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ABSTRACT

Malignant pleural mesothelioma (MPM) is an incurable
cancer with a dismal prognosis and few effective
treatment options. Nonetheless, recent positive phase

Il trial results for immune checkpoint blockade (ICB) in
MPM herald a new dawn in the fight to advance effective
treatments for this cancer. Tumor mutation burden (TMB)
has been widely reported to predict ICB in other cancers,
but MPM is considered a low-TMB tumor. Similarly,

tumor programmed death-ligand 1 (PD-L1) expression
has not been proven predictive in phase lll clinical trials

in MPM. Consequently, the precise mechanisms that
determine response to immunotherapy in this cancer
remain unknown. The present review therefore aimed to
synthesize our current understanding of the tumor immune
microenvironment in MPM and reflects on how specific
cellular features might impact immunotherapy responses
or lead to resistance. This approach will inform stratified
approaches to therapy and advance immunotherapy
combinations in MPM to improve clinical outcomes further.

IMMUNITY IN THE CAUSATION AND THERAPY OF
MALIGNANT PLEURAL MESOTHELIOMA (MPM)
MPM is causally associated with exposure
to asbestos fibers.! From its initiation, the
immune system is intimately involved in MPM.
Mechanistically, carcinogenesis is thought
to involve unsuccessful clearance of asbestos
fibers by phagocytic macrophages in a process
termed ‘frustrated phagocytosis’,” followed
by continuous amplification of proinflam-
matory cytokine and paracrine high mobility
group box 1 (HMGBI) signaling between
affected mesothelial cells.” Coupled with the
biopersistence and phagocytosis resistance of
these fibers, these processes result in chronic
inflammation, oxygen radical release and
DNA damage, leading to malignant transfor-
mation. MPM tumors subsequently co-ordi-
nate tumor-associated macrophages (TAMs),
myeloid-derived suppressor cells (MDSCs)
and regulatory T cells (T, ) to achieve an
immunosuppressive microenvironment
favorable for their survival.

, Tamihiro Kamata, Catrin Pritchard, Dean Fennell

Immune checkpoint blockade (ICB)
partially  lifts  immunosuppression by
disrupting T-cell inhibitory receptor ligation
and has gained regulatory approval in several
cancers. More recently, ICB has become the
only newly approved systemic treatment for
MPM in 16 years (figure 1). The CheckMate
743 trial evaluated nivolumab and ipilim-
umab (anti-PD-1 and anti-CTLA-4 [cytotoxic
T lymphocyte-associated protein 4], respec-
tively) combined ICB and reported signifi-
cantly improved overall survival (OS) versus
standard of care chemotherapy (cisplatin or
carboplatin plus pemetrexed) in the first-
line setting, particularly in non-epithelioid
tumors.” Moreover, the CONFIRM (Check-
point Blockade for Inhibition of Relapsed
Mesothelioma) trial of nivolumab vs placebo
was the first randomized phase III trial to show
improved survival in relapsed MPM.” While
ICB has already gained regulatory approval,
alternative immunotherapeutic approaches
such as chimeric antigen receptor T cells and
vaccine-based treatments are also showing
promise.’ ” The broader immunotherapeutic
landscape of MPM has been comprehensively
reviewed recently.*"*

The intimate involvement and abundance
of leukocytes in MPM" from carcinogenesis
to diagnosis suggest that the tumor immune
microenvironment’s (TIME’s) composition
may influence response to immunotherapy'*
and the tumor’s genomic landscape.'® This
review article will focus on cytotoxic T-lym-
phocyte (CTL) biology and the specific role of
TAMs in immunosuppression. The influence
of MDSCs, Tregs and MPM-intrinsic modula-
tion of the TIME will also be discussed. Since
this is a broad and complex topic, the roles
of the TIME’s other components are beyond
the scope of this current review but have been
described recently.'*"
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Figure 1 ICB has revolutionized the MPM clinical landscape. (A) Clinical trials of ICB interventions organized on a timeline

according to initial publication of results.*® 2°'2% (B) Details of ICB trials highlighted in A. Chemo, chemotherapy; ICB,
immune checkpoint blockade; Ipi, ipilimumab; mOS, median overall survival; mPFS, median progression-free survival; MPM,
malignant pleural mesothelioma; N/A, not available at time of writing; Nivo, nivolumab; ORR, object response rate; Pembro,

pembrolizumab; Plac, placebo; Trem, tremelimumab.

CTL PHENOTYPES AND PROGNOSIS IN MPM

CTLs (ie, CD8" cells) are tumor-suppressive and play a crit-
ical role in the effectiveness of ICB in cancer.'’ In MPM,
CTLs typically represent approximately 5%-15% of the
total immune inﬁltrate,20 2l while CTL deserts are rare.?
One study reported more CD8" cells in PD-L1" tumors
than PD-L1™ ones,” implying that this routinely used
biomarker may also predict CTL infiltration. Additionally,
there is evidence that the ratio of CTLs to malignant cells
is higher in sarcomatoid MPM.** Furthermore, by exam-
ining paired biopsies, Pasello and coworkers detected
that the CD8" cell proportion increased following admin-
istration of platinum plus pemetrexed.” Finally, our
own group has recently demonstrated via multiregional
sequencing that CTL infiltration can be influenced by the
tumor’s clonal architecture.*

Although CTLs are tumoricidal, their quantity alone
does not relate to clinical benefit (figure 2). Positive
correlation of infiltrating CD8" cells with OS has been
reported,27 *® vet not uniformly,® * with one tissue
microarray study of advanced, non-epithelioid MPMs even

showing poorer OS in the univariate, CD8"-high group.”’
These discordant findings may result from the heteroge-
neous distribution of CTLs and resulting sampling bias™
or, alternatively, from functional variability.

