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Abstract

therapies in this cancer.

Background: The role of immunotherapy in cancer is now well-established, and therapeutic options such as check-
point inhibitors are increasingly being approved in many cancers such as non-small cell lung cancer (NSCLC). Malig-
nant pleural mesothelioma (MPM) is a rare orphan disease associated with prior exposure to asbestos, with a dismal
prognosis. Evidence from clinical trials of checkpoint inhibitors in this rare disease, suggest that such therapies may
play a role as a treatment option for a proportion of patients with this cancer.

Main text: While the majority of studies currently focus on the established checkpoint inhibitors (CTLA4 and PD1/
PDL1), there are many other potential checkpoints that could also be targeted. In this review | provide a synopsis of
current clinical trials of immunotherapies in MPM, explore potential candidate new avenues that may become future
targets for immunotherapy and discuss aspects of immunotherapy that may affect the clinical outcomes of such

Conclusions: The current situation regarding checkpoint inhibitors in the management of MPM whilst encourag-
ing, despite impressive durable responses, immune checkpoint inhibitors do not provide a long-term benefit to the
majority of patients with cancer. Additional studies are therefore required to further delineate and improve our under-
standing of both checkpoint inhibitors and the immune system in MPM. Moreover, many new potential checkpoints
have yet to be studied for their therapeutic potential in MPM. All these plus the existing checkpoint inhibitors will
require the development of new biomarkers for patient stratification, response and also for predicting or monitor-

ing the emergence of resistance to these agents in MPM patients. Other potential therapeutic avenues such CAR-T
therapy or treatments like oncolytic viruses or agents that target the interferon pathway designed to recruit more
immune cells to the tumor also hold great promise in this hard to treat cancer.

Background

MPM is an aggressive inflammatory cancer associated
with exposure to asbestos. Despite having been banned
in the western world, current data from the US has
shown that the rate of MPM in males has remained con-
stant from 1994, while the rate of MPM in females has
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remained unchanged for decades [1]. Indeed, while the
use of asbestos has declined in industrialized nations,
asbestos is still being exported to developing nations
[2, 3]. Moreover, environmental exposure is still wide-
spread due to (a) previous industrial use; (b) its difficulty
to remove; (c) natural deposits are being disturbed by
human activities; and (d) housing proximity to these nat-
ural deposits [1, 4-7].

The economic burden for MPM is significant both at
the level of total cost for hospital care [8, 9], and eco-
nomic burden [9, 10].
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Clinically, if untreated, MPM has a median sur-
vival time of 6 months, and most patients die within
24 months of diagnosis. The current standard of care
(SOC) is a combination of pemetrexed/raltitrexed and
cisplatin chemotherapy) [11] is non-curative and results
in a response rate of ~ 40% [12], and there is no stand-
ard second line therapy once treatment fails. Recently,
the addition of an anti- vascular endothelial growth fac-
tor (anti-VEGF) therapy (Bevacizumab) has been shown
to enhance OS when given in the first line setting [13].
And whilst this therapeutic combination is now the
new standard of care in France [14], it has not yet been
approved by the FDA, issues with cost and lack of reim-
bursement prevent it from being added to the SOC in
many countries, and other anti-angiogenic combinations
have not been successful [15].

The power of the human immune system to prevent
cancer (often described as immune-surveillance) was first
mooted by Ehrlich in 1909 [16, 17]. One of the mecha-
nisms used by cancer cells to evade immune surveillance
involves a series of surface regulatory markers (called
checkpoint molecules), and has led to the development of
checkpoint inhibitors for cancer therapy, an area of active
investigation in MPM. Other prominent new treatment
options emerging in MPM (and other cancers) involve
cancer immunotherapy, a situation where the patient’s
own immune system (antibodies, cells, cytokines, etc.)
is exploited to eliminate tumor cells [17, 18]. In the fol-
lowing review we examine some of the current clinical
studies of immunotherapies in mesothelioma, explore
some of the issues potentially linked to lack of objective
responses, and discuss alternative immunotherapy tar-
gets which may translate into mesothelioma clinical trials
moving forwards.

Immunotherapy in MPM in the historical setting
Historically, immunotherapy in mesothelioma is not new,
and studies involving this cancer have been attempted for
over 25 years [19]. Examples of early trials in this arena
predominantly used Interleukin-2 (IL-2) and Tumor
Necrosis Factor alpha (TNF-a), were ineffective and suf-
fered particularly from a lack of scalability and logistical
issues [19, 20]. Some encouraging clinical responses were
observed for patients with good performance status [21]
while more recent studies in animal models suggest that
direct injection of IL-2 plus an agonist anti-CD40 anti-
body induces regression of large mesothelioma tumors
through a mechanism involving natural killer (NK)
cells driven acquisition and/or maintenance of systemic
immunity and long-term effector/memory anti-mesothe-
lioma responses [22].

Some of the earliest trials involved the infusion of
interferon (IFN) gamma to treat malignant pleural
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effusions [23, 24], oftentimes with complete responses
in Stage I patients [24]. Follow up studies using intra-
pleural infusion of interferon-gamma in a larger cohort
of (n-89) patients observed a 20% overall response rate
with most responses in early stage disease especially if
the tumor was confined to the parietal or diaphragmatic
pleura [25]. Whilst these and other studies of interferon
therapy combined with chemotherapy regimens suggest
that this strategy could be useful [26, 27] with median
survival rates of approximately 8—12 months, other stud-
ies found significant toxicities [28]. Later studies using
intrapleurally infused autologous human activated mac-
rophages combined with interferon gamma found limited
antitumor activity [29], while a study involving debulking
surgery coupled with interferon based immunotherapy
also demonstrated limited overall survival benefit [30],
suggesting that interferon therapy has limited clinical
benefit in MPM.

Another potential immunotherapy target for MPM
involves Granulocyte macrophage colony-stimulating
factor or GM-CSEF, used as an immune-stimulatory adju-
vant to elicit antitumor immunity [31, 32]. Initial studies
in MPM involved infusions of GM-CSF [33-35] but few
or no responses were observed [34, 35], and high toxic-
ity [33] or a poor OS (median survival of 7 months) were
the outcomes. A small clinical trial (n=22 patients) was
conducted involving a vaccination strategy comprising
autologous mesothelioma tumor cell lysate combined
with GM-CSF was conducted. The trial was found to
be safe, and induced tumor specific immunity in 32% of
patients, but saw only stable disease ad no tumor objec-
tive responses [36]. More recently, tumor derived GM-
CSF was shown to actually promote immunosuppression
in mesothelioma suggesting that actually targeting this
molecule may be more effective in augmenting immuno-
therapy in MPM [37].

Checkpoint inhibitor immunotherapy

within the neo-adjuvant setting

Although not SOC, there is compelling evidence that a
select subgroup of mesothelioma patients benefit from
a surgery-based multimodal approach, particularly if
they have an epithelioid histological subtype, lower-
volume disease, and/or minimal to no nodal involve-
ment [38]. In MPM microscopic complete resection
is considered to not be achievable, and patients who
have surgically resectable disease often undergo an
aggressive multi-modality therapy for which the opti-
mal combination therapy has not yet been identified
[39]. Various taskforces have been set to explore the
various options, and some proposed consensus reports
have recently been published [40-42]. In this regard
neoadjuvant immunotherapy prior to surgery has been
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mooted as an advantageous prospect in the manage-
ment of solid tumors as they enhance T-cell activation
the moment antigen is encountered, and encouraging
findings from early-phase clinical trials in various can-
cers support this notion [43-45]. A series of Phase I/
II clinical trials involving neo-adjuvant immunotherapy
prior to surgical resection have been initiated in MPM
(Table 1) but as these trials are still running the results
are not yet mature.

Checkpoint inhibitor immunotherapy in the surgical
setting

Aside from the neo-adjuvant setting, there is one ongo-
ing multicenter, randomized, controlled, open-label
Phase II study which is designed to assess the efficacy
of standard chemotherapy combined with nivolumab in
the context of multimodal management of early-stage
MPM (Table 1) [50]

Checkpoint inhibitor imnmunotherapy within the front-line
(first-line) setting

A number of studies have been completed or are ongo-
ing which aim to examine the potential utility of check-
point inhibitor immunotherapy in the front-line setting.
Several of these are ongoing (Table 2), but interim and
published results from some of these trials as discussed
by us and others [47, 48, 51, 52] suggest that checkpoint
inhibitors will be important new agents in the front-
line setting for the management of MPM. For exam-
ple, interim results of PrE0505 (Table 2) demonstrate
a median OS of 20.4 months, and a 1-year OS rate of
70.4% [52] with new trials such as DREAM3R (Table 3)
initiated on the basis of these interim results.

Most recently, analysis of the Checkmate-743 trial
(Table 2) has resulted in the FDA approval of a com-
bination therapy of Nivolumab/Ipilimumab as a first
line treatment for unresectable MPM [53, 54]. The
median OS with this treatment was consistent between
patients with epithelioid histology (18-7 months) and
non-epithelioid histology (18-1 months) [53]. The OS
benefit observed in the non-epithelioid subgroup for
the checkpoint inhibitor combination versus standard
chemotherapy is notable (18.7 months vs 8.8 months),
but can be attributed to the established inferior effect
of chemotherapy in the non-epithelioid subtype [53].

