for SCLC (32), CTLA-4 inhibitors include ipilimumab and
tremelimumab. Ipilimumab is a human monoclonal IgG1 antibody
against CTLA-4, which blocks the immunosuppressive interaction
between CTLA-4 and its ligands on cells (CD80/CD86) to promote
the activation and proliferation of T cells, and enhance anti-tumor
immune function (33). Tremelimumab is a fully human
monoclonal IgG2 antibody that is still in preclinical testing.

2.1 Ipilimumab combined
with chemotherapy

The CA184-041 study (7) was a randomized control trial of 130
treatment-naive patients with extensive-stage small-cell lung cancer
(ES-SCLC) who were randomly allocated to a staged treatment
group (paclitaxel and carboplatin combined with ipilimumab), a
concurrent chemotherapy group (paclitaxel and carboplatin
combined with ipilimumab) and a control group (paclitaxel and
carboplatin). While the objective response rate (ORR) and immune-
related progression-free survival (irPFS) were increased in the
phase-therapy ipilimumab group, there were no significant
improvements in the concurrent chemotherapy group. Compared
with the control group, the staged ipilimumab regimen improved
irPFS (HR = 0.64; P = 0.03), but not in the concurrent ipilimumab
regimen (HR = 0.75; P = 0.11). Median irPFS was 5.3 months for
control, 6.4 months for staged ipilimumab, and 5.7 months for
concurrent ipilimumab regimens. However, treatment-related
grade III/IV immune adverse events (AEs) were more common in
the ipilimumab arm. Interpretation of the results of this study is
limited by its small sample size and the availability of only
preclinical data on ipilimumab plus chemotherapy.

The efficacy and safety of ipilimumab or placebo combined
with platinum and etoposide in the treatment of newly diagnosed
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ES-SCLC patients have been evaluated in a phase III clinical study
(CA184-156) (8). Among 1,132 patients randomly assigned to
receive ipilimumab or placebo, the median OS was 11.0 months
and 10.9 months (HR = 0.94; 95% CI: 0.81-1.09; P = 0.3775),
respectively, and PFS was 4.6 months and 4.4 months (HR = 0.85;
95%CI: 0.75-0.97, P = 0.016), respectively. These results showed
that there was no significant improvement in the primary endpoint
of OS compared with chemotherapy alone, so the difference in the
secondary endpoint PFS could not be considered statistically
significant. Diarrhea, rash, and colitis were more common with
chemotherapy plus ipilimumab, while other treatment-related AEs
were of similar frequency and severity in the two groups.
Treatment-related discontinuation was higher with ipilimumab
(18% vs. 2% with placebo). Five treatment-related deaths
occurred in the ipilimumab group and two in the placebo group.
The toxicity of ipilimumab combined with carboplatin and
etoposide (ICE) in the treatment of ES-SCLC was also found in
the study reported by Edurne et al. (34). It is not clear why
ipilimumab was not more effective than etoposide+ platinum-
based chemotherapy, although one possible explanation is that
ipilimumab does not effectively stimulate peripheral T cell
activation, and thus activated T cells that could effectively
enhance antitumor immune responses are not present in the
tumor microenvironment.

3 PD-1 and PD-L1 inhibitors

PD-1 and PD-L1 play an important role in regulating T cell
function to maintain protective immunity and immune balance,
homeostasis and tolerance. The combination of PD-1 and PD-L1
has an immunosuppressive effect, transmits negative signals,
inhibits T cell proliferation, cytokine production and cytolytic
function, and maintains the balance of the immune system (35).
Currently, pembrolizumab and nivolumab are PD-1 inhibitors that
are widely studied in the field of SCLC, and PD-L1 inhibitors
include atezolizumab, durvalumab and avelumab (36).

3.1 Pembrolizumab

Pembrolizumab is a highly selective humanized monoclonal
antibody that binds to the PD-1 receptor and directly blocks the
interaction between PD-1 and its ligand, thereby enhancing the
function of tumor-directed T cells and mediating tumor
destruction (37).

3.1.1 Pembrolizumab in monotherapy

The KEYNOTE-028 study (9) included 24 patients with SCLC
who failed to respond to standard chemotherapy and had PD-L1
expression confirmed by immunohistochemistry. The results of this
study showed that the ORR was 33%, the median OS was 7.7
months, the PES was 1.9 months, and the 1-year survival rate was
37.7%. This study confirmed that pembrolizumab monotherapy
showed promising anti-tumor activity and was well-tolerated in the
treatment of PD-L1-positive, previously treated SCLC. However, all
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TABLE 1 Completed and ongoing clinical trials of immunotherapy for SCLC.

10.3389/fimmu.2023.1126582

Study ID Trial Phase Patients Treatment methods Estimated Status Reference
identifier primary
completion
date
CA184-041 NCT00527735 | 1I Untreated SCLC Ipilimumab-+paclitaxel/carboplatin vs. December 2011 | Completed  (7)
paclitaxel/carboplatin
CA184-156 NCT01450761 | 1III ES-SCLC Ipilimumab-+etoposide/platinum vs. May 17, 2017 Completed  (8)
etoposide/platinum
KEYNOTE- NCT02054806 1B PD-L1-ES-SCLC Pembrolizumab April 30, 2021 Completed | (9)
028
KEYNOTE- NCT02628067  1I Advanced SCLC Pembrolizumab June 18, 2026 Ongoing (10)
158
KEYNOTE- NCT03066778 | 1III ES-SCLC Pembrolizumab+EP vs. placebo+EP September 21, Completed | (11)
604 2021
REACTION NCT02580994 | 1I Untreated ES-SCLC | Etoposide and cis/carboplatin + December 2023 Ongoing (12)
pembrolizumab
- NCT02402920 I SCLC Pembrolizumab and concurrent July 31, 2023 Ongoing (13)
chemoradiotherapy or radiation therapy
KEYLYNK-013 NCT04624204 | 1III ES-SCLC Pembrolizumab+concurrent chemoradiation October 28, Ongoing (14)
therapy followed by pembrolizumab + 2027
olaparib vs. concurrent chemoradiation
therapy
CheckMate NCT01928394  I/II Recurrent SCLC Nivolumab vs. nivolumab-+ipilimumab April 30, 2023 Ongoing (15)
032
CheckMate331 NCT02481830 | III Relapsed SCLC Nivolumab vs. chemotherapy August 22, Completed | (16)
2022
CheckMate NCT02538666 | III ES-SCLC Nivolumab vs. nivolumab+ipilimumab vs. November 11, Completed | (17)
451 placebo 2021
IMpower133 NCT02763579 | 1/1IT Untreated ES-SCLC | Carboplatin+etoposide + atezolizumab July 8, 2022 Completed | (18, 19)
SKYSCRAPER- | NCT04256421 = III Untreated ES-SCLC | Atezolizumab+carboplatin+etoposide + March 21, 2024 | Ongoing (20)
02 tiragolumab
CASPIAN NCT03043872  1II Untreated ES-SCLC = Durvalumab + tremelimumab in combination =~ December 30, Completed | (21)
with Platinum-based chemotherapy 2022
BALTIC NCT02937818  1I Platinum Durvalumab-+tremelimumab followed by December 29, Ongoing (22)
Refractory ES- durvalumab monotherapy 2023
SCLC
- NCT02701400 - Relapsed SCLC Tremelimumab-+durvalumab combination + August 7, 2020 Completed | (23)
radiation
PAVE NCT03568097 = 1I Advanced SCLC Avelumab combined with chemotherapy April 2023 Ongoing (24)
QUILT-3.055 NCT03228667  IIb Previously received = Avelumab December 2023 = Ongoing (25)
treatment with PD-
1/PD-L1 ICIs
JAVELIN NCT02554812  Ib/II SCLC Avelumab+utomilumab February 28, Ongoing (26)
Medley 2023
- NCT05429866 1L SCLC Immune checkpoint inhibitor(s) (ICI) alone December 1, Ongoing 27)
or in combination with chemotherapy or 2024
targeted therapy
CAPSTONE-1 NCT03711305 | III Untreated ES-SCLC | Carboplatin+etoposide with or without December 2023 | Ongoing (28)
Adebrelimab
- NCT03041311 | 1II Untreated ES-SCLC = Carboplatin, Etoposide, and Atezolizumab October 29, Completed | (29)
With or Without Trilaciclib 2020
(Continued)
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TABLE 1 Continued

Trial
identifier

Study ID Phase Patients

Treatment methods

10.3389/fimmu.2023.1126582

Estimated Status Reference

primary

completion
date

- NCT02514447 = Ib/Ila ES-SCLC Receiving Trilaciclib and topotecan or placebo and October 4, 2021 | Completed = (30)
Topotecan topotecan
Chemotherapy
Previously
- NCT02499770  Ib/IIa Untreated ES-SCLC | Trilaciclib/placebo + carboplatin/etoposide February 22, Completed | (31)
2019

patients experienced treatment-related AEs, the most common of
which were fatigue (n = 7) and cough (n = 6). The incidence of
immune-related toxicities was 12.5% (3/24), including immune
thyroiditis, infusion site reactions, cytokine release syndrome, and
colitis. Toxicity was consistent with that observed previously for
pembrolizumab therapy in other solid tumors. Subsequently, the
KEYNOTE-158 study (10) was conducted to better identify
biomarkers that would more accurately identify SCLC patients
who might respond to pembrolizumab. In patients with relapsed
or metastatic SCLC who received pembrolizumab monotherapy
(regardless of PD-L1 expression), the ORR was 18.7%, median OS
was 8.7 months, and median PFS was 2.0 months. In both studies,
pembrolizumab had a favorable safety profile, which was consistent
with the safety profile of this monotherapy in other tumor types.
Chung et al. (38) conducted a pooled analysis of these two studies,
and the median OS and PFS (7.7 and 2.0 months, respectively) were
similar to those observed in the subgroup populations of the two
studies. In this pooled analysis, pembrolizumab showed promising
antitumor activity and durable clinical benefit, supporting the use of
pembrolizumab monotherapy in third-line or later treatment for
patients with SCLC. Pembrolizumab was recently approved by the
U.S. Food and Drug Administration for patients with previously
treated metastatic SCLC who had disease progression during, or
after platinum-based chemotherapy on the basis of the KEYNOTE-
028 and KEYNOTE-158 studies (39).

3.1.2 Pembrolizumab combined
with chemotherapy

Studies have shown that ICIs combined with chemotherapy
drugs can activate immune cells. ICIs can maintain the activation
state of T cells after stimulating specific anti-tumor immune cells
with high frequency and low dose chemotherapy. Therefore, ICIs
combined with chemotherapy can produce a synergistic effect and
enhance the anti-tumor immune response; this raises the possibility
of eliminating drug-resistant tumor cells, which is not possible with
any of the current treatment modalities (40). The randomized,
double-blind, phase III KEYNOTE-604 study (11) compared
pembrolizumab/placebo plus etoposide and platinum (EP) in
previously untreated patients with ES-SCLC. A total of 453
participants were randomized to receive pembrolizumab plus EP
or placebo plus EP. The estimated 12-month PFS was 13.6% with
pembrolizumab plus EP and 3.1% with placebo plus EP. The
incidence of AEs from any cause was 76.7% and 74.9% for grade
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3-4 and 6.3% and 5.4% for grade 5 in the pembrolizumab + EP and
placebo + EP groups, respectively. The results showed that adding
pembrolizumab to standard first-line EP significantly improved PFS
in patients with ES-SCLC (HR = 0.75; 95%CI = 0.61-0.91; P =
0.0023), and no unexpected toxicities were observed. Many ongoing
studies, such as the REACTION study (NCT02580994), are also
evaluating pembrolizumab in combination with standard
chemotherapy regimens for the first-line treatment of SCLC (12).
Overall, these data support the benefit of pembrolizumab in SCLC,
adding to a growing body of evidence supporting the value of
immune checkpoint inhibitors (ICIs) in this historically difficult-to-
treat cancer.

3.1.3 Pembrolizumab combined with
radiation therapy

In preclinical models, ionizing radiation induces PD-L1
expression in tumor and stromal cells, along with an increase in
myeloid-derived suppressor cells (41, 42). In addition, tumor-
associated antigens released after radiation-induced cell death
may be highly immunogenic, thereby enhancing the anti-tumor
efficacy of systemic immunotherapy agents, even at distant tumor
sites (43-45). Anti-PD-L1 inhibitors combined with radiotherapy
have shown synergistic effects in xenograft models of pancreatic,
colon, and breast cancer (43-45). Therefore, the combination of the
two can enhance the local and systemic anti-tumor immune
response and improve the success rate of treatment (46).