Effector CTLs are primed for cytotoxicity and release
high levels of perforin and granzyme, which are required
to induce apoptosis in the target cell. Although func-
tional characterisation remains relatively underexplored,
current evidence suggests CTLs are responsive despite
the unfavorable TIME in MPM. One group showed that
peripheral CTLs from patients with MPM exhibit higher
perforin expression than healthy volunteers’, though
no difference was observed after PMA/ionomycin stim-
ulation.”® Elsewhere, Wu et al reported greater perforin
and granzyme expression after radiation therapy plus
CTLA-4 blockade compared with radiation alone in the
AB12 biphasic murine model, suggesting that the effector
phenotype had arisen due to ICB.** A similar observa-
tion was made in a peripheral blood mononuclear cell
(PBMC):MPM coculture system: PD-1 axis inhibition with
or without TIM-3 blockade stimulated superior cytokine
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and granzyme B secretion compared with alternative ICB
combinations and controls.”

Alternatively, CD8" cells can be exhausted CTLs, a
languid class of lymphocyte that diverges from effector
CTLs due to weak, chronic antigenic stimulation,36 i
typically characterized by relatively high expression of
multiple inhibitoryreceptors such as PD-1, CTLA-4, TIM-3,
LAG-3 and TIGIT, etc, along with a NFAT2/TOX-driven
epigenetic program.”® Moreover, they underperform
their effector cousins regarding cognate epitope reac-
tivity, cytotoxic activity and cytokine secretion.

In MPM, one study found TIM-3 and TIGIT protein
upregulated on CD8" cells when compared with tumor-
free lung-associated CTLs, while approximately 60% were
PD-1 positive.”” PD-1, LAG-3 and TIM-3 protein on CTLs
were found to be elevated in MPM samples versus pleu-
ritis,” suggesting that exhaustion may be widespread and
a consequence of multiple, redundant interactions in this
disease. Indeed, one study discovered increasing expres-
sion of multiple inhibitory receptors with elapsed time in

the AE17sOVA murine MPM model.* Notably, CTLA-4
expression seems to be lower than other immune check-
point (ICs) on MPMe-associated CTLs,” * which may
partially explain the disappointing results of anti-CTLA-4
monotherapy. Likewise, despite multiple studies identi-
fying LAG-3 in MPM tumors and pleural effusions,™ * it is
generally less commonly expressed than other inhibitory
receptors, particularly within the tumor,?' *' and a detailed
examination of CTL immune checkpoints revealed that
LAG-3 tended to be a companion to PD-1 rather than a
solo exhaustion marker.*? Hence, an anti-LAG-3 thera-
peutic strategy for CTLs may not be favored at present but
merits further investigation. Conversely, TIM-3 expres-
sion is moderate on CTLs in MPM, and CD8*/TIM-3*
PBMCs exert a negative effect on OS in patients receiving
CTLA-4 inhibitors.” Combined with PD-1 axis inhibition,
TIM-3 blockade can induce a tumoricidal effector pheno-
type in PBMCs cocultured with MPM cells.”” In summary,
TIM-3 blockade may provide clinical efficacy alongside
PD-1 axis inhibition and in tumors refractory to existing
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therapies. Widespread inhibitory receptor expression
could facilitate vigorous antitumor immune responses
in patients receiving combination or successive ICB, as
demonstrated in melanoma, where high TIM-3 expres-
sion has been associated with PD-1 and CTLA-4 blockade
resistance.*!

Memory subset predomination among MPM-
infiltrating CTLs has also been suggested.”’ Immuno-
phenotyping of PBMCs before ICB has suggested that
a high CD45RA*/CCR7 effector memory CTL subpop-
ulation can predict response to combined PD-1 and
CTLA-4 inhibition, along with a low naive memory
subpopulation.*” However, validation of their contribu-
tion to durable responses, as well as the impact of tumor-
infiltrating memory CTLs on therapeutic outcomes in
MPM, requires further investigation.

CTL-derived IFN-y is attenuated in MPM

On T-cell receptor engagement, effector CTLs secrete
IFN-y, which activates an antitumor phenotype in natural
killer cells and macrophages46 and also upregulates tumor-
surface major histocompatibility complex class I (MHC I)
to support neoantigen presentation. A CRISPR (clustered
regularly interspaced short palindromic repeats) screen
in the Renca mouse model also identified IFN-y downreg-
ulators as key mediators of CTL evasion by tumor cells.*”
Thus, IFN-y is a crucial cytokine for effective antitumor
immunity.

In MPM, one study found that tumor-infiltrating
CTLs produce significantly less IFN-y when stimulated
than both patient-matched circulating ones and those
present in tumorfree lung samples.”’ Conversely,
Khanna and colleagues demonstrated that lymphocytes
isolated from pleural effusions of patients with MPM
(rather than tumor-infiltrating ones) were reactive to
autologous tumor cells, exhibiting increased production
of TFN-y when coincubated.”® Together, these results
suggest that the capacity of CTLs to produce IFN-y may
be attenuated by extended exposure to the MPM tumor
or its TIME, as discussed later. In agreement with this,
a study in the AE17sOVA MPM model found that IFN-y
production was markedly decreased in CTLs stimulated
after isolation at 22 days postinfection compared with
those collected after 15 days.” IFN-y upregulates PD-L1
mRNA and protein in MPM cell lines in Vitro,49 afinding
supported by Khanna et al.*® Pretreatment with IFN-y of
AB1, a sarcomatoid murine MPM cell line, can sensi-
tize mice to anti-PD-1 plus anti-CTLA-4 therapy, which
suggests it may have clinical efficacy when administered
alongside ICB.”

Overall, MPM-associated CTLs commonly exhibit
widespread exhaustion with variable infiltration, but
antitumor activity and signaling can be restored in vitro
and in vivo. IFN-y supplementation and TIM-3 inhibition
are intriguing therapeutic strategies to invigorate CTL-
mediated tumor rejection, supported by initial evidence
from preclinical MPM models.

TAMS IN MPM

TAMs are the predominant leukocyte population in MPM
tumors and overwhelmingly exhibit a protumor pheno-
type, both fostering tumor growth and mediating CTL
repression (figure 3, left panel). They themselves often
express ICs, especially PD-L1.°>" Although immunohisto-
chemistry (IHC)-based research has found comparatively
low PD-L1 positivity on tumor-infiltrating leukocytes
outside of the trial context,”® a recent flow cytometric
study revealed that approximately 95% of TAMs (defined
as CD14'/HLA-DR"®") were PD-L1%, and that positivity
was more common in TAMs (and other myeloid-lineage
cells) than in non-immune (CD45) cells.’ Expres-
sion of other ICs on TAMs is still poorly understood in
MPM. Meanwhile, TAMs also secrete cytokines such as
interleukin (IL)-10 and transforming growth factor beta
(TGF-B) to supplement the immunosuppressive milieu
surrounding tumors, both of which have been measured
at elevated levels in MPM-associated macrophages: the
latter also contributes to tumor growth and angiogen-
esis.”” °* Similarly, secretion of arginase and indoleamine
2,3-dioyxgenase act to metabolically starve CTLs and
inhibit their cytotoxicity.

