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Abstract

In the last decade, Chimeric Antigen Receptor (CAR)-T cell therapy has emerged as a promising immunotherapeutic
approach to fight cancers. This approach consists of genetically engineered immune cells expressing a surface recep-
tor, called CAR, that specifically targets antigens expressed on the surface of tumor cells. In hematological malignan-
cies like leukemias, myeloma, and non-Hodgkin B-cell lymphomas, adoptive CAR-T cell therapy has shown efficacy in
treating chemotherapy refractory patients. However, the value of this therapy remains inconclusive in the context of
solid tumors and is restrained by several obstacles including limited tumor trafficking and infiltration, the presence of
an immunosuppressive tumor microenvironment, as well as adverse events associated with such therapy. Recently,
CAR-Natural Killer (CAR-NK) and CAR-macrophages (CAR-M) were introduced as a complement/alternative to CAR-T
cell therapy for solid tumors. CAR-NK cells could be a favorable substitute for CAR-T cells since they do not require
HLA compatibility and have limited toxicity. Additionally, CAR-NK cells might be generated in large scale from several
sources which would suggest them as promising off-the-shelf product. CAR-M immunotherapy with its capabilities
of phagocytosis, tumor-antigen presentation, and broad tumor infiltration, is currently being investigated. Here, we
discuss the emerging role of CAR-T, CAR-NK, and CAR-M cells in solid tumors. We also highlight the advantages and
drawbacks of CAR-NK and CAR-M cells compared to CAR-T cells. Finally, we suggest prospective solutions such as
potential combination therapies to enhance the efficacy of CAR-cells immunotherapy.
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Introduction
Cancer presents a paramount health issue with increas-
ing annual incidence and mortality rates [1]. Conven-
tional therapeutic approaches involving surgery, radiation
therapy and chemotherapy have major drawbacks and
many patients with metastatic or recurrent disease still
face dismal outcomes [2, 3]. In the last decade, various
targeted treatments have considerably evolved owing to
increasing knowledge in cancer molecular medicine and
in immuno-oncology, allowing the development of pre-
cision medicine as a more specific and less toxic way to
manage cancer [4]. Antitumor immunotherapy provided
a major advance in the treatment of cancer by modulating
the immune system to enhance its ability to recognize and
destroy the malignant cells [5]. A broadly successful anti-
tumor cellular immunotherapy approach consists of engi-
neering immune cells to express cell surface receptor/s
capable of recognizing antigens expressed on the surface
of tumor cells and destroying them [6]. Subsequently,
genetically modified immune cells are redirected through
the Chimeric Antigen Receptor (CAR) to the tumor cells
[7]. Currently, approved CAR-T cell therapy targets are
mostly the B cell maturation antigen (BCMA) for multi-
ple myeloma (MM) [8, 9] and the B cell antigen CD19 for
various lymphoid malignancies including B-cell leukemias
[10-12] and some types of lymphomas [13, 14]. Indeed,
according to published anti-BCMA CAR-T cell clinical
trials, complete remission rates of 29 to 60% were reached
in a total of 61 patients with relapsed/refractory multi-
ple myeloma (r/r MM) [15]. CAR-T cells targeting CD19
led to initial complete remission in up to 85% of patients
with acute lymphoblastic leukemia (ALL) [16] and in up
to 100% of patients with refractory or relapsed B cell acute
lymphoblastic leukemia (r/r B-ALL) [17]. CAR-T cells tar-
geting large B cell lymphoma are currently approved for
second-line therapy after chemotherapy failure [18]. The
application of CAR-T cell therapy in hematological malig-
nancies showed promising results that increases the pros-
pect to use this strategy in other types of malignancies.
Currently, there are several ongoing clinical trials uti-
lizing CAR-T cell therapy for solid tumors including
glioblastoma [19], lung cancer [20], liver cancer [21],
gastric cancer [22], renal cancer [23], prostate cancer
[24], osteosarcoma, peritoneal carcinomatosis, pleural
cancer, central nervous system tumors and neuroblas-
toma [25]. This immunotherapeutic approach generated
promising clinical outcome. However, it has also shown
several radical limitations such as difficulty of the cyto-
toxic T cells to infiltrate the tumor, insufficiency of
T cell recruitment to the tumor site due to abnormal
chemokines secreted by solid tumor cells and to the
immunosuppressive tumor microenvironment [26, 27].
Moreover, other limitations are related to CAR-T cell
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side effects including the on-target off-tumor toxicities
and the cytokine-released syndrome (CRS) which pre-
sent the two major adverse events that restrain the
therapeutic index [28, 29]. In addition, other toxicities
induced by CAR-T cells, such as tumor lysate syndrome,
neurotoxicity, cytopenia-related adverse events are also
common limitations of this therapy [30]. In the interest
of overcoming these obstacles, various innovative strat-
egies are currently under investigation. In addition, sci-
entists are seeking alternative immune effector cells that
can be engineered with CARs to be used as antitumor
cellular immunotherapy. The increasing understanding
of the prominent characteristics of NK cells and mac-
rophages, related to the interaction with other cellular
components of the tumor microenvironment, expanded
the research focus from CAR-T to CAR-NK and CAR-M
cellular immunotherapy [31-35].

Here we discuss the current status, the challenges and
prospects regarding the clinical applications of CAR-
T, CAR-NK, and CAR-M cells in the management of
patients with solid tumors. We also highlight the poten-
tial advantages of CAR-NK and CAR-M cells over CAR-T
cells.

CAR-T cell therapy in solid tumors: applications,
challenges and recent advances

In recent years, T cells engineered with CAR demonstrated
promising outcomes against B cell leukemia and lym-
phoma, proving its therapeutic anti-cancer potential [36].
Indeed, two CAR-T cell therapies Tisagenlecleucel and
Axicabtagen-ciloleucel, were approved by the European
Medical Agency (EMA) and the Food and Drug Adminis-
tration (FDA) for the treatment of patients with relapsed
or refractory diffuse large B-cell lymphoma [37-40]. Two
additional products have also been approved for these
indications: brexucabtagene autoleucel (mantle lymphoma
and ALL) and lisocabtagene maraleucel (DBCL, follicular
lymphoma, high grade lymphoma). This success is largely
due to the choice of the target, the B-cell marker CD19,
generating a T cell immune response against the malignant
B cells in a MHC-independent manner [41, 42]. Other tar-
get antigens: BCMA and CD38 are also found on myeloma
cells [37, 38]. Therefore, cellular BCMA-CD38-CAR-T cell
therapy is feasible in treating patients with relapsed and
refractory multiple myeloma (r/r MM), with high response
rate, low recurrence rate and manageable CRS [43]. Impor-
tantly, BCMA-CAR-T immunotherapies Ciltacabtagene-
autoleucel and Idecabtagene-vicleucel are now available for
the treatment of patients with relapsed and refractory mul-
tiple myeloma [44]. These significant achievements in the
treatment of hematological malignancies advocate CAR-T
cell application for the treatment of solid tumors. In recent
years, an increasing number of CAR-T cell clinical trials
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targeting solid tumors have been carried out. In the next
subchapter, we report the promising clinical outcomes cov-
ering the most common target antigens according to the
data provided by Clinical Trials.gov and the literature.

Promising clinical outcomes of CAR-T cells in solid tumors
CAR-T cell therapy has achieved important breakthroughs
in the treatment of some solid tumors. CAR-T cell clini-
cal trials, targeting several antigens expressed in tumors
of different organs, are registered on clinicaltrials.gov and
summarized in Table 1. The common CAR-T cell tar-
gets in solid tumors have been recently reviewed [45, 46].
Promising clinical outcomes of CAR-T cell therapy in solid
tumors are reported in this section according to the tar-
geted tumor antigens.

Clinical outcomes of CAR-T cell therapy targeting HER2

Encouraging outcomes were demonstrated in a phase I/
II clinical study (NCT00902044) using human epider-
mal growth factor receptor-2 (HER2)-CAR-T cells in
the treatment of 19 patients with HER2-positive sarco-
mas (16 osteosarcomas, 1 primitive neuroectodermal, 1
Ewing sarcoma, and 1 protofibroblastic small round cell
tumor) [39]. In this study, out of 17 evaluable patients, 4
experienced stable disease for 3 to 14 months, 3 of these
patients received no additional therapy and had their
tumor removed, with 1 showing >90% tumor necrosis
[47]. The 19 infused patients had a median overall sur-
vival of 10.3months (from 5.1 to 29.1 months). Interest-
ingly, no adverse events were observed after high-dose
treatment of CAR-T cell, except for high fever in one
patient [39]. Moreover, a phase I study (NCT01109095)
of a HER2 specific CAR-T cell treatment of 17 patients
with glioblastoma reported a great tolerance to the
CAR-T cells administered doses and a median overall
survival (OS) of 11.1 months for 8 patients after treatment
and 24.5 months after diagnosis. Furthermore, 3 patients
were alive with no disease progression at the last follow-
up [19]. A phase I clinical trial (NCT01935843) of CAR-T
cells targeting the HER2 marker in 11 patients with pan-
creatic cancers (PCs) and advanced biliary tract cancers
(BTCs) observed a median OS of 4.8 months (range,
1.5-8.3 months) with minimal and reversible toxic effects
[48]. An additional phase I clinical trial (NCT03500991)
conducted in a group of young people and children
with refractory or recurrent Central Nervous System
(CNS) tumors, including diffuse midline gliomas, dem-
onstrated that iterative local HER2 CAR- T cell admin-
istration induced increased secretion of chemokines
like C-C Motif Chemokine Ligand 2 (CCL2) and C-X-C
motif chemokine ligand 10 (CXCL10) in the cerebrospi-
nal fluid with no CAR-T cell dose-related toxicity [49].
These findings allow the suggestion of developing CXCR/
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CCR-expressing-CAR-T cells thereby improving their
binding with the tumor antigen.

Clinical outcomes of CAR-T cell therapy targeting IL-13Ra2
IL-13Ra2 is highly expressed in glioblastoma (GBM)
tumor cells but is rarely expressed in normal brain cells,
making it an interesting target for CAR-T cell therapy in
glioblastoma cancer [40].. In Brown and colleagues’ study
(NCTO02208362), multi-dose treatment with IL-13Ra2-
CAR-T cells induced a complete tumor regression for
nearly 8 months in a patient with disseminated glioblas-
toma [40]. For the same targeted tumor antigen, another
clinical trial (NCT00730613) used anti-IL-13Ra2-CAR-T
cells for the treatment of 3 patients with recurrent GBM
[50]. The therapy was well tolerated with controlled brain
inflammation in all patients with recurrent disease. A
short remission was observed in one patient, possibly due
to IL-13Ra2 antigen loss on the relapsing tumor [50].

Clinical outcomes of CAR-T cell therapy targeting GD2

In neuroblastoma cells, disialoganglioside (GD2) is highly
expressed [51] and might be considered as another inter-
esting target for CAR-T cells in GBM. Recently, Majzner
et al. [52], reported the outcomes of a first-in-human
phase I clinical trial (NCT04196413) in 4 patients with
H3K27M-mutated DIPG or spinal cord DMG-treated
with GD2 CAR-T cells. Three out of four patients exhib-
ited clinical and radiographic improvement associated with
high levels of pro-inflammatory cytokines in the plasma
and cerebrospinal fluid without on-target/off-tumor
“OTOT” toxicity. Furthermore, a phase-I clinical trial
(NCT00085930) evaluating GD2 CAR-T cells effect on 11
patients with neuroblastoma, showed complete remission
in 3 patients [53]. GD2 was also targeted in a phase-I trial
(ACTRN12613000198729) for GD2 positive metastatic
melanoma patients treated with CAR-T cell therapy. The
data of this study showed upregulated lymphocyte-activa-
tion gene 3 (LAG-3) and programmed cell death proteinl
(PD-1) expression in administered CAR-T cells [54]. There-
fore, combined CAR-T cells with PD-1 immune checkpoint
blockade may enhance the efficacy of CAR-T cell therapy.

Clinical outcomes of CAR-T cell therapy targeting ROR1

The orphan tyrosine kinase receptor ROR1 is a candidate
target for CAR-T cell therapy because it is expressed on
the surface of many lymphatic and epithelial malignan-
cies and has a putative role in tumor cell survival [55]. A
phase I trial (NCT02706392) examined the efficacy and
safety of CAR-T cell targeting the transmembrane tyros-
ine kinase receptor (ROR1) expressed in lung and breast
cancers [56]. In this study, 4 out of 5 patients with lung
and breast cancer experienced a mixed response with
lower tumor burden at some metastatic sites [56].



Page 4 of 54

(2023) 22:20

Maalej et al. Molecular Cancer

‘SI0WN} PI|OS Al
-1SOd-NTSIN A1010B1591
10 pasdejas yam
$103[gNs Ul €€1QY JO
AoedLys pue A19)es
3U1 JO uonen|eA3
‘siowin}

plos aAsod-N1SIN
Klo12e4421 10 pasde|al
Yum $123[gns ul §|92
1-HVD NISW €€1dd
Jo Aoeoyya pue A1ajes
3y} Jo uonenjerj

'slouwny pljos
yum syuaned uj (s)192
LdVD-NTISW-1ado)
salpogoueu |-dd
BuNRI3S S||9D -4V
-NISW snobojoine jo
A)|10RIS|0) pUE A1JeS
3y} Jo uonenjerd

'sioudn) pijos

Yum siuaned ui (s)192
LdVD-NTISW-1ado)
saipoqoueu |-ad
BUNSID3S |92 1-4vD
-NISW snobojoine jo
A)|IGRIS|0) pUR A19JES
3y1 Jo uonen|eAs
‘siowny pijos
K1010BIJ21 PAOURAPE
2AIISOd-uljy10sau
Yum sauaned Ul -4y
ul|2y10SauWl [2A0U JO
Aoed1J2 pue A1a4es
91 JO uonenjeas

(33) ¢

(EE)R74

@33 oL

CE)NK4

33 0c

puninnay | 9seyd Ae3

puninoay | 9seyd Ae3

puninnay | 9seyd Aje3

puninnay | aseyd Aje3

Buniniday | 3seyd

S|[e2 L
snobojoine €¢1ay

SIE=NE
snobojoine ££1ay

$)|92 | snobojoiny

S)192 | snobojoiny

$||92 | snobojoiny

slowny pljos

sijowny
p1jos aAsod-NTSI

BUWIOIISLI0SIN
JERIV]=H)
pun| |19 ||ews-uoN

sjowny pljos
9AI1IS0d-Ul[IYI0SaN

siowny pijos
K101DBIJ21 PadURAPE
SA1SOd-Ul[aLI0Sa|N

NISW

NISW

NISW

NISW

NTISW

0£0991S01ON

€SCLYLSO0LON

C9868770L1ON

[v1€LESOLON

80/1€SSOLON

S[192 1-dvD NISW

S[193 1-4¥D NISW

S[193 1-d¥D NISW

S[199 L-HVOD-NTSW

5199 L-YVO-NTSW

saAndafqo Apnis

(d1) syuaned
paleau] /(3v)
JUSBWI||04UD [eN)DY
\Ammv juawijjoiua
palewnsy

snjels aseyd [eu [estuld

931n0s [|3)

aseasiq

uabnue parabie)

13ynuap!
e [edruid

pnpoud 1-YyD

(Aobrsjen][eo1ul|D) siouwini pijos uf Adesayi 123 1=y JO S|t [eaulD L 3jqel



Page 5 of 54

(2023) 22:20

Maalej et al. Molecular Cancer

‘eulo]|2Y1osaul
[eana(d Jo Jadued uej
-1eAO [elI9yda snouas
‘]Iadued dpjeasdued
J1IeISeIDW UM
syuaned ul ubissp
UO[1B[BIS S0P €+ €
e ul apiweydsoyd
-0]24A2 1noym pue
YlIM paIalsiuluipe
S||92 0SaW-1 YYD
paoNpsue.] [eIARUS)
paJaisiuiuipe
AjsnousAenul Jo A1l
-|lqIsea) pue A1ajes
3y1 JO uoneneA3

“Ul[9Y10SaW

0 uolIssaldxa aAnisod
Q49M UDIYM ‘Sioun]
p1jos ueubijew Aoy
-JBJJ2J IO 1UDLINIDU
PIDURAPE YIM
suaned 3npe uj sal
-pogiue |-Jd ssaidxa
pue Ul[9Y105aUl
196,81 01 paJaauIbuUd
5||92 | snobojoine

Jo uoisnyul jo Aoed
-y pue A1ajes

9Y3 JO uonen|eAy

‘silouwny pljos
pasueApe aAnIsod
-NTIS JO Juswiean
2y} Joj salpogoueu
L-Qd Bunaidss sjloD
1-4YD-NISW o
Apnis Aloielojdx3

S||92 | snobojoiny

5|]92 | snobojoiny

s|192 1 snobojoiny

ewol|
-ayjosaw |eina|d
|elloyuds yueubiepy
JERIV]=H)

UelRAO |ell2ynd]
PLIOUIDIEDOUSPY
(le3oNnQ) o1ean
-Ued D1eIseIa|y

SJ0UNy pIjos Jueu
-bijew A101oe4421 10
1US1IND3J PIdURAPE

SAISOd-NTSW

ewol|
-3410S3 JadUeD
Bun| ||22-j)ews-uoN|

saAd3(qo Apnis

jUBWI(|0IUD |eN}dY
/(33) uswijosua
snjeys aseyd jeu |edquld

aseasiq

NISW 91/6G1Z0LDN SI192 1-4VD NISW
S|[92 1-4VD
NISW Buissaidxa
NS €LESL9E01DN Apognue |-ad
salpogoueu
|-Qd bunaidas
NISW 798687701ON SI[92 L YYD NISW
1aynuspl
uabnue paabie] |ew [earuiD 1npoud J-4yd