The approval of Nivolumab/Ipilimimab by the FDA as
a front-line therapy for the treatment of MPM is greatly
encouraging [54], and the results of the various ongoing
trials will help improve the utility of checkpoint inhibi-
tors in the front-line setting moving forwards.
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Checkpoint inhibitor immunotherapy within the salvage
setting

A large number of studies are also currently investigat-
ing the potential use of checkpoint inhibitors within the
second or third-line (salvage therapy) setting, and are dis-
cussed in more detail in the following sections.

Single agent checkpoint inhibitor studies

Several clinical trials of checkpoint inhibitors as single
agents have been completed in the salvage setting and are
summarized in Table 3. In particular, the MERIT trial,
a Phase II multi-center, open-label, uncontrolled, trial
of patients within the second-line setting, observed an
OS of 17.3 months which resulted in Nivolumab being
approved by the Japanese Ministry of Health, Labor and
Welfare for salvage therapy in MPM [65]. Despite this,
several other single-agent trials of checkpoint inhibitors
such as DETERMINE, PROMIS-MESO, JAVELIN or
Nivo-Mes for example have had mixed results (Table 3)
and these data have been reviewed extensively by us
and others [19, 47, 66]. Another ongoing single institute
phase II trial (IRB14-1381-NCT02399371) has reported
interim results suggesting that checkpoint inhibitors
show robust activity in the salvage setting, with a median
OS of 11.5 months [64] (Table 3). Most recently, interim
results from the Phase III trial CONFIRM trial (Table 3)
have been presented [67]. In the interim results pre-
sented superiority for nivolumab over and above pla-
cebo was observed for OS with a hazard ratio of 0.72
(p=0.018). The same was true for PFS with a hazard
ratio of 0.61 (p<0.001). Interestingly PD-L1 expression
had no bearing on OS, whereas an epithelioid histology
was found to have a significant survival advantage with
a 12 month OS (40 vs. 26.7 months) with a hazard ratio
of 0.71 (p =0.021) [67]. Despite this, data from the Dutch
expanded access program, suggest that in a real-world
setting patients with recurrent malignant pleural meso-
thelioma, nivolumab did not provide the same benefits as
observed in clinical trials with worse ORR and a median
OS of only 6.7 months [68, 69].

Combination checkpoint inhibitor studies in MPM
Several studies have now combined checkpoint inhibitors
in the salvage setting summarized in Table 4.

Two of these trials (MAPS2, NIBIT-Meso-1—Table 4)
documented responses with a median OS of approxi-
mately 16 months for the combination arms [70, 71].

The INITIATE trial (Table 4) which had an estimated
OS of approximately 12.7 months (Table 4) [72—74] along
with the NivoMes trial (Table 3) were recently re-exam-
ined to complete a comprehensive immune cell profiling
of samples [74], and the results demonstrated that the

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Page 4 of 24

(2021) 21:148

Gray BMC Pulm Med

K110 pa1dadxaun 1o
uolssa1boid aseas|p Jo aduasge
a1 Ul Jeak | 01 dn oy usAib aq

U3y} [|IM GeWINZI|0zZale adueu
-31UIBIA| dd3 JUSMISpUN oym

ewolpyiosaw |einajd swuaned asoyy 1oy Adessyroipel
JueUbIjeW 3|gPIDISAI YIIM Aq Ajleuy pamoy|oy ‘(g/d uon
syualied 1oy 3jes pue 3|qIsedy si -e2[11023p Yum Awoidainald eWOI[RYIOSIN
gPWINZI|0Za1e 9dUBUSIUIRW UDY) 10 443 Awoidauownaud |BIN3|d 1ueUbIe 9]0R1D953Y
120z 'L {unr ‘uolielpel F A1abins ‘qewnz||oz |einajd-e1xa) UoIDasal [BDIBING 10} 9DURUSIUIRIA Ul pUR UOIN
916 Uona|dwod Apnis parewnsy -91e-(paxaliawad) wniposip gewnz|jozale -BeUIqWIOD) Ul geWINZI|0Zaly
1Z0Z "1 aunf a1eq paxallowad-upie|ds|d Juean(pe -(paxanawad) Wn|posIp paxail YA paxa11awiad-upe|dsid
[8¢] w1 uona|dwo)) Alewlid palewnsy  -0au JO uawibal 3yl JI 91en|eAd o] | -owlad-une|dsio JueAn(peosN  /£G8ZZE0LDN  JUeAN[peOSN 4O [el] Ajigisesd v

SIeak G 01 dn 1oj SHeam 7| AIans
UY} 'SY99M 8 10} SH99M g AIaAS
‘skep 0 1e dn pamo||0} 3¢ ||IM
sjuaned quawiealy Jo uona|d
-WO0J JaYY | WOYOod O3 Jejiwj
QPWINZI|0JqUISd SNoUaARIUL AQ
PIMO||0} SHIIM €1 JIAO Ade

Aworauownaud [eina|d-enxa ed 7 LoYyod
auobispun 10U 3ARY oYM (NJIA) A1p1x01 3jgeidaddeun 1o
ewolayiosawl [einajd Jueubijew uolssalboid aseasip Jo aduasqe
1202 'L € Aoy yum sauaned uj Adesayy uon SU3 Ul S1eaA 7 01 dn JOj SYoaM ¢ PWOI[BLI0S3N
31e UoNR|dWOo)) APNIg pa1ewiis] -e|pel Ja)je paldls|ujwpe K19Aa pa1eadal qewnzijoiquiad [einajd wueubijely 1oeiul-bunt oy
0202 ‘L€ Aey 21eQ gewnzijoiqwad Jo AljIgess|0) snouanenu; snid ‘Adesayy uon Adesay] uoneipey Jayy gewnz
/%] wieI| uona|dwod Aiewlld parewnsy pue A19Jes a4 USSP Of | -e|pRJ DDRIOYI-IWDH | HOYOD  €9¥6S6Z0LDN  -1|0IqUIdd JUeAN(pPY JO [ell] | 3seyd
qewnz

-1]0IqUIDg 01 SDURISISDI 1UD
-J2Yul 10 1YaUSq IO} SIaxJewolq

31epIpURD [eUORIPPE AJuUSpI S9PAd
01 pawllojad aq ||Im saskjeue 10§ sAep |z Alans paxanawad
DAI1B[2410D 1210 pue ‘(dsuodsal pue unedsi> yum Adelayy
439 D-N4I) s9|dwies 1uswiesly -owiayd JueAn(pe Aq pamoj|oy
-350d pue -a1d paydieul UoN23534 [B216INS AQ PaMO]|0} BUWOIIRYIO0SIN
520Z ‘07 JaquwidaQ Bupedwod ‘(d3o) ajyo.d uols Qewnz|joiquiad 01 asuodsal |eIn3|d 1ueubijey 3]qe129s3Y
316 uona|dwod Apnis parewliisy -sa1dxa auab e eiA painseaul $S9SSE UdY} [[IM UedS | D/]13d Y YA SIUSIBd Ul GRWINZI|0IqUIS
2202 '07 Jaqwiada 21eg 'A-U0J34J21U] U] 95eaIDUl U S3[2A2 3211 40y SAep |7 A1and Apognuy |-Jd-huy ayi Jo Apnig
[op] wia1u| uona|dwod) Alewiid palewnsy  $sasse 01 S aAlda[qo Alewd ay | | gewnzijolqulad JueAnfpeosN  999/0/Z0.LON Anunyoddo-Jo-mopuipn 10]1d Y

s9ouaIRyRY  sniels oday a1ep uonsdwo) (s)aAndafqo Arewd  aseyd juswWIIedl] J3YNUIPI [l 3|31 40 wAuoude el

(K196ans-1s0d pue jueAn(pe-osN) buias [e216Ns 33 Ul SI01GIYUT IUI0d3d3UD JO NN Ul S|BLY [Bd1Ul)D L d]qeL

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Page 5 of 24

(2021) 21:148

Gray BMC Pulm Med

€707 J2quwa33g
91e uone|dwo) Apnig parewnnsy

€20z AInr 21eQ
[05] wia1u| uona|dwo) Alewlld pajewinsy

9¢0¢ sunf
31e UONR|dWOD) APNIS pa1eWIS]
S0z 3unf 31eQ
(6t '8t uona|jdwod) Aiewlild parewnsy

720z 'L J)aquindas
916 uona|dwo) Apnig parewnnsy
7207 'L Jaquinndas 21eq
[/¥] Wi uona|dwod Aiewlld paiewnsy

sisA|eue JalRy—ue|dey

e buisn ‘uoissalbold asessip Jo
95U3Nb3asUOD e Se UoIUSAISIUI
[euollppe Aue JO Uoleul Y3

|l3UN UO[IBZIUIOPURS UIOL) SWIL
3y} Se pauysp Ua3q sey Yydiym
(IN1) JUSWIRII-1XaU-01-2W1}

90 ||Im todpua Atewud ay |

NI 2]ge199s21 yam syuaped
I 1111 FF qRWN|OAIU JUBA
-nfpeoau Jo Alljigisead pue A1ajes

(17-ad)
| puebi|-yiesp pawwelboid
uolssaidxa Jouiny ay3 pue ‘s
L ¥AD+(SODI) J018|NWNS-0d
[[93-1 9|gI1>Npul Jo 9beIUSDIRd
ay3 (Ba11/8@D) §||192 | A101e|nbH3l
035|192 1 80D JO Olies [eiowIN}
-BJ3UI AU JO JUSWISSISSE DIe
S3INSPAW SWODIN0 AleWiid