More direct mechanisms of TAM-mediated CTL repres-
sion have been identified recently; namely, the ability
of macrophages to directly impede CTL migration
into the tumor nest has been demonstrated. In human
lung tumors, stromal CTLs formed lasting interactions
with CD11c¢’/CD206° TAMs: lifting these interactions
increased CTL motility and tumor-area infiltration.”
Similarly, coincubation of tumor-specific CTLs with M2
TAMs polarized in vitro attenuated their cytolytic capabil-
ities against the Meso 34 MPM cell line.”® Furthermore,
in vivo imaging of immunocompetent mice revealed the
disturbing tendency of TAMs to sequester ICB antibodies
from the surface of CTLs shortly after their engage-
ment.”’ Although their activity has not been explored
in the trial context, TAMs are recruited by MPM tumors
to exclude and repress CTLs, cooling down the TIME to
altered phenotypes. Thus, they represent a rational target
for novel immunotherapies.

Characterization and clinical impact of TAMs in MPM
TAMs are often dichotomized into M1 (antitumor) and
M2 (protumorigenic and immunosuppressive),”® but
macrophages exhibit remarkable, microenvironment-
dependent plasticity not captured by this dichotomisa-
tion. Consequently, unlike CTLs, discriminating TAM
populations of interest is challenging: for instance, one
examination of the AE17 murine MPM model identified
a TAM population positive for both the immunosuppres-
sive IL-10 and protumoricidal tumour necrosis factor
alpha (TNF-0) cytokines.”” Differences in human and
murine immunology compound this difficulty.”” However,
the M1/M2 dichotomisation is commonly used, so it will
be repeated here to summarize existing studies.

Given their innate plasticity, TAMs are easily persuaded
to perform M2-like functions by the predominantly
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immunosuppressive milieu of the TIME (figure 3, right
panel). Indeed, while TAMs account for approximately
20%-30% of the total immune infiltrate,” ®' the majority
of these are considered immunosuppressive. Some inves-
tigations suggest that M2-like TAMs, typically defined
as CD163" cells in IHC, are negatively prognostic: for
example, a high ratio of infiltrating CD163:CD8 indicated
poorer OS in epithelioid MPM,* while an M2-like skewing
of phenotype was associated with lower OS in a sepa-
rate epithelioid cohort.”” CD163-expressing TAMs have
also been collected from pleural effusions, where they
negatively correlated with CTL quantity, though infer-
ences regarding causality cannot be made.”” In a sepa-
rate study, effusion-derived, M2-like TAMs (CD163"8"/
CD14"8") also conferred chemotherapy resistance and
improved proliferation on patient-matched cancer
cells.”* An increased CD163:CD68 ratio has also been
associated with more probable local tumor outgrowth,”
while in the murine peritoneal mesothelioma model 40L,
depletion of M2-like TAMs (F4/80"/Argl") significantly
reduced tumor burden.** Furthermore, some studies
have discovered that the TAM population imparts poor
clinical outcomes irrespective of finer classification: infil-
tration of cells expressing the accepted pan-TAM marker
CD68 has been associated with aggressive pathological
features® and poorer OS in non-epithelioid tumors.”'
This finding is not universal, perhaps due to MPM’s

familiar heterogeneity or TAM phenotypical plasticity.
Indeed, flow cytometry on CD14" PBMCs forcibly differ-
entiated into macrophages indicated that CD68 and
CD163 protein levels were equivalent in dedicated M1
and M2 cells following polarisation in vitro.”® Nonethe-
less, determining whether all TAMs worsen OS, or only an
M2-like subgroup, will be vital to maximize effectiveness
of future anti-TAM therapeutic strategies.

Targeting TAMs in novel MPM immunotherapies

Two broad concepts exist in TAM-targeting strategies:
reprogramming and depletion. Within depleting strate-
gies, multiple studies in MPM converge on CSF-1R inhi-
bition. Ligation of CSF-1R by CSF-1 facilitates mitogen
activated protein kinase (MAPK) signaling within mono-
cytes and ultimately induces differentiation into macro-
phages.”” Notably, there are multiple reports thatsecretion
of CCL2, the primary monocyte-recruiting chemokine, is
elevated in both pleural effusions and the circulation of
patients with MPM.* ® % These observations, combined
with the protumorigenic and immunoregulatory func-
tions of TAMs, suggest that MPM tumors prioritize
continuous recruitment of monocytes to coerce their
differentiation into TAMs, and hence, they can secure a
consistently procancer TIME to ensure their own survival.
Consistent with this hypothesis, CSF-1R inhibition results
in various antitumor outcomes. In AB1 (sarcomatoid)
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and AC29 (epithelioid) murine models, TAM and non-
classical (Ly6C'®") monocyte quantity and incidence of
angiogenesis were reduced after CSF-1R inhibition, also
allowing increased survival and lower CTL exhaustion
incidence when combined with a dendritic cell vaccine.”
Similarly, breast tumor-bearing mice experienced higher
CTL infiltration and lower tumor burden after treat-
ment with a CSF-1R inhibitor alongside PD-1 blockade.™
CSF-1R inhibition also alleviated the repressive effect
of M2-polarized TAMs on CTLs to allow MPM cell line
killing in vitro.”® Alternative depleting agents have also
been successfully investigated in MPM models,” ' while
our own work has also identified the fibroblast-derived
secreted protein STCI as an additional regulator of TAM
differentiation in lung adenocarcinoma.”