(panunuod) L ajqey



Page 6 of 54

(2023) 22:20

Maalej et al. Molecular Cancer

‘sjouny Jueubiew
A101B1431 IO YU
BlabETREVNNele RUIIETN
-0saW Yim syuaied
1INpe Ul Uljlay10saw
bunsbiey Jo1dadal
uabue dusWIYD pue
Apognue ujodydayd
aunwiw| ssaidxa 03
paJ9aulbus |19 |
snobojoine Jo uols
-nyut jo Aoeduye

pue A1ajes ay3 Jo
uoneUIUWLIRSQJ

SI0Wn) pIjos JueU
-bijew A1015e4431 10
1U31INJ3J PadURAPE

‘aAIIsod ulaL10saW
yum siuaiied Joy
(L-4vD0saw) 1-4vD
-ul[ayr0saW bui
-ssaldxa salpoque
1-Ad pUe -1 ayd
40 A194es pue Adeoyya
941 JO JUBUISSISSY

‘sjowny

p110S yum siusned

UL (S]192 L4VD-NTSW
-1-ddo) SaIpogoueu
L-Qd Bunaioas s|j9d |
(4YD-NS) Jordadal
uabnue duRWIYdD
pa12bIeI-(NISIA)
ullPy10saW snob
-ojoine Jo Aljige
-19]01 pue A13jes

941 JO uonen|eay

33 or

33 or

3301

z 3seyd
umouxun | @seyd

7 9seyd
umousun | aseyd

umouyun | aseyd Ajle3

S||92 | snobojoiny

s|192 1 snobojoiny

s|192 1 snobojoiny

Jdued
paduUBAPE NPy
siowny pijos NISW

siouny
pljOs pasueApY NISW

J22Ued ueleA)
19DUeD |B12310]0D) NISW

S92 14D
NISW Buissaidxa

LO0OE0E0LON Apognue |-ad

S|193 1-dvD NISW
Buissaidxa salpoq

€08¢8LEOLON  -hue |-dd/4-V1LD

SlleD L

086€0S701ON dvO-N1SW-1adP

saAd3(qo Apnis

(d1) syuaned
paieail] /(3Y)
JuaWij|o4ud [en)dy
\Ammw juawijjoiua
pajewnsy

snjeys aseyd jeu |edquld

92Inos [|3)

aseasiq  udabnue payabie)

13ynusp!

let [eduid pnpoud 1-Yyd

(panunuod) L ajqey



Page 7 of 54

(2023) 22:20

Maalej et al. Molecular Cancer

‘eW03Se|qoINau
Kioyoeijai/pasde|al
Jo/pue ysi-ybly
yum siuaned jnpe
HunoA Jo dueipad
ul z@o bunabie)
JusWIRSI |90 1-4YD
e'1014YD-¢dD Jo
Aoeduys pue A1ajes
3Y1 JO uonen|jeA3

‘sjowny
pijos aamsod-zdo
Yum synpe BunoA

pue u4pjiyd Ul s||9d

1-4vD 7do 4o Aisjes
pue ‘aoua1sisiad
'S109)J2 Jownyiue
3y1 JO uoneneA3

‘syusned

ur Aouassisiad Jisyy
pue sj|23 1-4vD
24123ds-19 YINSd/2aD
-11Ue 33 JO UoNdUNy
91 JO uonen|eAs
‘siown}
9AISOd-YINSd pue
Zdo yum siuaied ul
Adesayy 1193 [-4vD
Y123ds-19 YINSd
/Zdo-1ue jo Aoeoyya
pue ‘A1aes ‘Al|IqIseay
oY1 JO JUaWISSaSSY

‘siowny
p1jos ajdiynw aasod
UI[9YI0SaW YUM
syuaned ul s|192 1-4yD
1NO PaXYd0UNY-2Ub
dDLpuUe |-Ad p=ie
-IPaW 658D-YdSIdD JO
K194eS pUue Al|IqIsesy
941 JO uonen|eay

EE)ay

@av) st

(33) 09

3301

Bunininay 7 9seyd | aseyd

pa1sjdwod | aseyd

Buniniay 7 3seyd | aseyd

Uumouxun | 9seyd

s||92 | snobojoiny

S||92 | snobojoiny

5||92 | snobojoiny

s|192 1 snobojoiny

-VINSdd pue ¢do

ewiodJes buimy
eulod

-1eS0a1sQ slownl
pljos aAsod-zdo

ATEN RG]
PWOISL|qOINaN Zao

PWIOUR|S|A

PWOISL|qOINaN

PWODILS0ISO
ewodIeS [4a)

siowny aAnisod
VINSd/¢d®

siowny pljos a|din
-INW 2ARISOd-NSIA NS

£60€LEC0LON 5[99 L0L-HYD ¢dS

€96/01¢01ON S[192 1-4VD ¢dS

1192 1-4vD dyipads

GlELEVSOLON 19 VINSd/CaS

G18SSE0LON S99 YYD NISW

saAd3(qo Apnis

(d1) syuaned
paieail] /(3Y)
JuaWij|o4ud [en)dy
\Ammw juawijjoiua
pajewnsy

snjeys aseyd jeu |edquld

92Inos [|3)

aseasiq  udabnue payabie)

13ynusp!

let [eduid pnpoud 1-Yyd

(panunuod) L ajqey



Page 8 of 54

(2023) 22:20

Maalej et al. Molecular Cancer

‘siouny pljos
pasueApe aAlisod
~Z'8LUIPNEP Yyim
s103[gns ur (,581D
-4V, 19yeulaiay)
S81D-4vI1 pPaseq-||=2
ay1 Jo sajyoud Aoeoyya
Jowni-llue pue ‘sol
-Jaupjodeweyd
‘AijIqeI9|01 ‘K1ajes
3y1 JO uoneneA3

BUIOISE|OINAU Y3IM
siuaned ui siordadal
[[93 L SM[WIYD d4d
-2ds z-go buissaidxg
$71D dy1ads Ag3 pue
5|192-1 POOIQ JO Apnig
RIVETY]

-||o1us 03 Joud a4ed
JO piepueis Jo 1ed se
1N220 ||Im Busal Juey
-NWIAZIEH (ONQ)
ewol|b aul|piw asny
SIP IURINW-INZENEH
[euids Jo (9d|Q)
ewol|b aunuod dIs
-ULUL 9SNYIP JUrINW
“WZOIEH Yim synpe
BunoA pue uaip|iyo
W01} Pa123J|02 5|92
auUNWWI| Woij spew
AJ|NJsSa30NSs 3q ued
|92 L 4vD-¢dS
Jaysym bupenieny

siowny
PI|OS paduRApE

39 e Buninioay L 95eyd 5192 581 D-YyD1 Amsod-ggLulpne;d

pul

(d1) 6l -MnIda1iou 9AndY | 3seyd  S||92 | snobojoiny PWO}SP|QOINSN

walsulelg Jo ewol|H

dl) v pi0d
CE)e% Buninday L aseyd  s||90 | snobojoiny [eulds jo ewoln

C8INdD

as

¢as

S[ER)

€58/9%7701ON 1dvD C8INATD

0£658000LON S|[92 L YVD ¢dS

€1v961701ON S99 LYV ¢dS

saAd3(qo Apnis

(d1) sauaned
paieail] /(3Y)
JuaWij|o4ud [en)dy
\Ammw juawijjoiua
pajewnsy snjeys aseyd jeuy jedtuld

924n0s ||9) aseasiq

uabnue paabie]

13ynusp!

let [eduid pnpoud 1-Yyd

(panunuod) L ajqey



Page 9 of 54

(2023) 22:20

Maalej et al. Molecular Cancer

'slowny pljos
ansod-'8INd 1D
Yum syusiied uj Syelg|
4o Aoeoyya Aseutwirjaud
pUE ‘SD119UP0eW

-Jeyd ‘9oueIa|01 SIER
‘134es a3 aenjen] (33) o€ Buninioay | °seyd s||2> L snobojoiny SIoWn1 pljos C8INAD 615661501DON 1-HVYD C8INATD
Jadued
Jl1ealdued pue ewou
-1DJedouUape uondun(
|eabeydosaoiised
/o1aseb pasueape
anNsod-z'8INd 1D
yum syuaited ul eWIOUID
uond3U| *s|193 1-¥vD -Jed>ouspe uondunf
snobojoine 01D |esbeydosaoiisen
Jo sonaupjodewleyd 192Ued D[1EAIDURY
pue ‘A19)es ‘Aoeduyya |90 L eWOU SIER
Y3 Jo uonen|eas (39 6l Bunininay  gaseydqlaseyd  snobojoine |yl -12/ED0USPE DliIse) Z8INAD €/¥18S701ON 19YD T8INATD
Jownl
pl|OS padurApE
urs||93 1-4vD
Z'gLuipne|>-jue paz|
-uewny snobojoine
Jo sonaupjodewleyd
pue ‘Aoeds ‘A19)es (dl) € Jown] S||eo
9y3 JO uonen|eAy (33 €l Bunioay L 3seyd |90 L snobojoiny pl|Os padurApY C8INdD £68¥/8€01ON 1-4vD ¢'8LNAT1D
‘uolssaldxa
¢'8LNd1D anisod ewiould
UM siouny pljos -ledouspe uonounf
pacueApe Ul Adesayy |eabeydosaoiisen
[192 1-4VD Z'gLulpned eujouidled
snobojoine jo UelJeAO PIDURAPY
Aoeduya pue A1a)es Jaoued df1eald S||eo
31 Jo uonen|eas (33) 0¢ Buniniday L 3seyd  S||2d [ snobojoiny  -Ued JadUed dlisen 8INAD £S8T/¥SOLON LYYD T8INATD
(d1) syuaned
paieai] /(3v)
JUdWI[0IUDd [eNndY
/(33) 3udwijo4ud 1aynuapi
saAd3(qo Apnis pajewns3 snjeys aseyd jeuy jedtuld 924N0S |[9D aseasiq  udabnue payabie) |eta jedruld 1npoud J-4yd

(panunuod) L ajqey



Page 10 of 54

(2023) 22:20

Maalej et al. Molecular Cancer

‘uod3(Ul [eauo)
-liadesjul Jo uoisnjul
SNOUSARAUI pOYIaW

UONRASIUIWLPY
‘slowiny

JueubIjew pasueApe
9AISOd-y3D yum
syuaiied Jo Juswiiean
QY1 10} 5||92 1-4VvD 40
SUWaYDs uoIsnjul pue
950P PaPUSWILLIOD]
3y} UIL1qO 01 pue
‘siouny Jueubiew
pasueApe aAlIsod
-v3D JO 1uswieasn
Syl Ul's|[9d 1-4VD JO
Aoeduys pue A1ajes

130UBD JUaLINd3Y
Jowin 1IN
190Ued dp3ealduRy
J30UBD YDRWOoIS
J9oUed |eabeydos]

941 JO UonedyUaA 33 9¢ Buniniay L aseyd  s||9d L snobojoiny 19oued |e10910]0D) v S/¥S1YSOLON S[[92 1-4VD VIO
‘siowny pljos
pasueApe A1010elal
10 pasdejal annisod
-ONATD Yum siusned
Ul XdT-VNY ONATD
INOYUAN JO YU
1-4¥D 9NQTD Jo Aded
-y Aleutwiaid pue
A134es jo uonen|ens (33)9% Buninioay ¢ 9Seyd | 9seyd s||2> L snobojoiny Jown] pljos ONdD 8/CE0SYOLON  S[192 1-4VD ONAD
"uolssaldxa
8LN@TD aaisod ewiould
UUM sioulny pljos -ledouspe uonounf
pacueApe Ul Adesayy |eabeydosaoinsen
[[22 1-4VD Z'gLulpned euJouidled
snobojoine jo Ue|JRAO PIDURAPY
Aoeouya pue A1jes J9DURD Dl1ealdued S||eo
9y3 JO uonen|eAy 33 o¢ Buniniday L 3seyd || L snobojoiny Jadued dlisen C8INAD £S8C/¥S01ON 1-4VD C8INATD
‘eusoulnied
o1iseb pue Jadued
uﬁmwbcma padueApe ewouied
Ul 1-4vD ¢'gLuipnep o1Iseb pasueApy
40 A194es pue Aoeoyya eulouldled dne S||eo
31 Jo uonen|eas (33) 0C Buninioay V/N  s||l9d Lsnobojoiny  -aidued pasueApy 8INAD 7€£079S01ON LYYD T8INATD
(d1) syuaned
paieai] /(3v)
JUBW[|OIUS [eN}DY
/(33) 3udwijo4ud 1aynuapi
saAd3(qo Apnis pajewns3 snjeys aseyd jeuy jedtuld 924N0S |[9D aseasiq  udabnue payabie) |eta jedruld 1npoud J-4yd

(panunuod) L ajqey



Page 11 of 54

(2023) 22:20

Maalej et al. Molecular Cancer

S9SEISPIDW JOAI|
Bulssaidxa-y3D yum
syuaned ul saiayds
-HIS 06-WnNLRA

pue suoisnjul K1aue
dleday s|92 1-4vD
v3D-hue jo Apnig
pasnyul

S|]192 1 ¥yD Jo abesop
Jadoid sy3 suiwiisisp
0} pue s||a> | J01dadal
uabnue oWy
pa1abiel y3D Jo A1oges
2yl JO uonedsyusp
"950P PapUaWWIOIDI
Il 9seyd pue |-4yD

Jo 3s0p paiess|o}
WINWIXeW Sy} UleIqo
0} pue ‘slowny pljos
JueubIjew padueApe
9AIISOd-y3D yum
syuaned Ul J-4yD Jo
A)|1geI2]01 pUE A12jeS
3y1 JO uoneneA3

‘slown}
Jueubijew padueApe
Snisod-y3D Ul (192
1-9vD paiabierv3d
Jo AoedLya pue A1ajes
3U3 Jo uonen|ery

‘ueld uoisnjul pue
950P PAPUIUUIOD)
941 UleIgo 01 pue
J9sued aAnIsod-y3D
Kioioelal/pasde|al
yum syuaned oy s|j2d
1-9vD pa1sbiervid
40 A194es pue Aoeoyya
941 JO uonen|eay

5||22 1 snobojoiny S9SL1SLIaW JaAIT

Jodue?) dllealdued

J95Ued [B12310|0D)
s||92 | snobojoiny

195Ued JUa1INd3Y
SIOWN] D1PISEISIA
J195Ued dp3ealduURy
J3DUBD YDRWOoIS
J91Ued |eabeydos]

s||92 1 snobojoiny 192U |P1D310J0D

J3DURD DlIeRIdURY
J25ued [eabeydos]

7 9seyd | seyd  s||9d | snobojoiny

Jodued dliealdued
J9oued |B13aI0|0D)

793seyd | aseyd  s||92 L snobojoiny

saAd3(qo Apnis

JUSWI|0JUS [endY
/(33) 3uswijjolud

aseyd el [esul) uabnue payabie)

9949 1%Z0LDN S|192 1-4¥D ¥3D
¥T/6¥ET0LON SI190 1-4YD V3D
00£96£S0LON SI190 1-4YD V3D
S618€SS01ON SI190 1-4YD V3D
£798FEF0LON SI192 1-4YD VD
Jaynuap!
let [eduid pnpoud 1-Yyd

(panunuod) L ajqey



Page 12 of 54

(2023) 22:20

Maalej et al. Molecular Cancer

DTSN pue DINL
+ L HOY p=2ueApe
yum s3d uj s190
1:9VYD 14Oy snob
-0|0INe paliajsuel)

KjaAndope Jo AuAnde OSSN
Jowni-inue pue A1ajes (dl) s pue DgN.L aAnisod
931 JO uonen|eny @v) 1e psjeululis] Loseyd  s||92 L snobojoiny -1d0Oy p=sueApy L4OY ¢6€90/C01DN S99 1-4VD LHOY
J90Ued 15eaIq
9oualindal/asdelay
J1DSN U229y
ewoulnied
Bun| pasueapy
Amw_ucmcm__mrc Jodued 1sealg
Jowny-pijos A101oelal bun|ays jo
lo/pue pasde|al eulouIDIeD |33 ||PWS
UM Synpe uj ’sjjad -UOU D[1BISPIDIA
1-4vD bunabuey 190Ued
-LHOY '£6/1A140 pun| (192 ||eus-uoN
Aoeduya pue A1jes S||90 1 19Dued 15eaIq
O3 JO JUSWISSOSSY @3 vs Buniniday L 3seyd  snobojone /6/71A1 annebau-aiduL LHOY LS¥¥/ZSO0LON S92 1-4VD LHOY
J19oued seasdued
10 S95R1SRIDW JAA||
Buissaidxa-y3D yum
syuaned 1oy (S|S) w1
-SAS UOISNJU| 4Y-2INS
a1 buisn ueA djua|ds
10 Alaue dipeday
3U1 BIA PRJSAIIRP
suoisnjul || 1-4vD dD L
v3D-1ue Jo Apnis @av s paja|dwod gL aseyd  s||92 L snobojony SISRISeISW ISAIT ED) 9€50S8C¢0LDON S|192 1-4VD VD
(d1) syuaned
paieai] /(3v)
JUdWI[0IUDd [eNndY
/(33) 3udwijo4ud JETITTET]
saAd3(qo Apnis pajewns3 snjeys aseyd jeuy jedtuld 924N0S |[9D aseasiq  udabnue payabie) |eta jedruld 1npoud J-4yd