(g Wiy) gewn|oAlu

yum Jayiaboy Adelsyiowayd
1ueAn(pe paseg-wnune|d Jo (y
wly) Adesayiowsyd jueAn(pe
paseg-unuield Jays aAledal
01 pazZIWOpUeI 3 ||IMm Sualied
(uoisnyladowaypd d1oeIoyIRAUl
DIWIBYLAAY INOYIIM JO U1IM)

Il A1961Nns 9A11DNPAI0IAD BUIMO||04

K19bins pauueid 03
Joud gewnuwiijidi 4+ geuwn|oAlu

aAeI2d0RId 17 oyoD)

K19buns pauued o3 Joud

A12bins bulobispun syuaned
PUWIOI[RUYI0S3W Ul (fy/11D-11Ue)
gewnuijawall snjd gewnjea
-Ing yum Adesayy uoneuiquiod

I 10 (17-Qd-Nue) gewnjeaing

‘GewWn|oAlu 3AneIadoald 1| LOYoD  Z5Z816E0LON

K1abIng

13}V BWIOIRYIOS [N Ul
Adesayiowayd) Y gewn|oAlN
VLIDIN

BUIOI[2UYI0S3N [IN3]d JUBU
-Blje|y 2]qe1D3saY Ul 3pesd0|g

JUI0d%D3YD) SuNUW| JUeAN(peoaN

BWO|DLI0SI [eINd]d
1ueUbIE 9|GR1DaSaY A[e21BINg
u| qewnuiisuwiai] +9¢/¥1IA3n

10 9E/FIAIN JO ApMIS i
aseyd AnunuoddQ JO Mopuip

saduIayRY  smieys Joday 9jep uonsdwod

(s)aandafqo Atewd aseyqd

juswieal] JaynuapI jet]

333 10 wAuoude jeu)

(penunuod) L ajqer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Page 6 of 24

(2021) 21:148

Gray BMC Pulm Med

pavodal 194 10N

pa1iodal 194 10N

KjoAnoadsal ‘9,7
PUE 94 | 2J9M 9181 SO
1824z 9YL (2 9L-STL'D
9456) Adeiayiouwayd yim
SYIUOW |'f| SNSIDA (S°1T
-8'91 1D %G6) UoneuIquIod
U1 YiM stjuow '8
Sem SO uelpaw ay1 ‘dn
-MO||0} JO SYIUOW |77
¥ (C00'=d'680-190
1D %S6 40 "gH) Adesayy
-OWaYD plepuels paseq
-wnuield snsisA 5O Ul
Juawanoidull Juedyiubis
[¥S ‘€S] wipau|

%0/ Sem
9181 SO Yuow 7| a3yl
"SYIUOW "7 Sem podai jo

W1 3Y1 Je SO UelpaW ay |

[¢s] wilia1ul

syIuoW '8 |
4O SO UBIP3W & PUB %/§

e

‘L€ Jaqwiada @1eQ uon
-9|dwoD Apnis pajewinsy
zeoT LEAnr

:21eg uon
-9|dwo) Alewlld parewns]

G707 Jequueda(g :21e uon

-9|dwo) Apnis parewnsy
S0z |udy :21eq Uon

-9|dwiod) Alewllld parewns]

720z 'S| |udy 23eq uon

-9|dwod Apn1s pelewns3
0202 'ST Ya1e 21eq

uona|dwo) Alewld [eny

€¢oc aunr
21eg uon
-9|dwo) Apnis parewnsy
0C0t '91 Areniga
Eillg|
uona|dwo) Alewld [eny

[Syruow z¢ :duwield awl] ]
asned Aue wolj yieap Jo

21ep 9yl 01 uonezjwopuel

WoJ) W} Se PaUYap SO
Il 9seyd
[syruow z¢

:dWeld awl] ] uoissaibold

10 9sde|a1 35e3SIP DAL
-23(00 JO UONPAISS]O
1544 O UONeZIWOPUR)
WIOJ) SWI) Se PAINSeIW S4d
|I9seyd I

uoljesiwopuel Jaye
SYIUoOW ¢ sI dn-moj|oy
WNWIUA :DWeld sl
SO M1l

SIeak Gy :aUlel aWl |
SO 1

SYIUOW 7/ :dwel4 awl]

'L 1SID3Y Yyim
2DUBPIOIIE U] PISS3SSe SO I

(Aluo || dseyd) geunz

-1]0JqWiad SA qewnzijoiq

-Wdd + paxaliauwad /uneld
-SID) SA paxaliawad/une|dsd

gewnealnp
INOYLM 1O YIM PIX11D
-wad snid upe|dsio aul-1sil4

unejdogied,/une
-|dsID pue PaxaJ19Wad SA
gewnuwl|id| pue gewn|oAIN

Adesayy

-OWwayd plepuels yum

UOI1eUIGUIOD UJ ‘Gewn|eA

-Inp Jo Apnis || aseyd
|9ge| uado ‘we 3|buls

PUIOIRYI0S3U 10}
Adelaypowayd prepueis

(£TT-ANFDLD)
L£1¥8LC0LON

6S/7EEY0LON

66C668C0LON

S61668C0LON

ewolRY}
-0S3\ [BIN3|d JurUbIjely
PIDURAPY UM S1US1Ed Ul
gewnzijolquiad o Apnis
paziwopuey ||/ 35eyd v
BUIOI[DYI0SSA
[eIN3|d PRdURAPY Ul USW
-1y211 3l 3544 se Adesayy
-OW3Yd Y Gewnjeaynd
deWV3IHd

PWOI[DY10S9N|

|eIN3|d 9|ge1dasaIUN

ul Adesay] suisii se

unejdogie) Jo unedsiH

YUM PEX2119WDd SNSIOA

gewnuijid| Yum uon

-euUIgWOD) Ul GRWN|OAIN

JO [elL [3ge7 uado
‘paziwiopuey ‘||| 9seyd v
E7/-918UWD9YD

505034d
uruny
K194ES B UM BWOIIDYL
-0saul Ul Adessyiowayd

JO 31eJ S4d Yiuouwl-g e yiim WdW UM uoleuiquiod ul QUI| 1SIY YUM geudn|ea
julodpus Arewd sy 19y (UOND3||0D B1RP ISP JO 91eQ)  40) | S[DFYw 01 buipiodoe gewn|eAInp Jo ssau -Inp 4o |eu1 g aseyd y
[Ls] pa1gjdwod 610¢/60//¢C (9S4d) syruow 9 1e S4d | -9AIDYD 2y 21eDNSAAUI O G1¥0/ L 100919C LNYLDY AV3Yd
EERITEIETE N snjejs yioday 91ep uonsjdwod (s)aAndafqo Arewnd aseyd juswieas| Jaynuapl el 333 1o wAuoude [el |

BunIas (SUI-ISIY) BUIUOL BU UILIIM SIONGIYUI JUIOIRYD JO NI Ul S[eiil [ed1uD Z 3]qeL

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Page 7 of 24

(2021) 21:148

Gray BMC Pulm Med

£01 40 SO uelpsw
966 JO JUSAS 3SI2APE pale|al
1USW1eal1 {7 4O € 9pelb yum
s|youd A1ajes 9jqeirdandy
[09] pa19jduiod

SUIUOW g'| | JO SO UeIpaW
%¥7C JO YJO Ue Ppue %06 JO
YDA & PRIRIISUOWSP (Bl 3Y ]
[69] paja|dwiod

sdnolb usamiaq paidaisp
SeM GO Ul 2dUSJ4Ip Ou
Adesayy
-OWaYD IO} SYIUOW /'€
YUM pasedwod Gz sem
gewnzijoiqwad 4oy (1D
%56) S4d ueIpaw ‘dn-moj|o}
YIuow g | Uelpaw e 1y
[85] pajajdwod
(17-0=d
‘TL1—9/-01D %S6 'T6-0 UH)
dnoib ogaoeld
QUYL Ul (£-8-6°G) SYIUOW ¢/
sA dnolb gewnwiewall
31 Ul (6°8-8-9 1D %S6)
syluow /-/ sem 1l :sdnoib
JUSWILSI} 31 U9aMID]
Ajpuedylubis Jagip 10u
PIP [BAIAINS |[BI2AO UBIPIN
[L8] paiejdwod

SYIUOW €'/ | SeM SO UeIPSA
%6¢ -4dO
(95 'sS] pa1s|dwod

Sloc'ee
Anf paiajdwod wie NdIN

61091
13qUI2da( 218 UONR[dWOD

L10z Ain
21eQ
uona|dwod Apnig [enidy

070 Jaqwad3( 218
uonadwod Apnis paewinsy
0207 49qwiada( 218 uon

-3|dwiod) Alewilld pa1ewnsg  (S4d) [PAIAING 9314 UOISSa1601d

0207 'L € Jaquiada( 91eQ
uona|dwo) Apnig parewiisy
9107 vz Arenuer

218
uone|dwod Aiewld [en1dy

8L0T 7L YaIey
:91e@ uonajdwod Alewiid

[S[ORREH
A1dIx0] buniwi 9sog |

(4DQ) 918y |0AUOD 35BS I

SO :PWOdIN0 AIBPU0IaS

(9sned Aue wouy
Y183 |13UN UO[IeS|IIopUe)
WOl SWI Se pauysp) SO Il

1SID3gw 01 Buipiodde Yyyo Il

Sjeam 7

A1one Byy/Bui 01 16 qewnjaay  $00¢//10LDN

AJDIX01 3]G

-e1dadoeun Jo uolssalboid

95BISIP |1IUN JO SYIUOW 7|

JO WiNWIXew e 10} A|SnouaA
-BJJUI SY29M 7 AIDAS PaIa3s

-utwipe (6/6w €) GeWN|OAIN  80S/6¥C0LON

gPWINZI|0IqWId O}
J9A0SS0ID 0 PIMO| [ 3IaM
Adelayiowayd 01 paziwo
-puel syuaiied ‘uoissaiboid
1e pue ‘Adesayiouwlayd
paseg-wnuiie|d snoiaaid
uo/Jaye uolissaiboid yum
syuaied WA pasdejas