By contrast, reprogramming strategies attempt to
stimulate TAMs to repress their protumor functions
and switch to a phagocytic role. A reprogramming func-
tion of CSF-1R inhibition has been proposed in glioma,
which results in downregulation of M2-like markers,”
possibly by diverting classical monocyte maturation from
the CSF-1 to the CSF-2 pathway. Although CSF-2 (GM-
CSF, granulocyte-macrophage colony-stimulating factor)
is currently underexplored in MPM, initial evidence
suggests that its abundance may be too low to facilitate
this reprogramming function.”” Many other distinct
agents have been tested for this purpose in murine
models of MPM and beyond.? ** 77 Interestingly, the
targeting of galectin-9 induced TAM reprogramming
and direct MPM cell apoptosis: galectin-9 is also a TIM-3
ligand, suggesting that this could represent a multifac-
eted therapeutic avenue.”” In summary, TAM targeting
has been explored preclinically in MPM, and depletion
via CSF-1R inhibition, the subject of later-phase trials in
other malignancies,”® may be productive in MPM. Their
predominance in the TIME attests to their importance
to MPM tumors, while their powerful immunosuppressive
activities suggest that ICB effectiveness may be enhanced
by TAM inhibition or repolarisation, as demonstrated
preclinically.

MYELOID-DERIVED SUPPRESSOR CELLS
Despite efforts to characterize MDSCs reproducibly,”
their biology is incompletely understood. The current
MDSC paradigm describes two immature, immuno-
suppressive myeloid subpopulations: the predominant
polymorphonuclear myeloid-derived suppressor cells
(PMN-MDSCs) and less common monocytic myeloid-
derived suppressor cells (M-MDSCs) types, classified
according to lineage-specific biomarker expression.
Chemotherapies can deplete circulating and MPM-
infiltrating MDSCs to lift their protumorigenic effect. In
one murine study, Gr1” MDSC-like infiltration of AB1-HA
tumors was significantly reduced by cisplatin-pemetrexed,
and Grl" depletion alongside PD-1 blockade resulted in
slower tumor growth.®" Systemic depletion of MDSCs has
also been noted.” ** In humans, gemcitabine treatment

can depress CD11b"/CD33"/HLA-DR™ MDSC numbers
in PBMCs, associated with increased T-cell proliferation.®

PMN-MDSCs can directly inhibit infiltrating T-cell
proliferation and IFN-y secretion, mediated by MPM-
derived GM-CSF (CSF-2) and MDSC-derived reactive
oxygen species.* Inhibition of either of these restores the
Tecell effector phenotype.** Correlation of MDSC infiltra-
tion with CTL exhaustion has been shown, hinting at a
possible suppressive mechanism,” while effector CTLs
can retaliate to directly kill MDSCs. Crucially, both PMN-
MDSCs and M-MDSCs have been associated with worse OS
and progression-free survival in MPM* and merit further
exploration as therapeutic targets. Like TAMs, preclinical
studies suggest that MDSC depletion may synergize with
existing ICB therapy.

REGULATORY T LYMPHOCYTES
T, are a relatively well-understood immunosuppressive
population in MPM, typically identified by the specific
transcription factor FOXP3. In healthy tissues, T,
mediate immune tolerance, especially through IL-10 and
TGF-B secretion, to avert autoreactive responses. When
displaying a CD4'/FOXP3'/CD25" /CD127°" pheno-
type, T, are generally considered to be committed to
their i 1mmunosuppresswe function, while CD25" T T, can
suppress their FOXP3 activity and convert to helper T
cells under proinflammatory conditions.®

Like other T cells, T also express CTLA-4: notably,
T, CTLA-4 positivity of approximately 70% has been
reported for MPM, which is substantially greater than
that found on MPM-associated CTLs* and may provide
further mechanistic insight into the clinical results of
CTLA-4 monotherapy in MPM. Additionally, the same
report identified T = cells as belng assoaated with
depressed IFN-y productlon in CTLs,” in agreement
with earlier murine studies,®” indicating subdued CTL
activation that may translate to impaired tumor killing.
Consistent with this, large, intratumoral T, populations
are frequently associated with reduced patient OS, even
in multivariate analysis,” *' * though the clinical impact
of peripheral T,  is less clear. Besides awakening CTL
activity, T | depletlon commonly results in tumor growth
inhibition in MPM mouse models®®® and has been asso-
ciated with an influx of CTLs and memory T cells to
the TIME.” Similarly, a report describing ICB applied
to antigen-specific T cells acknowledged a smaller T,
population, and concomitant higher CTL population, in
responders compared with refractive AB1-HA tumors.”
MPM-associated T, _therefore perform both suppressive
and exclusionary functlons much like TAMs, but may not
be sufficient to render tumors cold when acting alone.”

Despite considerable evidence of their immunosup-
pressive impact, anti-T, = strategies for MPM have stag-
nated in the preclinical phase. Reports suggest that
T, gene expression signatures are more prevalent in
neoantigen-rich tumors accompanied by low-diversity
Tecell receptor repertoires” and in those enriched for
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TIMEs bear the ‘altered’ phenotype, while hot tumors are
uncommon and cold tumors are rare. TAMs, particularly M2-
like TAMSs, 'I'regs and MDSCs suppress infiltrated tumors, while
TAMs and Tregs can actively exclude cytotoxic T lymphocytes.
MDSC, myeloid-derived suppressor cell; MPM, malignant
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clonal neoantigens.”® Hence, T, may be preferentially
recruited to clonally immunogenic MPMs and would thus
represent an attractive therapeutic target alongside ICB
in at least this subset of patients.

MPM-INTRINSIC MODULATION OF THE TIME

Programmed death - ligand 1 (PD-L1)

As the primary ligand for PD-1, PD-L1 expression
represents a direct immunosuppressive mechanism for
tumors. PD-L1 has become established as a predictive
biomarker PD-1 blockade in lung cancer. The evidence in
MPM had been at best equivocal, but recent phase III trials
demonstrate that PD-L1 cannot be considered predictive
in MPM at present. Tumor PD-L1 positivity varies between
20% and 80% overall in MPM, averaging approximately
40%, while evidence of its prognostic impact is mixed.
PD-L1 expression =1% was associated with inferior OS
in the chemotherapy arm of CheckMate 743, indi-
cating that it was negatively prognostic for this treatment.
A meta-analysis of 11 IHC studies reported PD-L1 as a
negative prognostic factor (HR=1.50).” However, this
meta-analysis did not take into account the higher rate of
PD-L1 expression in non-epithelioid MPM, which carries
a poorer prognosis.52 96-100 Accordingly, an investigation
within the MAPS trial concluded that PD-L1’s prognostic
power was lost when accounting for covariates such as
histology.'”" Therefore, alternative biomarkers will likely
be required to stratify patients with ICB in MPM.