A phase I trial (NCT02402920) (13) evaluated the safety of
pembrolizumab combined with thoracic radiation therapy (TRT)
after induction chemotherapy in patients with ES-SCLS. The results
showed that pembrolizumab combined with TRT was well-
tolerated, and the incidence of serious AEs was low. However,
studies with a longer follow-up time and larger sample size are still
needed to improve outcomes compared with immunotherapy or
TRT alone. However, in European subclinical trials (47), the OS of
this combination treatment group and the TRT alone treatment
group were 8.4 months and 8 months, respectively, and the PFS
were 6.1 months and 4 months, respectively, showing the advantage
of the combination therapy. The phase I trial to evaluate the safety
and efficacy of this combination regimen laid a solid foundation for
future prospective studies.

Ongoing studies include comparisons of pembrolizumab plus
concurrent chemoradiotherapy followed by pembrolizumab with or
without olaparib are ongoing in patients with newly diagnosed LS-
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SCLC (KEYLYNK-013, NCT04624204) (14) in addition to phase II
studies of pembrolizumab and lenvatinib plus chemotherapy in the
treatment of ES-SCLC. We expect these studies to provide more
evidence that will guide the use of pembrolizumab in the treatment
of SCLC.

3.2 Nivolumab

Nivolumab is the first fully human IgG4 antibody approved by
the FDA and the first to be studied clinically in non-small cell lung
cancer. In 2018, nivolumab was approved for second-line treatment
of SCLC, marking a great leap forward in the treatment of SCLC
and indicating that immunotherapy is gradually changing the
overall treatment layout of this disease (48).

In 2020, the CheckMate 032 study (15), which provided the
latest body of data, demonstrated that nivolumab monotherapy and
nivolumab+ ipilimumab showed anti-tumor activity with durable
efficacy and manageable safety in previously treated SCLC patients.
Ready et al. (49) further reported the efficacy of nivolumab
monotherapy as a third-line or late-stage treatment for relapsed
SCLC. The ORR was 11.9% (95% CI: 6.5-19.5), and the 12-month
and 18-month overall survival rates were 28.3% and 20.0%,
respectively, with an incidence of grade 3-4 AEs of 11.9%. These
results demonstrate that nivolumab has durable efficacy and is well-
tolerated as third-line or late-stage treatment for relapsed SCLC.
However, in the CheckMate 331 study (16), 569 patients with SCLC
who relapsed after first-line chemotherapy were randomized to
receive nivolumab or chemotherapy (topotecan or amrubicin). The
results showed that nivolumab was not effective in improving the
survival of patients with relapsed SCLC compared with
chemotherapy (median OS: 7.5 months vs. 8.4 months; HR =
0.86; 95% CI = 0.72-1.04; P = 0.11), and no new safety signals
were observed. In addition, the CheckMate 451 study (17)
compared the efficacy of nivolumab monotherapy versus
nivolumab combined with ipilimumab in patients with ES-SCLC.
The results showed that for patients who did not progress on first-
line chemotherapy, the combination group (HR = 0.92; 95% CI:
0.75-1.12) and single-agent group (HR = 0.84; 95% CI: 0.69-1.02)
did not significantly improve OS compared with placebo and with
the same safety profile. Although the trial results indicated that
maintenance nivolumab monotherapy or combination therapy was
not effective for patients with ES-SCLC, patients in the combination
group showed a trend toward benefit. At present, several relevant
clinical trials are still ongoing and expected to yield more data on
optimizing the combination regimen.

Tumor cells have multiple immune signaling pathways, and
inhibition of only one may lead to compensatory upregulation of
other immune checkpoint molecules. This mechanism has a
significant limiting effect on ICI monotherapy; however, two
different types of ICIs can be combined to regulate T cells by
acting on different sites. Thus, the synergistic anti-tumor effects of
the ICI combination can stimulate the production of a large number
of specific T cells in the early stage, and restore the immune
function of exhausted T cells in the late stage (50). In this regard,
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the combination of nivolumab, a PD-1/PD-L1 inhibitor, and
ipilimumab, a CTLA4 inhibitor, shows encouraging promise (15).

3.3 Atezolizumab

Atezolizumab was the first PD-LI inhibitor to be studied in
SCLC. Studies have shown that atezolizumab combined with
conventional chemotherapy regimens can significantly prolong
OS and PES as the first-line treatment of ES-SCLC, with
comparable safety. Liu et al. (18) reported the latest OS data
based on a large sample population. The IMpowerl33 study (18,
19) evaluated the efficacy and safety of atezolizumab combined with
carboplatin plus etoposide as first-line treatment for ES-SCLC. A
total of 403 patients with ES-SCLC were randomized to
atezolizumab+carboplatin+etoposide or placebo+carboplatin
+etoposide. The results showed that at a median follow-up of
13.9 months, the median OS was 12.3 months in the
atezolizumab group and 10.3 months in the placebo group (HR =
0.70, 95%CI: 0.54-0.91; P = 0.007), and the median PFS was 5.2
months and 4.3 months, respectively (HR = 0.77; 95%CI: 0.62-0.96;
P =0.02) (1). The IMpower133 study was terminated early because
the efficacy was so good that OS and PFS had already reached
positive results at the time of the interim analysis. Mansfield et al.
(51) evaluated AEs in the IMpowerl33 study and found that grade
3-4 AEs were similar in the two groups. The IMpower133 trial is the
first clinical study to achieve dual positive endpoints in the first-line
treatment of ES-SCLC in more than 30 years. As a result, this new
regimen has been adopted as the first-line treatment for ES-SCLC,
representing an important milestone in SCLC immunotherapy.
Indeed, based on this study, atezolizumab combined with
carboplatin/etoposide chemotherapy is now recommended as a
class T regimen for the first-line treatment of ES-SCLC in the
2019 edition of the NCCN SCLC clinical guidelines.
Atezolizumab has also become the first immunotherapy agent
approved for the first-line treatment of SCLC.

Tiragolumab is a human monoclonal antibody that targets T
cell immunoreceptor with immunoglobulin and immunoreceptor
tyrosine-based inhibitory motif domains (TIGIT), which is
expressed by natural killer (NK) cells in the majority of tumors
and competes with the costimulatory molecule CD226 (DNAM-1)
for binding to the ligands CD155 and CD112. A number of
preclinical trials have shown that anti-TIGIT antibody and anti-
PD-1/PD-L1 antibody function synergistically to provide anti-
tumor effects and enhance the anti-tumor responses.
Consequently, this combination has become an immune
checkpoint of great interest after CTLA-4 and PD-1/PD-LI. The
phase III trial SKYSCRAPER-02 (20) compared tiragolumab+
atezolizumab+ carboplatin+ etoposide (CE) with placebo
+atezolizumab+CE in chemotherapy-naive patients with ES-
SCLC. Tiragolumab was found to provide no additional benefit
when added to atezolizumab and chemotherapy. The PES and OS
observed in the control group supported the results of the
IMpowerl133 trial and further confirmed the validity of this
combination as the standard of care in the first-line treatment of
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patients with ES-SCLC. The SKYSCRAPER-02 study will continue
with OS analysis and biomarker analysis.

3.4 Durvalumab

Durvalumab, a selective human IgG1l monoclonal antibody
directed against PD-L1, exerts antitumor activity by preventing
immune escape mediated by the PD-L1 pathway (52).

3.4.1 Durvalumab combined with chemotherapy

In the CASPIAN study (21), durvalumab, a selective human
IgG1 monoclonal antibody directed against PD-L1, was shown to
exert anti-tumor activity by preventing immune escape mediated by
the PD-L1 pathway. Similar to the IMpowerl33 trial, the EP
regimen plus durvalumab significantly improved median OS
compared with the EP regimen alone (13 months vs. 10.3
months, HR = 0.73, 95% CI: 0.59-0.91, P = 0.0047). The ORR
was also improved (79.5% vs. 70.3%), although the incidence of
grade 3-4 AEs and AE mortality were similar in the two groups.
Based on the results of this study, the 2020 National Comprehensive
Cancer Network Clinical Practice Guidelines (3" edition)
recommended durvalumab plus EP as the preferred first-line
treatment for patients with ES-SCLC. The U.S. FDA subsequently
approved this regimen for first-line treatment of ES-SCLC in
March 2020.

3.4.2 Durvalumab combined with tremelimumab

Inhibitors of CTLA-4 and PD-1/PD-Llcan restore anti-tumor
immune responses, resulting in long-term benefits in a substantial
proportion of patients treated. ICI combination therapy is an
emerging treatment option (53). The meta-analysis by Francesco
et al. suggested that the current PD-1/CTLA-4 inhibitor
combination therapy has a limited effect in advanced NSCLC
patients with high and/or low PD-L1, but may be an effective and
tolerable option in the PD-L1-negative subgroup (54). In ES-SCLC,
studies have shown that PD-1/PD-L1 inhibitors combined with
chemotherapy are safer and more effective than chemotherapy
alone, whereas PD-1/PD-L1 inhibitors combined with CTLA-4
inhibitors did not improve the efficacy (55).

The combination regimen of durvalumab+ tremelimumab (D
+T), which acts via the same mechanism, has attracted widespread
attention. The phase II clinical trial NCT02937818 (22) initially
confirmed the good safety and reliable anti-tumor activity of this
“golden partner” group. A preliminary analysis of the phase III
CASPIAN study (56), in which durvalumab+ tremelimumab+
platin-etoposide was compared with platin-etoposide alone, were
reported in 2021, and the analysis of the total OS of durvalumab+
platin-etoposide and platin-etoposide alone were updated after 11
months of follow-up. Patients were randomized to receive
durvalumab+ tremelimumab+ platinum-etoposide (268 patients),
durvalumab+ platinum-etoposide (268 patients), or platinum-
etoposide (269 patients). Durvalumab+ tremelimumab+
platinum-etoposide did not significantly improve overall OS
compared with platinum-etoposide treatment (HR = 0.82,95% CI:
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0.68-1.00; P = 0.045), with a median total OS of 10.4 months (95%
CL: 9.6-12.0) vs. 10.5 months (9.3-11.2). Compared with the
platinum-etoposide group, the durvalumab+ platinum-etoposide
group had a significant improvement in OS (HR = 0.75, 95% CI:
0.62-0.91; P = 0.0032), with a median OS of 12.9 months (95% CI:
11.3-14.7) vs. 10.5 months (9.3-11.2). Durvalumab+platinum-
etoposide showed a sustained improvement in OS, but the
addition of tremelimumab to durvalumab did not significantly
improve prognosis. These results support durvalumab+platinum-
etoposide as first-line treatment for ES-SCLC. This study and the
IMpower133 study provide compelling evidence that PD-L1
monoclonal antibody combined with chemotherapy is a
successful first-line treatment strategy for ES-SCLC.

3.4.3 Durvalumab combined with
radiation therapy

A phase IT study (NCT02701400) (23) of patients with relapsed
SCLC who had received <2 lines of prior therapy were randomly
assigned to two groups: (1) Group A: received durvalumab (D)
tremelimumab (T), but did not receive stereotactic body radiation
therapy (SBRT); (2) Group B: immune susceptibility SBRT (9 Gy x
3 F) was performed on a selected tumor site, before patients received
D/T. The median PFS times of groups A and B were 2.1 months and
3.3 months (HR = 2.44, 95% CI: 0.75-7.93, P = 0.122), respectively,
and the median OS times were 2.8 months and 5.7 months (HR =
1.50, 95% Cl: 0.45-4.99, P = 0.507), respectively. These studies
showed that radiotherapy combined with immunotherapy
improved efficacy, although there were no significant difference
in the OS and PFS times between the two groups, which is
worthy of further exploration in relapsed SCLC. Future studies
should take full advantage of the synergy between radiation
and immunotherapy in the early stages of disease, while also
seeking enrichment strategies for patients who may benefit
from immunotherapy.

3.5 Avelumab

A phase II study evaluating the safety and efficacy of avelumab
+cisplatin or carboplatin+etoposide (NCT03568097) in 55 subjects,
with the primary endpoint of 1-year PFS rate, is expected to be
completed in April 2023 (24). Another phase IIb multicenter
immune-combination study (NCT03228667) is ongoing to
validate avelumab in SCLC patients previously treated with PD-1/
PD-L1 ICIs (25). Two additional studies (NCT02554812 and
NCT05429866) are also ongoing and may lead to the
development of new ways to treat patients with SCLC (26, 27).

3.6 Adebrelimab

Adebrelimab is a novel humanized 1gG4 monoclonal antibody
directed against PD-L1. In the phase III CAPSTONE-1 study (28),
462 treatment-naive patients with ES-SCLC were randomized to
receive adebrelimab+ chemotherapy (n = 230) or placebo+
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chemotherapy (n = 232). The results presented at the American
Association for Cancer Research annual meeting in April 2022
showed that adebrelimab significantly improved OS compared with
chemotherapy, with a median OS of 15.3 and 12.8 months (HR =
0.72, P = 0.0017), respectively, and PFS of 5.8 months and 5.6
months (HR = 0.67, 95% CI 0.54-0.83), respectively. Grade 3 or
higher treatment-related AEs occurred in 85.7% and 84.9% of the
patients in the two groups, respectively. Hematologic toxicity most
common (=5%) AE in the two groups. At present, chemotherapy is
still the main treatment for SCLC. The wide application of
immunotherapy and the emergence of various adjuvant therapies
is expected lead to new treatment methods that will overcome the
problem of chemoresistance.