Ul (3UIg|2I0UIA IO Sulge
-1pwab) Adesayrowayd
1uabe-3|Buls 310D [euon

-NsUL SA qewinzljoiqudad (87 166C01ON

gewnudijswsa]. Y/EEV8LOLON

JeWN|OAIN  /#ZE91-11D21der

NIT3IAVI

SONOAIN

ewiol|
-9U10Sa|\ [BIN3|d ueublely
pa1e311-31d PIDUBAPY JO)
Adelayroway) piepueis
SNSI9A QPWINZI0IqUIRd
Bupedwo) el ||| 9seyd

pasIUIOpUBY IIUDAINIA Y

0S3N-ISINOYd

eWOI[9L10Sa\

JuRUBI[EA [PRUOIISJ IO
[eIN3|d 9]ge1I9SIUN YU
$103[QNS JO JUSWILRIL U]

-plIY 10 -pUODS Ul 0gade|d

01 gewnuwjjawsai] buped

-Wwod Apnis puljg-ajgnod
'paziuopuey ‘qg 9seyd v
INIWY3LAd

(609
—€€)L¥=8ESH-ONO) BWOl|

-ay10saw [eanajd Jueubijew

Ul 8€SH-ONO 40 A134es

pue A5edyJ2 21eb13saAuUl 03

Apnis || aseyd ‘pajjonuodun
‘|]2ge|-uado ‘a3uad-lINW v
RIREIA

LERITEIETEN] snje)s jioday

9jep uonsjdwod

(s) anndalqo Atewnd aseyd

judwieal]  JLuluSpI [e]

9313 10 wAuoude [en]

Buias (9beA[ES) BUI-PUOISS DY UIYIIM SI0NGIYUl IUI0d%d3YD 1Uusbe-3|BUIs JO NI Ul S|ely [ed1Ul)D € ajqeL

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Page 8 of 24

(2021) 21:148

Gray BMC Pulm Med

eWOI[oYylosaWl
10} "1 1S1D3Y payipow Aq

geWN[2AR JO SISOP OM1

151 93 J2Ye | HgS JO 3SIN0D
1I0US B Se ||oM Se oM

(WdW)
2UIOIIDYI0SI\ JurUDIBIN

| 207 Joqwiada(d 216 pauyap [s1eak ¢ :awel 19430 A1ans (B3/6w Q1) Ul 1495 Sn|d gewn|aAy Jo
uonsdwod Apnis paewinsy SWil|] 2181 9suodsal [[elaAQ 1/ QPWIN[9AY JO 3SOP SUQ 75566E€€01ON  Apmis A194es pue Aoeduyg uy
A1D1x03 9|ge1dadoeun
€207 '0C Y2Ie 218 403 ‘S4d ‘SO 10 uolssaiboid aseas|p Jo
uona|dwo) Apnis palewinsg  :dpn|aul S9UO02IN0 A1epuodas 92U3S0R 943 Ul SYIUOW 7
SYIUOW §'| | 4O SO UeIpaw 1207 ‘0T Youe 21 UOI asuodsal 01dn Joy skep |7 K1oAd
[¥9] WL -91dwio) Alewild paiewiisy 1Ipaid 03 17-0d 40 Aujiqy I gewnzijolquad snouarenu 1£€66€C0LON 18EL-¥ 19yl
(s1eak 7 01
dn) syaam g A1aAa bul 0oy
QAR (H-ISIN/HININP)
1USIDYaP Jledal yd1ewsiw
S35BD MO| Yum asoys buipnioxa —
gL 18 JO 6 Ul paAIssqo (GWL) Usping [euoneinu (851 ILONAIM) siown] pljos
AJUO Sem YyO ue NdIA Ul Jnowin1 ybiy yum syuaned PadURAPY YA S129(GNS Ul
MO| gINL 17 Wie [euswiadxy SIJewolg aAIpald bul
Ul 969 SA YbIY gL Ul %67 JO 9707 '8l aunr [s1eak 7 Ajorewixoidde (s4e2A 7 01 dn) SH2M € -1en[eAT (G/FE-MIN) gewnz
YHO [|BISAO0 Ue S1I0YOD ||e 04 216 01dn :dwel4 3wl ] (YYO) AK19A3 BUl 007 gewnzijoiq -1|0JqUISd JO [l [BIIUID
[€9] w9 uonsdwod Apnig palewisy 91eY asuodsay 9ANdA[qO Il -wiad 1| we [eyuswiiadxgy /90879Z0.1ON 8G | -910UAD)Y
Pa11n220 A1DIX01 9|q
-e3dadoeun o uolssaiboid
95BISIP PAUIYUOD |13UN JO
syauowl /8| SIB2A 7 10} SY99M 7 A19Ad
JO SO ueIpawW e pue B31/6w 0| UaAID gewnz
SYIUOW G'G JO S4d Ueipaul -1|0IqUURd JO S1034J3 Jow
e YIM 610¢ Ul WA 104 -nue ay1 ssasse 01 (NdIN siown] pljos
pariodal sem ¥yO aules ay [syiuow 7z 01 dn :dwel4 Buipn|oul) siowns pljos pPadURAPY 123195 YA S303(
HOYOD NIl 343 Ul paiodal SWIL] (1L UoISIaA 1S1D3Y) pasueape ‘9AIsod-17-ad -gnS Ul (S/E-MIN) gewnz
SBM 9507 JO Y4O U /10T U] €707 '81 1oquwadaQ 218 SIOWN] PI|OS Ul B3I UOI yum siuaned jo spoyod -lloiquiad Jo Apnis g| aseyd
[29'19] w9 uonsdwod Apnig palewnsy  -enjea3 asuodsay buisn Y4o | JUIYIP 0T SSOIDe [elil 19¥seg 908%S0Z0.1ON 870-910UASY|
FERITEYETEN snjeys 1oday 9)ep uovjdwod (s) anndalqo Arewnd aseyd juswieal]  JLuluUSpI [e] 9313 10 wAuoude [el|

(panunuod) € 9lqelL

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Page 9 of 24

(2021) 21:148

Gray BMC Pulm Med

SYIUOW g/ SEM SO UBIpaU
9y} PUB ‘SYIUOW 87 Sem
Sdd UeIpaw a3 ‘syauow |/
4O dn-mO||0} UBIPRW B 1y

£20¢ '0€ 419qwa1das :21eg
uonajduwiod Apnig palewns3
610C ‘2 aunr

210

uolssalboud

|ed160joIpel o [eDIUIP [uUN
'SUO[E QPWIN|BAIND SAI3D3)
01 9NUIIUOD [|IM $3103[qNs ‘|
Aep G 324> yum bujuuibag
(S950P 1) $9|PAd 7 01 dn
10} qeWNWI[RWJ} 9AISD31
1M sauedidied “(skep /£ +)
$9|9A2 Aep 87 A1aAd Joj Aep
19d 92U0 geWNWIRWSI|

ewo||

-9Y10S3\ [BAN3|d 1ueubiepy
Ul QeUWINWI[SWISAL YU
UONBUIGWIOD) Ul Gewn|eA

[s/] papuadsng uona|dwo) Alewlld [enidy || snid gewnjeaing wie 9|buls  £ZSS/Z0€0LON -Ing Jo Apnis 7 aseyd v
(Spuow /-z|
P232X3 01 Pa1ewilsa) 440 ‘SO ‘S4d papnpul (sawi} Inoj 01 dn sy2aMm 9
paydeal Jou 6107 Jaqwiadag S9WODINQ AIBPUOIIS K1an2 By/6bw |) gewnuwijid)
SEM [BAIAINS |[BISAO UBIPSN 216 SHIM 7| sn|d (sy9am g A19Aa asop
r/-t/] pa13jdwio) uonajduwio) Apnis [enidy  1e (4DQ) Sley [01U0D asessiq Il 1eyy Bw 0k7) qRWNOAIN  #/¥870£0LON JLVILINI
S350P 6
|BUOIIIPPE UB 10§ SY29M N0}
KI9A3 B3/BW 07 gewnjea
-INQ U3Y1 'S950P 1 10§
SYIUOW 9-9| 8107 Y2iey YDA Pue S4d ‘SO papnpul S49aMm IN0j A1ana Byy/Bw 0z
sem Apnis ay1 10} SO uelpawl 21eQg S9AI123[qO A1epuU0d3S gewnjeaing snid By/6w |
[L] pajeduwio)  uonejdwio) Apnis pateunisy ddO p=3ejad sunwiwil Il gewnuijawal] wie 3jbulS  1€18857010N L-OSSW-LIFIN
S44 ‘SO SYoaM 9 Auans By/buw |
UorPUIqUIOD 343 PapPN|2Ul S3WO02IN0 AIPPUOIS gewnul|id] snid aroqe
10j syuow ¢’ | pue Adeiayy (ewlol2Y10SaW 104 0 11SID3Y Se GRWIN|OAIN SA SY99M 7
3|buls 9y J0j syuow 6| | 0707 |Udy  payIpow) JUSUISSISSe Jouwn| K12 B/Bw € qewun|oAlN
SeM PaAISSTO B1BP SO UBIPIN :21eQg [SyluOW-€ :DWelq awi| ] Adesay]
[0/] pajedwio)  uon|dwio) Apnis paleuisy ueds | 3 Aq passasse YyDJd I uoneuiquiod sa Adelsylouow  z/¢9L/Z01ON ¢SdYIN
sadUIYY smejs 1ioday 91ep uonsjdwod (s)anndafqo Arewnd aseyd juswieal] JSynuIpI el 9311 40 wAuoide [el]

BuInes (36eALS) BUI-PUODISS DY UIYLIM SI01IYU 3UI0dYI3YD PUIGUUOD JO INJIA| Ul S|el [ealul)d)  alqel

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Gray BMC Pulm Med (2021) 21:148

combination therapy induced a profound increase in the
proliferation and activation of effector memory T cells
which was not observed in the monotherapy, suggesting
a clear benefit for the combination therapy, and therefore
this observation warrants a larger Phase III trials of this
combination therapy in the salvage setting.