Neoantigen burden and diversity

Antitumor CTLs depend on neoantigen display by tumors
to identify their cellular targets. Elevated tumor muta-
tion burden (TMB) is thought to directly increase the

frequency of immunogenic neoantigen display in prob-
abilistic fashion, resulting in increased tumor-specific
killing once unleashed by ICB. A high TMB is an estab-
lished predictor of response to PD-1 axis ICB in mela-
noma and non-small cell lung cancer.* ' 1% Initially,
mesothelioma was generally considered a cancer of very
low TMB according to whole exome sequencing,'**"%
but leveraging alternative techniques such as mate-pair
sequencing and comparative genomic hybridisation
have uncovered greater rates of genomic alteration,
which is expected of a malignancy demonstrating modest
responses to ICB'""'" and may prove predictive.

Several studies have identified putative neoantigens to
explain clinical responses in MPM, with chromothripsis
as a potential mechanism.” '® One further related a
predicted neoantigen to robust antitumor immunity.'"’
Nonetheless, CTLs also rely on their continued display
in the MHC I context to induce apoptosis. MHC genes
HLA-A, HLA-B and HLA-C are especially susceptible to
alteration, with even human leukocyte antigen loss of
heterozygosity (HLA-LOH) impairing CTL-mediated
immunosurveillance in the TracerX cohort.'"" We
recently identified HLA-LOH in 23% of patients with
MPM undergoing surgery, all of which were late evolu-
tionary events.” Moreover, they also displayed a more
diverse predicted neoantigen repertoire than HLA-intact
tumors, indicating higher susceptibility to tumor-specific
CTLs. Hence, these HLA-LOH events may constitute an
acquired immune escape mechanism in MPM that merits
examination in ICB-resistant tumors.

Is MPM a cold cancer?

Tumor-intrinsic factors such as mutation and neoantigen
burden are typically considered the primary drivers of
CTL infiltration and activity, which indicate effective
antitumor immunity. Due to its relatively modest ICB
response rates, MPM might be considered a ‘cold’ cancer.
However, the first steps in characterizing its TIME suggest
otherwise.

‘Hot’ tumors are defined as those with a sizeable CTL
infiltrate not only into the TIME,'* but also deeper
beyond the invasive margin, while cold tumors lack both
and represent widespread immunological ignorance,
driven by defects in activation and recognition of neoan-
tigens."” '"* Hot tumors typically also feature substantial
pre-existing cytolytic activity and high PD-L1 expression
to evade it'" "% deeper leukocyte infiltration towards
PD-L1" MPM cells has been demonstrated using multi-
plex, fluorescent THC."'” In MPM, the temperature of
tumors may also relate to their evolutionary trajectory,
with colder tumors described by simpler, linear genomic
phylogenies.*

Between these extremes, tumors are considered
‘altered’, further categorized as ‘immunosuppressed’
(with CTLs infiltrating into tumor nests, but without
meaningful activity due to factors described later) or
‘excluded’ (featuring infiltration into the TIME, but
rarely beyond the invasive margin).'"” Quantitative and
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spatial evidence accumulated so far indicates that MPMs
are rarely cold, but commonly altered and less frequently
hot (figure 4),” "7 with PD-L1 a potential hot TIME
marker.”’ ® The immunoregulatory impact of V-domain
immunoglobulin suppressor of T-cell activation, which
is highly expressed on epithelioid MPM compared with
other tumors, remains to be elucidated.''® 9 In all, MPM
TIMESs are rarely cold and therefore may be amenable to
therapeutic interventions that enhance their immunoge-
nicity. Hot TIMEs are also expected to bear biomarkers
of therapeutic resistance or sensitivity and thus warrant
further characterisation.

CONCLUSION

MPMs exhibit a heterogeneous TIME, harboring tumor-
reactive CTLs balanced by a substantial myeloid compo-
nent, which is dominated by immunosuppressive and
protumorigenic TAMs. CTLs exhibit widespread exhaus-
tion, which could be combated by coinhibition of check-
point receptors including TIM-3 and TIGIT alongside
PD-1. Depleting or reprogramming TAMs may potentiate
effector CTL function and facilitate therapeutic tumor
suppression, while MDSGCs, T, | and tumor-derived factors
like CCL2 represent potential therapeutic targets. Finally,
strong evidence suggests chemotherapy is immunomodu-
latory and could enhance ICB by inflaming cool TIMEs.

Contributors All authors contributed to the writing and editing of the manuscript
and approved the submitted version.

Funding This work is supported by a PhD studentship to JH from Hope Against
Cancer. We thank Dr Joanna Dzialo for her constructive input and Hayley Harber for
providing figures.

Competing interests DF reports grants from Astex Therapeutics, Boehringer
Ingelheim, MSD and Bayer;personal fees from Aldeyra, Inventiva and Paredox; non-
financial support from Clovis, Eli Lilly and BMS; and personal fees and non-financial
support from Roche. The authors have no other disclosures.

Patient consent for publication Not required.
Provenance and peer review Not commissioned; externally peer reviewed.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution 4.0 Unported (CC BY 4.0) license, which permits
others to copy, redistribute, remix, transform and build upon this work for any
purpose, provided the original work is properly cited, a link to the licence is given,
and indication of whether changes were made. See https://creativecommons.org/
licenses/by/4.0/.

ORCID iD
James Harber http://orcid.org/0000-0001-6451-9598

REFERENCES

1 Wagner JC, Sleggs CA, Marchand P. Diffuse pleural mesothelioma
and asbestos exposure in the North Western Cape Province. Br J
Ind Med 1960;17:260-71.