4 Summary and prospect

With the development of molecular biology, several candidate
therapeutic targets for SCLC have been reported including poly
ADP-ribose polymerase (PARP), enhancer of zeste homologue 2
(EZH2), and delta-like ligand 3 (DLL3). ICIs combined with PARP
inhibitors and DLL3-targeted antibody conjugated drugs will
become a new direction for the treatment of drug-resistant
SCLC (57).

Trilaciclib is a selective, reversible cyclin-dependent kinase 4
and 6 (CDK4/6) inhibitor that reduces bone marrow hematopoietic
stem cell depletion during treatment and protects the immune
system (58). Based on the results of three phase II clinical trials
(NCT03041311, NCT02514447, NCT02499770) (29-31), the U.S.
FDA approved Trilaciclib in February 2021 before treatment with
platinum-based/etoposide or topotecan-based regimens in adult
patients with ES-SCLC to reduce the incidence of chemotherapy-
induced myelosuppression (59).
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Exosomes are nanoscale vesicles secreted by most cells and have a phospholipid
bilayer structure. Exosomes contain DNA, small RNA, proteins, and other substances
that can carry proteins and nucleic acids and participate in communication between
cells. T cells are an indispensable part of adaptive immunity, and the functions of
T cell-derived exosomes have been widely studied. In the more than three decades
since the discovery of exosomes, several studies have revealed that T cell-derived
exosomes play a novel role in cell-to-cell signaling, especially in the tumor immune
response. In this review, we discuss the function of exosomes derived from different
T cell subsets, explore applications in tumor immunotherapy, and consider the
associated challenges.

KEYWORDS

T cell, exosome, tumor, cancer, immune modulation, immunotherapy

1 Introduction

Exosomes are nanoscale vesicles (30-160 nm) secreted by most cells and have a
phospholipid bilayer structure (1). Exosomes contain DNA, small RNA, proteins, and
other substances that can carry proteins and nucleic acids and participate in
communication between cells (2). Previous studies have suggested that exosomes
function as cellular garbage bags, eliminating redundant and non-functional cellular
components (3). Recent studies have shown that exosomes are intercellular junctions
that transport proteins, lipids, and nucleic acids to target cells, play a role in various
biological processes (such as angiogenesis, antigen presentation, apoptosis, and
inflammation), and can be used as diagnostic and therapeutic tools for diseases (4). It
can also participate in various pathophysiological processes such as tissue repair, immune
response, inflammation, and tumor growth and metastasis (5, 6).
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T-lymphocytes are derived from pluripotent stem cells in the
bone marrow (7). During the embryonic and primary stages of
human life, pluripotent stem cells or proT cells in the bone
marrow migrate to the thymus and mature into immunoactive T
cells under the induction of thymus hormones (8). Intercellular
communication is an essential hallmark of multicellular organisms
and can be mediated through direct cell-cell contact or the transfer of
secreted molecules (9). Increasing studies have shown that immune
cells participate in cellular communication by secreting exosomes (10,
11). Among the immune cell-derived exosomes, T cell-derived
exosomes have recently been reported to be involved in antitumor
effects in cancer immunotherapy by mimicking the role of parental
cells (12-15). The upregulation and downregulation of exosome
production by T cells is a new method for regulating the immune
response to tumors (16). Therefore, fully exploiting the characteristics
of T cell-derived exosomes can effectively treat tumors. In this review,
we summarize the pathogenesis and secretion of exosomes and
describe the role of T cell-derived exosomes in tumor immune
regulation and the application of T cell-derived exosomes in tumor
immunotherapy to provide new ideas for the future treatment
of cancers.

2 Biogenesis and secretion
of exosomes

Exosomes are intraluminal vesicles (ILVs) formed by inward
budding of the endosomal membrane during maturation of
multivesicular bodies (MVBs). Subsequently, MVBs fuse with the
plasma membrane to release the contained ILV's as exosomes or fuse
with lysosomes or autophagosomes for degradation (17) (Figure 1).
Various sorting mechanisms are involved in different steps of

Recipient cell

Early endosome

La(e endosome

‘ 08@ /

® Lysosome

@ \ '
O Golgi apparatus

FIGURE 1

The process of exosome biogenesis and secretion. The biogenesis
of exosome begins at early endosome formation through
endocytosis at the plasma membrane, and then the invagination of
the plasma membrane of LSEs forms ILVs that are ultimately
secreted as exosomes. In the end, MVBs fuse with the plasma
membrane to release exosomes. Ectosome originates from the
outward budding and fission of the plasma membrane,
subsequently, the nascent ectosomes are released into the
extracellular space.
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exosome formation (18). First, the limited membrane regions of
MVBs are generally referred to as the dispersed microdomains. The
formation of the cluster microdomain and the external mechanical
action promote membrane budding, followed by the division of the
plasma membrane into the extracellular medium or the limiting
membrane of MVBs into the MVB lumen. Currently, the mechanism
of exosome formation is well understood, and the subunits involved
in the endosomal sorting complex required for transport (ESCRT)
play an important role (19, 20). When ILVs enter the lumen of
MVBs, the involvement of ESCRT-III is required to varying degrees;
however, the processes of inclusion aggregation and membrane
budding are not entirely dependent on ESCRT (21, 22). ESCRT-
independent pathways have also been identified as alternative
mechanisms and may coexist with ESCRT-dependent machinery in
the formation of MVBs and sorting of internalized cargo (23, 24).
Exosome production is complex and often depends on the host and
the type of parent cell as well as other stimuli received by the cell.
These inclusions participate in the germination, fission, and release of
exosomes through progressive aggregation (25). In addition, the
properties and content of exosome inclusions are specific and are
often influenced by the physiological or pathological state of the
maternal cell, stimuli that regulate their production and release, and
molecular mechanisms that facilitate their production (2).

3 T cell-derived exosomes in tumor
immune modulation

Similar to other cells, T cells produce exosomes that reflect their
characteristics, such as directly killing target cells, assisting or
inhibiting B cells to produce antibodies, responding to specific
antigens and mitogens, and producing cytokines, thereby creating
an optimal microenvironment for immune cell function in paracrine
and autocrine forms (26). T cell-derived exosomes can activate other
immune cells, suppress immune responses, and participate in the
licensing of antigen-presenting cells (APCs) (26). In a recent study,
researchers attached interleukin (IL)-2 to the transmembrane domain
of platelet-derived growth factor receptor via a flexible linker and
then incorporated the gene into lentiviruses for Jurkat T cell infection.
The infected Jurkat T cells then secreted IL-2-exosomes, which
showed significant changes in the expression of miR-181a-3p and
miR-223-3p in IL-2-exosomes relative to untreated exosomes.
miRNAs increase the activity of CD8" T cells and decrease the
expression of programmed death ligand 1 (PD-L1) in melanoma,
resulting in increased sensitivity to CD8" T cell-mediated cytotoxicity
(27). T cells can regulate the release of distinct exosome
subpopulations depending on their activation status (28). In the
following sections, we discuss the role of different T cell subsets in
tumor immunomodulation (Table 1).

3.1 CD8" T cell-derived exosomes
CD8" T cells are cytotoxic T lymphocytes (CTLs), a subset of

white blood cells that secrete various cytokines to specifically kill
target cells. It can remove virus-infected cells, tumor cells, and other
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TABLE 1 Role of T cell-derived exosomes in immune modulation.

The origin of

Mechanism of action
exosomes

10.3389/fimmu.2023.1130033

Content Reference

Attenuating PD-L1-induced suppression of tumor-specific cytotoxic T cell

CD8* T cells . PD-1 (32)
activity
Associated with the expression of immune checkpoint receptors on the
D8" T cell PAR 36
¢ cets surface of CD8" T cells b (36)
CDS* T cells Inlfil:.)ited antitumor effect by decreasing the MHC-I in DCs and CD8" T cell LEA-1 38)
activity
CD8" T cells Limiting estr‘ogen-driven development of UCEC via regulation of the miR- miR-765 (39)
765/PLP2 axis
CD8" T cells Mediating depletion of mesenchymal tumor stromal cells - (14)
g dep. !
Exhausted CD8" T cells Impairing the anticancer function of normal CD8" T cells IncRNAs (40)
p g
CD8" T cells Activating ERK and NF-kB pathways to induce melanoma metastasis FasL (41)
g p Y

miR-25-3p, miR-155-5p, miR-215-5p, and

CD4" T cells Inducing CD8" T cell-mediated antitumor responses . (43)
miR-375

CDA™ T cells ?nhibiting CD8" cytotoxic T lymphocyte responses and antitumor immunity LEA-1 (44)
in melanoma

CD4" T cells Involving in the regulation of humoral immunity CD40L (45)

Tregs As a potential non-invasive tumor and immune cell biomarkers in HNSCC - (54)

Tregs Resulting the production of a tolerogenic phenotype in DCs miR-150-5p and miR-142-3p (55)

CDS" CD25" Tregs ?nhibiti'ng DC-induced cytotoxic T lymphocyte responses and antitumor ~ 56)
immunity

Tregs Promoting the expression of M2 macrophage markers - (57)

Tregs Inhibiting the proliferation of CD4" T cells miR-146a-5p (63)

antigenic substances and is an important defense line of antiviral
and antitumor immunity (29). An increasing number of studies
have revealed that CD8" T cell-derived exosomes mediate
information exchange between immune cells and tumor cells,
thereby regulating tumor development. CD8" CTLs fully activated
by tumor antigens enhance the activation of low-affinity CD8" T
cells by secreting exosomes, thus participating in the tumor killing
process (30, 31). For instance, Qiu et al. (32). found that
programmed cell death 1 (PD-1), which is widely expressed in
tumor-infiltrating lymphocytes of triple-negative breast cancer
(TNBC) and is significantly associated with poor prognosis of
TNBC (33, 34), can be secreted by activated T cells on the surface
of exosomes, interacting remotely with PD-L1 on the cell surface or
exosomes, and restoring tumor surveillance by attenuating PD-L1-
induced suppression of tumor-specific cytotoxic T cell activity. In
another clinical study, considering the effect of urokinase-type
plasminogen activator (uPAR) signaling on tumors (35), Porcelli
et al. collected blood samples from 71 patients with metastatic
melanoma treated with immune checkpoint inhibitors (including
responders and non-responders) and analyzed CD8" T cell-derived
uPAR" exosome levels. The results of this study indicated that
patients with immune checkpoint inhibitor-resistant melanoma
had low levels of CD8" T cell-derived uPAR" exosomes in their
blood (36). These findings suggest that CD8" T cell-derived uPAR"
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exosomes are associated with the expression of immune checkpoint
receptors on the surface of CD8" T cells, which is a direction for
future research. The above studies provide a potential therapeutic
strategy for modifying the exosome surface with membrane-bound
inhibitory immune checkpoint receptors to attenuate the
suppressive tumor immune microenvironment. Interestingly,
CD8" T cell-derived exosomes can also be endocytosed by APCs,
cells in the body that can ingest, process, and transfer antigen
information to induce the immune response of T and B cells (37),
via pMHC-I/TCR interactions, and inhibit antigen-specific
dendritic cell (DC)-mediated indirect CD8" CTL responses (38).
Specifically, exosomes derived from activated CD8" T cells inhibited
antitumor effects by decreasing MHC-I in DCs and CD8" T cell
activity in melanoma models (38). In addition to participating in
the regulation of tumor growth by mediating information exchange
between immune cells, CD8" T cell-derived exosomes directly
inhibit tumor progression. For example, Zhou et al. found that
CD45RO'CD8" T cell-derived exosomes released more miR-765
than CD45RO*CD8" T cells. These exosomes miR-765 derived
from CD45RO°CD8" T cells limit estrogen-driven development of
uterine corpus endometrial cancer (UCEC) via regulation of the
miR-765/proteolipid protein 2 (PLP2) axis (39). Additionally, CD8"
T cells can inhibit tumor progression by exosome-mediated
depletion of mesenchymal tumor stromal cells, in addition to
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their conventional direct cytotoxicity against tumor cells (14). The
above studies support the idea that CD8" T cell-derived exosomes
are involved in the inhibition of tumor progression. However, CD8"
T cell-derived exosomes play a double-edged sword in
tumorigenesis and development.