(panunuod) L ajqey



Page 13 of 54

(2023) 22:20

Maalej et al. Molecular Cancer

1nowin} p1jos
Klo12e.4421 10 pasde|al
UM $323(gns Ul
(@ZN-WLD) slleD L
(QA) p3j2Q PWIWIED
payelb-101dadal
uabnue dUsWIYD
Bunabier-(1azomN)
puebi1 gz dnoig
3|1y |ednieN d1euab
-O[|e / [ednuspiojdey
3y} Jo uonenjerd
‘siowny

pljos +¢'8LNAT1D
/HI1ATOMN psduenpe
JO JUsWIRaIL Yl Ul
uoIsnjul || 1-4vD
poseq-¢8INdTD
/ACONN JO ssau
-9AI1D3)49 pue A1ajes
3y1 JO uoneneA3
‘siowin} pljos aAnisod
“1QCONN pasuespe
JO JUBWIRRIL YL Ul
uoIsnjul || 1-4vD
paseq-ae¢oOMN JO ssou
-9AI1D3Y9 pue A1ajes
3y1 Jo uonen|eAs

‘(J25ued Jappe|q
‘]9dued djeasdued 49D
-ued dL1seb ‘ewlodles
9NSsI1 1JOS) siowny
pI|0S d1eISeIDW
NEEYSObIEIE]
pue pasdefal yum
$193(gns 1npe ul

S|I®3 165-10€1DD 40
A0y dnnadessyy
Kreujuwipid pue A19)es
3y1 Jo uoneneAs

@330l

@ sl

3381

umouun | 3seyd

Bunininay | 9seyd

puninnay | 9seyd

pul
-1INJ234 10U ‘9ARDY

S||92 | d1suabol|y
/ [ednuspiojden

SIES)
snobojoine 961yl

ES
snobojoine szo-ayl

§||92 | snob
-0J0INe 65-10€12D

192URD DlIISen)
122URD 21815014
ewJouplied
|eabukieydosen
euodIes

J9dUed 1sealq
aAnebau aydu |
J92Ue) |B1D210|0D)

Jowiny pljos aAlsod
~C8LNA1D/ACOMN

siowny pljos
SANSOA-TICOMNN
pasueApe ‘DY

SJowny p1jos 101
-DBJJ2) JO 1UDLIND3Y

1ACOMN

C8LINATD/AIONN

TACOMN

d0d

CrLZ0LPOLDON  S[199 1-4VYD TdCOMN

S[ED
1-4YD +C'8LNAT1D

L0CEBSSOLON /HI1ATOIN

LLEC8ESOLON  S[192 1-HVYD TACOMNN

090096£0.LON S|199 L4V 4O

saAd3(qo Apnis

(d1) syuaned
paieail] /(3Y)
JuaWij|o4ud [en)dy
\Ammw juawijjoiua
pajewnsy

snjeys aseyd jeu |edquld

92Inos [|3)

aseasiq

uabnue paabie]

13ynusp!

let [eduid pnpoud 1-Yyd

(panunuod) L ajqey



Page 14 of 54

(2023) 22:20

‘passaidxa
-19A0/paylidwe zyIH
3Ie YdIYM Ssiowny
pIjOS Dl1eISPIDW JO
padueApe A|[ed0|
‘paieal) Ajsnoiraid
Yum $323[gns o1
pIdNPIWL YUM PaIa}
-Slulwipe ‘¢09-Xdg
S|192 1-4VD Youms
-[enp 2y1>ads-zyYIH
JO AyAnDe [ediuld pue
‘AM|IqeI9)01 ‘K1ajes
941 JO uonebnssAu|

‘siowny
pI|0S padueApe
aAmsod-9/zad jo
1USWIeaI} BY] Ul §[|90
1 Jordedas usbnue
SUsWIy>-0Ine 9/¢ad
Bupabiey jo ssau
-9A11D9449 pue A1a)es
9Y3 JO uonen|eay
‘950P PIPUBUIUIOD3)
I 9seyd pue |-4vyD

JO 350p pa1eIa|0}
WNWIXew ay3 uieiqo
0} pue ‘siown] pIjos
D11PISPISUI/PIDURADE
aAisod-0/dD yum
sjuslied ul |-4yD Jo
Al|Iqe.2|01 pue A19)es
943 JO uonen|eny

(33 oce

(33) 9¢

7 3seyd | aseyd

lown pljos
uolssaIdxa

-19A0 uiR104d 7-43H

JERII[:S)

158310 9AIIS0d-7YIH

S|190 | 190Ued DlIISeh

snobojoIne £09-Xdg ansod-zyIH

siowiny
pI|0S pasueApe

s|122 1 snobojoiny nisod-9/zad

195U XIAIDD
J9dUed UBLBAQ

BUWIOU[DIRD [|9D |eUdy

Jouwny

pI|OS PadURADY

5|92 | snobojoiny Jowiny D11eISeIdN

LS059%01ON S|199 14D ¢d3H

€LZ16970LDON  S|I92 1-dvD 9/¢dD

SSOCSOLON S[192 1-4vD 0£dD

saA1d3(qo Apnis

(d1) sauaned
paieail] /(3Y)
JuaWij|o4ud [en)dy
\Ammw juawijjoiua
pajewnsy

aseyd el jesul)

924n0s |[9) aseasiq

uabnue paabie]

laynuap!
ler [eduid pnpoud 1-Yyd

Maalej et al. Molecular Cancer

(panunuod) L ajqey



Page 15 of 54

(2023) 22:20

Maalej et al. Molecular Cancer

eulolse|qol|b
anIssaiboid yum
syuaied ul (SISA) |19
1 2y1pads-snuin pay
-Ipow—(yyD) J03dadai
uabnue oWy
oyPads-zy3H snob
-ojoine Jo Adedyje
Jowniiue pue A194es
3y JO uonen|eny

(SOY3H)

BUWODIES PIDURAPE
Yum $103[gns 1oy
SI192 1-4VYD ¢d3H

JO uonensiuIwpy
'SIOWN} PIjOS AN
-1S0d ¢y3H padueApe
yum syuanied ui sjjad
1-4¥D snobojoine
2yadS-zyIH

UM UOIIeUIGUIOD

Ul SNUIAOUSPE DNA|
-02uo AJeuiq jo
109443 3y} Jo Apnig
‘slowny

PIjOS SISO CdIH
K1oyoelja1 10 pasde|al
yim syuanied ul
(90¥—€0€1DD) SI19>
1-4yD snobojoine jo
A1ADR JownI-ue
pue ‘A11|1geia|01 ‘A19)es
93U JO JUBWISSISSY

@3 sy

3351

pa13|dwiod

pul
-}INJD3J 10U ‘DAY

puninnay

puninnay

s||92 | snobojoiny

S)|92 | snobojoiny

5||92 | snobojoiny

s|192 1 snobojoiny

swoy
-INW BWO3Se|qol|D

BUIODIRS PIDURADY

siowiny pljos

eUIODIRS
J2DURD UBlRAQ
190ued 1sealg
13DUeD DlIISen)
Jowny pijos

S60601 LOLON S[199 14D Cd3H

¥70C0600LON S99 14D ¢d3H

95C0v/E01ON S|199 14D ¢d3H

LZ811S¥01ON S99 L-HVD ¢d3H

saAd3(qo Apnis

(d1) syuaned
paieail] /(3Y)
JuaWij|o4ud [en)dy
\Ammw juawijjoiua
pajewnsy

snjeys aseyd jeu |edquld

aseasiq

uabnue paabie]

Jaynuap!
let [eduid pnpoud 1-Yyd

(panunuod) L ajqey



Page 16 of 54

(2023) 22:20

Maalej et al. Molecular Cancer

sjowny
pljos Jueubijew Aioy
-Del1§a1 40 JU3LIND3I
padueApe aAlisod
Y493 Yyum syuaned
104 1-4v¥D-4493 bul
-ssa1dxa sa|pogue
L-dd PUe #-V11D 941
40 A1aes pue Adedyya
3U1 JO JUBUISSISSY

'65eD/ddSI4D
ybnoiyy || Joydadal
g-491 1no Buppoouy
Aq pasaauibus |9 |
ON-49491-4493-4vD
'siowiny pljos aAnisod
4493 padueape
pai1eal) Ajsnoiaaid ul
1192 1 OM-4g491-4493
-4vD Jo sajyoid A1ajes
pue S3IAIDL Jown)
-1JUB U3 JO UOJIBN|BAT

asuodsal aseas|p

pue uonnguisip

1192 1-4vD buissasse
apnpdul SaAIIDIGO
A1epuo23s A1|1qeia|0}
pue ‘A19)es ‘AljIqiseay
a1 buISSIssy

(sDd) S190

-uped dieasdued pue
(sD1g) siodued 10BN
AJel|lq paduBApPE YUM
sjuaned ul (zY3H)

Z Jo1dedau 4012k
ymolb jewllapida
uewny bupabiey
Adessyiounwiuli |93
1-4VD JO AlAnoe pue
‘Kujigiseay ‘A1ayes
3y1 Jo uonen|eAs

(33) o€

L
3301

puninnay

puninnay

z 3seyd

umouiun | 9seyd

| 3seyq

| 9@seyd

7 9seyd

Uumouxun | 9@seyd

5||92 | snobojoiny

S||92 | snobojoiny

s|122 1 snobojoiny

s|192 1 snobojoiny

sijowny
pI1|0S padueApe
Sns0d-4493

sijowny
pljos aA1Is0d-Y453

slouny

SND duieipad Aioy
-umﬁwg\pcmtju@_
ansod-zyIH

siown}
p1j0s 2AISOd-7
~43H posueApY

1-4vD
-4497 buissaidxa

d453 918¢8LE0LON 1-dd/y-Y1LD-Buy

S[[93 1-4VD

d453 81¢9/6¥0LON OM-49491-4493

Cd3H 166005€0LON S99 L-HVD ¢d3H

Cd3H E¥8SE610LON S99 L-HVD ¢d3H

saA1d3(qo Apnis

(d1) sauaned
paieail] /(3Y)
JuaWij|o4ud [en)dy
\Ammw juawijjoiua
pajewnsy

snieys aseyd jeu jesiuld

92Inos [|3)

aseasiq

1aynusp!

uabnue paabie] |ew [earutD 1npoud J-4yd

(panunuod) L ajqey



Page 17 of 54

(2023) 22:20

Maalej et al. Molecular Cancer

195Ued A1030R1j34 IO
pasde|ai 18211 01 5|92
Lad-YyDduuay buisn
Adeiayy |93 JO sSau
-9AI109Y9 pue A194es
341 JO uonen|eAs

J9DUBD PIDURADPE
183J1 015|192 |dd
-Yyouuay buisn

Adesaya |93 JO sSau

-9AI1D3)49 pue A1ajes

341 JO uonen|eay

“UOI123531 [eRIUl Jaye
3SPISIP [ENPISAI ARY
1o buibew piepueis
Aq pauluiaiap se
95UaN231 151y J1_RYL
pey aABY OYm BWIO}
-5e|qol|6 +/1A4453
yum syuaned jo
JUSWIIR3I} AY3 U
(I1A4493 10§ 2y1dads
J01d3dal usbnue
JuRWIYD e ssaidxd
01 JOIDIA [RJIAUI|

e YlIM padnpsuesy
s||22 | snobojoine)
1IN9493-14vD J0 A
-|lqIses) pue A1ajes
3y} Jo uoneneAy
"UOIRIND [BAIAINS
OAIA UL IIBYY PUB Y493
-13Ue 9Y1 YHM padnp
-sueJ} s|[9d | Joydadail
usbnue dLBWIYD 3y}
Jo AujIqisedy ‘A1a)es
943 JO uonen|eny

(33 0c

(33 0c

(dL) L
(33) 09

z 3seyd
umoudun | 9seyd

z 3seyd
umouxun | @seyd

poa1eulwls | | @Seyd

¢ 9seyd
Uumouxun | 9seyd

(Yoewols pue
J9A17 ‘Bun) siowny
pl|OS padueApE
9ANIsod-4493

siowny
pI|OS paduRApE

5}]92 | snobojoiny aAs0d-4493

ewol|D aAisod
RIAEDEREEIS)

5|]92 | snobojoiny -2l 10 [enpisay

siowny
pI|0S pasueApe

5|92 | snobojoiny 9AIS0d-H44D7]

d453

d453

[lIGtEE!

d453

8C0C98C0LON

06€€/8C01ON

991698101ON

S|I9D 1-4VD
Y453 buissaidxa
selpoqhiive |-dd

S|19D 1-4VD
Y453 buissaidxa
Apoanue |-ad

9/E60CCOLON 5[99 1-HVD lINg493

S|193 1-dvD Y493

saAd3(qo Apnis

(d1) syuaned
paieail] /(3Y)
JuaWij|o4ud [en)dy
\Ammw juawijjoiua
pajewnsy

snjeys aseyd jeuy jedtuld

924n0s ||9) aseasiq

uabnue paabie]

pnpoud 1-Yyd

(panunuod) L ajqey



Page 18 of 54

(2023) 22:20

Maalej et al. Molecular Cancer

'slowiny
sod-¢H-/g
yum sjuaned o1 snlb
01 9Jes ale 1ey s||9d
1YVD-€H-£8 JO 3s0p
1s2ybiy ay3 buipul4
S|I92 1-YYD-€H-/9

JO 350p pajess|o}
WINWIXeW pue A1aJes
3y} Jo uonen|ers
'SI0WNY PIjOS A}
-1sod-gH-/g A1010e1431
/pasdeal yum ‘pjo
sieah | 7> syusned oy
SYYD-EH-/g ssaidxa
0} paJaaulbus
Ajjeonausb |90 |
snobojoIne Jo asn

ewooleg
Jowiny

|1 JO uonenieny (CE)ras Buninioay Loseyd |92 L snobojoiny p1jos duelpad €H-£9 LCEL68V0LON SI192 1-4VYD €H-/9
‘(4)90ueD)
15eaig aAlebHau-9|du|
pue Hun) siowny
pl|OS padurApE
9ANISOd-¢H-/4 /4493 Jooued
yum syuaned ui 1seaiq aAnebau
1-4VD €H/Z9/4493 Jo -3|d 1} padueApY
Aoeouya pue A1jes 130UedD SIES
941 JO uonenjery (39 o¢ Buniniday L aseyd Aeg  s|j2d | snobojoiny Bunj| paduepy €H-/8 Pue 4453 CoYLYESOLON  1-¥VD €H-£8/4493
‘saselseaul
[eauoyad Jo jeinajd
yum syuaned Jadued
Ul 1-4vD 171-Ad pue sosnelse
14453A bunsbier -19W A1IARD SNOJSS
-lenp oyioads jo sa112se Jueubiely
Apnis uoisuedxa uoisnya |eau S|192 1-4VD
pue uonejess3-950Q (33)8s Buniniday Laseyd || L snobojoiny -oniad ueubiely  17-Ad pue L4493 LT6/L¥SO01ON 17-Ad/1¥493A
(dL) syuaned
pa1eaiL /(av)
JUdWI|[0IUDd [eNn)dY
/(33) udwijjoaud 19ynuapi
saA1d3(qo Apnis pajewns3 snjeys aseyd jeuy jedtuld 924N0S |[9D aseasiq  uabnue paysbie] leta jedruld 1npoud J-4yd

(panunuod) L ajqey



Page 19 of 54

(2023) 22:20

Maalej et al. Molecular Cancer

‘sjowny
0S padueApe
SAlNsod-9/z@D jo
1USW1Eea11 91 Ul 5|9
1-4vD-0Ie 9/7aD
Bunsbiey Jo ssau
-9AI1D3)49 pue A1ajes
341 JO uonen|eny

‘Aoedoyje

JISY1 PUB S92 | YYD
paebiel-cH-/4g Jo
2dualsisiad pue ‘uon
-eJayljoud ‘'uonngLisip
9Y3 JO uonen|eAy
‘siowny

PI|OS PAJURADE UYIIM
swuaned Ul €H-/9
Bunabiey 5|19 1-4vyD
90VVLJo Ajige
-13|01 pue A1a)es
9Y3 JO uonen|eay
‘€H-/8

ssa1dxa 1ey) siowny
pijos ||y pue 1961e1
[|IM 1843 YYD Joidadal
oypads-gH-/g e
ssaidx 01 paylpoul
Ajleonausb usaq
a/eY 18y} pooiq
sauedpinied yoieasal
3y} WOI paAUp
s1onpold |9 | bulay
-Sjujwipe jo Aoeoyys
pue ‘A1|1qiseay ‘A1ajes
3y1 Jo uoneneAs

EERS

(33) 89

puninnay

puninnay

puninnay

V/N  s[|92 L snobojoiny siowm pijos 9/

190UBD |B12310|0D 10
S92 1 “9dued bun| ewou
| aseyd  snobojoine 9oy -ejaw yueubijey €H-/9

synpe
BunoA pue uaipjiyd
ul siowny pijos A1oy

| 9seyq §}|92 | d19usboly -DBJJ9Y/1Ua1NdY cH-/9

€1/169701ON 1-dv29/¢dd

G81061S0LON 5[[99 1-4VD €H-/d

8//€8¥¥01ON 5[[99 1-4VD €H-/d

saAd3(qo Apnis

(d1) syuaned
paieail] /(3Y)
JuaWij|o4ud [en)dy
\Ammw juawijjoiua
pajewnsy

snjeys aseyd jeu |edquld

924N0S |[9D aseasiq  udabnue payabie)