Other trials of combination therapies in the combi-
nation setting have not shown as good responses. For
example NCT03075527 a single institute trial examining
a Durvalumab/ Tremelimumab combination was prema-
turely terminated as it did not meet its primary endpoint
of ORR at interim analysis [75] (Table 4). The results of
these trials continue to support the further development
of checkpoint inhibitors as both single agents or as com-
bination therapies in MPM.

Are there other checkpoint inhibitor therapy options?
However, checkpoint inhibitors and anti-tumor immu-
nity are not restricted to just the three candidates
(CTLA-4, PD-1, PD-L1) currently described in the previ-
ous sections. Many other potential immunotherapy tar-
gets have been identified as shown in Table 5, and some
potentially actionable candidates are discussed in the fol-
lowing sections.

LAG-3: Lymphocyte activation gene-3 (LAG-3, also
known as CD223) is a checkpoint inhibitor, where it
acts as an inhibitory co-receptor, playing pivotal roles
in autoimmunity, tumor immunity, and anti-infection
immunity [79]. A number of agents targeting this recep-
tor are in active clinical development [79]. LAG-3 has
been proposed as a candidate checkpoint inhibitor target
in MPM [80], and expression of LAG-3 has been identi-
fied on immune cell infiltrates isolated from patients with
MPM [81]. Most recently a study found that whilst the
immune phenotype of pleural fluid cells had no prog-
nostic significance, the presence of PD-1+/LAG-3+/
TIM-3 4+ CD4+ tumor-infiltrating lymphocytes in pleu-
ral biopsy samples correlated with worse overall survival
[82]. Intriguingly, analysis of The Cancer Genome Atlas
(TCGA) dataset indicates that high mRNA expression
of LAG-3 is associated with better OS (Table 5), and a
recent analysis suggests that high LAG-3 mRNA expres-
sion is a common feature in mesothelioma at both the
mRNA and protein level [83, 84].

In a recent report Marcq et al, have shown that in
pre-clinical models of MPM, a combination of an anti-
PD-1/anti-LAG-3 results in delayed tumor growth and
survival benefit [85]. Interestingly, a bispecific antibody
Tebotelimab (in development by Macrogenics) targets
both LAG-3 and PD-1 and is currently in a Phase I dose
escalation study (NCT03219268). Preliminary data from
this study suggests it has an acceptable safety profile
with encouraging early evidence of anti-tumor activity,

Page 10 of 24

with one confirmed partial response in a mesothelioma
patient [86].

VISTA: V-type immunoglobulin domain-containing
suppressor of T cell activation (VISTA) (also known as
VSIR or B7H5) is an immune-checkpoint gene which was
first reported as having strong expression in epithelioid
MPM, above and beyond that seen in other solid can-
cers, with obvious implications for the immune response
to MPM and for its immunotherapy [87]. A subsequent
study has confirmed that VISTA expression is higher in
epithelioid subtype [88, 89]. High expression of VISTA in
epithelioid cancers is associated with a better OS, in both
the TCGA dataset (Table 1) and in a separate analysis in
the French MESOBANK samples [90]. CA-170 is a small
molecule inhibitor of VISTA in development by Curis,
and NCT04475523 is an open-label, multicenter dose-
escalation study of CA-170, assessing the safety and tol-
erability of this agent in patients with relapsed/refractory
solid tumors. This trial had a cohort of (n=12) MPM
patients, and the results for this cohort were recently pre-
sented, which effectively showed that while CA-170 was
well tolerated and showed favorable clinical pharmacoki-
netics, no partial or complete responses were reported in
MPM [91].

B7-H3: B7H3 (also known as CD276) is another candi-
date checkpoint, whose expression has been observed in
mesothelioma [92]. In 2018, it was reported that expres-
sion of B7H3 was positive in 41 of 44 mesothelioma sam-
ples tested, and of these 39/44 highly expressed B7H3
[93]. The histological subtype of the mesothelioma speci-
mens examined was not provided. A separate study has
confirmed that almost all MPM patients across all his-
tological subtypes were positive for B7-H3 (epithelioid
— 90.9%; non-epithelioid — 88.9%) [94]. In this analy-
sis albeit of a small number of patients (n=31), it was
found that the expression level of B7-H3 was significantly
higher than that of PD-L1 in the epithelioid type, whereas
in non-epithelioid samples, there was no significant dif-
ference in the expression levels of PD-L1 and B7-H3 [94].
Analysis of the TCGA dataset demonstrates that high
expression of B7H3 mRNA is associated with a worse OS
(Table 1).

Several compounds targeting B7-H3 are under active
development by companies such as Daichii-Sankyo
(DS-7300—a humanized antibody drug (topoisomerase
inhibitor) conjugate) or Macrogenics (Enoblituzumab/
MGA271—monoclonal antibody; MGC018—a human-
ized monoclonal antibody (DNA alkylating agent) conju-
gate). All are currently in Phase I/II clinical trials. Interim
data from the MGCO018 trial (NCT03729596) has been
presented which indicate that this antibody drug con-
jugate (ADC) has a manageable safety profile with early
evidence of clinical activity [95].

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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Table 5 Known checkpoints examined for expression and survival in MPM
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Gene Alternative names Altered expression? (mRNA) 0SP (MRNA) Comments
CD244 2B4 No No
TNFRSF9 4-1BB No No
ANGPTL7 CDT6 No No
CD80o B7-1 No No
CD86 B7-2 No No
ICOSLG B7-H2 No No
CD276 B7-H3 N/A Yes High expression associated with poor OS
(p=0.039)
VTCN1 B7-H4 No No
HHLA2 B7-H5 No No
NCR3LG1 B7-H6 N/A Not found in UALCAN
BTLA N/A No
BTN1A1 BTN No No
BTN3A1 CD277 Yes Yes Upregulated in MPM
(p=0.029) (p=0.0093) High expression associated with better OS
BTN3A3 BTF3 Yes Yes Upregulated in MPM
(p=0.042) (p=0.0065) High expression associated with better OS
PVR CD155 No Yes High expression associated with poor OS
(p=0.023)
CD160 BY55 No No
LY9 CD229 No No
D28 Tp44 No No
TNFRSF8 CD30 No No
CD40 TNFRSF5 No No
CcD47 MERS6, IAP Yes No Upregulated in MPM
(p=0.012)
CD48 BLAST1 No No
CD84 SLAMF5 No Yes High expression associated with poor OS
(p=0.042)
CD9%6 TACTILE No No
CTLA-4 CD152 No No
CD226 DNAM-1 No No
LGALS9 Galectin-9 No No
TNFRSF18 GITR N/A No
TNFRSF14 HVEM No Yes High expression associated with better OS
(p=0.019)
TIM3 HAVCR2 No No
ICOS AILIM No No
LAG3 CD223 Yes Yes Upregulated in MPM
(p=0.011) (p=0.021) High expression associated with better OS
LAIR-1 No No
LAIR-2 CD306 No No
LILRA2 LIR7, CD85H No Yes High expression associated with better OS
(p=0.038)
LILRA3 LIR4, CD85E No No
LILRAS LIR9, CD85F No No
LILRB1 LIR1, CD85 No No
LILRB2 LIR2, CD85D No No
LILRB3 LIR3, CD85A No No
LILRB4 LIR5, CD85K No No
LILRBS LIR8, CD85C No No
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Table 5 (continued)
Gene Alternative names Altered expression® (MRNA) 0SP (MRNA) Comments
Nectin-1 PVRL1 No Yes High expression associated with poor OS
(p=0.0042)
Nectin-2 PVRL2 No No
Nectin-3 PVRL3 Yes Yes Upregulated in MPM
(p=0.012) (p=0.024) High expression associated with poor OS
NCR3 NKp30 No No
SLAMF6 NTB-A N/A No
OXx40 TNFRSF4 No No
OX40L TNFSF4 Yes Yes High expression associated with poor OS
(p=0.047) (p=0.00018)
PD1 CD279 No No
PD-L1 CD274 N/A No
PD-L2 B7DC No No
PVRIG CD112R No No
SIRPA PTPNS1 No Yes High expression associated with better OS
(p=0.0091)
SIRPG SIRP gamma No No
SIRPB1 SIRP-beta 1 Yes No Upregulated in MPM
(p=7.92x107)
SIRPB2 N/A No
SLAMF1 CD150 No No
SLAMF7 CD319 No No
TIGIT N/A No
VISTA VSIR, C100RF54 N/A Yes High expression associated with better OS
(p=0.00093)
VSIG3 IGSF11 N/A No Ligand of VISTA
VSIG4 CRIG No No

Bold value represents significance at p < 0.05

2 Assessed using oncomine analysis [76] of the Gordon MPM dataset (normal pleura versus malignant) [77]

b Assessed using UALCAN [78]

TIM3: The T-cell inhibitory receptor Tim3 (T-cell
immunoglobulin and mucin-domain containing-3) is a
heavily investigated immune- checkpoint [96], and dem-
onstrating significant pre-clinical activity [97, 98]. Tim3
expression has been examined in MPM, and its expres-
sion is found on both tumor cells and immune cells [81,
99], and double-positive PD-1+4 /TIM-3+CD8+ T cells
are more commonly found in PD-L1-positive tumors
[99]. Whilst expression of this receptor does not have any
prognostic value (Table 1) in the MPM TCGA dataset, its
expression suggests that it may be a potential new target
in mesothelioma [85, 100].