Wang et al. found that exosomes derived from exhausted CD8" T
cells can be taken up by normal CD8" T cells and impair their
proliferation (Ki67) and cell activity (CD69) and the production of
cytokines such as IFN-y and IL-2, impairing the anticancer function
of normal CD8" T cells, causing tumor progression (40). The research
team further used microarray and functional enrichment analyses to
identify 257 IncRNAs that actively participate in various processes
regulating the activity of CD8" T cells, such as metabolism, gene
expression, and biosynthesis processes (40). Notably, in the above
content, we demonstrated that CD8" T cell-derived exosomes can
activate CD8" T cells with low affinity, which is contrary to the
conclusion of this study. This can be attributed to the differences in
CD8" T cell subsets and activation states. In addition, CD8" T cell-
derived exosomes have been reported to be involved in directly
promoting tumor progression, which is inconsistent with the
function of the corresponding source cells. Exosomes from
activated CD8" T cells were shown to activate the ERK and NF-kB
pathways in melanoma cells, leading to melanoma metastasis in vivo
by increasing the expression of MMP9 via Fas signaling, suggesting a
role for CD8" T cell-derived exosomes in tumor immune escape (41).
Owing to the dual role of CD8" T cell-derived exosomes in tumor
progression, tumor therapy strategies targeting exosomes need to
consider the balancing mechanism involved.

3.2 CD4* T cell-derived exosomes

T cells can be divided into various subsets based on their
immunophenotypes, mainly CD4" T helper cells and cytotoxic
CDS8" T cells. CD4" T cells can be further divided into Th1, Th2,
Th9, Th17, Th22, follicular helper T cells, and regulatory T cells
(Tregs), each of which produce specific effector cytokines under
unique transcriptional regulation (42). CD4" T cells interact with
other cells, such as NK cells, macrophages, and CD8" T cells,
through the cytokines they produce. Shin et al. revealed that CD4" T
cell-derived exosomes increased the antitumor response of CD8" T
cells without affecting Tregs, thereby suppressing melanoma
growth. Mechanistically, miR-25-3p, miR-155-5p, miR-215-5p,
and miR-375 within CD4" T cell-derived exosomes are
responsible for inducing CD8" T cell-mediated antitumor
responses (43). This further supports the notion that exosomes
are a novel form of CD8" T cell activation by CD4" T cells in
addition to cytokines. However, the opposite was observed in
another study, which suggested that exosomes released by CD4"
T cells inhibited CD8" CTL responses and antitumor immunity in
melanoma (44). It is worth considering whether this opposite result
is caused by the heterogeneity of exosomes and whether there is a
balancing mechanism.

In addition to influencing cellular immunity, CD4" T cell-
derived exosomes are involved in the regulation of humoral
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immunity (45). In this study, mice vaccinated with the hepatitis B
surface antigen (HBsAg) vaccine showed a stronger humoral
immune response to CD4" T-cell-derived exosomes, indicating
higher serum levels of hepatitis B surface antibody (HBsAb) (45).
Additionally, CD4" T cell-derived exosomes play an important role
in B cell responses in vitro, which significantly promotes B cell
activation, proliferation, and antibody production (45). It is well
known that hepatitis B virus is the main cause of hepatocellular
carcinoma (46-48), and the synergistic effect of CD4" T cell-derived
exosomes on HBsAb may contribute to the inhibition of
hepatocellular carcinoma. Further research is required to confirm
this hypothesis.

3.3 Treg-derived exosomes

Tregs are a group of lymphocytes that negatively regulate the
immune response of the body and participate in tumor cells to
evade immune surveillance (49). Owing to the significant
immunosuppressive effects of Treg-derived exosomes, an
increasing number of studies have focused on their role in tumor
immune escape (50). Interestingly, Tregs have been reported to
secrete more exosomes that express CD25, CTLA-4, and CD73 on
the surface than other T cells. Exosomes expressing CD73 perform
immunosuppressive functions by producing adenosine, which
plays an important role in the anti-inflammatory response (51-
53). In a recent phase I clinical trial, 18 patients with head and neck
squamous cell carcinoma who received a combination of
cetuximab, ipilimumab, and radiation therapy were serially
monitored for Treg-derived exosomes, and Treg-derived
exosomes were found to increase from the baseline levels (54),
supporting the potential role of Treg-derived exosomes as non-
invasive tumor and immune cell biomarkers in cancer. To promote
clinical translation, researchers have further carried out relevant
basic research. Tung et al. demonstrated for the first time that
miRNAs, particularly miR-150-5p and miR-142-3p, are transferred
from Tregs to DCs via Treg-derived exosomes, resulting in the
production of a tolerogenic phenotype in DCs (55). Similarly, Xie
et al. found that exosomes derived from natural CD8" CD25" Tregs
significantly inhibited DC-induced CTL responses and antitumor
immunity in a mouse B16 melanoma model (56). In addition to
DCs, Treg-derived exosomes inhibit the expression of Ml
macrophage markers and promote M2 macrophage markers (57).
Macrophages are divided into classically activated M1
macrophages, which mainly exert anti-inflammatory and
antitumor functions (58), and alternately activated M2
macrophages, which have immunosuppressive and tumor-
promoting abilities (59). Therefore, induction of M2
macrophages by Treg-derived exosomes may promote tumor
growth. Immunosuppression of Tregs mainly inhibits the
activation and proliferation of CD4" and CD8" T cells (60).
Studies have shown that exosomes derived from Tregs suppress
T-cell proliferation (61, 62). In addition, Torri et al. revealed the
inhibition of CD4" T cell proliferation by Treg-derived exosomes
(63). However, these studies have not yet confirmed the role of
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Treg-derived exosome-mediated immunosuppression of
infiltrating T lymphocytes in tumor progression, which remains
to be explored further.

4 T cell-derived exosomes in
tumor immunotherapy

4.1 Engineered T cell-derived exosomes

Engineered exosomes mainly refer to modified exosomes with
enhanced drug-loading efficiency, targeting, and resistance to
body clearance after natural exosomes are treated with
bioengineering techniques. Usually, the size and shape of these
exosomes do not change significantly (64-67), but their
membrane loaders or contents may differ significantly
depending on the research purpose. Studies have shown that the
clinical therapeutic effect of exosomes can be improved by
changing their contents and surface substances to improve their
targeting and drug-loading rate. For example, Lou et al.
constructed an miR-199a-modified engineered exosome through
genetic engineering and found that it could effectively transfer
miR-199a to liver cancer cells. The miR-199a-modified engineered
exosomes significantly increased the sensitivity of liver cancer cells
to Adriamycin in vitro. It can also significantly promote the
antitumor effect of Adriamycin in liver cancer in vivo (68).
Another example is the loading of siRNA and oxaliplatin into
bone marrow mesenchymal stem cell-derived exosomes via
electroporation, which blocks the connection of tumor cells to
macrophages, thus inhibiting the polarization of macrophages in
the tumor microenvironment (69). Jung et al. generated IL-2-
tethered exosomes from engineered Jurkat T cells expressing IL-2
at the plasma membrane via a flexible linker to induce an
autocrine effect. Levels of miRNA in T cell-derived exosomes
using IL-2 surface engineering were significantly altered, and
differentially expressed miRNAs activated CD8" T cells,
enhancing their antitumor immune effects (27). Therefore,
strengthening immune activity through engineering modification
of CD4" T cells and CD8" T cell-derived exosomes is a novel

strategy to improve the efficacy of tumor immunotherapy.

4.2 Depleting exosomes or blocking the
uptake of exosomes

Given the role of Treg-derived exosomes and some CD8" T cell-
derived exosomes in tumor immune escape, depleting exosomes or
blocking their uptake may be a novel cancer immunotherapy (70).
The Aethlon ADAPT ™ system, a novel device that can remove
blood components below 200 nm, including exosomes that interact
with the immobilized affinity agent of the device, was successfully
applied for the first time in patients with hepatitis C virus. It could
be speculated that if the Aethlon ADAPT™ system is used to
eliminate immunosuppressive exosomes from T cells, it may
improve the efficacy of antitumor immunotherapy.
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4.3 Chimeric antigen receptor T cell-
derived exosomes

Chimeric antigen receptor (CAR) T cells conjugate the antigen-
binding part of an antibody that recognizes a tumor antigen and the
intracellular part of the CD3-{ chain or FceRly into a chimeric
protein in vitro, and patient T cells are then transfected with gene
transduction to express CAR (71). Patient T cells are
“reprogrammed” to generate a large number of tumor-specific
CAR-T cells, which have been successfully designed and used to
treat malignant blood diseases (72). However, in the process of
treating malignant tumors, CAR-T therapy inevitably has side
effects such as cytokine release syndrome, neurotoxicity, and
organ failure (73, 74). The management of CAR-T cell toxicity
remains a challenge.

CAR-T cell-derived exosomes have been reported to reduce the
cytotoxicity of CAR-T therapy and cross the blood-brain barrier
and blood-tumor barrier (13). CAR-T cell-derived exosomes
express high levels of cytotoxic molecules (FasL, Apo2L, perforin,
and grazyme A and B), making them effective vectors to provide
pro-apoptotic cues to target tumor cells carrying homologous
antigens (75). Several preclinical studies have confirmed that
CAR-T cell-derived exosomes exert inhibitory effects on solid
tumors, including TNBC and lung cancer, and are relatively safe
(13,76, 77). The mechanism of tumor apoptosis induced by CAR-T
cell-derived exosomes is independent of FasL, Apo2L, perforin, and
grazyme. A recent study demonstrated that CAR T cells contain
RNA components of the tumor-suppressive signal-recognition
particle 7SL1 (RN7SL1), a non-coding RNA that activates
interferon-IFN stimulator genes (78). Notably, RN7SLI is
selectively transferred to immune cells via CAR-T cell-derived
exosomes, restricting the development of bone marrow-derived
suppressor cells and enhancing the immunostimulatory properties
of DCs, thus effectively activating melanoma with endogenous
CD8" T cells that reject CAR antigens (78). Additionally,
anticancer drugs can be loaded into exosomes from CAR-T cells
to kill target tumor cells because of their excellent potential to
penetrate the extracellular matrix of solid tumors (79). The above
studies have shown that activated CAR-T cells can secrete exosomes
to function in solid tumors and can affect the immune
microenvironment of tumors; however, the current study seems
to have failed to conclude whether CAR-T cell-derived exosomes
play a role in hot or cold tumors (Figure 2).

5 Conclusions

This review summarized the role of CD8" T cells, CD4" T cells,
and Treg-derived exosomes in tumor immune modulation and
revealed the potential application of T cell-derived exosomes in
tumor immunotherapy, including engineered T cell-derived
exosomes, depleting exosomes, or blocking the uptake of
exosomes and CAR-T cell-derived exosomes. However, studies on
T cell-derived exosomes remain in the exploratory stage. There are
still many hurdles to overcome before T cell-derived exosomes can
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FIGURE 2
CAR-T cell-derived exosomes for tumor treatment. CAR-T cell-
derived exosomes express high levels of cytotoxic molecule, making
them effective vectors to provide pro-apoptotic cues to target
tumor cells carrying homologous antigens.
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transition from the laboratory to the clinic. First, the purification
and characterization methods of exosomes vary from laboratory to
laboratory, and different methods may confuse the subgroups and
physicochemical properties of exosomes. Therefore, researchers
need to refer to the International Society of Extracellular Vesicles
and the standardization efforts for exosome isolation, purification,
and use for therapeutics. The second problem is exosome
production. The number of exosomes extracted from cells is small
and it is often difficult to meet the requirements of drug delivery.
Therefore, to continue expanding the applications of exosomes, a
large-scale production mode is needed. In addition, the stability and
toxicity of exosomes after modification or drug loading need to be
further explored, especially as vectors for tumor nanomedical
applications. These findings will facilitate clinical transformation
of exosomes (80). Additionally, the best exosome therapy candidate
payload is currently inconclusive and needs to be explored further
in the future.

Exosomes have many advantages over other drug delivery
systems, especially their high stability, low immunogenicity,
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CD20 located predominantly on the B cells plays a crucial role in their
development, differentiation, and activation, and serves as a key therapeutic
target for the treatment of B-cell malignancies. The breakthrough of monoclonal
antibodies directed against CD20, notably exemplified by rituximab,
revolutionized the prognosis of B-cell malignancies. Rituximab, approved
across various hematological malignancies, marked a paradigm shift in cancer
treatment. In the current landscape, immunotherapies targeting CD20 continue
to evolve rapidly. Beyond traditional mAbs, advancements include antibody-drug
conjugates (ADCs), bispecific antibodies (BsAbs), and chimeric antigen receptor-
modified (CAR) T cells. ADCs combine the precision of antibodies with the
cytotoxic potential of drugs, presenting a promising avenue for enhanced
therapeutic efficacy. BsAbs, particularly CD20xCD3 constructs, redirect
cytotoxic T cells to eliminate cancer cells, thereby enhancing both precision
and potency in their therapeutic action. CAR-T cells stand as a promising strategy
for combatting hematological malignancies, representing one of the truly
personalized therapeutic interventions. Many new therapies are currently being
evaluated in clinical trials. This review serves as a comprehensive summary of
CD20-targeted therapies, highlighting the progress and challenges that persist.
Despite significant advancements, adverse events associated with these
therapies and the development of resistance remain critical issues.
Understanding and mitigating these challenges is paramount for the continued
success of CD20-targeted immunotherapies.