13ynusp!

let [eduid pnpoud 1-Yyd

(panunuod) L ajqey



Page 20 of 54

(2023) 22:20

Maalej et al. Molecular Cancer

Jowny pljos
Alo1oel4a1 J0 pasde|al
yum spuaired oy
SN2y pue Jes S|
LONW (L UPnin) 8ziu
-bodal A|jeoydads ued
1841 J01dadal usbnue
J1BWIYD bupesq s|j2
1 snobojoine Jsayiaym
4O UoleUILIRIRQ

J95Ued
|eabeydoss pasueApe
Yam syuaiied Jo Juaw

-1e2J1 9yl Ul s||9d |
paJ92u1bud INOYDOUY

L-Ad 10/ pues||ad |
¥yD LDNW-hue Buisn
saidelayirounuul syl
40 Aoeouya pue A1jes

941 JO JUBWISSISSY

‘siowin
p1jos JueUD|eW AIOY
-DB1J24 4O JUSLIND3I
pasueApe ‘aAnisod
DN yum syuaned
Hnpe ul DN Bul
19611 J01d3D3)
uablue duaWIYD pue
(1-Qd pue p-y11D) sal
-pogiue ujodydayd
aunwiwl ssai1dxa

01 PaJaaulbua s||90

] snobojoine jo
uolsnjul Jo Aoed

-J pue A1a4es

3U1 JO uonen|eAl

33 0c

(33 0c

(33) ov

umouyun Z9seyd | aseyd

umousiun 7 9seyd | aseyd

Uumouxun ¢ 9Seyd | 9seyd

S)|92 | snobojoiny

5|19 1 snobojoiny

s|192 1 snobojoiny

ewoupied
15831q dAISBAUL
aAlebau-a|du|
Pwiou

-4 d3RAIOURY
JERI]=p)

puny (19D ||ews-uoN
ewouIed
Je|n||2>01edaH

130Ued |eab
-eydosa pasueApy

'slowny pljos Jueu
-Bijew A1oydelyai 1o
JUS1IND31 paduUBAPR

anmsod-1 DN

LONW

LONW

LDNW

689/85C0LON S|I9D LYVYD LONW

S[192 1-4VD LONW

9C€90/E0LON NOXo0UM- 1-dd

SII9D
1:9YD-1DNW Bul
-ssa1dxa salpogiiue

£006/1€0LON L-dd PuUe #-v11D

saAd3(qo Apnis

(d1) syuaned
paieail] /(3Y)
JuaWij|o4ud [en)dy
\Ammw juawijjoiua
pajewnsy

snjeys aseyd jeu |edquld

92Inos [|3)

aseasiq

uabnue paabie]

13ynusp!

let [eduid pnpoud 1-Yyd

(panunuod) L ajqey



Page 21 of 54

(2023) 22:20

Maalej et al. Molecular Cancer

ewoRAW adinw
+1DNNUL paduenpe
(2) pue (Jaoued bun|
|92 |[PUIS-UOU pue
“Iadued opeasoued 4o
-upd UBLIRAO [eljayda
J90UBD 15831Q A1}
-ebHou |duy) siowny
pljos +1DNWUL
pasueApe (1) yum
syuaned 0y uswibal
(@) uonajdapoyduiA|
a1 buimol|oy Ajsnou
-9ARIU| PaJAISIUIWPE
AJ2Jes ag ued jeyy

S92 LONWUL-1HVD slowny
JO uswlibas pue asop Bul p110s aAlsod
9U31 JO uonesyiRusp| (33 CLL  -UnidS110U 'SAIDY Loseyd |92 L snobojoiny - DANUL paduRApY LONWUL 9LZSCOYOLON  S[I92 1-4vD LDNWUL
192Ued DlIISeD)
ewoulnied
‘uabnue |92 snowlenbs
(O-1DNW) [eUILLIBL-D %99U pue pesH
pa31e|D0sse-30e4ns JERII[:S)
|92 Lupnyy bul |eabukieydosen
-5521dxa §||92 J9oued BUIOUIDIRD ||9D [eUY
pwgg 0} _umcm_mwb Jodued dlieaidued
Adelayr |19 1-4vD 192UeD |B1D310|0D)
J19usboje ue |01V J95Ued
-DLDONN-d JO 950p ¢ pun| (192 ||eus-uoN
aseyd papuaUwodal (dL) € 191Ued ueeAQ S|192 1-4VD
931 JO uoneuieed (33) 00l Buniniday | 9seyd S|192 1 218uabo|y 1eoued Jseslg DLONW EV16ECSOLON LOTIV-DLONW-d
‘siouwny
p1j0S AJ01dela1 IO
pasdejas annisod
DN Yum syuaied eUIOUIDIRD) D1IISeD)
ul Adessyiounwiui eulou
|92 1-4VD Jo Ssau -2JeD |P1D3I0[0D)
-9AI1D9Y9 pue A19jes ulelq Jo
31 Jo uonen|eas (33) 0C umoudun zoseyd | aseyd  s||led L snobojoiny  ewol|b ueubiepy DN YELLL9ZOLON  SIIRD LYYD LN
(d1) syuaned
pa1eaiL /(av)
JUdWI[0IUDd [eNndY
/(33) 3udwijo4ud 1aynuapi
saAd3(qo Apnis pajewns3 snjeys aseyd jeuy jedtuld 924N0S |[9D aseasiq  udabnue payabie) |eta jedruld 1npoud J-4yd

(panunuod) L ajqey



Page 22 of 54

(2023) 22:20

Maalej et al. Molecular Cancer

siown} pIjos
K1010B1J2Y,/1UB1INDY
anisod-|Nyod3

pue - 4SyIAL 2yl 10§
Adesayy ||93-1-4yD Jo

slowni pljos K101

AoedLys pue A19)es -DBIJOY/IUDIINDDY S|192 1-4VD -vDd3
93 JO uonenieny @ 519> 1 snofojoiny aAnsod-Nyod3 9811S1¥0L1DON pue - 4SyINL
sisey
-Se1aW YlIM Jadued
J115e0 JULNDY
130UeD 15BRIg
SISeISPIDW
‘WyDd3 buiziubodal 1uelsIp buibeis \WNL
S|192 -4V Jo A194eS xuAieydoseu jo
Sy JO uoneuruialsd 33 o¢ 5|19 1 snobojoiny - wisejdoau ueubijely SPPSLECOION  SI192 1-4vD WYDd3
‘0¥XO 1sutebe
A4S BunaID3s S92
1-4¥D Jo uoisnjul Ino
-ULM 1O YU 'Slowny
pI|OS padURApPR 183J)
0} speaq bunn|e
-bnip Jo uonejge
[PUOIIUSAISIUL AQ
usbnue jowni jo
3SP3J2I NYIS Ul pue
NQO-5d> bunoaful Jowiny pljos
Jowinjeiul JO S109}3 euloulnied
[eD1UIP pue A124eS Je|njj3o01edaH
oY1 JO uonenjeny (33) 0s 5|192 1 snobojoiny J90ued bunT C/CCS6¥01DN 5|19 1-4¥D 0¥XO
‘siowin}
p1j0S padueApe bul
-ssaudxa uabnue A9
yum syuaned ur (|
-4¥D-AS7) 3USH YyD
(AS) ASIMST-lAue ue
UUM pasnpsuell s34
-oydwiA7 ] JO 10949
|ed1bojouNwWW| pue
‘Ajigeia|0) ‘A19jes
93 Jo uonebisaAY| 3 oc s|192 L snofojoiny J9oued pasueApy OFLLSBEOLON  S[I92 1-HVD A SIMeT]
(d1) syuaned
pa1eaiL /(av)

saAd3(qo Apnis

JUSWI|0JUS [endY
/(33) 3uswijjolud
pajewns3

aseyd el [esul)

aseasiq

uabnue paabie]

Jaynuap!
let [eduid pnpoud 1-Yyd

(panunuod) L ajqey



Page 23 of 54

(2023) 22:20

Maalej et al. Molecular Cancer

‘sewodles bunab
-1ey 5|92 161-4v ISy
uonelausb yiy jo
Koedya pue A1a4es

eulodles
Buim3 ewodies

L11dD

941 JO uonenjery 33 0c Buninioay 79seyd Laseyd  s||9d L snobojony P109150 BWODIES | DNW '2dD ‘€€1dD {8/9SEE01DN S192 -1BI-Yv ISt
JERII[:S)
(]e1231 10 UO|OD) |eY
‘swse|doau wia1sAs -910|0D 3|0R1I3SAY
9AISIBIP padueApe 132UPD D[1eaIdURY
Yum syuanied ul Ade swseidoau
19Ul |19 L4V 96| wa)sAs aAnsabig
Jo Aoeduya pue A1ajes SIE=NN sjowny
941 JO uonenjery 36l Buniniay L 9seyd Apre3 snobojoine 96| PIjOS padueAPY JZA0ND S9LL8CSOLON  SI193 1-4¥D DCADND
‘SJowny pljos
pasueApe paleall
Aisnoiaaid yum
$123fqns Ul (L09-Xd8)
S||19D | paJasulbul JERII[:S)
VD dU1D3ds-yOSd 21e1501d DIRISRISIN
4o AyAnoe pue 190Ued 91e1504d
‘K1ayes ‘Ai1|1q1sea) S|leo | 1ueIsISal-uon
941 JO uonenjery (33) 151 Bunioay 7 9seyd L 9seyd  snobojoine |09-xdd -eJ1seD dleisels|y V2Sd [8C¥y/C01ON S92 1-4VD VOSd
‘siouwny
p1j0s 9ARISOd-TJZONN
pasueApe ul Adesay |
1-4vD G¢0-0M Jo
Aoeduya pue A1a)es SIEsEN
941 JO uonen|jery 33 o¢ Buinioay | 3seyd Alre3  snobojoine 5z0-aM siown pljos 1ACOMN £L€T8ESOLDON 1192 1-4VD TACONN
(d1) syuaned
pa1eaiL /(av)
JUdWI[0IUDd [eNndY
/(33) 3udwijo4ud 1aynuapi
saAd3(qo Apnis pajewns3 snjeys aseyd jeuy jedtuld 924N0S |[9D aseasiq  udabnue payabie) |eta jedruld 1npoud J-4yd

(panunuod) L ajqey



Page 24 of 54

(2023) 22:20

Maalej et al. Molecular Cancer

siowin pljos
9AIS0d-£DdD aAeY
oym spualied sjjoiua
Apnas siy siowny
pljos aAsod-£DdD
yum ajdoad djay |jim
SI192 1 dVS =yl i 995
01 pUB 3B 51039
9PIS DY 1BYM Ule3)|
01 'Apog ay3 Ul 15€|
Aay1 Buo| moy 295

01 '9JeS SI 1Byl S|[9d |
dvyD Jo 9s0p 1596619
21 puy 01 s Apnis
Siy3 4o asodind ay |
"90Ual

-IndaJ bunuaaid pue
's||92 J9ouUed |enpisal
Buneuiwie Ajjeuixew
‘slowny pl|os Jueu
-bijew pasuenpe
aANIsod-HUId3N 18911
01 pasnale (7|10
‘61700 pue /71 bul
-ssaudxa) 5|23 1-4VYD
uopeIauab-yunoy
[SEIEI AR VYAV REIN
4O uond3(ul [eJowny
-BJUI YUM PaUIqUIOd
K19B1nSs SAISRAUL
AjJJewiuiud SnousA
-BJJul 3y JO Apnig

@ol

(33) o€

pul
-1INID31 10U ‘9AIDY | 9seyd
umouun | 9seyd

5||92 | snobojoiny

s|192 1 snobojoiny

Sjownl
PI[OS DL1eIPad

siowny
p1jos ueuUbIeW
9AISOd-HUNdaN

saAd3(qo Apnis

(d1) syuaned
paieail] /(3Y)
JuaWij|o4ud [en)dy
\Ammw juawijjoiua
pajewnsy

snjeys aseyd jeu |edquld

92Inos [|3)

aseasiq

€ uedidA|9 9S6CE6COLON  SII92 1YV €DdO

S92 1-4VD

FUNDSN Puissaidxa

#UNOSN G9GCE6E0LDN =262 A
Jaynuspl

uabnue paabie] |ew [earuiD 1npoud J-4yd

(panunuod) L ajqey



Page 25 of 54

(2023) 22:20

Maalej et al. Molecular Cancer

BUETTEETIREN-EH]o)
J13Y1 4oy Adesayy 12D
1-4¥D 4w 03 asn
2ININ} 10} §||93 | UMO
sauedpiued 9|qibi
Ue 2035 pue 123]|0d
0} sisaiaydeynaj wioy
-Jad pue bupusnbas
uonesauab-1xau Aq
(VTH) usbnuy 214003
-N37 UBWNH 3Y) 350]
1ybIw J2dUed Jowny
pI|OS B U31JO MOY UO

J25UeD dl3eaIOURY
J20UBdD

Bunj |122 ||ews-uoN|
J3DURD [P1D310]0D)

UONBUIOUID9]|0D (33) 00z Buniniday V/N  s||2d L snobojoiny Jowny pijos V/N 611186¥01DON S92 1-4VD
‘Apog ay3
Ul's|93 1 4D Jo uol
-duny pue dusisiad
3Y1 IN0Qe 3JoW uJe|
01 $1 Apn1s ayi Jo [eob
J3Y10Uy Ua0Ued [eDIA
-192 9AlIsod Siayiew
13410 10 UI[3YI0Sa
"IN YINSd ‘7D
aAeY oym syuaped
ul Adessyiounwiui
S|192 1 YD Jo Aoedyye siavlew
pue ‘A194es ‘A|IqIsesy 19430 10 NTSW
91 JO JUsWSsSassy 33 0¢ umoudun zaseyd L aseyd  s||9d L snobojoiny Jodued ediaie) LN 'YINSd ‘TdD G6/9S€€01DN S92 1-4VD
(d1) sauaned
paieail] /(3Y)
JUBW[|OIUS [eN}DY
/(33) uawijjoaus 1aynuspl
saAd3(qo Apnis pajewns3 snjeys aseyd jeuy jedtuld 924N0S |[9D aseasiq  udabnue payabie) |eta jedruld 1npoud J-4yd

(panunuod) L ajqey



Page 26 of 54

(2023) 22:20

Maalej et al. Molecular Cancer

"SAUIY0IAD

13y10 pue (9-1))
9-UIYN3Ia1u| JO S|aN3)
WINJISS 9yl UO JUsWU
-1e2J1 91 JO 51092
941 JO uonen|eay
“SUOISMJUI |9 1-HVD
Aq pasned (YD)
SWIOIPUAS 95e3)|21
SUI01AD JO JUBWIeaI)
943 Ul 419320|q| 40}
-dadas d1bisuaipe

|-e19q € ‘jojoidorow Koueubijew
4o Aoeoyya pue Aujigls |ed160j01eUIaH
-€9) 9yl Jo uoien|eAy (33) o¢ Buninioay ( 95eYd | 95BYd 519> | snofojoiny Jouiny pijos /N 016¢8070LON V/N
(d1) syuaned
pa1e3iL /(3V)
jusWjjoIu?d [en}dY
/(33) uswijjoaud 1aynuspi
saAnda(qo Apms pajewns3 snjels aseyd |ewy jesuld 224n0s |[9) aseasiq  uabnue payabie] lewy [ed1und npoud |-4yD

(penunuod) L ajqeL



Maalej et al. Molecular Cancer (2023) 22:20

Clinical outcomes of CAR-T cell therapy targeting EGFR

The epidermal growth factor receptor (EGFR) plays an
important role in the development and progression of
solid tumors and has emerged as an important thera-
peutic target in different types of cancer such as non-
small-cell lung carcinoma, breast, gastroesophageal and
colorectal cancers [57]. In addition, many clinical trials
have been conducted on CAR-T cells targeting EGFR
for the treatment of EGFR-positive solid tumors [45]. A
phase-1I clinical trial (NCT01869166) of EGFR CAR-T
cell therapy in 11 patients with EGFR+ refractory/
relapsed non-small cell lung cancer (NSCLC) showed
that 2 patients achieved partial response and 5 had sta-
ble disease for 2 to 8 months without severe toxicity [58].
Moreover, in a phase-I clinical trial, 10 patients with
recurrent EGFRVIII4 glioblastoma (GBM) were treated
with EGFRVIII engineered CAR-T cells (NCT02209376)
[59]. The results of this study showed an anti-tumor
effect of CAR-T cells with a median OS of approxi-
mately 8 months in all patients [59]. Other antigens that
are targeted by CAR-T cells for GBM therapy are ephrin
type-A receptor 2 (EphA2) (NCT02575261), and mucin
1 (MUC1) (NCTO02839954, NCT02617134). In addi-
tion, in a phase I clinical trial (NCT03182816), EGFR
was targeted by non-viral piggyBac transposon system-
engineered EGFR-CAR T-cell therapy in 9 patients
with non-small cell lung cancer. In this study, 1 patient
had a sustained response of more than 13 months while
6 had stable disease, and 2 had progressed disease. The
median progression-free survival was 7.13 months, with
a median overall survival of 15.63 months [60]. This study
showed that the non-viral piggyBac transposon system-
engineered EGFR-CAR T-cell therapy is feasible and safe
in the treatment of EGFR-positive advanced relapsed/
refractory NSCLC patients [60].