2 Hamaidia M, Gazon H, Hoyos C, et al. Inhibition of EZH2
methyltransferase decreases immunoediting of mesothelioma
cells by autologous macrophages through a PD-1-dependent
mechanism. JCI Insight 2019;4 doi:10.1172/jci.insight.128474

3 Jube S, Rivera ZS, Bianchi ME, et al. Cancer cell secretion of
the DAMP protein HMGB1 supports progression in malignant
mesothelioma. Cancer Res 2012;72:3290-301.

4 Baas P, Scherpereel A, Nowak A, et al. 1D:2908 first-line nivolumab
+ ipilimumab vs chemotherapy in unresectable malignant pleural
mesothelioma: CheckMate 743. J Thor Oncol 2020;15:e42.

5 Fennell DA. Editor nivolumab versus placebo in relapsed malignant
mesothelioma: the confirm phase 3 trial. 2020 world conference on
lung cancer; 28.01.2021; Singapore (held remotely): IASLC 2021.

6 Tan Z, Zhou J, Cheung AKL, et al. Vaccine-elicited CD8+
T cells cure mesothelioma by overcoming tumor-induced
immunosuppressive environment. Cancer Res 2014;74:6010-21.

7 Adusumilli PS, Zauderer MG, Riviere |, et al. A phase | trial of
regional mesothelin-targeted CAR T-cell therapy in patients with
malignant pleural disease, in combination with the anti-PD-1 agent
pembrolizumab. Cancer Discov 2021:1. doi:10.1158/2159-8290.
CD-21-0407

8 Hotta K, Fujimoto N. Current evidence and future perspectives of
immune-checkpoint inhibitors in unresectable malignant pleural
mesothelioma. J Immunother Cancer 2020;8.

9 de Gooijer CJ, Borm FJ, Scherpereel A, et al. Inmunotherapy in
malignant pleural mesothelioma. Front Oncol 2020;10:187.

10 Reuss JE, Forde PM. Immunotherapy for mesothelioma: rationale
and new approaches. Clin Adv Hematol Oncol 2020;18:562-72.

11 Terenziani R, Zoppi S, Fumarola C, et al. Immunotherapeutic
approaches in malignant pleural mesothelioma. Cancers 2021;13
doi:10.3390/cancers13112793

12 Menis J, Pasello G, Remon J. Immunotherapy in malignant pleural
mesothelioma: a review of literature data. Trans/ Lung Cancer Res
2021;10:2988-3000.

13 Thorsson V, Gibbs DL, Brown SD, et al. The immune landscape of
cancer. Immunity 2018;48:e14:812-30.

14 Litchfield K, Reading JL, Puttick C, et al. Meta-analysis of tumor-
and T cell-intrinsic mechanisms of sensitization to checkpoint
inhibition. Cell 2021;184:596-614.

15 Rosenthal R, Cadieux EL, Salgado R, et al. Neoantigen-directed
immune escape in lung cancer evolution. Nature 2019;567:479-85.

16 Chu GJ, van Zandwijk N, Rasko JEJ. The immune
microenvironment in mesothelioma: mechanisms of resistance to
immunotherapy. Front Oncol 2019;9:1366.

17 Minnema-Luiting J, Vroman H, Aerts J, et al. Heterogeneity in
immune cell content in malignant pleural mesothelioma. Int J Mol
Sci 2018;19 doi:10.3390/ijms 19041041

18 Vogl M, Rosenmayr A, Bohanes T, et al. Biomarkers for malignant
pleural mesothelioma-a novel view on inflammation. Cancers
2021;13 doi:10.3390/cancers13040658

19 Chen DS, Mellman I. Oncology meets immunology: the cancer-
immunity cycle. Immunity 2013;39:1-10.

20 Klampatsa A, O'Brien SM, Thompson JC, et al. Phenotypic and
functional analysis of malignant mesothelioma tumor-infiltrating
lymphocytes. Oncoimmunology 2019;8:e1638211.

21 Awad MM, Jones RE, Liu H, et al. Cytotoxic T cells in PD-L1-
positive malignant pleural mesotheliomas are counterbalanced
by distinct immunosuppressive factors. Cancer Immunol Res
2016;4:1038-48.

22 Ahmadzada T, Lee K, Clarke C, et al. High BIN1 expression has
a favorable prognosis in malignant pleural mesothelioma and
is associated with tumor infiltrating lymphocytes. Lung Cancer
2019;130:35-41.

23 Thapa B, Salcedo A, Lin X, et al. The immune microenvironment,
genome-wide copy number aberrations, and survival in
mesothelioma. J Thorac Oncol 2017;12:850-9.

24 Brockwell NK, Alamgeer M, Kumar B, et al. Preliminary study
highlights the potential of immune checkpoint inhibitors
in sarcomatoid mesothelioma. Trans/ Lung Cancer Res
2020;9:639-45.

25 Pasello G, Zago G, Lunardi F, et al. Malignant pleural mesothelioma
immune microenvironment and checkpoint expression: correlation
with clinical-pathological features and intratumor heterogeneity over
time. Ann Oncol 2018;29:1258-65.

26 Zhang M, Luo J-L, Sun Q, et al. Clonal architecture in mesothelioma
is prognostic and shapes the tumour microenvironment. Nat
Commun 2021;12:1751.

27 Anraku M, Cunningham KS, Yun Z, et al. Impact of tumor-infiltrating
T cells on survival in patients with malignant pleural mesothelioma.
J Thorac Cardiovasc Surg 2008;135:823-9.

28 Yamada N, Oizumi S, Kikuchi E, et al. CD8+ tumor-infiltrating
lymphocytes predict favorable prognosis in malignant pleural
mesothelioma after resection. Cancer Immunol Immunother
2010;59:1543-9.

29 Ujiie H, Kadota K, Nitadori J-I, et al. The tumoral and stromal
immune microenvironment in malignant pleural mesothelioma:

a comprehensive analysis reveals prognostic immune markers.
Oncoimmunology 2015;4:e1009285.

30 Salaroglio IC, Kopecka J, Napoli F, et al. Potential diagnostic
and prognostic role of microenvironment in malignant pleural
mesothelioma. J Thorac Oncol 2019;14:1458-71.