KEYWORDS

CD20, B cell, leukemia, lymphoma, immunotherapy, monoclonal antibody, antibody-
drug conjugate (ADC), CAR-T
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Introduction

CD20 is a surface protein that exhibits ubiquitous expression in B
cells with minimal occurrence in other tissues, rendering it an ideal
target for immunotherapy against B cell-derived malignancies. CD20
expression initiates during the pre-B cell stage and persists until B
cells undergo terminal differentiation into plasma cells (Figure 1).
Immunotherapy directed at CD20 is extensively employed for
treating mature B cell-derived malignancies, such as chronic
lymphocytic leukemia (CLL) and various B cell-derived non-
Hodgkin lymphomas (B-NHL), including follicular lymphoma
(FL), diffuse large B-cell lymphoma (DLBCL), and mantle cell
lymphoma (MCL). CD20 is also present in multiple subtypes of B
cell precursor acute lymphoblastic leukemia (B-ALL), albeit its
expression at diagnosis is heterogeneous and frequently low (1-3).
Notably, documented upregulation of CD20 after induction
treatment suggests a potential expansion of CD20-directed
immunotherapy applications for B-ALL (4, 5). CD20-specific
therapies offer precise B cell targeting, minimizing impact on other
cell types. These therapies efficiently deplete CD20-expressing B cells
without hindering the replenishment of the B-cell compartment from
early B cell precursors. Hence, upon cessation of anti-CD20
treatment, the B-cell population can recover (6). Notably, the
absence of CD20 on fully mature plasma cells enables patients to
maintain protective humoral immunity against previously
encountered pathogens during treatment (6).

CD20-targeted immunotherapy encompasses diverse modalities
administered at various treatment stages. Rituximab, the pioneering
anti-CD20 monoclonal antibody (mAb) introduced in 1997, stands
out as a well-studied, low-toxicity immunotherapy with manageable
side effects. It is a crucial component of the common therapy
regimens, such as BR (bendamustine + rituximab) or FCR
(fludarabine + cyclophosphamide + rituximab), which are often
used as a first-line treatment in specific groups of CLL and B-NHL
patients. In addition, following positive phase 3 trial results,
rituximab has been recently integrated into chemotherapy for adult
B-ALL patients with at least 20% CD20-positive leukemic cells (7).

10.3389/fimmu.2024.1363102

Beyond rituximab, the engineered anti-CD20 mAb obinutuzumab is
registered and employed in combination with chemotherapy as first-
line therapy for defined cases of CLL and FL. In addition to mAbs,
new immunotherapies targeting CD20 have been developed and
successfully introduced into the clinic for patients refractory to
first-line therapy or with relapsed disease (r/r). These include
bispecific antibodies (BsAbs) targeting the CD20 molecule and
simultaneously recruiting cytotoxic T cells, as well as adoptive
therapies using autologous T cells modified with chimeric antigen
receptors (CAR-T). Three BsAbs targeting CD20 have received FDA
approval, while CD20-specific CAR-T cells are presently undergoing
clinical trials. Notably, CAR-T cells simultaneously targeting CD19
and CD20 aim to address CD19-negative clones, with ongoing
clinical trials in advanced r/r B-cell malignancies (Table 1).

This comprehensive review explores various CD20-directed
immunotherapies, including mAbs, radio-immunoconjugates,
BsAbs, and CD20 CAR-T cells. The discussion encompasses both
approved drugs and novel solutions undergoing investigation in
preclinical and clinical trials (Figures 2, 3; Tables 1-3). Mechanisms
of resistance to CD20-directed immunotherapies are presented
(Figure 4), and the potential for various combinations with
immunotherapies is discussed.

CD20 antigen: structure, function, and
expression regulation

CD20 is a transmembrane protein whose significance as a target
for immunotherapy is well recognized, although its biological role
remains elusive. Encoded by the MS4A1 gene, CD20 is part of the
MS4A family, which consists of 18 proteins with similar structures.
The CD20 protein spans the cell membrane with four
transmembrane helices and features two extracellular loops,
which are the main epitopes recognized by anti-CD20 mAbs.
Notably, both the N-terminal and C-terminal ends of CD20 are
situated inside the cell. The detailed structure and dimeric assembly
of CD20 on the cell membrane have recently been extensively

. Yo
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A diagram illustrating B cell differentiation and maturation, emphasizing the pronounced increase in CD20 expression levels depicted through a red
color gradient. Associated malignancies are positioned near the cell of origin and represented within grey boxes. B-ALL, B cell acute lymphoblastic
leukemia; BL, Burkitt lymphoma; DLBCL, diffuse large B cell lymphoma; FL, follicular lymphoma; HSC, hematopoietic stem cell; MCL, mantle cell
lymphoma; M-CLL, mutated chronic lymphocytic leukemia; MM, multiple myeloma; MZL, marginal zone lymphoma; SMZL, splenic marginal zone
lymphoma; U-CLL, unmutated chronic lymphocytic leukemia; WM, Waldenstrom macroglobulinaemia. The figure was created using BioRender.com.
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TABLE 1 Clinically tested CD20-targeting CAR-T therapies.

10.3389/fimmu.2024.1363102

Effector o Clinical Clinical
Structure Indications : o oo
cells trial phase trial identifier
autologous . .
CD20 CAR-T T cells CD20 scFv with CD8a H/TM, 4-1BB, CD3({ domains r/r B-NHL phase I NCT04036019
CD19/CD20 CAR-T autologous CD20 and CD19 scFv with (‘ZDSa H/TM, 41BB, r/r‘ B- ' phase /11 NCT03097770
T cells CD3( domains cell malignancies
11 i D2 D22 scFv with CD8o. H/TM, 41BB,
CD20/CD22 CAR-T ~ *.08eneie D20 and CD22 sckv with CDSo. H/ t/t B-NHL phase I/II NCT05607420
T cells CD3{ domains
CD19/CD20/CD22 autologous CD19, CD20 and CD22 scFv with CD8o H/TM, /r B-NHL hase [ NCT05418088
CAR-T T cells 41BB CD3( domains o phase

characterized (9). This structural research sheds light on the
molecular architecture of CD20 and anti-CD20 mAbs biding
modes, contributing to our understanding of its potential as a
target for immunotherapy (9).

While no identified physiological ligand binds to CD20, it is
known to form nanoclusters on the B cell membrane with proteins
such as IgD or IgM-class B cell receptors (BCR), CD19, CXCR4, and
CD40 (10). A recent study utilizing CRISPR/Cas9-mediated CD20
elimination from mature B cells revealed CD20’s role as a
gatekeeper in maintaining the resting state. The knockout of
CD20 resulted in the translocation of the BCR toward the CD19
coreceptor, transient B cell activation, and internalization of various
B cell-specific proteins (10). Additionally, initial research proposed

Monoclonal Antibodies (mAbs)

@<

W

that CD20 may function as a calcium channel (11), however,
subsequent findings suggested that calcium flux induction is
mediated by the CD20-BCR complex rather than CD20 alone
(12). Therefore, the role of CD20 as a regulator of B cell activity
seems to be inherently linked to interactions of CD20 with other
surface proteins, primarily with the BCR complex.

The regulation of the MS4A1 gene was attributed to several
transcription factors, summarized in (13). The described positive
regulators include transcription factors essential for B cell
development and maturation, such as PU.1, PiP (IRF4), NFxB
(14-16), as well as other factors, such as USF, TFE3.1 (16), OCT1,
OCT2 (17), ELK1, ETS1 (18), SP1, CHD4 and MBD2 (19).
Recently, another member of interferon regulatory factors (IRF)

Radio-immunoconjugates

p
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FIGURE 2

Chronology of clinical approvals and recent breakthroughs in CD20-targeted immunotherapies. The figure was created using BioRender.com.
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FIGURE 3
Displayed are CAR constructs, including second- and third-generation designs specifically recognizing the CD20 molecule, alongside dual-
specificity CAR constructs recognizing both CD20 and CD19 molecules. Additionally, preclinical and clinical investigations explore the efficacy of
bi- or tri-cistronic vectors for the expression of these CARs. Linker 1: (G4S)5, Linker 2: (EAAAK)3. The figure was created using BioRender.com.

TABLE 2 Clinically approved and tested anti-CD20 mAbs and radio-immunoconjugates.

Common
CD20 o
Structure epitope i GERICI Indications ORI eilea]
prtope domain date* in clini- trials
characteristics .
cal setting
. | AawNPSu region , CLL, 375 mg/m2
Rituximab 1gGlx chimeric on large unmodified 1997 i K PMID: 9310469
DLBCL, FL per infusion
extracellular loop
FLKMESLNFIRAHT
region on large
extracellular loop
. 300-2000 mg
Ofatumumab 1gG1 human and A74T, I76A, unmodified 2009 CLL i k NCT00092274
i per infusion
Y778 residues on
small
extracellular loop
Ivcoengineered residues 172-176 on reduced 100-1000 m
Obinutuzumab 2 8 humanized large fucosylation 2013 CLL, r/r FL X X 8 NCT22431570
1gGlx . per infusion
extracellular loop of Fc region
v X ed residues 168-171 and reduced 2150 - 900
oengineer <150 - m;
Ublituximab glycoeng chimeric 158-159 on large fucosylation not approved CLL . 8 NCT02301156
IgGlx . per infusion
extracellular loop of Fc region
reduced
fucosylation
of Fc region;
A(170)NPS(y73) region protein-
i) i d 1 tracellul i d t 375 2
Ocaratuzumab gycoengineere humanized on large extracefuiar engmeere ° not approved r/r FL 'mg/r'n NCT00354926
1gG1 loop. Increased improve per infusion
affinity to CD20 affinity to
158-F
FcyRIlla
carriers
90Y- 90-yttrium A170)NPS(473) region
Ibritumomab murine on large unmodified 2002 FL, r/r NHL 14.8 MBq/kg PMID: 12777454
. labeled IgG1x
Tiuxetan extracellular loop
A170)NPS, i
1311- 131-iodium- _ a70NEa73) reglon , o PMID:15689582
. i murine on large unmodified 2003 NHL 75 cGy
Tositumomab linked IgG2al . PMID:11579112
extracellular loop (withdrawn)

(*) regarding approval in oncological indications.
Information about CD20 epitopes recognized by subsequent Abs is described in (8).
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TABLE 3 Clinically approved and tested CD20xCD3 BsAbs.

Common

Antigen

T . - Approval . : Clinical
Structure binding Fcdomain @ Production PP Indications dosages in .
: date i . trials
domain clinical setting
FcyR and Clq
1 anti- binding 0,16-48 mg s.. in
. 5,10~ m; .C. 1]
Epcoritamab full- D20 Fab abolished controlled Fab 2023 r/r DLBCL 28-day cycles with | NCT03625037
length IgG1 1 anti- FcRn arm exchange step-up dosin
CD3 Fab binding pup 8
maintained
1 anti- FoyR l'?mdmg
full CD20 Fab abolished knobes 1-60 mg i.v. in 21
Mosunetuzumab K FcRn . 2023 r/r FL sV NCT02500407
length IgG1 1 anti- e into-holes day cycles
binding
CD3 Fab .
maintained
FcyR 1
‘ R and Clq 2,5-30 mg iv. in 21-
2 anti- binding head to tail day cycles with step:
. ca 1) ay €S W1 -
full- D20 F lish,
Glofitamab ul D20 Fab abolished fusion via 2023 r/r DLBCL up dosing and NCT03075696
length IgG1 L anti- FeRn flexible linker obinutuzumab
CD3 Fab binding
. pretreatment
maintained
FeyRIII
. FY . heavy chains
! anti binding ith different 0,1-320 mg iv. in 21
Odronextamab full- CD20 Fab abolished N tis oo Revie frDLBCL, o o P T NCT02290951
VIEW W1 -
length IgG4 1 anti- FcRn r/r FL yeycies WIS NeTo3sss105
Lo common up dosing
CD3 Fab binding . X
o light chains
maintained
10 anti- IgM platform L
15-300 mg i.v. in 21-
D20 F ith DLBCL,
Imvotamab IgM cb20 ‘abs unmodified W . Not approved i day cycles with step- NCT04082936
1 anti- recombinant r/r FL dosin
CD3 scFv J-chain up dosing
P
1
D20 F: Fab-scFv- DLBCL,
Plamotamab IgG1 €20 'ab FcRn ab-sckv Not approved i ¢ dose-escalation study =~ NCT02924402
1 anti- bindi Fc format r/r FL
CD3 scPv s
maintained

engaged in B cell development, IRF8, was shown to promote CD20
expression in DLBCL as well as in healthy B cells (20). Negative
regulators of CD20 include FOXO1 (21), CREM (19), SMAD2/3
(22), and MYC (23, 24).