Clinical outcomes of CAR-T cell therapy targeting CEA

A high level of Carcinoembryonic antigen (CEA) is
known to be associated with poor cancer progno-
sis [61]. For this reason CEA has been targeted for the
treatment of lung [62], breast [63], pancreatic and gas-
tric cancers [64, 65], and it is considered as one of the
most promising targets for colorectal cancer (CRC) [66].
A phase-I, escalating-dose trial of CAR-T cell therapy
(NCT02349724) targeting CEA expressed in metastatic
CRC reported that 7 out of 10 patients presented stable
disease for up to 30weeks and 2 patients experienced
tumor reduction with no adverse events [67]. Addition-
ally, Katz et al. [68] tested the effect of intra-arterial
anti-CEA CAR-T cells therapy combined with internal
radiation therapy in 6 patients with liver metastases.
The data of this phase-Ib clinical trial (NCT02416466)
demonstrated tolerated response to CAR-T cell therapy
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with non-observed grade 4 or 5 toxicities, and without
instances of severe CRS or neurotoxicity. Additionally,
the median survival OS was 8 months [68]. Moreover,
anti-CEA CAR-T cell therapy demonstrated a signifi-
cant beneficial effect in a patient with liver metastases
secondary to stage IV pancreatic adenocarcinoma, and
who received locally infused CEA CAR-T cells at the
site of a solid tumor by Pressure-enabled Drug Delivery
(PEDD) [69]. In this clinical trial (NCT02850536), anti-
CEA CAR-T cell induced a complete metabolic response
within the liver which was durable and sustained for
13 months with no serious adverse events above grade
3, highlighting the importance of combining CAR-T cell
therapy with PEDD technology [69].

Clinical outcomes of CAR-T cell therapy targeting MSLN
Several CAR-T cell clinical trials targeting Mesothelin™
(MSLN) ovarian cancer (OC) have been undertaken.
In a phase I/II clinical study (NCT03615313), a patient
with relapsed epithelial OC was treated with MSLN-
CAR-T cells and PD-1 blockade in combination with
lapatinib, an angiogenesis inhibitor [70]. Interestingly,
the patient achieved partial remission, survived for more
than 17 months and experienced minimal side effects like
grade-1 hypertension and fatigue [70]. Moreover, CAR-T
cells targeting MSLN were administered to patients with
pancreatic ductal adenocarcinoma, malignant pleu-
ral mesothelioma and OC who participated in a phase I
clinical trial (NCT02159716) [71]. The study showed that
lentiviral-transduced MSLN CAR-T cells expanded well
in the peripheral blood, but their persistence was limited
despite pre-treatment with cyclophosphamide [71]. Post-
treatment stable disease in over 11 patients out of 15, was
the best overall response reported in this study [71]. In
another study, the intravenous injection of interleukin 7
(IL-7) and Chemokine (C-C motif) ligand-19 (CCL19)-
MSLN secreting CAR-T cells (NCT03198546) in a
patient with advanced pancreatic cancer induced com-
plete regression of the tumor 240days post-treatment
[72]. No high-grade adverse events were observed [72].

Clinical outcomes of CAR-T cell therapy targeting CD133

CD133 is widely used as a marker to identify CRC stem
cells and endothelial progenitor cells [73]. It can also be
used to predict tumor progression, patient survival and
chemoradiotherapy resistance in CRC [74, 75] and is one
of the most well-characterized markers of cancer stem
cells (CSCs) in various tumor types, including hepatocel-
lular carcinoma (HCC) [76]. In a phase I/II clinical trial
(NCTO02541370), CD133 CAR-T cells were administered
to 21 patients with advanced hepatocellular carcinoma
[77]. This study demonstrated antitumor efficacy with
low treatment-related toxicity. Of 21 evaluable patients,
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1 had a partial response, 14 had stable disease for 2 to
16.3months, and 6 had progressed disease after CAR-T
cell administration [77]. Only 4 patients developed grade
3 hyperbilirubinemia and 2 patients had grade-3 anemia
with no other serious adverse events [77].

Clinical outcomes of CAR-T cell therapy targeting Claudin

18.2

Claudin18.2, a stomach-specific isoform of Claudin-18,
is expressed in 70% of primary gastric adenocarcinomas
and their metastases [78]. It is considered as a potential
target for the treatment of these malignancies. CT041, an
anti-CLDN18.2 CAR-T cell product, has received Inves-
tigational New Drug (IND) clearance from the United
States FDA in patients with CLDN18.2-expressing stom-
ach, pancreatic, and gastroesophageal junction adeno-
carcinoma [79]. The IND clearance was supported by a
phase-I trial (NCT03874897) which found that a Clau-
din18.2 CAR-T cell resulted in an overall response rate
and disease control rate of 57.1 and 75.0%, respectively,
in gastric cancer patients and the 6-month overall sur-
vival rate was 81.2%. No serious adverse events were
reported [80]. This CAR-T cell therapy study resulted in
an overall response rate (ORR) of 33%, a median progres-
sion free survival (PFS) of 130days and a tolerable safety
profile with no serious adverse events [80].

Clinical outcomes of CAR-T cell therapy targeting MUC1

Glycoprotein Mucin 1 (MUCI) is a transmembrane pro-
tein that belongs to the mucin family. This molecule is
associated with metastases and tumor progression, espe-
cially in stomach cancer [81]. An open-label dose-esca-
lation phase-I study (NCT05239143) has been recently
activated to study the treatment effects of P-MUC1C-
ALLOL1 in subjects with advanced or metastatic solid
tumors [82]. P-MUC1C-ALLO1 is an allogeneic CAR-T
cell therapy designed to target cancer cells expressing
Mucin 1 cell surface-associated C-terminal antigen. The
results of this study showed an early efficacy at the low
dose of the CAR-T cells with partial response in one
patient (HR+, Her2- Breast cancer). No P-MUCIC-
ALLOL1 related toxicities were observed [82]. Although
CAR-T cell therapy showed encouraging clinical out-
comes, a meta-analysis on the efficacy of this innova-
tive approach on solid tumors, showed a comprehensive
response rate of only 9% [29]. Indeed, various draw-
backs hinder the efficacy of CAR-T cell therapy against
solid tumors including the lack of tumor-specific anti-
gens (TSAs) and antigen heterogeneity [83]. Moreover,
CAR-T cell trafficking and infiltration in the tumor site
[84] and the immunosuppressive tumor microenviron-
ment are major limitations, significantly impeding the
function and persistence of CAR-T cells [85-87]. Due
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to these challenges, improving the design of CAR-T cell
therapy for solid tumors merits special considerations in
the future.

Challenges of CAR-T cells and innovative strategies

to advance this therapy for solid tumors

Major challenges for CAR-T cell therapy in solid tumors
include the identification of truly specific tumor anti-
gens as targets, overcoming tumor antigen escape,
improving CAR-T cells trafficking, infiltration and
expansion at the tumor site as well as their persistence
and functions in a hostile tumor microenvironment. To
overcome these challenges and to enhance efficiency
of CAR-T cells in solid tumors, various strategies have
been developed such as optimizing CAR constructs or
identifying innovative therapeutic combination strat-
egies, thereby enhancing specificity, infiltration, and
efficacy of CAR-T cell treatment and to modulate the
inhibitory conditions (Table 2).

Overcoming tumor antigens heterogeneity, tumor antigens
loss and scFv-based CAR-T cell limitations
An important challenge for CAR-T cells’ design and
development is to find the appropriate antigen that is
uniquely expressed by tumor cells and not by benign tis-
sues. CARs targeting more than one antigen are being
tested to overcome antigen loss variants of sub-clonal
populations. Pooled CAR-T cell strategies consist of
using two or more different CAR-T cells together, each
targeting a single antigen. This strategy targets tumor
cells in case of antigen loss, decreasing the chances of
tumors resistance. Indeed, the combination of EGFR-
and CD133-specific CAR-T cells showed improved out-
comes in cholangiocarcinoma [88]. Additionally, in a
NSCLC model, the combination of prostate stem cell
antigen (PSCA)- and MUCI1-targeting CAR-T cells syn-
ergistically eliminated PSCA™ and MUC1" cancer cells
[89]. A similar approach was applied for lung cancer by
pooling EphA2-targeting CAR-T cells against tumor
cells and fibroblast activation protein-o (FAPa)-targeting
CAR-T cells against FAPT stromal cells. This strategy was
meant to kill cancer cells and simultaneously decrease
the immunosuppressive function of FAPT stromal cells
in the tumor microenvironment (TME) [90]. This com-
binatorial strategy demonstrated significant tumor killing
in vitro and extended the survival of mouse xenografts
compared to each CAR-T cell therapy alone [90].
Multiplexing CAR strategy can also include dual tumor
antigens targeted by bispecific-CAR-T cells (biCAR-
T). Interestingly, using a combination therapy targeting
IL13Ra2 and HER2 by bispecific CAR-T cells co-express-
ing IL13Ra2 and HER2 CAR molecules demonstrated
significant potential for eliminating solid tumor cells and
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Table 2 Advantages, limitations, and potential strategies improving CAR-T, CAR-NK and CAR-M therapy

CAR-T cells

CAR-NK cells

CAR-M cells

Advantages

Limitations

Strategies

- Sufficient number of circulating T cells
- Previous studies on hematological malig-
nancies facilitating its use on solid tumors

- Tumor antigen heterogeneity and tumor
antigens loss

- Difficulty in infiltrating tumors

- Limited survival and persistence in the
immunosuppressive tumor microenviron-
ment

- CRS, OTOT toxicity, neurotoxicity and
GvHD

> Overcoming tumor antigen hetero-
geneity and tumor antigen loss:

- Bispecific-CAR-T cells

- Pooled CAR-T cells

- Switch on or off CAR-T cells

- Al (radiomics)

> Facilitating CAR-T cell tumor infiltra-
tion:

- Nanobody-based CAR-T cell therapy

- Chemokine receptor-expressing CAR-T
cells

- CAR-T cells local administration: intra-
peritoneal, intra-tumoral injection, porous
microneedle patch

- CAR-T cells targeting stromal cell-associ-
ated antigens

- Matrix-degrading enzymes-secreting
CAR-T cells

- Molecular torpedo

- Modifying CARs design, e.g., Hinge
domain, transmembrane domain and co-
stimulatory signaling

- Alternative non-LV or RV transduction and
in vivo delivery of CARs

- CAR-T cells combination with ICls
(anti-CTLA-4 or anti-PD-1 monoclonal
antibodies)

- PD-1/CTLA-4- antibodies secreting CAR-T
cells

> Overcoming the immunosuppressive
tumor microenvironment and persis-
tence:

- CAR-T cells secreting immunostimulatory
factors such as IL12,1L18,and IL15

- CAR-T cells targeting Treg, MDSCs and M2
macrophages

- Combining CAR-T cells with chemo-
therapy

> Overcoming CAR-T cells’ CRS toxicity:
- IL-1R antagonists-secreting CAR-T

- IL-6 blockade

- Neutralizing GM administration

- CAR construct improvement

- Control of CAR activity and survival in vivo

- Natural ability against non-self-cells

- Direct and indirect killing functions due
respectively to CAR and ADCC

- Self-identification of normal cells by KIR
- Reduced risk of CRS, ICANS and GvHD

- Can be generated from different sources

- Limited tumor infiltration

- Limited efficacy in CAR transduction

- Limited survival and persistence in the
immunosuppressive tumor microenviron-
ment

> Improving the trafficking to the
tumor site:

- CAR-NK expressing chemokine receptors
> Improving the transduction effi-
ciency of NK cells:

- Retronectin, ectofusin-1 used as transduc-
tion enhancer

- Baboon envelope pseudotyped lentivirus
(BaEV-LV)

- Electroporation and transposons for non-
viral transduction

> Improving CAR-NK cytotoxicity:

- Armored CAR-NK with co-stimulatory
domains (DAP-10, DAP-12 or 2B4)

- Combining CAR-NK with tyrosine kinase
inhibitors

- Combining CAR-NK with immune check-
points inhibitors (anti-PD-1 antibodies)

> Improving in vivo survival and per-
sistence within the TME:

- Engineered CAR-NK to co-express stimu-
latory cytokine

- Designed chimeric co-stimulatory con-
verting receptor (CCCR)-NK for switching
the immunosuppressive negative signal to
an activating one

- Combining CAR-NK cells with chemo-
therapy and radiotherapy

> Improving NK cell generation:

- Using different sources of NK cells includ-
ing NK92 cell line, iPSCs, hESC.

- M1 macrophages feature a pro-inflamma-
tory phenotype

- Antitumor activity by phagocytosis,
presenting tumor antigen to Th1 cells and
production of anti-inflammatory factors

- Most abundant population in the TME of
many cancer types

- Important source of matrix metalloprotein-
ase (MMP) which degrades almost all ECM

- Can be generated from different sources

- Limited efficacy in CAR transduction

- CRS toxicity

- OTOT toxicity

- Need differentiation to M1 phenotype

> Improving the bioengineering of
CAR-M:

- Use of modified lentiviral virions contain-
ing Vpx

- Use of adenovirus 5-fiber 35 vector (Ad5f35)
for efficient gene transfer

- Mannose-conjugated polyethyleneimine
(MPEI) for effective gene delivery

> Enhancing the antitumor activity of
CAR-M:

- M2 to an M1 phenotype polarization

- CARIMAC

> Enhancing trafficking and persistence
within the immunosuppressive TME:

- CAR-CD147 construct

- CCL19-expressing CAR-macrophages

- Combination therapy with anti-CD47, anti-
CD20 and anti-TAA antibodies
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showed less antigen escape compared with mono-specific
or pooled HER2-CAR-T and IL13Ra2-CAR-T cells alone
in a glioblastoma model [91]. In breast cancer, biCAR-T
cells targeting ErbB2 and MUCI1 in vitro, showed effi-
cient antitumor activity [92]. The development of biCAR-
T cells with dissociated signaling pathways connected to
a costimulatory signal and an activation signal is another
promising strategy to improve T cells’ specificity. In this
case, T-cell activation signal is physically dissociated from
the costimulatory signal in two different CARs. Hence,
biCAR-T cells become activated only when they simul-
taneously encounter two specific tumor cell antigens by
tumor cells [84]. Some studies have proposed approaches
to switch on or off CAR-T cells. Such strategies provide
an accurate control of CAR-T cells activation and inhi-
bition if toxic reactions arise [93]. For instance, using a
bifunctional small “switch” molecule, which is composed
of folate and fluorescein isothiocyanate (folate-FITC),
allowed CAR-T cells to specifically identify tumor cells
overexpressing folate receptors [94]. In addition, using
suicide genes or antibody-mediated killing would shut-
down CAR-T cells activity. Indeed, incorporating the
inducible caspase 9 (iCasp9) system into CAR-T cells
induced apoptosis leading to a repression of CAR-T cells
activity [95]. Interestingly, using CAR-T cells targeting
glycosylated antigens that are expressed on cancer cells,
is also an interesting approach to overcome the tumor-
immune response escape [96]. The success of CAR-T cell
cocktails described above confronts related toxicities to
be further investigated for fully evaluating clinical safety,
particularly regarding OTOT toxicity [86] that may cause
damage to healthy cells and organs. The risk of OTOT is
enhanced by using more specific multi-antigens target-
ing CAR-T cells [87]. Therefore, controlling “on-target/
off-tumor” (OTOT) toxicity during CAR T-cell therapy is
one of the most important current challenges for optimal
success of this new treatment strategy.

Structurally, CAR molecule is composed of an ectodo-
main, transmembrane domain, one or two costimulatory
domains, and an activation domain [97]. The ectodomain
is the extracellular section of CAR molecule in which a
targeting domain can recognize antigens [98]. Single-
chain variable fragment (scFv) is the most common tar-
geting domain of CARs. It is responsible of recognizing
the cell surface target antigens of interest and it mediates
specific cytotoxicity against cells expressing these anti-
gens [99-101]. However, Multiple limitations that can
appear as obstacles to the safety and efficacy of CAR-T
products are related to their targeting domains such as
scFvs [99, 102]. These limitations of scFv-based CAR-T
cells including the emergence of anti-idiotypic responses
against the CAR targeting domain, and scFv aggregation
resulting in pre-mature and antigen-independent CAR-T
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exhaustion can be overcome using nanobody-based
CAR-T cell therapy. In different in vitro preclinical xeno-
graft models, and in clinical studies, VHH-based CAR-T
cells exhibited target antigen-dependent cytotoxicity
against various types of malignancies [102].