Harber J, et al. J Immunother Cancer 2021;9:e003032. doi:10.1136/jitc-2021-003032


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0001-6451-9598
http://dx.doi.org/10.1136/oem.17.4.260
http://dx.doi.org/10.1136/oem.17.4.260
http://dx.doi.org/10.1172/jci.insight.128474
http://dx.doi.org/10.1158/0008-5472.CAN-11-3481
http://dx.doi.org/10.1016/j.jtho.2020.08.004
http://dx.doi.org/10.1158/0008-5472.CAN-14-0473
http://dx.doi.org/10.1158/2159-8290.CD-21-0407
http://dx.doi.org/10.1136/jitc-2019-000461
http://dx.doi.org/10.3389/fonc.2020.00187
http://dx.doi.org/10.3390/cancers13112793
http://dx.doi.org/10.21037/tlcr-20-673
http://dx.doi.org/10.1016/j.immuni.2018.03.023
http://dx.doi.org/10.1016/j.cell.2021.01.002
http://dx.doi.org/10.1038/s41586-019-1032-7
http://dx.doi.org/10.3389/fonc.2019.01366
http://dx.doi.org/10.3390/ijms19041041
http://dx.doi.org/10.3390/ijms19041041
http://dx.doi.org/10.3390/cancers13040658
http://dx.doi.org/10.1016/j.immuni.2013.07.012
http://dx.doi.org/10.1080/2162402X.2019.1638211
http://dx.doi.org/10.1158/2326-6066.CIR-16-0171
http://dx.doi.org/10.1016/j.lungcan.2019.02.005
http://dx.doi.org/10.1016/j.jtho.2017.02.013
http://dx.doi.org/10.21037/tlcr-19-485
http://dx.doi.org/10.1093/annonc/mdy086
http://dx.doi.org/10.1038/s41467-021-21798-w
http://dx.doi.org/10.1038/s41467-021-21798-w
http://dx.doi.org/10.1016/j.jtcvs.2007.10.026
http://dx.doi.org/10.1007/s00262-010-0881-6
http://dx.doi.org/10.1080/2162402X.2015.1009285
http://dx.doi.org/10.1016/j.jtho.2019.03.029

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

Chee SJ, Lopez M, Mellows T, et al. Evaluating the effect of immune
cells on the outcome of patients with mesothelioma. Br J Cancer
2017;117:1341-8.

Fuchs TL, Chou A, Sioson L. TILs) assessed using the ITWG
system do not predict overall survival in a cohort of 337 cases of
mesothelioma. Histopathology 2020;76:1095-101.

Kumagai-Takei N, Nishimura Y, Maeda M, et al. Functional
properties of CD8(+) lymphocytes in patients with pleural plaque
and malignant mesothelioma. J Immunol Res 2014;2014:670140.
Wu L, Wu MO, De la Maza L, et al. Targeting the inhibitory

receptor CTLA-4 on T cells increased abscopal effects in murine
mesothelioma model. Oncotarget 2015;6:12468-80.

Marcq E, Van Audenaerde JRM, De Waele J, et al. The search

for an interesting partner to combine with PD-L1 blockade in
mesothelioma: focus on Tim-3 and LAG-3. Cancers 2021;13
doi:10.3390/cancers13020282

Waldman AD, Fritz JM, Lenardo MJ. A guide to cancer
immunotherapy: from T cell basic science to clinical practice. Nat
Rev Immunol 2020;20:651-68.

Blank CU, Haining WN, Held W, et al. Defining 'T cell exhaustion'.
Nat Rev Immunol 2019;19:665-74.

Khan O, Giles JR, McDonald S, et al. TOX transcriptionally

and epigenetically programs CD8" T cell exhaustion. Nature
2019;571:211-8.

Hope JL, Spantidea PI, Kiernan CH, et al. Microenvironment-
dependent gradient of CTL exhaustion in the AE17sOVA murine
mesothelioma tumor model. Front Immunol 2019;10:3074.

Marcq E, Waele JD, Audenaerde JV, et al. Abundant expression

of TIM-3, LAG-3, PD-1 and PD-L1 as immunotherapy checkpoint
targets in effusions of mesothelioma patients. Oncotarget
2017;8:89722-35.

Marcq E, Siozopoulou V, De Waele J, et al. Prognostic and
predictive aspects of the tumor immune microenvironment

and immune checkpoints in malignant pleural mesothelioma.
Oncoimmunology 2017;6:e1261241.

Lizotte PH, Jones RE, Keogh L, et al. Fine needle aspirate flow
cytometric phenotyping characterizes immunosuppressive nature of
the mesothelioma microenvironment. Sci Rep 2016;6:31745.
Sottile R, Tannazi M, Johansson MH, et al. NK- and T-cell subsets in
malignant mesothelioma patients: baseline pattern and changes in
the context of anti-CTLA-4 therapy. Int J Cancer 2019;145:2238-48.
Sade-Feldman M, Yizhak K, Bjorgaard SL, et al. Defining T cell
states associated with response to checkpoint immunotherapy in
melanoma. Cell 2018;175:998-1013.

Mankor JM, Disselhorst MJ, Poncin M, et al. Efficacy of nivolumab
and ipilimumab in patients with malignant pleural mesothelioma

is related to a subtype of effector memory cytotoxic T cells:
translational evidence from two clinical trials. EBioMedicine
2020;62:103040.

Wu C, Xue Y, Wang P, et al. IFN-y primes macrophage activation by
increasing phosphatase and tensin homolog via downregulation of
miR-3473b. J Immunol 2014;193:3036-44.

Lawson KA, Sousa CM, Zhang X, et al. Functional genomic
landscape of cancer-intrinsic evasion of killing by T cells. Nature
2020;586:120-6.

Khanna S, Thomas A, Abate-Daga D, et al. Malignant Mesothelioma
Effusions Are Infiltrated by CD3" T Cells Highly Expressing PD-L1
and the PD-L1* Tumor Cells within These Effusions Are Susceptible
to ADCC by the Anti-PD-L1 Antibody Avelumab. J Thorac Oncol
2016;11:1993-2005.