Additional regulation of CD20 expression occurs on the
epigenetic level. Histone deacetylase (HDAC) family members
HDACI1/2, HDAC1/4, and HDACS6 as well as methyltransferase
enzyme EZH2 can repress CD20 in healthy and malignant B cells
(25-27). Recently, the occurrence of four 5’-UTR variants of MS4A1
mRNA with differential translation efficacy was described (28).

Anti-CD20 mAbs
and immunoconjugates

The evolution of anti-CD20 mAbs marks a progression toward
enhanced compatibility and reduced immunogenicity. The first
therapeutic anti-CD20 mAb, rituximab, comprises a chimeric
murine-human structure, contributing to the development of
immune response and infusion-related reactions due to its limited
resemblance to natural human antibodies (29, 30). Enhanced
human content in subsequent mAbs correlates with decreased
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immunogenicity and improved binding affinity to human Fc
receptors. The newer generations of anti-CD20 mAbs, exhibiting
humanized (obinutuzumab) and fully human (ofatumumab)
designs have reduced immunogenicity (31-33). Furthermore,
heightened human sequence content enhances interactions with
immune effector cells and FcRn receptors on hepatic and epithelial
cells, thereby prolonging IgG antibodies™ half-life (34).
CD20-targeting mAbs elicit their cytotoxic function by at least
four different mechanisms (35). Upon binding CD20 on target cells,
they can activate complement-mediated cytotoxicity (CDC), engage
immune effector cells to mediate antibody-dependent cytotoxicity
(ADCC) and phagocytosis (ADCP), as well as directly induce cell
death. The anti-CD20 mAbs currently employed in cancer
treatment vary in their degree of activating specific mechanisms.
These differences are the basis for a categorization of anti-CD20
mAbs into two types. The majority of mAbs are characterized as
type I, which exhibit the ability to cluster CD20 into membrane
lipid rafts, which is associated with potent induction of CDC. On
the other hand, type I antibodies display a higher rate of
internalization, which can limit their therapeutic efficacy (36).
Type II mAbs do not stabilize CD20 in lipid rafts and are weak
inducers of CDC, but they potently evoke direct cell death (37).
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FIGURE 4

Mechanisms of resistance to CD20-directed immunotherapies. 1. Internalization, 2. Trogocytosis, 3. Loss of antigen expression, 4. Alternative
splicing, 5. Drug-induced antigen downregulation, 6. Loss of an epitope, 7. Lineage switch, 8. Overexpression of complement regulatory proteins, 9.
Downregulation of complement proteins, 10. CD16 downregulation, 11. Secretion of immunosuppressive cytokines, 12. Immune checkpoints, 13.
Secretion of suppressive molecules, e.g. galectin 1. The figure was created using BioRender.com.

Rituximab, ofatumumab, and ublituximab are classified as the type I
anti-CD20 mAbs, whereas obinutuzumab represents a type II anti-
CD20 mAb.

CD20-directed mAbs are also used in the form of
immunoconjugates — Abs linked with drugs (ADCs), toxins
(immunotoxins or engineered toxin bodies - ETBs) or radioactive
isotopes (radio-immunoconjugates). Unlike conventional antibodies,
which largely depend on the immune effector cells or the complement
system for their cytotoxic effects, immunoconjugates can directly
induce apoptosis of cancer cells. Due to the relatively poor
internalization of CD20, few ADCs and immunotoxins were
developed. A single-chain variable fragment-based targeting CD20
and conjugated with Shiga-like toxin A subunit, MT-3724, presented
promising preclinical and early clinical results, but its development
was ceased by the manufacturer (38). Another strategy that does not
require CD20 internalization for direct and targeted cell killing is the
use of radio-immunoconjugates. This approach has gained significant
attention in targeting lymphoma cells, which are highly radiosensitive
(39). Radio-immunoconjugates utilize ionizing radiation to induce
cytotoxicity of the target cell. Concurrently, they can trigger classical
effector mechanisms such as CDC, ADCC, and ADCP.

In this section, we describe anti-CD20 mAbs and conjugates
that were approved for clinical use in lymphoid malignancies.
Additionally, other anti-CD20 agents that displayed effectiveness
in clinical trials of B-cell neoplasms are listed in Table 2.

Frontiers in Immunology

Rituximab

Rituximab is the first mAb used for cancer therapy. It is a
chimeric mouse/human IgGI1 anti-CD20 mAb targeting the epitope
on a large extracellular loop of CD20. As a type I mAb, rituximab
elicits its function mostly by CDC, ADCC, and ADCP (35). Since
gaining its first approval for low grade FL in 1997 (40), rituximab has
consistently demonstrated its efficacy, both as part of combination
drug regimens and as a standalone agent, across various clinical trials.
Rituximab is currently employed in a broad spectrum of conditions
including DLBCL, Burkitt lymphoma (BL), MCL, FL, marginal zone
lymphoma (MZL), hairy cell leukemia (HCL), and CLL, as
comprehensively reviewed in (41). A relatively recent hematologic
application of rituximab involves its use in CD20" adult B-ALL,
serving as an adjunct to chemotherapy throughout all stages of
treatment (7). The popularity and effectiveness of rituximab, as well
as the expiration of its patent, has catalyzed an increase in the
production of biosimilars. Following prior studies confirming its
bioavailability, a new formulation of rituximab with hyaluronidase
has been approved for subcutaneous use in FL, CLL, and DLBCL
(42). Despite the success of rituximab, some patients experience
relapses due to various resistance mechanisms, including
trogocytosis, complement exhaustion, internalization of CD20 and
others, described in the section Resistance to CD20-directed

immunotherapies (43, 44). Attempts to increase the efficacy of
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rituximab prompted the trials combining rituximab with other drugs
that could potentiate its cytotoxicity, ideally in chemotherapy-free
schemes. A phase 3 study AUGUMENT confirmed the benefit of the
addition of the immunomodulatory drug lenalidomide to the
rituximab in r/r FL and MZL (45). Strategies involving the addition
of mTOR inhibitors to rituximab combined with classic
chemotherapeutics are also under investigation for the treatment of
patients with r/r DLBCL, with promising results from phase 1 and 2
trials (46, 47).

Ofatumumab

Ofatumumab (2F2) is a fully human anti-CD20 IgGlx mAb
developed by Genmab and Glaxo PLC. It binds to an epitope
distinct from that of rituximab, targeting both small and large
extracellular loops of CD20 (48). Preclinical tests have shown that
ofatumumab induces CDC more potently than rituximab, while the
ADCC efficacy is comparable to that of rituximab (49, 50). The
superior CDC efficacy of ofatumumab may be in part associated
with the location of its target epitope more proximally to the cell
membrane than the epitope recognized by rituximab (51). Recent
structural studies also revealed that ofatumumab complexes show
optimal geometry for complement recruitment (52). Additionally,
ofatumumab demonstrates a slower off-rate than rituximab (49),
allowing prolonged binding to the target cells. The first approval of
ofatumumab was granted in 2009 for refractory CLL. Despite
promising preclinical results, there is limited clinical evidence to
confirm its superiority over other anti-CD20 agents (53). Clinical
trials comparing ofatumumab to rituximab in FL (54) and DLBCL
(55) relapsed after a rituximab-containing therapy showed no
superiority of ofatumumab. On the other hand, the comparison of
the treatment composed of hyper-fractionated cyclophosphamide,
vincristine, doxorubicin, dexamethasone with ofatumumab
(HCVAD-O) to the historical cohort of B-ALL CD20" Ph™ patients
treated with HCVAD with rituximab (HCVAD-R) showed
improvement in event-free survival (EFS) and overall survival (OS)
(56). Currently, ofatumumab is rarely used in its initial indication,
being replaced by newer agents such as obinutuzumab or ibrutinib
(57-59).

Obinutuzumab

Obinutuzumab (GA101) is a humanized, glycoengineered IgGl
type I mAD that targets the epitope on the large extracellular loop of
CD20, which partially overlaps with the rituximab epitope. The
novelty of obinutuzumab design lies predominantly in the
glycoengineering modifications, which were applied to improve
affinity to the FcyR receptors on effector cells (60). Specifically,
obinutuzumab exhibits reduced fucosylation of oligosaccharides
attached to Asp297 in its Fc region, which results in improved
binding of FcyRIII (61). In preclinical tests, obinutuzumab
presented a slower internalization rate after binding to CD20 and
superior efficacy in ADCC than rituximab and ofatumumab (62). The
ADCP efficacy was comparable between the three antibodies (63). As
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a type II mAb, it exhibits reduced levels of CDC (60, 63), but was
suggested to have the ability to induce direct cell death (DCD) via a
non-apoptotic, lysosome-mediated mechanism, in some, but not all
target cell types (64, 65). While obinutuzumab has consistently
demonstrated greater effectiveness than equivalent doses of
rituximab in the preclinical in vivo models (60, 66, 67), the exact
reasons behind this advantage remain incompletely understood. The
underlying mechanism appears to be multifaceted and potentially
attributable to the combination of several factors including greater
induction of ADCC and DCD, as well as being less prone to
internalization (63). Importantly, obinutuzumab demonstrated
superior efficacy as a part of the chemotherapy regimen in
comparison with the same chemotherapy but with rituximab in
first-line treatment of CLL patients, demonstrating improved
progression-free survival (PFS) and OS in a phase 3 trial (68). This
resulted in the approval of obinutuzumab in combination with
chlorambucil for the treatment of patients with previously
untreated CLL in 2013 (69). Recently published results from the
phase 3 trial have also demonstrated the benefit of obinutuzumab
over rituximab when used as a part of immunochemotherapy in the
first-line treatment of FL (70). On the other hand, no advantage over
rituximab was observed in advanced DLBCL (9, 71, 72). It is also
important to note that the overall doses of obinutuzumab in the
clinical trials were higher for most patients (68, 70, 73). An ongoing
trial will assess the efficacy of obinutuzumab versus rituximab in B-
ALL (NCT04920968). Additionally, promising results of the phase 1
trial of the combination of obinutuzumab with the novel oral
cereblon-modulating agent avadomide suggest the potential for
new chemotherapy-free regimens for NHL (74). Comprehensive
information about obinutuzumab and its efficacy is reviewed in
(69, 73, 75).

Radio-immunoconjugates: 90-Y-
Ibritumomab tiuxetan and
131l-Tositumomab

Y-90-Ibritumomab tiuxetan is a murine anti-CD20 IgG1 mAb
linked with Y-90 isotope of yttrium, which emits beta radiation and
decays to non-radioactive Zirconium-90. A randomized controlled
trial of 90-Y ibritumomab tiuxetan in r/r low-grade, follicular, or
transformed NHL showed a significant improvement in overall
response rate (ORR) and complete response (CR) rates (ORR 80%
vs. 56%; CR 30% vs. 16%) in comparison to the rituximab treatment
(76). 90-Y ibritumomab tiuxetan was approved in 2002 for r/r NHL
patients, and in 2014 the approval was expanded for the first-line
consolidation in NHL (77, 78).

1311-Tositumomab is a murine anti-CD20 monoclonal IgG2
antibody linked with Iodium-131, which emits beta and gamma
radiation. It was approved for use in r/r NHL in 2003. Despite the
documented efficacy in FL and r/r NHL (79, 80) 1311I-Tositumomab
was replaced by modern agents and its sale was discontinued
in 2014.

While the use of radio-immunoconjugates is linked to an
increased risk of secondary malignancies and myelotoxicity, their
overall toxicity profile was considered acceptable and comparable to

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1363102
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Dabkowska et al.

other therapies (39, 79, 81-84). Nonetheless, neither of the two
radio-immunotherapeutic agents has been widely used in clinical
practice, mainly due to economic and logistic problems, such as
radiation safety concerns (85). Radio-immunotherapeutics
targeting CD20 are extensively reviewed in (86).

Side effects of anti-CD20 mAbs and
their management

The toxicity of anti-CD20 mAbs is relatively low, with
hypersensitivity reactions, myelosuppression, and immunosuppression
being the most common. Other common side effects include chest pain,
arrythmia, paresthesia, nausea, diarrhea, abdominal pain, and muscle
pain (87, 88). Rarely, more severe complications may occur, including
tumor lysis syndrome or progressive multifocal leukoencephalopathy
(PML). Common strategies for reducing hypersensitivity reaction
incidence include premedication by steroids or antihistamine drugs
and a slow rate of first infusion (89). For CLL patients with high
lymphocyte counts (over 25 x 1079/L), administration of i.v.
prednisone or prednisolone is recommended before the infusion of
rituximab to decrease the risk of acute infusion reactions and/or cytokine
release syndrome (CRS) (88). Additionally, a recent study confirmed that
obinutuzumab - as a humanized and potentially less immunogenic
antibody - can be used as an alternative to rituximab after a
hypersensitivity reaction (31). In the case of hypogammaglobulinemia,
intravenous immunoglobulin (IVIG) replacement should be considered
to reduce the risk of infections (90). Radiolabeled antibodies exhibit
additional toxicities related to the emitted radiation, including the risk of
myelodysplastic syndrome (MDS) and acute myeloid leukemia (AML)
(86). Additionally, the use of 131I-Tositumomab can lead to
hypothyroidism. This was addressed by oral administration of
potassium iodide to inhibit the thyroid uptake of Iodium-131 (86).