TIGIT: The role of inhibitory repressors (IRs) on
tumor infiltrating lymphocytes (TILs) is generally asso-
ciated with T-cell exhaustion. In such a situation, when
exposed to chronic tumor antigens, T cells become dys-
functional/exhausted and upregulate various checkpoint
inhibitory receptors (IRs) that limit their survival and
function [101]. In a recent analysis of TILs isolated from
patients with MPM [102], it was observed that the levels

of TIGIT were significantly greater on TILs isolated from
MPM compared with those isolated from tumor free
lungs (TFLs), with high levels of TIGIT on~60% of
CD8+T-cells [102]. Functionally, the expression of
TIGIT was associated with TIL hypofunction [102], sug-
gesting that an anti-TIGIT therapy may have potential for
therapeutic use in mesothelioma [102], and a number of
clinical trials and anti-TIGIT therapies are in progress
[103].

BTN3A1/ BTN3A3: Butyrophilin subfamily 3 (BTN3)
genes are emerging as checkpoints critical to the reg-
ulation of immune responses for specific y6 T cell
(VY9V62T) subsets which can exert anti-tumoral effects
[104]. Two of these BTN3A1l (CD277) and BTN3A3
(BTE3) are upregulated in MPM and high expression is
associated with MPM OS (Table 5). VY9V82T cell infil-
tration into tumor tissues is associated with a positive
prognosis across multiple cancers [105], which makes
the BTN3A subfamily an interesting target for enhancing
anti-tumor immunity. Several companies have developed
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agents targeting butyrophilins. One candidate is a
humanized anti-Butyrophilin 3A (BTN3A) monoclonal
antibody (ICTO01) developed by ImCheck Therapeutics
and which is currently in a Phase I/IIA (NCT04243499)
first-in-human, open-label clinical trial to characterize
the safety, tolerability and activity of as monotherapy and
in combination with Pembrolizumab in patients with
advanced, relapsed/refractory cancer, including both
solid tumors and hematologic cancers. Preliminary data
from the first dose cohort of patients with solid tumors
were recently presented and show a favorable safety pro-
file with robust activation and migration of y982 T cells
at doses as low as 1 pg/kg [106].

0X40/0X40L: These are members of the TNF recep-
tor superfamily (TNFRSF), and are key co-stimula-
tors of T cells during infection, and there has been an
increasing interest in harnessing these receptors to aug-
ment tumor immunity. OX40 (TNFRSF4) and OX40L
(TNFSF4) have been implicated in mesothelioma. In a
recent study of an animal model of mesothelioma, tumor
resident regulatory T-cells were shown to co-express
high levels of CTLA-4 and OX40 on a large proportion
of cells. Individually targeting OX40 generated an effec-
tive response against tumor development, and was found
to be synergistic with anti-CTLA4 agents [107]. Whilst
there appears to be little information as regards OX40L
in mesothelioma, analysis suggests that OX40L is over-
expressed in MPM and high expression is associated
with poorer OS (Table 1). At present a Phase I clinical
trial (NCT03894618) of SL-279252 (PD1-Fc-OX40L) is
assessing the safety, tolerability, pharmacokinetics, anti-
tumor activity and pharmacodynamic effects of this bi-
functional fusion protein [108] in patients with advanced
solid tumors or lymphomas. The trial is expected to com-
plete in April, 2022.

Other candidate checkpoints which could be thera-
peutically targeted include PVR (CD155), CD47 (MERS6,
IAP), CD84 (SLAME5), TNFRSF14 (HVEM), and vari-
ous members of the nectins (Table 5). Clearly, as our
knowledge of checkpoint inhibitor therapy improves,
the wealth of candidate targets and agents currently
under investigation coupled with emerging data from
patients with MPM suggest that further investigations of
combination immune checkpoint inhibitor therapy are
warranted.

Beyond checkpoint inhibitors

Oncolytic therapy?

While early studies of interferon or GM-CSF based
MPM therapy based on infusions proved disappointing,
new therapeutic strategies which involve oncolytic virus
mediated expression of these agents may have more clini-
cal activity and benefit.
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Oncolytic adenovirus overexpression of IFN: Several
Phase I trials involving intra-pleural infusion of adeno-
viral mediated interferon therapy have been attempted
in recent years [109-111]. In the most recent of these
(ClinicalTrials.gov NCT01119664), 40 patients received
two intra-pleural doses of a replication-defective adeno-
viral vector containing the human IFNa2b gene (Ad.
IEN) concomitant with a 14-day course of celecoxib
followed by chemotherapy (either first line with pem-
etrexed, or second-line with pemetrexed or gemcitabine.
whilst patients in the first-line cohort had median OS of
12.5 months, in second-line settings the median OS was
21.5 months with 32% of patients alive after 2 years [109].
A new Phase III study—(INFINITE—NCTO03710876)
is currently recruiting for a trial involving intra-pleural
administration of TR002 an adenovirus-delivered Inter-
feron Alpha-2b (rAd-IFN) and examining its efficacy and
safety in combination with celecoxib and gemcitabine in
patients with mesothelioma.

Oncolytic measles virus overexpression of IFN: On a
separate note, in 2015 defects within the interferon type-
I response were found to render MPM cells sensitive
to oncolytic measles virus [112], and a follow up study
found that the defects in IFN-I responses that renders
them sensitive to oncolytic activity induced by exposure
to the measles virus were most frequently homozygous
deletions of all the 14 IFN-I genes (IFN-a and IFN-p)
[113]. These results suggest that the interferon pathway
continues to be potentially important immunotherapy
target in MPM.

Intriguingly, a recent report indicates that IFN-y treat-
ment of mesothelioma cells results in both the upregu-
lation of membranous PD-L1 [114], which suggest that
interferon therapy, could be combined with anti-PDL1
checkpoint inhibitors for the treatment of MPM.

Oncolytic adenovirus overexpression of GM-CSF:
ONCOS-102 is an immune-priming GM-CSF cod-
ing oncolytic adenovirus in development by Targovax.
The safety, immune and clinical results of an open-label
Phase I/II clinical trial of ONCOS-102 in combination
with pemetrexed/cisplatin (NCT02879669) for 1st and
2nd line unresectable MPM have just been reported, and
indicate that the immune priming function of ONCOS-
102 was both safe and had robust immune activation,
with increased T-cell infiltration [115]. Moreover up-
regulation of PD-L1 was noted, which could potentially
allow for future combinations with checkpoint inhibitors
[115]. Currently, Targovax has been granted a European
Patent for combining this oncolytic virus with checkpoint
inhibitors (European Patent no 3293201) [116], and has
further announced a collaboration with Merck to evalu-
ate ONCOS-102 with Pembrolizumab in MPM [117].
The envisaged trial will be a randomized phase II of up
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to 100 patients comparing this investigational triple com-
bination against Pembrolizumab and SOC, with multiple
centers in both the USA and EU participating, and the
aim will be to start enrolling patients into the trial within
twelve months. Moving forwards it will be interesting to
see the results of any clinical trials combining ONCOS-
102 and checkpoint inhibitors.

CAR-T based approaches

Chimeric antigen receptors (CARs) therapy functions
by coupling the Human leukocyte antigen (HLA)-inde-
pendent binding of a cell surface target to the delivery
of a tailored T-cell activating signal by recognizing and
binding to specific tumor-associated antigens [118, 119].
The potential to use CAR-T therapy in mesothelioma has
been explored fairly extensively, and pre-clinical mod-
els using various targets including mesothelin (MSLN)
[120, 121], Fibroblast activation protein (FAP) [122], Met
Proto-oncogene (cMET) [123], pan-ErbB [124] and oth-
ers have been extensively tested [125, 126].

Various clinical trials of CAR-T based approaches in
MPM have been conducted and were recently summa-
rized by us and others [47, 118, 119, 127].

One factor which may currently limit the use of CAR-T
strategies in solid tumors could be the issue of T-Cell
exhaustion [128]. However, recent studies suggest that
checkpoint inhibitors may be a mechanism for improv-
ing the potency of CAR-T cell therapies in this regard
[129-131], and other approaches such as co-stimulation
induction and cytokine based approaches may also have
merit [128].