Facilitating CAR-T cells tumor infiltration

Before antigen recognition, CAR-T cells need to suc-
cessfully access the tumor site. CAR-T cells migra-
tion depends on chemokines secreted by tumor cells
and chemokine receptors (CCRs) expressed by effec-
tor T-cells. Therefore, optimizing CAR-T cell therapy
expressing appropriate CCRs that are capable of bind-
ing to specific chemokines secreted by tumors would
promote their infiltration into the tumor microenviron-
ment. Along this line, it has been shown that T-cells engi-
neered with the chemokine receptor CXCR2, binding to
the ligand CXCL1 on melanoma cells, had an effective
trafficking effect to the tumor site [103]. Accordingly,
in malignant pleural mesothelioma and neuroblas-
toma, tumor infiltration was improved through CCR2b-
expression in mesothelin- and GD2-targeting CAR-T
cells, respectively [104]. Several studies demonstrated
the involvement of IL-8 (CCL8) as a pro-inflammatory
chemokine promoting angiogenesis and tumorigenesis
in many cancer types including prostate [105], ovar-
ian [106], breast [107] melanoma [108] and colon [109].
Thus, researchers have generated a CAR-T cell strat-
egy capable of expressing IL-8 receptors (CXCR1 or
CXCR2) thereby enhancing their capacity of infiltrat-
ing solid tumors, consequently exerting an anti-tumor
effect. Data of this research conducted on solid tumors
in mouse models showed increased CAR-T cell tumor
infiltration and persistence, with significant tumor toxic-
ity [110, 111]. In a preclinical study, CX3CR1-expressing
CAR-T cells showed significantly enhanced trafficking of
CX3CL1-producing tumor cells accompanied with can-
cer cell regression [112]. In another preclinical study,
Lo et al. have engineered CAR-T cells expressing mac-
rophage colony-stimulating factor- 1 receptor (CSE-1R)
binding to CSF1, a monocyte-recruiting chemokine syn-
thetized by tumor cells, thereby enhancing CAR-T cells
infiltration [113].

Another strategy which has recently been evaluated is
the design of CD39- expressing CAR-T cells with triple
shRNA knockdown of mucin domain-3 (TIM-3), lym-
phocyte-activation gene and PD-1, T-cell immunoglob-
ulin domain-3 (LAG-3) to enhance their infiltration to
the tumor site. CD39 is an extracellular ATP hydro-
lase enzyme expressed by CD8™' T cells; its expression
is necessary for CAR-T cells cytotoxicity [114]. This
evaluation showed that CD39+4-CAR-T cells had an
enhanced antitumor effect in HCC organoids and PDX



Maalej et al. Molecular Cancer (2023) 22:20

thereby improving migration to the tumor. Moreover,
local application of CAR-T cells, such as intraperito-
neal and intra-tumoral injection, would likely increase
their accumulation at the tumor site. Local applica-
tion via the peritoneal and pleural cavities has also
been effective in ovarian cancer and malignant pleu-
ral mesothelioma [115]. Recently, Hongjun et al. have
implemented a transdermal porous microneedle patch
allowing the intra-tumoral penetration of CAR-T cells
and enhancing their infiltration, as compared to direct
intra-tumoral injection in solid tumor [116]. Moreo-
ver, local CAR-T cell administration prevented adverse
effects associated with on-target, off-tumor responses,
and lowered occurrence of Cytokine Release Syndrome
(CRS) [117]. However, this approach is thus far limited
by its high technical complexity and optimal delivery
approaches necessary for patients with solid tumors
that are unattainable to local delivery, such as brain and
bone tumors [118].

Among the obstacles that circumvent CAR-T cells
infiltration to the tumor site is abnormal vasculariza-
tion which serves as an oxygen and nutrition source for
tumors and also as a principal support for the circula-
tion of tumors to other organs [97, 119]. To overcome
the poor vascularization, recent studies have been tar-
geting the vascular stroma instead of directly targeting
cancer cells using anti-angiogenic molecules which are
present in many types of cancers. Examples include vas-
cular endothelial growth factor receptor 2 (VEGFR-2) in
metastatic melanoma and other solid tumors [120, 121],
VEGER-1 in lung cancer [122], avp3 integrin in meta-
static melanoma [123], avp6 integrin in cholangiocarci-
noma (CCA) [124], ovarian, breast and pancreatic cancer
[125]. An example of this is VEGFR-2-specific CAR-T
generated against VEGFR2" cells in the tumor vascula-
ture [121]. The trial was effective in improving CAR-T
cells infiltration and decreasing the growth of several
vascularized syngeneic tumors of various sources [121].
A study conducted by Wang et al. showed that VEGFR-1
CAR-T cells can inhibit the resistance to traditional ther-
apies targeting angiogenesis and provide CAR-T cells
with tumor-killing ability [122]. Notably, the expression
of integrin avp3 on activated endothelial cells and neo-
vessels, but not on normal tissues, makes it an ideal target
against many solid tumors [126]. In preclinical models,
Wallstabe et al. demonstrated inhibition of tumor growth
using avB3" CAR-T cells [123].. The study also showed
that results were improved when avp3® CAR-T cells
were combined with anti-avb3 mAbs [123].

Another potential approach besides recognizing stro-
mal cell-associated antigens, is to enhance migration
and infiltration capacity of CAR cells via disrupting
physical barriers in solid tumors by designing CAR-T
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cells secreting matrix-degrading enzymes. Studies have
shown that targeting CAR-T cells to fibroblast activation
protein (FAP) can remove stromal cells, and engineer-
ing CAR-T cells secreting Heparinase enzyme (HPSE)
can degrade the tumor matrix thereby overcoming tis-
sue barriers [127-129]. Interestingly, scientists have
discovered and are exploring ways to overcome the
obstacle that solid tumors shield themselves in a “sugar
coat”; sugars (glycans) on the surface of cells that ren-
ders themselves resistant to CAR-T cell attack. This has
led to designing a molecular “torpedo” that can break
the sugar shield thereby clearing a path for CAR-T cells
to invade and destroy solid cancers [130]. The improve-
ment of redirecting CAR-T cells to tumor cells is also
achieved by modifying the design of CARs, e.g., Hinge
domain, transmembrane domain and co-stimulatory
signaling [131, 132]. Alternative non-LV or RV transduc-
tion and in vivo delivery of CARs [133]. Another strategy
to increase CAR-T cell infiltration and counteract the
immunosuppressive tumor microenvironment (TME) is
to combine CAR-T cell therapy with other therapies like
immune-checkpoint blockade. This combinatorial con-
cept is detailed in subchapter 4 of this review.

Overcoming the immunosuppressive tumor
microenvironment

Another challenge facing CAR-T cells in solid tumors,
is the immunosuppressive TME. Indeed, once they
reach the tumor, CAR-T cells must overcome a com-
plex microenvironment structure with altered extracel-
lular matrices (ECM), variable interstitial fluid pressure,
hypoxic regions [134], immunosuppressive cells, regu-
latory T cells (Tregs), myeloid-derived suppressor cells
(MDSCs), and tumor-associated macrophages (TAMs)
for example [97]. Therefore, targeting immunosuppres-
sive cells in the TME may improve efficacy of CAR-T
cell therapy. Overcoming the immunosuppressive TME
by developing armored CAR-T cells secreting immu-
nostimulatory cytokines such as IL-12, IL-18, or IL-15,
for example, modulates an immunomodulatory micro-
environment leading to better CAR-T cell survival and
to the recruitment of endogenous immune cells such
as stem cells-like T-memory cells and central-mem-
ory T cells better fit for in vivo proliferation, survival,
and persistence and to the recruitment of NK cells
[135, 136]. Indeed, introduction of IL-12-secreting
CAR-T cells resulted in increased anti-tumor immune
response, especially by reducing CAR-T cell sensitivity
to Treg inhibition [137] and also by reducing Tregs lev-
els in the TME [138]. Similarly, IL-18- secreting CAR-T
cells induced efficient antitumor immune responses by
increasing the level of NK cells and M1 proinflamma-
tory macrophages and by reducing CD103+ suppressive
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dendritic cells (DCs), and M2 anti-inflammatory mac-
rophages density in the TME [139, 140].

Tregs are a main orchestrator of immune suppression
in the TME through production of TGF-B (transform-
ing growth factor-beta), which dampens the efficiency
of immune effectors [141]. Therefore, different strate-
gies have been conceived in deleting or inhibiting TGF-
receptor on the surface of CAR-T cells. Among others,
CAR-T TGF-p dominant negative receptors (DNRs).
In addition, swing receptors with chimeric signaling
domains can convert TGF-f signals through engagement
of the receptor modified to signal through co-stimulatory
domains such as 4-1BB- or IL-12 stimulatory signals.
Similarly, cytokine receptors containing the extracellular
domain of the IL-4 receptor fused with the endo-domain
of the IL-7 receptor turn swing suppressive into activat-
ing messages [142, 143]. Another strategy used recently
is CRISPR gene editing technology to precisely insert the
CAR in the genome of T cells [144]. To enhance CAR-T
cells efficacy, CRISPER/Cas9 approach was used to knock
out the endogenous TGEF- receptor-1I (TGFBR2) gene in
CAR-T cells, consequently inhibiting the effect of TGF-f
and thereby reducing Treg cell induction and prevent-
ing CAR T cell depletion [145]. CRISPR can also be used
to knock out the expression of PD-1 on the surface of
CAR-T cells which can enhance their tumor-killing activ-
ity against PD-L1-expressing cancer cells, and prevent
cancer relapse [146].

MDSCs can suppress the immune T cell response by
various mechanisms such as impediment of disinteg-
rin and the metalloproteinase- 17 (ADAM17) responsi-
ble for L-selectin-ectodomain cleavage, release of Nitric
oxide (NO) and reactive oxygen species (ROS) [147, 148].
Hence, several strategies have been suggested to overcome
the suppression of CAR-T cells by MDSCs. One of them
is by decreasing the effects of ROS with all-trans retinoic
acid (ATRA) [149]. Several combination therapies which
address this obstacle will be described in subchapter 4.

Despite the important role of macrophages in the
immune response against foreign pathogens, mac-
rophages polarized towards an M2 phenotype play an
anti-inflammatory and pro-tumor cell in the TME.
Macrophages facilitate tumor progression and metas-
tasis by promoting tumor cell invasion, angiogenesis,
and immunosuppression [150, 151]. Several preclini-
cal studies have targeted M2 macrophages with engi-
neered CAR-T cells which can specifically deplete
them. For example, folate receptor beta (FRp)-specific
CAR-T cells cause depletion of FR} positive M2 cells
in colon adenocarcinoma and melanoma [152]. A
recent study conducted by Sanchez-Paulete and col-
leagues on a mouse orthotopic lung tumor model,
showed that targeting the macrophage marker (F4/80)
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with F4-CAR-T cells delayed solid tumor progression,
thereby enhancing anti-tumor immunity comparably
to PD-1 blockade and prolonged animal survival [153].
The antitumor effect was also demonstrated in mouse
models of pancreatic and ovarian cancer [153]. Addi-
tionally, repolarizing M2 into the proinflammatory M1
phenotype is a good strategy in order to reduce M2
macrophages and increase the antitumor M1 pheno-
type in the TME [154, 155].

Overcoming CAR-T cells’ toxicities

The cytokine release syndrome (CRS) is a common
life-threatening inflammatory syndrome generated by
overactivation of the immune response associated with
CAR-T cell therapy. Cytokines, including interferon-y
(IEN-y), IL-1, IL-6 and -10 have been associated with
CAR-T cells-related CRS [156, 157]. To prevent CRS,
many strategies have been developed including the
administration of Anakinra, an IL-1 receptor (IL-1R)
antagonist that demonstrated some effectiveness in treat-
ing CRS [158]. CAR-T cells secreting IL-1R antagonist
have been constructed and suggested prevention of CRS-
related mortality [159]. Also, IL-6 blockade by blocking
IL-6R signals can decrease iNOS positive macrophage
number and prevent CRS [160]. In addition, neutraliz-
ing granulocyte-macrophage colony-stimulating factor
(GM-CSF), an important monocyte activator, could be
an alternative approach for managing CRS as well as neu-
rotoxicity [161]. An innovative study has shown that the
release of cytokines and catecholamines, resulting from
the interaction of CAR-T cells with the tumor, can be
inhibited by catecholamine blockade with Atrial Natriu-
retic Peptide (ANP) [162].

Multiple other types of toxicity can occur in associa-
tion with CAR-T cell treatment of solid tumors as well
as hematological malignancies including on-target/
off-tumor toxicity, neurological toxicity, anaphylaxis
and graft versus host disease are also managed with
different innovative strategies [163, 164]. Furthermore,
the improvement of CARs, including controls of their
activity and survival in vivo is considered as control of
toxicities [165, 166].

In conclusion, the heterogeneous tumor antigen
expression, lack of specific tumor antigen, limited tumor
infiltration, and the immunosuppressive TME are the
main challenges that impede the efficacy of CAR-T cell
therapy in solid tumors. Further studies are required
to improve CAR-T cell efficacy and toxicity by extend-
ing their persistence, facilitating their trafficking, and
improving their infiltration to the tumor site. Fur-
thermore, combination therapy with chemotherapy,
radiotherapy and/or with other immunotherapies may
improve CAR-T cell therapy in the future.
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CAR-NK cell therapy in solid tumors: applications,
challenges and recent advances

Taking into consideration the shortcomings of CAR-T
cells, there is a need to investigate other immune cells
for CAR therapy, with increased attention on NK cells
due to their immunological properties and their multi-
ple sources [167]. Several advantages make NK cells an
attractive alternative to CAR-T cells (Table 2).

Advantages related to CAR-NK cell generation

and manufacturing

For cancer immunotherapy, patient-derived NK cells func-
tion is usually hampered by curative treatments [168]. In
fact, during tumor progression, the TME components can
reduce NK cell capacity for proliferation, as well as ability
of degranulation or cytokines secretion (such as TNF-a
and IFN-y) or expression of activating receptors [169].
Therefore, allogeneic NK cells are usually the first choice
for cellular immunotherapy. Furthermore, while T cells
are isolated from peripheral blood, either from the patient
(autologous) or from a healthy donor (allogeneic), sev-
eral sources have been used to generate allogeneic CAR-
NK cells including peripheral blood (PB) from healthy
donors, umbilical cord blood (UCB), induced pluripotent
stem cells (iPSCs) or commercially available NK cell lines
(NK92) [170]. Hence, “oft-the-shelf” CAR-NK cells can be
manufactured and infused to patients on-demand [171]. In
addition, at least in theory, this type of production could
reduce manufacturing costs and overcome the limited
availability of autologous products in some malignancies,
particularly in heavily pre-treated patients [172].

At least 90% of peripheral blood NK cells (PB-NK) are
CD564mCD16"snt, representing a mature population
with high cytotoxic potential [173, 174]. However, rela-
tively few cells can be isolated from PB donors (around
10%) [175]. On the contrary, a high number of NK cells
can be generated from umbilical cord blood (UCB) [176].
In addition, human-Embryonic Stem Cells (hESCs) and
induced-Pluripotent Stem Cells (iPSCs)-derived NK can
be generated in high quantity for immunotherapy use
[177-179]. Consequently, the NK-92 cell line, isolated
from a non-Hodgkin lymphoma patient, may be a poten-
tial source for limitless CAR-NK cells with high anti-
tumor activity and direct cytotoxicity [180]. However,
as NK92 cell lines are cytogenetically abnormal, they
require irradiation prior to infusion with patients [181].
All these sources allow large-scale CAR-NK cell produc-
tion to support multi-dose therapeutic infusion and on-
demand cell product availability.

Clinical application of CAR-NK cell therapy in solid tumors
NK cells possess advantageous characteristics, includ-
ing non-MHC-restricted recognition, ability to infiltrate
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tumor tissues, cytolytic ability, minimal side effects
(e.g., CRS, Graft versus host disease (GvHD) and
Immune effector cell-associated neurotoxicity syndrome
(ICANS). Therefore, CAR-NK cells can be considered
an encouraging therapeutic option for the treatment of
solid tumors. To date, only a few clinical studies evalu-
ated NK92, PB-NK and UCB-NK based CAR-NK cell
products with increasing interest in some commonly
tumor targeted antigens such as Roundabout homolog
1 (ROBO1), NK cells activating receptor (NKG2D),
MSLN, HER2 and MUCI are registered in ClinicalTrials.
gov and summarized in Table 3.

Human primary NK cells have been tested in numer-
ous clinical trials producing CAR-NK against specific
tumor antigens, including ROBO1 for targeting several
solid tumors (NCT03940820), PSMA for prostate can-
cer (NCT03692663), MSLN for epithelial ovarian cancer
(NCT03692637) and Claudin6-for ovarian, testis cancer
and refractory endometrial cancer (NCT05410717). Vari-
ous clinical trials investigating CAR-NK92 cell therapy:
HER2 CAR-NK targeted Glioblastoma (NCT03383978),
and chimeric costimulatory converting receptor
(CCCR) CAR-NK against non-small cell lung cancer
(NCTO03656705). MUC-1 specific CAR-NK cells are con-
ceived for multiple relapsed or refractory solid tumors
treatment (NCT02839954). In this study, of the 8 evalu-
able patients, seven achieved stable disease without seri-
ous adverse events [7]. Another study was performed to
evaluate the clinical potential of a combination therapy
using anti-ROBO1-specific biCAR-NK-92 in a patient
with pancreatic cancer (NCT03941457). Another phase-
I clinical trial (NCT05528341) investigated the effect of
NKG2D CAR-NK92 cells for the treatment of relapsed/
refractory solid tumors. Currently, a phase-I clinical trial
(NCT03415100) was conducted recruiting patients with
metastatic solid tumors to evaluate the safety of alloge-
neic or autologous NKG2DL-targeting CAR-NK cells
transfected by mRNA electroporation [182]. Two early
phase-I clinical trials (NCT05137275 and NCT05194709)
targeting the 5T4 oncofetal antigen in locally advanced
or metastatic solid tumors by CAR-NK cells are currently
recruiting patients.