CD20-directed BsAbs

BsAbs represent one of the most promising classes of oft-the-
shelf immunotherapies for the treatment of r/r B cell malignancies
(91, 92). Notably, several BsAbs targeting the CD20 antigen
received clinical approvals in 2023, with numerous others
showing promising results in ongoing clinical trials (Figure 2,
Table 3) (93). These engineered proteins, featuring dual binding
sites, can simultaneously target two different antigens or two
epitopes of the same antigen. This dual specificity allows BsAbs to
bridge immune cells, such as T cells, with target tumor cells,
promoting their interaction and subsequent cytotoxicity against
the tumor cells.

Over the past few years, there has been a rapid development of
this technology, resulting in various molecular BsAb formats,
including IgG-like and non-IgG-like platforms (91, 92). IgG-like
BsAbs mimic the structure of IgG, featuring an Fc region for effector
functions, like ADCC and CDC, and provide a larger molecular
weight, which increases solubility, stability, serum half-life. This
allows for a wider spectrum of dosing frequency from daily to
weekly or even less frequent and its administration both
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intravenously and subcutaneously. In contrast, non-IgG-like
BsAbs lack the Fc region, typically have a smaller molecular
weight, and primarily exert therapeutic effects through direct
antigen binding (92). This applies also to blinatumomab, the first
BsAb approved for medical use. Blinatumomab is a CD3xCD19
bispecific T-cell engager that consists only of two scFvs connected
by a linker, which contributes to a relatively short half-life and the
necessity for frequent dosing in prolonged infusions (94).

Among the various formats, the anti-CD20xCD3 BsAb
engaging cytotoxic T cells is the most popular format. Here we
focus on CD20-targeting IgG-like BsAbs as a new therapeutic
option for patients with B-cell malignancies who have already
undergone several lines of mAbs and CD19 CAR-T therapy.

Epcoritamab (DuoBody-
CD3xCD20, GEN3013)

It is a full-length IgG1 BsAD generated by Fab-arm exchange of
a humanized CD3 mAb and human CD20 mAb (95). In preclinical
studies, epcoritamab has demonstrated its efficacy by eliciting
robust T-cell activation and T-cell-mediated cytotoxicity against
NHL cell lines in vitro (95). It also showed high effectiveness against
primary cells derived from lymph node biopsies from newly
diagnosed and r/r B-NHL patients (96). Moreover, epcoritamab-
mediated cytotoxicity was observed against primary CLL cells in
vitro and in vivo in patient-derived xenografts (PDX), where
epcoritamab demonstrated a reduction in both blood and spleen
disease burden. This effect was enhanced when used in combination
with Bruton’s tyrosine kinase (BTK) and BCL2 inhibitors (97).

These promising results led to the testing of epcoritamab in
clinical trials. In the first-in-human trial in patients with r/r B-cell
lymphoma, including DLBCL, FL, MCL, high-grade B-cell
lymphoma (HGBCL), primary mediastinal large B-cell lymphoma
(PMBCL), small lymphocytic lymphoma (SLL) and MZL
(EPCORETM NHL-1, NCT03625037), epcoritamab administered
as a single agent subcutaneously in 68 patients exhibited notable
efficacy (88% ORR and 38% CR at 48 mg) (98). In an ongoing
clinical trial evaluating the safety and efficacy of epcoritamab in
patients with r/r CLL and Richter’s syndrome (EPCORE"™ CLL-1,
NCT04623541) so far epcoritamab was well tolerated (99). Several
other clinical trials using this BsAb are currently underway,
including testing a combination with rituximab for the first-line
FL (NCT05783609). In 2023 the encouraging outcomes of clinical
trials resulted in FDA and EMA approval of epcoritamab for r/r
DLBCL after at least two lines of systemic therapy (100, 101).

Odronextamab (REGN1979)

This hinge-stabilized, fully human IgG4 BsAb targeting CD20 and
CD3, has demonstrated both in vitro and in vivo efficacy (102, 103),
leading to further evaluation of its effectiveness in clinical trials. In a
phase 1, multicenter trial (ELM-1, NCT02290951) investigating the
safety and tolerability of odronextamab in 145 patients with CD20" B-
NHL pretreated with CD19 CAR-T therapy or refractory to the last
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line of therapy, ORR among all patients reached 51% (72 of 142
patients), but among those with FL who received doses of 5 mg or
higher 91% ORR (29 of 32 patients) and 72% CRR (23 of 32 patients).
DLBCL patients who received doses of 80 mg or higher without
previous CAR T-cell therapy reached 53% ORR and all responses were
complete, and those pretreated with CAR T-cell 33% ORR and 27%
CR (104). Additionally, the efficacy and safety of odronextamab were
demonstrated in a case report of two patients with r/r B-NHL
refractory to CAR-T therapy, who achieved complete responses that
persisted for over 2 years of follow-up (105). In the light of these
results, currently the phase 2 clinical trial is conducted. It assesses the
anti-tumor activity and safety of odronextamab in pretreated patients
with B-NHL (ELM-2, NCT03888105).

Odronextamab is not yet fully approved for marketing, but in
September 2023 FDA accepted it for Priority Review for the
treatment of adult patients with r/r FL and r/r DLBCL after at
least two prior systemic therapies (106). Almost at the same time,
EMA has accepted it for review in the same medical indications
(107). Previously this drug was designated by EMA as an orphan
drug for FL and DLBCL.

Mosunetuzumab (BTCT4465A)

It is a full-length, humanized IgG1 CD20xCD3 BsAb, generated
using “knobs-into-holes” heterodimerization technology, which
allows the combination of two heavy chains, one with the knob’
mutation and the other with the ‘hole’ mutation, into one BsAb
(108, 109). It was effective in vitro against tumor B cells obtained
from PBMC of CLL patients, and in vivo in mice and cynomolgus
monkeys, causing complete B cell depletion in peripheral blood and
lymphoid tissues also in the presence of a competitive anti-CD20
mAb (108).

It has been tested in phase 1/2 clinical trial verifying it as a single
agent and combined with atezolizumab (anti-PD-L1 mAb) in NHL
and CLL (NCT02500407) and demonstrated notable efficacy and a
manageable safety profile in patients with r/r FL (ORR 78%, CR
60%) (110). In patients with r/r DLBCL, including those previously
treated with CAR-T cells, ORR was 42% and CR 23.9% (111). It is
also being investigated in combination with polatuzumab vedotin
(CD79b-directed ADC approved for patients with previously
untreated DLBCL, NOS and HGBL with International Prognostic
Index (IPI) score of at least 2) in B-NHL (NCT03671018) where it
shows a favorable safety profile with highly durable responses (112).
Currently, many other single-agent and combination studies of
mosunetuzumab in r/r and previously untreated B-NHL are
ongoing. In June 2022 mosunetuzumab obtained conditional
approval from EMA (113) and in January 2023 FDA approved it
for adult patients with r/r FL after two or more lines of systemic
therapy (114).

Glofitamab (RO7082859)

It is CD20xCD3 heterodimeric human IgG1l BsAb with two
anti-CD20 and one anti-CD3 Fabs (115). In preclinical studies, it
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showed higher potency than classical 1:1 IgG BsAbs, and its main
treatment-related risk of CRS was mitigated by prior treatment with
obinutuzumab (115). This combination of anti-CD20 therapies was
evaluated in phase 1/2 clinical trial in patients with r/r B-NHL
(NCT03075696), where it demonstrated durable responses, with
most patients in CR (116, 117). These clinical findings were also
confirmed in a group of 46 heavily pretreated patients with r/r
DLBCL, who were given the drug under compassionate use and
reached 7 months median OS (118). Glofitamab is also tested in
combination with polatuzumab vedotin plus rituximab,
cyclophosphamide, doxorubicin and prednisone (R-pola-CHP)
and shows promising early results (ORR 100% and CR 76,5%
among 17 patients) (119). Therefore in June 2023 FDA granted
accelerated approval to glofitamab for r/r DLBCL, not otherwise
specified (NOS) or large B-cell lymphoma (LBCL) arising from FL,
after two or more lines of systemic therapy (120), and in July EMA
approved it for conditional use for adults with r/r DLBCL after at
least two previous treatments (121).

Imvotamab (IGM-2323)

This CD20xCD3 IgM BsAb is generated from 10 high-affinity
CD20 binding domains and a single anti-CD3 scFv fused through
the recombinant J-chain (122, 123). It exhibits a higher avidity for
the CD20 binding and induces CDC against CD20-expressing cells
with a greater potency than IgG BsAbs in vitro (122). Moreover, it
exhibits vastly reduced cytokine release in vitro and in vivo (122)
and seems to maintain higher effectiveness in the presence of
rituximab than IgG BsAbs (124). A combination of imvotamab
and loncastuximab tesirine (CD19-directed ADC approved in r/r
LBCL after two or more lines of systemic therapy) demonstrated
enhanced cytotoxic effect in preclinical studies (125) and is
currently tested in first-in-human clinical trial in patients with r/r
NHL (NCT04082936). So far imvotamab shows notable safety and
tolerability profile due to repeatable IFNy-dominant cytokine
profile (123, 126).

Plamotamab (XmAb13676)

This humanized CD20xCD3 IgG1 BsAb is heterodimer with
one IgG Fab arm exchanged for a scFv (127, 128). Preclinical in vivo
data show its efficiency both in circulation and lymphoid organs
(127). A phase 1 clinical trial (NCT02924402) evaluating its safety
and tolerability in patients with CD20-expressing hematologic
malignancies is ongoing and demonstrated so far evidence of
clinical activity in heavily pretreated patients with DLBCL and
FL, including earlier treatment with CAR-T therapy (129, 130).

Other BsAbs

There are several new directions in the further development of
BsAbs, involving the use of antigens other than CD3. These include,
among others, CD20xNKG2D antibodies, which engage the cytotoxic
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activity of NK cells against leukemic cells in vitro (131, 132). Another
novel type of BsAb tested in preclinical studies is the CD95xCD20
antibody, which induces apoptosis in malignant B cells both in vitro
and in vivo (133, 134). Finally, CD20xCD28 antibodies, which were
first created over 20 years ago, however, due to the high production
costs using conventional methods, were not developed for a long time
(135, 136).

Side effects of CD20-directed BsAbs

Although significant therapeutic successes have been observed
in clinical trials, CD20xCD3 BsAbs are associated with certain side
effects. The most common is CRS, primarily associated with the
initial doses and confined to the first cycle of treatment (110, 137).
This is related to the simultaneous binding of BsAb to CD3 of
effector cells and FcyR of other immune system cells or complement
factor Clq, which results in premature activation and release of
cytokines, hampering the effectiveness of therapy and increasing its
toxicity. Therefore, currently used BsAbs have silencing mutations
in the Fc regions that prevent binding to FcyR and Clq but retain
binding to FcRn, which ensures extended plasma half-life (138).
Another strategies to overcome CRS are step-up dosing of BsAbs
(111, 139) and premedication with anti-CD20 mAb, which depletes
B-cells in both peripheral blood and secondary lymphoid organs
and decreases T cells activation (115). Other common adverse
events include pyrexia, fatigue, injection-site reaction, nausea,
diarrhea, hypophosphatemia, hematological toxicities:
neutropenia, anemia, lymphopenia, thrombocytopenia, as well as
neurological adverse events: headache, insomnia, dizziness (98, 99,
104, 110-112, 117-119, 126, 129, 130, 137, 139-143). Immune
effector cell-associated neurotoxicity syndrome (ICANS) is a rare
complication that occurs in less than 5% of patients treated with
BsAb (119, 137, 139). The frequency and severity of these side
effects vary. To mitigate risks, careful patient monitoring,
premedication with anti-CD20 mAb, and dose adjustments are
implemented to enhance the safety profile of CD20xCD3
BsAD therapies.

CD20-directed CAR-T cells

CD20 is also under exploration as a target for CAR-T cells in
preclinical and clinical trials. CARs are synthetic constructs
comprising extracellular antigen recognition domains, hinge and
transmembrane regions, and intracellular signaling domains
responsible for their activation and proliferation. Approved CAR
T-cell therapy involves genetically engineered autologous products,
utilizing the patient’s CAR T cells to target tumor cell antigens.
Currently, four CD19-targeted CAR T-cell therapies are approved
for treating r/r B-ALL and r/r B-NHL. Despite its efficacy, around
60% of patients experience disease relapse post-CD19 CAR-T
treatment, often due to mechanisms like CD19 antigen loss. Also,
in some patients, life-threatening toxicities occur, including severe
CRS and ICANS (144, 145). Ongoing clinical trials suggest that
CD20 CAR T-cell therapy could be a promising treatment for r/r
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NHL, even in cases of CD19-negative disease post-CD19 CAR-T
cell relapse (Table 1). The structure of the clinically tested CD20
CAR T-cells is presented in Figure 3.