Dendritic cell (DC) therapy is a cell based vaccina-
tion approach used to initiate an anti-tumor immune
response [127]. In mesothelioma initial approaches used
autologous tumor lysate loaded DCs, and have showed
excellent long lasting clinical responses with survival up
to 66 months post treatment [132-136]. While greatly
encouraging, the main disadvantage of this approach
remains that it is time-consuming and may not often
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generate sufficient amounts of the required quality for
DC therapy. Allogenic tumor lysates have the possibility
to circumvent this drawback [137], and a Phase I clini-
cal trial MesoCancerVa (NCT02395679) has recently
completed. In this trial, no dose-limiting toxicities were
established and radiographic responses were observed.
The median PFS was 8.8 months and median OS was not
reached at a median follow-up of 22.8 months [137]. In a
follow up analysis of the peripheral blood T cell receptor
B (TCRP) chain repertoire of nine MPM patients before
and 5 weeks after the start of dendpritic cell (DC)-based
immunotherapy, it was found that clinical responses to
DC-mediated immunotherapy was dependent on both
the pre-existing TCRp repertoire of total CD3+T cells
and on therapy-induced changes, in particular expanding
PD1+CD8+T cell clones, and therefore TCRp reper-
toire profiling could potentially allow for the selection of
MPM patients that might benefit from DC-based immu-
notherapy [138].

These promising results have led to the establishment
of the Phase II/III DENIM trial (NCT03610360) which
aims to recruit n=230 patients to examine the OS in
patients treated with DCs loaded with this allogeneic
tumor cell lysate as maintenance treatment after chemo-
therapy [139]. This trial is estimated to complete in Janu-
ary, 2021, and the results will be eagerly awaited.

Outstanding issues and other therapeutic
considerations

Clearly immunotherapy will in the future play important
roles in the management of this cancer. As we continue
to develop our understanding and knowledge of these
exciting therapeutic options and avenues of approach,
additional issues and possibilities arise summarized in
Table 6, and are discussed in more detail in the following
sections.

Table 6 Additional areas of interest within mesothelioma immunotherapy

Outstanding areas of interest forimmunotherapy in MPM

00 N OO U1 AW N —

Can we combine Tumor-Treating Fields (TTF) with checkpoint inhibitors?

How can we best stratify patients to checkpoint inhibitors?

Is there any utility for the use of PD-L1 expression as a biomarker to direct therapy?

Can we epigenetically prime MPM for checkpoint inhibitor therapy?

Can we use BAP1 status in immunotherapy of MPM?

Would targeting Toll Like Receptors (TLRs) along with checkpoint inhibitors prove beneficial?
What is the best way to monitor response to checkpoint inhibitors?

Is the cost prohibitive for the use of checkpoint inhibitors in the second-line/salvage setting?
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Tumor-treating fields and checkpoint inhibitors

Developed by Novocure, the NovoTTF "-100L System is
a device which uses alternating electric fields at specific
frequencies and intensities (called Tumor Treating Fields
or TTF) to selectively disrupt mitosis in cancerous cells
[140]. This technology has received FDA approval for
use in MPM [141], though concerns exist as to whether
potential inherent biases and lack of sufficient controls
can allow for a true interpretation of the therapeutic
value of this system in MPM [141-144].

Novocure has recently initiated Phase III clinical trials
(e.g. NCT02973789) of its platform in combination with
immune checkpoint inhibitors in NSCLC [145]. If these
clinical trials show efficacy it will interesting to see if sim-
ilar clinical trials of the NovoTTF "-100L System com-
bined with checkpoint inhibitors will be conducted with
MPM moving forwards.

Patient stratification: Is there a role for tumor mutational
burden in predicting response to immunotherapy?

Tumor mutational burden (TMB) is emerging as a strong
predictor for identifying cohorts of patients who may
respond to checkpoint inhibitor based therapy [146].
Theoretically, a higher TMB should therefore increase
the likelihood for tumor neo-antigen production and as
such the probability for immune recognition and tumor
cell killing [147]. Even though MPM is considered to
have a low TMB [48, 148, 149], TMB has been assessed is
some available studies of checkpoint inhibitors.

Keynote-028—Expanding on a more detailed analy-
sis of the entire trial cohort (n=475) it was found that
T-cell-inflamed gene expression profiles (GEP), PD-L1
expression and/or tumor mutational burden was asso-
ciated with a higher likelihood of response to therapy.
Within this analysis of the n=25 mesothelioma patients
n=19 had GEP; n=12 had PD-L1 positivity and n=9
had TMB data available [61]. However, no subgroup anal-
ysis was available for the mesothelioma cohort alone.

In an analysis of the Keynote-158 study with a pre-
specified cutpoint of at least 10 mutations per megabase
as TMB-high, 9/84 MPM patients who were assessed
as being TMB-low had an ORR [63], although in terms
of PFS and OS TMB-high status with Pembrolizumab
treatment was not significant for the overall popula-
tion [150]. In a single case study, an MPM patient who
derived a prolonged response to a checkpoint inhibi-
tor (45 months to 52 cycles of Pembrolizumab) was
also assessed for TMB. The baseline biopsy was found
to have 0.92 somatic mutations per megabase, while the
relapse biopsy had 0.26 [151]. The issue of TMB therefore
remains to be resolved for its potential utility in predict-
ing or stratifying MPM patients to checkpoint inhibitor
based immunotherapy.
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Is there any utility for the use of PD-L1 expression

as a biomarker to predict response?

The role of PD-L1 expression as a biomarker to predict
outcome in MPM is still an ongoing issue that has yet
to be resolved. If one considers the results of Check-
mate-743, PD-L1 status does not predict for OS benefit as
similar survival was seen in the subgroups with less than
1% vs 1% or greater PD-L1 status [53]. Similar results
have been observed in other clinical trials [58, 59, 71].
The results of the MERIT trial found that differences in
OS and PFS favored positive PDL-1 expression (although
not-significant) [55]. What is emerging from these stud-
ies is that expression of PD-L1 is associated with higher
ORR [60, 69, 70, 72, 152], and in analysis of the Dutch
expanded access program, long survival for patients with
partial responses suggested a clinical benefit that is cor-
related with ORR [69]. Moreover, expression of PD-L1
and non-epithelioid histology is associated with higher
ORR [55, 69]

One feature that emerged from Checkmate-743 was
that patients who had tumor PD-L1 expression of less
than 1% had better survival with chemotherapy which
suggests that absence of PD-L1 might be indicative for
chemotherapy based regimens. Support for this comes
from a recent analysis of the immune microenvironment
in MPM which identified that chemotherapy treated
patients deriving the best OS were PD-L1 negative and
had a higher percentage of stromal CD8+-lymphocytes
[153, 154]. Likewise, the Dutch nivolumab EAP study
also found that patients no PD-L1 expression had very
poor responses to Nivolumab with significantly worse
ORR and mOS [68, 69].

Other interesting developments as regards PD-L1
expression as a candidate biomarker are emerging from
the CONFIRM trial which found that PD-L1 expression
had no bearing on OS [67].

As such PD-L1 remains a contentious biomarker in
this sphere, and a significant number of patients exist
who whilst being PD-L1 negative, demonstrate ORRs to
checkpoint inhibitors. The challenge will be to identify
new markers or ways to identify such patients, perhaps
using transcriptomic or other approaches [53, 154—-157].

Is there a role for epigenetic priming in the use

of checkpoint inhibitor therapy for MPM?

Epigenetic priming is emerging as a mechanism to
potentially prime solid tumors for enhanced targeting
of immune checkpoint inhibitors via the induction or
upregulation of PD-L1. It is now well established that
epigenetic targeting agents such as decitabine (a DNA
methyltransferase inhibitor) can induce or upregu-
late PD-L1 expression [158, 159]. In this regard a clini-
cal trial (NCT03233724) designed primarily for NSCLC
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Table 7 Additional clinical trials in MPM utilizing checkpoint inhibitors
Trial acronym or title Trial identifier Treatment Phase Primary objective (s) Completion date Report status References
Phase I/ll Evaluation NCT03233724  Experimental: 1 /11 Maximum Tolerated Estimated Study ~ Running no

of Oral Decitabine/ (Dose Escalation) Dose (MTD) Completion interim results

Tetrahydrouridine as Decitabine (DAC) ORR - to determine if Date: December  as yet

Epigenetic Priming —Tetrahydrouridine the combination is 31,2026

for Pembrolizumab (THU) + pembroli- associated with an

Immune Check- zumab at escalating ORR which exceeds

point Blockade in doses that of Pembroli-

Inoperable Locally Experimental: 2 zumab alone in

Advanced or Meta- Dose Expansion patients who have

static Non-Small Cell DAC-THU + pembroli- PD-L1 expression

Lung Cancers, and zumab at the dose of at least 50% and

Esophageal Carci- established in Arm 1 those who do not

nomas, or Pleural

Mesotheliomas
ORIGIN NCT04480372  Cohort 1. NSCLC Il ORR Estimated Primary Not yet recruiting
Overcoming Resist- Cohort 2. Inoperable Completion

ance to Immuno- MPM Date:

therapy Combining gemcitabine 1000 mg/ April 2025

Gemcitabine With m2 onday 1 and Estimated Study

Atezolizumab in day 8 of each cycle Completion

Advanced NSCLC (every 3 weeks) and Date: December

and Mesothelioma with atezolizumab 2025

Progressing Under
Immune-checkpoint
Inhibitors or Gemcit-
abine. A Multicenter,
Single-arm, Open
Label Phase Il Trial
With Two Cohorts

1200 mg on day 1
of each cycle (every
3 weeks)

(but includes MPM) (Table 7), aims to assess if epigenetic
targeting with Decitabine can prime solid tumors for
enhanced targeting of immune checkpoint inhibitors (in
this instance Pembrolizumab) [160].