On January 2022 the FDA allowed an investiga-
tional application for FT536 (by Fate Therapeutics)
(NCT05395052), a CAR-NK cell therapy designed to
treat patients with advanced solid tumors. FT536 is an
allogeneic, multiplexed-engineered induced pluripotent
stem cell-derived NK cell therapy genetically modified
to targets the alpha-3 domain of the MHC class-I-related
proteins-A (MICA) and -B (MICB). In addition, Benjamin
H. et al. have recently described iPSC-NK cells as a prom-
ising alternative to T- cells for cellular therapy [183]. The
promising conclusion was based on their proven safety
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profile, ability to be used as an allogeneic treatment and to
be produced in large numbers to make an “off-the-shelf”
therapy for the treatment of solid malignancies [183].

Advantages related to mechanisms of CAR-NK cell
recognition and killing of cancer cells

Human NK cells are innate cytotoxic immune cells
that have been characterized by their “natural” ability
to exert immune response to non-self-cells [184, 185].
NK cells use similar mechanisms to cytotoxic T-lym-
phocytes (CTLs) to kill cancer cells, but their target
recognition mechanism is different [186, 187]. In fact,
NK cells recognize malignant cells via multiple signals
arising from different cell surface receptors, including
activating and inhibitory killer cell Immunoglobulin-
like receptors (KARs and KIRs) [188]. NK cells’ KIRs
allows them to identify “self” [188], with this self-iden-
tification they can inhibit the cytotoxic activity against
normal cells and prevent NK cell-derived “on-target,
off-tumor” toxicity [189-191]. Moreover, while CAR-T
cells only kill cells that have specific target antigens
[192], CAR-NK cells exhibit intrinsic cytolytic activ-
ity, thus they would kill even cancer cells that do not
express the target antigen [186] (Fig. 1A and B). In fact,
CAR-NK cells still exert NK natural cytotoxic activity
against tumor cells by the release of granzyme and per-
forin, for example, and can be activated via CAR-inde-
pendent mechanisms, like natural cytotoxicity receptors
(NCRs); NKp46, NKp44, and NKp30, NKG2D, co-stim-
ulatory receptor; DNAX accessory molecule (DNAM-
1), and specific activating KIRs (KIR2DS1, KIR2DS4
and KIR2DL4) [193, 194] which induce caspase-medi-
ated apoptosis of targeted cancer cells. Moreover, NK
cells can eradicate tumor cells by CD16-mediated Anti-
body-Dependent Cell-mediated Cytotoxicity (ADCC)
[195]. Thus, CAR-NK cells would be able to efficiently
eliminate tumors via both CAR-dependent and NK cells
receptor-dependent mechanisms (Fig. 1B).

CAR-NK cells can recognize and kill tumor cells that
don’t express MHC molecules [196] while reducing
the risk of life-threatening GvHD and enabling allo-
geneic CAR-NK cell transplantations. Interestingly,
unlike CAR-T cells, CAR-NK cells do not seem to cause
severe toxicities such as CRS and ICANS [31]. This is
partly due to a differential cytokine secretion profile,
for example, activated NK cells usually produce IFN-y
and GM-CSF [197] whereas CAR-T cells predominantly
produce IL-1, IL-6, Tumor Necrosis Factor-a (TNF-a)
or Monocyte Chemoattractant Protein-1 (MCP-1), all
which are associated with CRS and severe neurotoxic-
ity [198]. Consequently, CAR-NK cells could be safer for
clinical applications, compared to CAR-T cell products
and toxicity.
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Limitations associated with CAR-NK cells and strategies

to increase their effectiveness

Similar to CAR-T cells, CAR-NK cells face various obsta-
cles in solid tumors such as migration to tumor site,
persistence into the immunosuppressive TME and trans-
duction [199]. Preclinical research is currently ongoing
to optimize CAR-NK product in order to enhance their
efficacy (see Table 2).

Generation of NK cell-specific CAR constructs to improve
cytotoxic anti-tumor effects

In order to increase CAR-NK cells anti-tumor efficacy,
several studies proposed to enrich CARs with certain
domains associated with NK cell signaling such as NK-
specific 2B4 and DNAX-activation proteins-10 or — 12
(DAP-10 or DAP-12) as co-stimulatory domains. This
specific-NK cells construct showed greater cytotoxic
effect and increased IFN-y secretion compared to CAR-T
cells constructs [200]. Armored CAR-NK with NKG2D
receptor and costimulatory receptor 2B4 showed an
increased cytotoxic effect in a xenograft ovarian mouse
model expressing MSLN [201]. The result of this study
was that MSLN-specific NKG2D.2B4.CD3(.CAR-NK
cells induced higher tumor eradication and greater
survival rate compared to the MSLN-specific CAR-T
cells [201]. Furthermore, PSCA-specific CAR-NK cells
equipped with DAP12, exerted higher anti-tumor activ-
ity compared to CD3(- CAR-NK cells in PSCA-positive
tumor xenografts in immunodeficient mice [202].

NK cells specific CAR construct to improve in vivo survival
and persistence within the TME

Another important challenge in CAR-NK generation is
to extend their persistence in the peripheral blood and
tissue. To achieve this goal, NK cells CAR construct can
be armored with stimulatory cytokine-transgenes secret-
ing for example IL-21, IL-15, IL-7 and IL-2 which pro-
mote NK cell proliferation and survival [203]. In order to
preserve NK cells in vivo expansion after infusion, sev-
eral feeders have been used such as autologous PBMCs,
EBV-transformed lymphoblastoid cell lines (LCLs), and
several NK cell-sensitive cell lines including K562 or
721.22 1[204, 205]. To overcome the immunosuppres-
sive TME, chimeric co-stimulatory converting receptor
(CCCR)-NK cells inhibited lung cancer growth in xeno-
graft mouse models by switching the immunosuppressive
negative PD-1 signal to an activating one [206].

Genetically engineered NK cells to improve trafficking

to the tumor site

Miiller and colleagues have shown that NK cells geneti-
cally engineered with EGFRvIII-specific CAR and a
chemokine receptor CXCR4 have increased ability to
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Fig. 1 Killing mechanisms of CAR-T, CAR-NK, and CAR-M cells. A Tumor killing mechanisms of CAR-T cells. Activated CAR-T cells can specifically
recognize the tumor associated antigen (TAA). Cytotoxic activity of Chimeric Antigen Receptor (CAR)-T cells is mediated by perforin (PFN) and
granzyme (GzmB) granules secretion, and by activation of death receptor pathways such as Fas/Fas-L leading to cancer cells apoptosis and necrosis.
Activated CAR-T cells also secrete Interferon-gamma (IFN-y) and tumor necrosis factor-alpha (TNFa) which can promote Natural Killer (NK) cell
anti-tumor cytotoxic activity. B Tumor killing mechanisms of CAR-NK cells. The activity of CAR-NK cells is regulated by the signal of activating (KAR)
and inhibitory receptors (KIR) expressed on NK cells. Activated CAR-NK cells secrete the cytotoxic proteins perforin and granzyme B which synergize
to induce cancer cell necrosis and apoptosis. NK cells also express the death ligands FasL and TRAIL which will bind to Fas and TRAIL-R on cancer
cells and induce apoptosis. Moreover, CAR-NK cells trigger ADCC through the CD16 Fc receptor which recognize antibody-opsonized cancer cells.
In addition, CAR-NK cells secrete IFN-y and TNFa which promote their activation and stimulate other T-lymphocytes leading to increased anti-tumor
immune response. NK: cell-Natural killer cells; IFN-y: Interferon-gamma; TNFa: Tumor necrosis factor-alpha; TRAIL-R: TNF-related apoptosis-inducing
ligand, KIR: Killer Inhibitory Receptors, KAR: Killer Activation Receptor, ADCC: Antibody-dependent cellular cytotoxicity, (PFN) perforin and (GzmB)
granzyme. C Tumor killing mechanisms of CAR-M. The binding of a specific tumor associated antigen (TAA) with CAR receptor on the surface of
CAR-M generates activation signals that mediate tumor phagocytosis, activation of transcription factors such as NF-kB and subsequent release of
pro-inflammatory cytokines, which in turn can activate T cell-mediated immunity against the tumor

infiltrate into the tumor site which can improve immuno-
therapy of solid tumors [207]. Another study investigated
the transfection of NK cells with chemokine receptor
CXCR1-mRNA construct and a CAR-mRNA construct
against tumor-associated NKG2D ligands. The CXCR1-
engineered NK cells showed enhanced in vitro migration
toward tumor supernatants and increased in vivo infiltra-
tion into human tumors in subcutaneous and intraperi-
toneal xenograft models [208]. One of the major factors
in the regulation of lymphocyte chemotaxis is CXCR3
expressed on activated NK cells inducing their migration

toward chemokine ligands; CXCL9, —10 and-—11.
Therefore, CXCR3 receptor construct added to NK acti-
vating signaling domains may enhance the chemotaxis
of NK cells to chemokine-secreting tumors and conse-
quently improve their migration to the tumor site [209].
The engineering of NK- with CD19-CAR plus CXCR4
demonstrated in a pre-clinical model, the implementa-
tion of the migration of NK cells to bone marrow [210].
These findings suggest that the tumor infiltration can be
improved in CAR-NK cell therapy and better clinical out-
come can be expected.
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New viral transduction enhancers for treatment

of NK-cell-mediated CAR therapy

NK cells products are considered “hard-to-engineer” in
comparison with T cells. To ameliorate NK cells trans-
duction efficiency, lentiviral transductions have been
significantly improved by incorporating new transduc-
tion enhancers which would help viral entry such as
polybrene, (a cationic polymer frequently used to medi-
ate viral entry into cell membranes) [211]. Retronectin
has been described as a truncated version of fibronectin,
which can colocalize cell’s surface with the virus [212]
and vectofusin-1, a short cationic peptide which can con-
siderably enhance the NK-cells viral transduction [213].
All of them may help CAR-NK engineering using viral
transduction.

Electroporation and transposons for non-viral transduction
of NK-cell mediated CAR therapy

Electroporation is a non-viral method to genetically engi-
neer NK cells which promises 80 to 90% efficiency for
mRNA-based plasmids but low efficiency for DNA elec-
troporation [182, 214]. To introduce CAR constructs into
the genomes of NK cells and ensure prolonged transgene
expression, DNA transposons are most commonly used.
These systems are composed of sleeping beauty (SB)
subsets and the PiggyBac (PB) [201]. For instance, the
generation of transposon-engineered CAR-NK cells,
was found to be effective to achieve stable expression
without viral integration in addition to other advantages
including capacity for large gene fragment transduction,
increased biosafety, low immunogenicity and worthful
cost-effectiveness [215].

CAR-M cell therapy in solid tumors: applications,
challenges and recent advances

Currently, continuous investigational studies are try-
ing to identify the ideal CAR cell type for targeting solid
tumors. Macrophages have recently emerged as competi-
tive candidates for the treatment of solid tumors due to
their phagocytosis functional properties, antigen presen-
tation and natural infiltration into the tumor microenvi-
ronment [34, 35] (Table 2).

Advantages related to various sources of human
CAR-macrophages production

Similar to CAR-NK, CAR-M can be generated from dif-
ferent sources including peripheral blood, iPSCs and the
human leukemia monocytic cell line THP-1 (Table 4).
PBMC derived M1 macrophages are characterized by
their important production of proinflammatory factors
such as IL-8, IL-6 and TNF-a [216], and a prominent
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expression of inflammatory surface markers such as
natriuretic peptide receptor (NPR), CD14 and CD68
[217].. iPSCs can be induced into CAR-expressing mac-
rophages (CAR-iMacs) exerting innate immune func-
tions, such as repolarization of M2 phenotype into
pro-inflammatory M1 in an antigen-dependent way,
secretion of immune-related cytokines, as well as phago-
cytosis and antitumor capacity [218]. In addition, THP-1
cells can generate M1 macrophage after being stimulated
with lipopolysaccharide (LPS) and IFN-y and are easy to
culture and to differentiate into macrophages [219-222].
Taken together, unlike CAR-T cells, CAR-M can be
generated using several reliable sources. As an additional
advantage, CAR-M bear a low risk of GvHD. Therefore,
CAR-M approach might be an attractive allogeneic cell
immunotherapy for solid tumors (Table 4).

Clinical applications of CAR-macrophages

for the treatment of solid tumors

To date, a few clinical trials of CAR-M are conducted
and registered on clinicaltrials.gov (Table 5) and only one
clinical trial of CAR-M has received the FDA approval.
The first Phase I clinical trial (NCT04660929) CT-0508,
a drug candidate from CARISMA Therapeutics, engi-
neered with chimeric adenoviral vector Ad5f35 to tar-
get HER2 in solid tumors. In this study conducted by
Klichinsky et al., the use of adenoviral infection induced
macrophages differentiation into a pro-inflammatory M1
phenotype [223]. A phase-I clinical trial (NCT05007379)
using HER2 CAR-M, is designed against organoids from
breast cancer patients at different clinical stages. Another
phase I clinical trial (NCT04405778) targeted Glypican
3 (GPC3), a protein expressed by some solid tumors but
not expressed by normal cells, making it an ideal target
for solid tumors. In this study, TAK-102, a GPC3 CAR-
M, was tested in GPC3 positive solid tumors patients.
Additionally, TAK-103, a MSLN specific CAR-M was also
clinically tested (NCT05164666) in patients with MSLN-
expressing advanced or metastatic solid tumors.

Advantages related to the biological properties

of macrophages

Tumor-associated macrophages (TAMs) often undergo
activation into M1 (classical-activated macrophages)
or M2 (alternative-activated macrophages) pheno-
type [224]. In terms of solid tumor therapies, M1
macrophages are involved in killing tumor cells by
phagocytosis, reactive oxygen and nitrogen species
(ROS/iNOS) release following the activation of Toll-
Like Receptors (TLRs) [225] (Fig. 1C). In addition, M1
macrophages can release the pro-inflammatory IL-12
which initiates NK cells killing activity and stimulates
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Table 4 Comparison of CART, NK, and macrophages in solid tumors treatment
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Criteria CAR-T CAR-NK CAR-M
Cell sources - PB (autologous/ allogeneic) -UCB -UCB
- Rarely from iPSC and UCB -BM -BM
- hESCs - hESCs
- IPSCs - IPSCs
- NK92 cell line - HPSCs
-PB -THP1 cell line
-PB
Availability - Autologous - Autologous - Autologous

In vivo safety and persistence

FDA-regulated CAR-cell products

- MHC-matched allogeneic CAR-T
cells
- Unlikely “Off-the-shelf” product

- Long-term persistence,
- On-target/off-tumor toxicity
- GVHD, CRS and Neurotoxicity

- P-MUC1C-ALLO1T CAR-T cells
(NCT05239143)

- Off-the-shelf CAR-NK product

- Limited lifespan
- Reduced on-target/off-tumor
toxicity

- GVHD, no CRS nor Neurotoxicity.

- MICA/B CAR-NK cells (FT536)
(NCT05395052)

- Off-the-shelf CAR-M product

- Limited time in circulation

- Less On-target/off-tumor toxicity
- No GVHD

- CRS and Neurotoxicity

- HER2 CAR-Macrophage (CT-0508)
(NCT04660929)

- GD2 CART cells (NCT04196413)
-GD2 CART cells (NCT00085930)

- ROR1T CAR-T cells (LYL797)
(NCT05274451)

- RORT CAR-T cells (NCT02706392)
- HER2 CAR-T cells (NCT03740256)
- B7-H3 CAR-T cells (NCT04897321)
- B7-H3 CAR-T cells (NCT04483778)
- PSCA CAR-T cells (BPX-601)
(NCT02744287)

- PSCA CAR-T cells (NCT02744287)

both Thl and tumor-specific CD8" cytotoxic T cells
responses [216, 217]. Furthermore, M1 macrophages
can act as tumor antigen presenting cells inducing adap-
tive antitumor immune response [226]. Therefore, they
are considered as anti-tumor or “good” macrophages
[227] while M2 are considered as pro-tumor or “bad”
macrophages [228]. For this reason, converting M2
TAMs into M1 macrophages is a promising immuno-
therapeutic approach for solid tumors [114]. Interest-
ingly, CAR-M possess unique advantages over CAR-T
and CAR-NK cells with regards to two major obstacles
observed in solid tumors: ability to migrate and infiltrate
into the immunosuppressive TME. In fact, in contrast
to T cells poor infiltration, macrophages represent the
predominant population of immune cells in the TME
(reaching 50%) of various types of cancer such as mela-
noma, renal, and colorectal cancer [229]. In contrary to
lymphocyte-based therapies, macrophages are able to
remodel the extracellular matrix (ECM) [230]. Moreover,
macrophages are an important source of matrix metal-
loproteinases (MMP) which degrade almost all ECM
[33]. Taken together, CAR-M uses unique macrophage
properties, especially phagocytosis which gives them a
particular value over CAR-T and CAR-NK cell therapies.
Consequently, CAR-M would have a significant potential
in driving anti-tumor immunity in solid tumors.

Limitations associated with CAR-M cells and strategies

to optimize their use in solid tumor therapy

Several limitations are related to CAR-M bioengineering,
storage, expansion, persistence at the TME, and toxicity
(see Table 2).