Phase 1/2 clinical trials utilizing second- and third-generation
CAR constructs have confirmed the feasibility and efficacy of
autologous anti-CD20 CAR-T cells in r/r CD20" B-NHL (146).
Particularly noteworthy is the efficacy of CD20 CAR T-cell therapy
in treating r/r B-NHL patients who had previously failed
chemotherapy, including R-CHOP. Studies indicate that CD20-
targeted CAR T cells exhibit effectiveness even in cases of low
antigen expression, proposing their potential utility for patients
with CD20-downregulated B-NHL refractory to CD20 mAb
therapy (28, 147). A comprehensive overview of ongoing and
completed clinical trials for single CD20 CAR T-cell therapy in
hematologic malignancies can be found in Table 2 of a recent
review (148).

CD20 is also a pivotal target in CAR-T cell immunotherapies
designed to mitigate antigen escape risks. Strategies targeting both
CD19 and CD20 include bispecific/tandem CARs, co-administration
of CD19 and CD20-directed CAR-T cells as well as sequential
treatment with CD19 and CD20-directed CAR-T cells. Tan CAR7
T cells are bispecific CAR T cells composed of tandem extracellular
domains targeting CD20 and CD19 tumor antigens linked in frame
to the tisa-cel backbone, capable of activation via binding to either
CD19 or CD20 tumor antigens, or both (149). Long-term remissions
were observed following the use of Tan CAR7 T cells in r/r B-NHL
with a safety profile that included CRS but few cases of high-grade
CRS (150, 151). In a recent phase 1 dose-escalation trial, autologous
CD19/CD20 bispecific CAR-T cells derived from naive and memory
T cells demonstrated safety and strong efficacy (90% ORR, 70% CR
rate) in patients with r/r B-NHL (152). Beyond bispecific CD19/
CD20 CAR T-cells, ongoing clinical trials explore sequential CD20
CAR-T after CD19 CAR-T infusion and combined infusion of CD19
and CD20-specific CAR-T cells for r/r B-ALL or DLBCL. However, a
phase 2 trial combining anti-CD19 and anti-CD20 CAR-T cells in r/r
DLBCL showed limited long-term responses (153). Recently, a
combinatorial CAR-T cell approach targeting three antigens, CD19,
CD20, and CD22, demonstrated efficacy in preclinical models,
including leukemic cells that do not express CD19, thereby
showcasing the promising potential for treating CD19-negative
relapses (154). This approach is now undergoing testing in a
clinical trial (NCT05418088).

Resistance to CD20-
directed immunotherapies

Despite substantial progress in CD20-targeting immunotherapies,
the issue of resistance and post-treatment relapse remains prominent.
Resistance to CD20-targeted therapies encompasses a spectrum of
mechanisms, ranging from alterations in CD20 antigen levels to
compromised immune system effector functions, and extending to
diverse mechanisms of immune evasion (Figure 4). One of the main
causes of resistance is the loss of the CD20 antigen on the surface of
the target cell, which can be caused by changes in the expression of
the MS4A1 gene, including silenced expression and alternative splicing
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(28, 155-158). A recent study has shown that the gene encoding CD20
in both healthy and malignant B cells is alternatively spliced into four
5-UTRs variants, of which especially variants V3 and V4 support
robust translation. It has also been demonstrated that resistance to the
BsAbs therapy targeting CD20 results from the V3-to-V1 shift (28). A
potential strategy to combat this resistance through the use of
phosphorodiamidate morpholino oligomers or antisense
oligonucleotides was presented in preclinical studies (28). Other
mechanisms of antigen loss which may also cause resistance include
the internalization of the CD20-mAb complex by cancer cells through
endocytosis as well as the transfer of membrane fragments containing
CD20 from a cancer cell to an effector cell called trogocytosis
(159-161).

Resistance to CD20-directed immunotherapies may also be
caused by impaired effector functions of the immune system, such
as CDC and ADCC. Therapies targeting CD20 may cause
complement depletion and overexpression of its inhibitors CD55
and CD59 (44, 162). Additionally, downregulation of the
complement component C1qA was associated with the resistance
of DLBCL cells to rituximab in vitro (163). Potential strategies to
overcome these mechanisms may include the use of inhibitors of
complement regulatory proteins as well as the use of the new
asymmetric CD55-binding bispecific antibodies (164). Moreover,
rituximab-coated tumor cells were shown to significantly
downregulate CD16 (FcyRIII), leading to impaired ADCC (165).
Mutations that modify the binding of the Fc fragment of antibodies
to FcyR can be used to increase the effector functions of antibodies
(166, 167). However, as previously mentioned, this approach may
not always be optimal when utilizing BsAbs, as it carries an
increased risk of premature activation of T cells, cytokine release,
and tissue damage.

Additionally, genetic alterations within signaling pathways can
also contribute to resistance to CD20-directed therapies, especially
in the context of T cell activation, which is crucial for the activity of
BsAbs and CAR-T cells (168, 169). Moreover, the tumor
microenvironment can play a role in resistance by creating an
immunosuppressive milieu. Tumor cells and immunosuppressive
cells in the tumor microenvironment, e.g. myeloid-derived
suppressive cells (MDSCs), tumor-associated macrophages
(TAMs), and regulatory T cells (Tregs), can secrete suppressive
cytokines that inhibit the activity of effector cells (T cells, NK cells,
phagocytes), thereby reducing the effectiveness of immunotherapy
(170, 171). It has also been shown that some proteins secreted by the
tumor may have a suppressive effect, including galectin-1, which
inhibited CD20 mAb-induced phagocytosis in the lymphoma
microenvironment (172). Moreover, overexpression of PD-L1 by
tumor cells can contribute to resistance to CD20-targeting therapies
by dampening the activity of effector T cells induced by these
therapies. Tumor cells may increase PD-L1 expression in response
to treatment, leading to T cell exhaustion and reduced efficacy of
CD20-targeting therapies (173). Combining CD20-targeting
therapies with immune checkpoint inhibitors is a potential
strategy to overcome resistance and is currently tested in clinical
trials, as discussed in more detail in section Combination therapies
with CD20 immunotherapeutics.
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Due to the multitude of resistance mechanisms, it is crucial to
actively search for new methods that can increase the effectiveness
of immunotherapy. Research efforts encompass the identification of
novel therapeutic targets beyond CD20, the refinement of patient
stratification, and the incorporation of combination therapeutic
strategies. A recent review summarizes potential solutions to
overcome resistance to CAR-T therapy (174).

Combination therapies with
CD20 immunotherapeutics

To enhance their efficacy, anti-CD20 mAbs are commonly
administered in combination with other drugs. One notable
combination is the R-CHOP regimen, which integrates rituximab
with cyclophosphamide, doxorubicin, vincristine, and prednisone,
and has been extensively employed in treating patients with DLBCL
and MCL. Similarly, R-pola-CHP (rituximab, polatuzumab,
cyclophosphamide, doxorubicin) regimen is an approved
treatment for advanced-stage DLBCL. Other regimens include a
combination of rituximab, dexamethasone, high-dose cytarabine
and a platinum-based agent (R-DHAP) used in the treatment of
MCL, and the addition of lenalidomide to rituximab (R-
lenalidomide) which has shown promising results, particularly in
patients with r/r FL. Combinations such as bendamustine and
rituximab (BR) and fludarabine, cyclophosphamide, and
rituximab (FCR) have demonstrated efficacy in the treatment of
CLL. Furthermore, novel combinations of rituximab with targeted
agents have shown significant potential. Rituximab in combination
with venetoclax, a BCL-2 inhibitor, as well as with idelalisib, a PI3K
inhibitor, has been approved for the treatment of CLL.
Furthermore, the R-GemOx regimen, which combines rituximab
with gemcitabine and oxaliplatin, has exhibited notable efficacy in
r/r B-NHL in phase 2 clinical trial (175), and is currently being
compared to a similar regimen using glofitamab instead of
rituximab (glofit-GemOx) in a phase 3 clinical trial (176). In the
treatment of CD20" B-ALL, rituximab is added to standard
chemotherapy regimens in patients with a Philadelphia
chromosome-negative (Ph-) B-ALL. In patients with Philadelphia
chromosome-positive (Ph+) CD20" B-ALL, rituximab is combined
with chemotherapy and BCR-ABLI tyrosine kinase inhibitors, such
as imatinib and dasatinib.

Several clinical trials have investigated the efficacy of other
combination therapies involving CD20-targeting in patients with B-
NHLs. Among these trials, the combination of R-DHAP regimen
with temsirolimus, an mTOR inhibitor, has shown encouraging
results, demonstrating improved outcomes in patients with r/r
DLBCL (47). Temsirolimus has also demonstrated effectiveness in
combination with rituximab alone in patients with r/r MCL in
phase 2 clinical trial (177). Moreover, checkpoint inhibitors are also
being tested in phase 1 and 2 clinical trials in combination with anti-
CD20 therapies. The addition of atezolizumab to an R-CHOP
regimen in previously untreated DLBCL patients resulted in
77,5% CR (178). It is also tested in combination with BsAbs
glofitamab and mosunetuzumab in phase 1/2 clinical trials in
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patients with NHL (NCT02500407, NCT03533283) (179).
Additionally, pembrolizumab (anti-PD1 mAb) was evaluated in
combination with rituximab in a single-arm phase 2 clinical trial
and resulted in 67% ORR with 50% CR among patients with r/r
FL (180).

Notably, drugs that are used in combinations with CD20-
targeting immunotherapies may have a bidirectional impact on
CD20 antigen expression and thus the effectiveness of these
therapies. Prednisolone, a glucocorticosteroid present in many
chemotherapeutic regimens, was shown to upregulate CD20 on
some primary B-ALL samples in vitro (4). On the other hand, some
drugs that are used together with anti-CD20 mAbs, such as BTK
inhibitor ibrutinib, PI3Kd inhibitor idelalisib, or SYK inhibitor
dasatinib, were shown to downregulate CD20 and demonstrated
inhibitory effects on cytotoxic effector cells (181-184). These drugs
decreased the efficacy of anti-CD20 mAbs in vitro (183, 184). It may
also be one of the reasons for the failure of an attempt to improve
ibrutinib efficacy in CLL by the addition of rituximab, as
demonstrated in a randomized clinical trial showing no
improvement in PFS in the rituximab+ibrutinib group versus
ibrutinib alone (185). This highlights the need for further
research on the drug-induced changes in cellular signaling and
related CD20 regulation. Understanding these relationships may be
important for selecting the most effective therapies and improving
therapeutic results. Interestingly, several classes of CD20-
upregulating drugs were described, including aurora kinase
inhibitors, FOXO1 inhibitors, and chromatin modulators,
enabling the increase in anti-CD20-mAbs efficacy in preclinical
settings (13). Combining these drugs with CD20-targeting therapies
could be a potentially valuable strategy to overcome resistance,
however, it requires further evaluation in a clinical setting.

Concluding remarks

A breakthrough in the treatment of B cell malignancies is
evident with recent approvals of CD19 CAR-T cells and BsAbs,
particularly those targeting CD20xCD3, offering effective treatment
and potential cure for r/r patients. Over the past 25 years, CD20, an
early target in immunotherapy, has demonstrated remarkable
effectiveness. However, the widespread use of cytotoxic T cell-
based therapies appeared with new challenges such as treatment-
related complications and side effects. Effective management
requires the accumulation of comprehensive knowledge and
experience, including identifying risk factors for CRS, ICAN, and
refining treatment guidelines. These improvements are crucial for
the widespread use of these innovative drugs.

With diverse treatment modalities emerging, from naked mAbs
to BsAbs and CAR-T cells, understanding determinants of activity
and resistance mechanisms for the specific types of treatment are
crucial for their optimal selection and clinical efficacy. Decent levels
of CD20 are essential for the efficacy of all types of CD20-directed
immunotherapies, however, recent preclinical reports emphasize
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that different types of anti-CD20 therapies require different
amounts of CD20 protein on the cell surface to be effective.
While a certain level of reduction in CD20 compromises the
activity of anti-CD20 mAbs and BsAbs, it may still be adequate
for the effectiveness of CD20 CAR-T cells (28). Although the CD20
CAR-T constructs currently being tested in the clinic show great
efficacy, further refinements to the CD20 CAR constructs, including
changes around the scFv sequence, have shown significant
superiority in preclinical models and offer the prospect of even
better outcomes for patients (186).

Key directions for CD20 immunotherapy improvement also
include combination strategies with small molecule drugs and
simultaneous targeting of multiple immunotherapy targets to
enhance precision and minimize relapse risks. Simultaneous
targeting of CD20 with other antigens like CD19 and CD22
demonstrates efficacy in preclinical models (154) and ongoing
clinical trials. Noteworthy, a better understanding of the
determinants of response and resistance will be critical for patient
selection and future rational combinations.
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