Other epigenetic targeting agents such as histone dea-
cetylase inhibitors (HDACi) are also well established
as candidate agents with the capacity to induce PD-L1
in cancer cells [161-164]. However, in MPM cell lines
HDAC: by themselves had modest effects on PD-L1, but
when combined with decitabine, higher induction of this
checkpoint inhibitor were observed [165].

Can a patients BAP1 status inform therapy decisions?

Given the potential sensitivity of BAP1 mutated MPM to
Enhancer of Zeste 2 (EZH2) inhibitors [166], is there an
opportunity to combine EZH2 inhibitors with checkpoint
inhibitors? In a non-mesothelioma setting, a patient with
SMARCBI1-deleted, metastatic, poorly differentiated
chordoma was treated with Tazemetostat (EZH2 inhibi-
tor), and had a significant increase in intratumoral and
stromal infiltration by immune cells expressing check-
point regulators PD-1 and LAG-3 [167]. In this regard,
preliminary data from the EZH-203 (NCT02860286)
trial of Tazemetostat in MPM had a 12 week DCR of 47%
(n=35), with mostly stable disease with no complete
responses and only 2 partial responses [168]. Given the

observation that Tazemetostat results in enhanced infil-
tration of immune cells it may be possible to conceive of
a strategy which could include Tazemetostat/anti-PD1
in BAP1 mutant patients. In this regard, a recent study
has shown that while macrophages can be directly cyto-
toxic for mesothelioma cells, inhibition of EZH2 reduced
that activity because it induced PD-1 overexpression.
A combination of PD-1 blockade and EZH2 inhibition
restores macrophage cytotoxicity [169]; and suggests that
combination therapy with EZH2 inhibitors plus check-
point inhibitors may have potential for clinical efficacy in
MPM.

For those patients with wild-type BAP1, there may be a
possibility to combine gemcitabine with immunotherapy.
Initial pre-clinical studies suggest that it did not change
the expression of PD-L1 on human mesothelioma cell
lines in vitro [170]. Additional evidence now suggests that
wild-type (WT) BAP1 positivity may be a factor in the
sensitivity of MPM to gemcitabine [171, 172]. Moreover,
a recent study using PET demonstrated that gemcitabine
based therapy in a murine colon cancer model strongly
induced PD-L1 Expression [173]. Furthermore, a syner-
gistic effect for gemcitabine combined with anti-PD1 was
observed in pre-clinical models of mesothelioma, and
similar responses were seen in two patients who were
resistant to gemcitabine or anti-PD-1 (Pembrolizumab)
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as monotherapy, but who achieved observable clinical
responses following combination therapy [170], and has
led to the ORIGIN trial (Table 7), which will examine if
a Gemcitabine/Atezolizumab combination can overcome
resistance in either advanced NSCLC or Mesothelioma
patients progressing under immune-checkpoint inhibi-
tors or gemcitabine. Intriguingly, gemcitabine has been
shown by us to act as a DNA methyltransferase inhibi-
tor, reactivating silenced genes in mesothelioma cells
[174], and as such the observed responses to gemcit-
abine on PD-L1 expression changes may reflect an epi-
genetic priming event, although functional studies will be
required to delineate this.

Can combined targeting of TLRs and checkpoint inhibitors

improve responses to immunotherapy?

Toll-like receptors (TLRs) are expressed on many innate
immune system cells and play a role in maturation of
dendritic cells and priming of cytotoxic T lymphocytes
[175]. A subset of TLRs has been shown to stimulate
antitumor responses, and agonists to these receptors are
being investigated in clinical trials [175, 176]. Several
studies have linked TLR3, TLR7 and TLR9 as potentially
targetable in MPM [177-179], which could conceiv-
ably be trialed in combination with checkpoint inhibi-
tors [180]. It is interesting to note that NCT02668770 is
a clinical trial of ipilimumab and MGN1703 (a TLR Ago-
nist) currently running in patients with advanced solid
malignancies. Whether any mesothelioma patients are in
this trial is unknown.

What is the best way to monitor immunotherapy
response?
Hyper-progression, an accelerated growth or progres-
sion of a cancer after treatment is initiated, has been
observed for a subset of patients undergoing checkpoint
inhibitor therapy [181], and can emerge either during
therapy, or can emerge post-therapy [182, 183]. This
further complicated by the issue of pseudo-progression
where patients obtain an objective response following an
initial progression with immunotherapy [184] The esti-
mated occurrence of hyper-progression is estimated at 4
to 29%, while that of pseudo-progression ranges from 0
to 15% [184]. Whilst there is little evidence that hyper-
progression occurs during treatments of mesothelioma,
two patients have reported as showing pseudo-pro-
gression under treatment with Pembrolizumab, within
the first 15-30 weeks of therapy followed by responses
[185]. Additionally in the DREAM trial, two patients (4%)
were also observed to undergo pseudo-progression in
response to treatment with Durvalumab [51].

In a recent editorial on this topic key issues remain
such as: why it occurs; is it simply a lead-time bias
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phenomenon; does it have a strong biological basis such
as clonal selection; can we identify and predict those in
whom it will occur; and if be stopped by additional thera-
pies [186]. As more and more clinical trials of immuno-
therapies complete in mesothelioma, vigilance will be
required to assess if hyper-progression does occur in
MPM while undergoing treatment with immunotherapy.
Some efforts have been made to differentiate pseudo-
progression from progression and hyper-progression,
such as radiological responses DNA [184]. As PET/CT
imaging has been used for the prediction of survival in
response to Pembrolizumab in mesothelioma [187],
and may be useful to incorporate into immunotherapy
based regimens for the treatment of mesothelioma.
Other methods that have been explored in other cancer
types have involved analyses circulating-tumor DNA
or cell-free DNA to assess response to immunotherapy,
but larger prospective cohort studies will be required
to confirm their potential use [184]. Pathologic scoring
of responses to immunotherapy has also been explored
[188, 189], but may have limited utility in distinguish-
ing between pseudo-, hyper- and progression in MPM.
Clearly, new methods or modalities to monitor immuno-
therapy response will be required moving forwards.

Is the cost prohibitive for the use of checkpoint inhibitors
in the second-line/salvage setting?

The combined cost for Ipilimumab/Nivolumab in the
USA has been estimated approximately $153,800 for four
cycles, while that of Nivolumab alone would be of the
order of $87,000 [190]. One of the most commonly used
chemotherapies in the treatment of MPM in the second-
line or salvage setting is vinorelbine [191], which has
been estimated to cost $515 for 24 weeks [190]. Given
that the recent Dutch EAP program for Nivolumab in
pre-treated MPM patients demonstrates a median OS
of 6.7 months [68, 69], whilst most trials of vinorelbine
in the same setting have a median OS of approximately
9-11 months [191, 192], the question arises if the cost of
checkpoint inhibitors in the second line setting will limit
use.

Conclusions

The following sections have described the current state-
of-play as regards immunotherapy in MPM. A significant
number of studies are investigating checkpoint inhibitors
as both monotherapy or in combination therapy in both
the front-line and salvage settings. Treatment combina-
tions designed to recruit more immune cells to the tumor
such as oncolytic viruses or those that target the inter-
feron pathway hold promise. CAR-T therapy is emerg-
ing as a new avenue of approach for immunotherapy in
MPM.
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Despite impressive durable responses, immune
checkpoint inhibitors do not provide a long-term ben-
efit to the majority of patients with cancer [193]. The
data arising from immune checkpoint inhibitor studies
in MPM has resulted in one FDA approval for a com-
bination checkpoint inhibitor for the first-line treat-
ment of unresectable MPM. The only other approval
is for second-line therapy in the salvage setting and
is restricted to Japan. Overall, this would suggest that
these agents will shortly become part of the front-
line treatment options for MPM in the coming years.
Given the data from Checkpoint-743 it would seem
that nivolumab/ipilimumab should be used in the first
line setting, however, cost reimbursement may limit
their uptake [194]. The issue of whether or not to give
it to all comers irrespective of histology and PD-L1 sta-
tus has however yet to be resolved given the data that
suggests PD-L1 negative tumors have better responses
to chemotherapy, and that patients with the sarcoma-
toid histology may be better candidates for checkpoint
inhibitors [53, 153, 195]. Indeed it may be that PD-L1
negative non-sarcomatoid patients should initially be
treated with a chemotherapy regimen and then proceed
to a checkpoint inhibitor in the salvage setting upon
progression, whilst PD-L1 positive patients should be
offered first-line nivolumab/ipilimumab. Overall, it
would appear that additional studies will be required to
further delineate these issues, and improve our under-
standing of the immune system as a therapeutic target
in MPM. Moreover, many new potential checkpoints
have yet to be studied for their therapeutic potential
in MPM. All these plus the existing checkpoint inhibi-
tors will require the development of new biomarkers
for patient stratification, response and also for predict-
ing or monitoring the emergence of resistance to these
agents in MPM patients.
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