Strategies to overcome the limitations in CAR-M
bioengineering

Recent advances in gene transfection into effector cells
have promoted diverse viral and non-viral engineering
methods to overcome this challenge. Indeed, it has been
shown that modified lentiviral virions containing Vpx;
an accessory protein can efficiently deliver transgenes to
myeloid cells [231]. In fact, Vpx, can mediate degrada-
tion of SAM domain and HD domain-containing protein
1 (SAMHD1); a myeloid-specific HIV-1 restriction fac-
tor that inhibits lentiviral transduction [232]. A supple-
mentary option for macrophage transduction is the use
of the chimeric Adenovirus 5-fiber 35 vector (Ad5f35)
which can mediate efficient gene transfer into human
macrophages [233]. In various studies, Ad5f35 showed
a robust transduction of primary human macrophages
[223, 234]. In addition, Ad5f35 infected macrophages
activate the inflammasome and participate in maintain-
ing the M1 phenotype generated by proinflammatory
priming signals [235]. Additionally, transposon systems,
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mRNA transfection and bacterial plasmid DNA, have
also been used as non-viral strategies for macrophages
bioengineering [236-238]. Moreover, using polymer
nanocarriers (mannose-conjugated polyethyleneimine
(MPEI)), Kang and colleagues, were able to transfer the
genes encoding CAR and IFN-y into macrophages to
enhance their anti-tumor potential [226].

Strategies to enhance the antitumor activity of CAR-M

In response to external stimuli, macrophages differenti-
ate into antitumor proinflammatory M1. This concept
prompted the first-in-human clinical trial conducted
by Klichinsky et al. who demonstrated that anti-HER2
CAR-M efficiently induced phagocytosis of the HER2"
ovarian SKOV3 tumor cells, pro-inflammatory cytokines
secretion, macrophages polarization from M2 to Ml
phenotype and were capable of cross-presenting the New
York Esophageal Squamous cell carcinoma 1 (NY-ESO-1)
antigen to T cells, following NY-ESO-17 SKOV3 tumor
cells phagocytosis [223]. Moreover, Zhang et al., showed
that CAR (MSLN)-iMacs can switch to the inflamma-
tory M1 subtype and promote phagocytosis and immune
activation when incubated in-vitro with MSLN-express-
ing ovarian (OVCAR3) and pancreatic (ASPC1), cancer
cells [218]. This study also reported that CAR transgene
expression was up to 85% in CAR-iMac cells [218].

Strategies to enhance trafficking and persistence of CAR-M
within the immunosuppressive TME

Zhang’s CAR macrophages (CAR-147) consisting of
scFv conjugated to a hinge region and CD147 trans-
membrane and intracellular domain to target HER2*
tumor cells effectively activated the expression of
matrix metalloproteinases (MMP) such as MMP9,
MMP10 and MMP12 [239-241]. Interestingly, this
special CAR-CD147 construct can destroy the tumor’s
extracellular matrix without affecting the phagocytic
activity and inflammatory cytokines and ROS produc-
tion [239, 240]. In addition, it was found that this CAR
construct reduced the tumor growth and increased
the T cell infiltration [239, 240]. Moreover, Niu et al.
designed CAR-M to express CCR7 nature ligand,
chemokine (C-C motif) ligand 19 (CCL19), in an
attempt to target CCR7-expressing immunosuppressive
cells [242]. The use of this CAR construct induced the
of CD3" T cells into tumors, increased pro-inflamma-
tory cytokines production, suppressed tumor growth,
decreased metastasis, and prolonged survival [242].

Overcoming CAR-M toxicity
Other hurdles faced by the CAR-M therapeutic approach
are the potential to induce CRS and off target toxicity.
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Indeed, macrophages represent the principal source of
the cytokine storms which can lead to CRS [243]. Addi-
tionally, since macrophages are distributed throughout
the body, particularly in the liver [244] the use of CAR-M
can lead to off target toxicity and limit efficacy. Therefore,
further investigations are needed to optimize CAR-M
production and ensure their safety.

Potential combination therapies to enhance
CAR-cell functions

Many studies demonstrated that CAR-cell monotherapy
has limited efficacy for treating solid tumors [245-247].
Therefore, innovative combinations have been tested to
synergize CAR-cell therapy.

Combination with chemotherapy

When administered at low doses, chemotherapy plays
an immunomodulatory role; it promotes dendritic
cells activation and tumor antigen presentation to
CAR-T cells, inhibits suppressive immune cells leading
to increased persistence of CAR-T cells and sensitizes
tumor cells to CAR-T cell activity by promoting gran-
zyme B penetration into tumor cells [246, 248, 249]
(Fig. 2A). Recently, Safarzadeh Kozani P et al. have
reviewed in detail the positive effects of combining
chemotherapy with CAR-T cell therapy [97]. This com-
bination therapy can address the issue of CAR-T cells
tumor trafficking to the TME resulting in more pro-
nounced tumoricidal responses and increasing the rate
of tumor rejection resulting higher survival rates [250].
Such positive effects have been attributed to the oxali-
platin-induced secretion of T cell-attractive chemokines
by tumor associated macrophages resulting in improved
CAR-T cell infiltration, remodeling of the tumor micro-
environment, and increased tumor sensitivity to anti-
PD-L1 [251].

Importantly, it was demonstrated that sequential
combination therapy with cisplatin followed by CD133-
CAR-NK and CD44-CAR-NK92 cells led to the strongest
killing effect on ovarian cancer stem cell lines compared
to control NK cells [252, 253] (Fig. 3A).

Combination with radiotherapy

Radiotherapy can directly kill cancer cells by apopto-
sis and necrosis, which induces dendritic cells matu-
ration and activation and promotes tumor antigens’
presentation [254]. Following radiation, damage-associ-
ated molecular patterns (DAMPS) and INF-y are released
leading to an increased migration and infiltration of
CAR-T cells into the tumor [255] (Fig. 2C). Combining
CAR-T cell therapy with radiotherapy exerts a synergistic
antitumor efficacy [97, 256].
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activity and consequently (b) promote cancer cell death

Combination with oncolytic viruses

Another combination strategy is the combination
of CAR-T cells with an oncolytic virus [257, 258]
(Fig. 2B). This combination overcomes major chal-
lenges that limits the efficacy of CAR-T cell therapy
alone [259-261]. First, the virus can break through the
tumor cells a difficult mission for CAR-T cell mono-
therapy. Second, the oncolytic virus can induce tumor
debulking by destroying the molecular shield used

by some solid tumors to escape the immune system
attack. This effect may enhance CAR-T cells infiltra-
tion into the tumor site. Third, the oncolytic virus
reverts the immunosuppressive TME to proinflamma-
tory environment leading to increased proliferation
and survival of CAR-T cells [259-261] (mechanisms
illustrated in Fig. 3B). Several studies have demon-
strated that this approach help increase the anti-tumor
efficacy against solid tumors [262, 263].
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Combination with immune checkpoint inhibitors would reinvigorate the CTL anti-tumor functions
It has been widely shown that PD-1 blocking anti- [264] (Fig. 2D). Combining CARs with ICIs demon-
bodies, called immune checkpoint inhibitors (ICIs), strated encouraging results. Interestingly, PD-1 blocking
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antibodies secreted by CAR-T cells themselves can com-
petitively bind to PD-1 and enhances CAR-T cells prolif-
eration and cytotoxicity [265-268].

A recent study showed that combining anti-PD-L1
monoclonal antibody with anti-PSMA CAR-NK-92 cells,
enhances the antitumor efficacy against castration-resist-
ant prostate cancer [269]. Furthermore, F Strassheimer
et al. have demonstrated that combining CAR-NK cells
with anti-PD-1 antibody enhances the cytotoxic T lym-
phocytes infiltration in the tumor site leading to a primed
immune response and high tumoricidal activity against
advanced-stage glioblastoma [270]. ICIs also improved
macrophage phagocytic capabilities in vivo [271]. Com-
bination therapy of CAR-M with PD-1 ICI, leads to
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synergistic tumor control and significantly increases
overall survival in a syngeneic CT26 model [272]. In addi-
tion, antibodies blocking the interaction between CD47;
overexpressed on many types of tumor cells and signal
regulatory protein o (SIRPa) expressed in myeloid cells
or the inhibitory Fc receptor FcyRIIB have been shown to
enhance phagocytosis of macrophages [273] (Fig. 4).

Combination with local tumor’immunomodulating
therapies

Local ablative therapies such as microwave (MWA)
can destroy tumors causing hyperthermic damages in
cancer cells and induces the release of immunomodu-
latory factors, such as danger signals, tumor antigens
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Fig. 4 Possible combination therapies for CAR-M. CAR-M activation requires cancer cell recognition and interaction. Immune cell inhibitory
mechanisms such as CD47/SIRPa or FcR/CD20 can limit CAR-M activity. CAR-M therapy demonstrated enhanced phagocytosis when combined
with anti-CD47 and anti-HER2 (Trastuzumab) (A), with anti-CD47 and anti-CD20 (Rituximab) (B), as well as with anti-PD-1 (C). HER2; human
epidermal growth factor receptor 2; PD-1; programmed cell death protein, SIRPq; signal regulatory protein a
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and cytokines responsible for stimulating an anti-
tumor immune response [274]. A recent study dem-
onstrated that combining MWA with CAR-T cells
targeting a receptor tyrosine kinase (AXL) (AXL-
CAR T cells) in NSCLC patient-derived xenografts,
enhances the infiltration, activation, persistence, and
tumor Kkilling [275]. Photothermal ablation of the
tumor combined with chondroitin sulfate proteogly-
can-4 (CSPG4)-specific CAR T cells, demonstrated
superior antitumor activity on melanoma WM115 cell
line [276].
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Conclusion and perspectives

Recently, the clinical development of CAR-T cell ther-
apy against solid tumors has tremendously evolved.
However, some challenges facing CAR-T cell therapy
in solid tumors are related to the tumor microenvi-
ronment such as: the lack of tumor-specific antigen,
low efficiency of CAR-T cell trafficking, migration
into tumor sites, and the presence of an immunosup-
pressive tumor microenvironment. Other major chal-
lenges are directly related to CAR-T cells including
“on-target, off-tumor” toxicity, CRS, neurotoxicity
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T cells. Moreover, (g) CXCR-expressing CAR-NK cells have a higher potential to migrate and infiltrate the CXCL secreting TME. B CAR-M1/CAR-T cell
combination therapy model. (@) CAR-M1 recognize TAA with CAR and phagocyte the tumor. TAA presentation by CAR-M1 induces (b) the activation
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in M1 phenotype. (e) Activated CAR-M1 cells produces pro-inflammatory cytokines and chemokines, ROS and TNF-a involved in the activation

of Th1 and the recruitment of CAR-T cells into the tumor site. (f) CAR-M1 are also able to produce NO which contributes with IL-1 and IL-6 to

the generation of CRS. (g) IL-1Ra-expressing-genetically modified CAR-T cells inhibit the CRC mediated by IL-1 and IL-6. (h) Recruited CAR-T cells
recognize TAA and induce tumor cytotoxicity. C CAR-NK/CAR-T cell combination therapy model. (a) CAR-NK cells recognize TAA by CAR and ligands
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better recruited to cancer cells and (c) kill them directly by apoptosis. (d) CAR-T cells secrete PD-1 blocking antibodies and inhibits this interaction
with PDL-1. (e) CAR-T cells induce cancer cells killing by releasing granzyme and perforin. (f) CAR-T cell recruit CAR-NK
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and GvHD. These last limitations can be overcome
using CAR-NK cell therapy which has been also pre-
clinically well studied and translated to the clinical
use. In fact, cytokines released by NK cells represent
a diminished risk of CRS and neurotoxicity. Moreover,
CAR-NK cells can be generated from different sources
with reduced risk for alloreactivity and they can attack
tumors through both CAR-dependent and CAR-
independent manners which is considered as unique
advantage of NK cells. However, some other challenges
associated with CAR-T cells are also observed with
CAR-NK cells including accessing the tumor tissue
and resisting its immunosuppressive microenviron-
ment. Advantages of CAR-NK therapy especially the
reduced toxicities and their ability to produce a ready
to use “off-the-shelf” product, make them a potential
alternative to CAR-T cell therapy (Table 4).

As mentioned earlier in the previous parts of this
review, blocking the PD1/PD-L1 axis by different
strategies including PD1-blocking antibodies secret-
ing CAR-T cells, lead to a better antitumor killing
by CAR-T cells. In addition, CAR-NK cells secret-
ing chemokines can recruit T cells. Considering these
observations, we suggest combining PDI1-blocking
antibodies secreting CAR-T cells with CCL-CAR-
NK cells could also be interesting to enhance CAR-T
cell antigen recognition, interaction, and cytotoxicity
against solid tumors (Fig. 5C).

CAR-M cell mediated therapy addresses key challenges
faced by current CAR-T-cell therapy by engaging both
the innate and adaptive immune systems thereby launch-
ing a multipronged attack against tumors. Recent find-
ings have highlighted the importance in the interaction of
modified or non-modified macrophages with T- or NK-
cells in tumor regression [277]. Considering these advan-
tages, we suggest combining CAR-M with CAR-NK
cells or CAR-T cells to enhance their antitumor efficacy
(Fig. 5A and B).

Importantly, the 3 models would provide the benefit
of targeting different tumor antigens at the same time by
each of these CAR-cell therapies. In addition, a particular
advantage associated with the models in Fig. 5A and C
is represented by the possibility of using allogeneic CAR-
cells from different sources.

Researchers are currently looking to improve the effi-
cacy of CAR-cell therapy by using various strategies
including the Artificial Intelligence (AI) which could
serve to counter many hurdles associated with CAR-
cell therapy [278, 279]. In fact, radiomics, a quantitative
approach to medical imaging may be useful for predict-
ing novel cancer-associated antigens, new molecules in
immune cells as well as analyzing safety and efficacy of
CAR-cells [278, 279]. At the larger scale, Al can be used
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in automated CAR-T cell manufacturing which allows
shorter production and delivery times to positively
increase the number of patient treatments [280].

Abbreviations
CAR-T cells Chimeric antigen receptor T cells

CAR-NK cells Chimeric antigen receptor natural killer cells
CAR-M cells Chimeric antigen receptor macrophages cells
CcD Clusters of differentiation

CRS Cytokine released syndrome

BCMA B cell maturation antigen

HER2 Human epidermal growth factor receptor 2
BTCs Biliary tract cancers

PCs Pancreatic cancers

(o) Overall survival

CNS Central nervous system

CCL2 C-C motif chemokine ligand 2

CXcL C-X-C motif chemokine ligand

CXCR C-X-C chemokine receptor

CCR Chimeric costimulatory receptor
IL-13Ra2  Interleukin-13 receptor subunit Alpha2
GBM Glioblastoma

GD2 Disialoganglioside

DIPG Diffuse intrinsic pontine glioma

DMG Diffuse midline glioma

LAG-3 Lymphocyte activation gene 3

PD-1 Programmed cell death protein 1

ROR1 Receptor tyrosine kinase like orphan receptor1
ORR Overall response rate

PFS Progression free survival

EGFR Epidermal growth factor receptor
NSCLC Non-small cell lung cancer

CEA Carcinoembryonic antigen

CRC Colorectal cancer

CRS Cytokine release syndrome

PEDD Pressure enabled drug delivery

MSLN Mesothelin

oC Ovarian cancer

IL Interleukin

TSAs Tumor specific antigens

TAAs Tumor- associated antigens

PSCA Prostate stem cell antigen

MUC1 Mucin 1

EphA2 Ephrin type-A receptor 2

FAP Fibroblast activation protein

biCAR-T  Bispecific-CAR-T

iCasp9 Incorporating the inducible Caspase 9
oToT On-target/off-tumor

CX3CR1 CX3C motif chemokine receptor 1
CX3CL1 C-X3-C motif chemokine ligand 1
CSF-1R Colony-stimulating factor 1 receptor
VEGFR Vascular endothelial growth factor receptor
HPSE Heparinase enzyme

TME Tumor microenvironment

ECM Extracellular matrices

MDSCs Myeloid derived suppressor cells

TAMs Tumor associated macrophages

TGF Transforming growth factor

DNRs Dominant negative receptors

NO Nitric oxide

ROS Reactive oxygen species

ATRA All-trans retinoic acid

TLR Toll like receptor

FRB Folate receptor beta

ANP Atrial natriuretic peptide

CTLs Cytotoxic T-lymphocytes

ICANS Immune effector cell-associated neurotoxicity syndrome
TNF Tumor necrosis factor
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MCP Monocyte chemoattractant protein

NCRs Natural cytotoxicity receptors

ADCC Antibody-dependent cell-mediated cytotoxicity
MHC Major histocompatibility complex

GvHD Graft versus host disease

APCs Antigen presenting cells

PBMCs Peripheral blood mononuclear cells

UCB Umbilical cord blood

PB-NK Peripheral blood NK cells

hESC Human embryonic stem cells

iPSC Induced pluripotent stem cells

ROBO1 Roundabout homolog 1

PSMA Prostate specific membrane antigen

CCCR co-stimulating conversion receptors

mMRNA Messenger RNA

FDA Food and drug administration

mbll-15  Membrane-bound interleukin — 15

LCLs Lymphoblastoid cell lines

SDF-1a Stromal cell-derived factor-1a

BaEV-LV  Baboon envelope pseudotyped lentivirus

CSF1 Colony stimulating factor 1

VEGF Vascular endothelial growth factor

NPR Natriuretic peptide receptor

LPS Lipopolysaccharide

SAMHD1  SAM domain and HD domain-containing protein 1
HPSCs Hematopoietic stem cells

NY-ESO-1  New York ESOophageal squamous cell carcinoma 1

MMP Matrix metalloproteinases

DAMPS Damage associated molecular patterns
EpCAM Epithelial cell adhesion molecule
PD-L1 Programmed death-ligand 1

ICls Immune checkpoint inhibitors

CTL Cytotoxic T lymphocytes

GEMs Genetically engineered macrophages
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