Pistillo MP, Carosio R, Banelli B, et al. IFN-y upregulates
membranous and soluble PD-L1 in mesothelioma cells: potential
implications for the clinical response to PD-1/PD-L1 blockade. Cell
Mol Immunol 2020;17:410-1.

Zemek RM, De Jong E, Chin WL, et al. Sensitization to immune
checkpoint blockade through activation of a STAT1/NK axis in the
tumor microenvironment. Sci Trans/ Med 2019;11:eaav7816.
Mantovani A, Marchesi F, Malesci A, et al. Tumour-associated
macrophages as treatment targets in oncology. Nat Rev Clin Oncol
2017;14:399-416.

Cedrés S, Ponce-Aix S, Zugazagoitia J, et al. Analysis of expression
of programmed cell death 1 ligand 1 (PD-L1) in malignant pleural
mesothelioma (MPM). PLoS One 2015;10:e0121071.

Jackaman C, Yeoh TL, Acuil ML, et al. Murine mesothelioma
induces locally-proliferating IL-10(+)TNF-o(+)CD206(-)

CX3CR1(+) M3 macrophages that can be selectively depleted

by chemotherapy or immunotherapy. Oncoimmunology
2016;5:e1173299.

Miselis NR, Wu ZJ, Van Rooijen N, et al. Targeting tumor-associated
macrophages in an orthotopic murine model of diffuse malignant
mesothelioma. Mol Cancer Ther 2008;7:788-99.

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

Peranzoni E, Lemoine J, Vimeux L, et al. Macrophages impede CD8
T cells from reaching tumor cells and limit the efficacy of anti-PD-1
treatment. Proc Nat/ Acad Sci U S A 2018;115:E4041-50.

Blondy T, d'Almeida SM, Briolay T, et al. Involvement of the M-CSF/
IL-34/CSF-1R pathway in malignant pleural mesothelioma.

J Immunother Cancer 2020;8.

Arlauckas SPG, Kohler CS, Kitaoka RH, et al. In vivo imaging
reveals a TAM-mediated resistance pathway to anti-PD-1 therapy.
Sci Trans Med 2017;9.

Pathria P, Louis TL, Varner JA. Targeting tumor-associated
macrophages in cancer. Trends Immunol 2019;40:310-27.

Mosser DM, Edwards JP. Exploring the full spectrum of
macrophage activation. Nat Rev Immunol 2008;8:958-69.
Jablonski KA, Amici SA, Webb LM, et al. Novel markers

to delineate murine M1 and M2 macrophages. PLoS One
2015;10:e0145342.

Burt BM, Rodig SJ, Tilleman TR, et al. Circulating and tumor-
infiltrating myeloid cells predict survival in human pleural
mesothelioma. Cancer 2011;117:5234-44.

Cornelissen R, Lievense LA, Maat AP, et al. Ratio of intratumoral
macrophage phenotypes is a prognostic factor in epithelioid
malignant pleural mesothelioma. PLoS One 2014;9:e106742.
Lievense LA, Cornelissen R, Bezemer K, et al. Pleural effusion

of patients with malignant mesothelioma induces macrophage-
mediated T cell suppression. J Thorac Oncol 2016;11:1755-64.
Chéné A-L, d'Almeida S, Blondy T, et al. Pleural effusions from
patients with mesothelioma induce recruitment of monocytes

and their differentiation into M2 macrophages. J Thorac Oncol
2016;11:1765-73.

Cornelissen R, Lievense LA, Robertus J-L, et al. Intratumoral
macrophage phenotype and CD8+ T lymphocytes as potential tools
to predict local tumor outgrowth at the intervention site in malignant
pleural mesothelioma. Lung Cancer 2015;88:332-7.

Bertani FR, Mozetic P, Fioramonti M, et al. Classification of M1/
M2-polarized human macrophages by label-free hyperspectral
reflectance confocal microscopy and multivariate analysis. Sci Rep
2017;7:8965.

Ruytinx P, Proost P, Van Damme J, et al. Chemokine-Induced
macrophage polarization in inflammatory conditions. Front Immunol
2018;9:9.

Kishimoto T, Fujimoto N, Ebara T, et al. Serum levels of the
chemokine CCL2 are elevated in malignant pleural mesothelioma
patients. BMC Cancer 2019;19:1204.

Blanquart C, Gueugnon F, Nguyen J-M, et al. CCL2, galectin-3,
and SMRP combination improves the diagnosis of mesothelioma in
pleural effusions. J Thorac Oncol 2012;7:883-9.

Dammeijer F, Lievense LA, Kaijen-Lambers ME, et al. Depletion

of tumor-associated macrophages with a CSF-1R kinase inhibitor
enhances antitumor immunity and survival induced by DC
immunotherapy. Cancer Immunol Res 2017;5:535-46.

Veltman JD, Lambers MEH, van Nimwegen M, et al. Zoledronic acid
impairs myeloid differentiation to tumour-associated macrophages
in mesothelioma. Br J Cancer 2010;103:629-41.

Kamata T, So TY, Ahmed Q, et al. Fibroblast-Derived STC-

1 modulates tumor-associated macrophages and lung
adenocarcinoma development. Cell Rep 2020;31:107802.
Pyonteck SM, Akkari L, Schuhmacher AJ, et al. CSF-1R inhibition
alters macrophage polarization and blocks glioma progression. Nat
Med 2013;19:1264-72.

Karagiannis SN, Josephs DH, Bax HJ, et al. Therapeutic IgE
antibodies: harnessing a macrophage-mediated immune
surveillance mechanism against cancer. Cancer Res
2017;77:2779-83.

Pappas AG, Magkouta S, Pateras IS, et al. Versican modulates
tumor-associated macrophage properties to stimulate
mesothelioma growth. Oncoimmunology 2019;8:e1537427.

Chen D, Xie J, Fiskesund R, et al. Chloroquine modulates antitumor
immune response by resetting tumor-associated macrophages
toward M1 phenotype. Nat Commun 2018;9:873.

Bertino P, Premeaux TA, Fujita T, et al. Targeting the C-terminus of
galectin-9 induces mesothelioma apoptosis and M2 macrophage
depletion. Oncoimmunology 2019;8:1601482.

Sharma P, Hu-Lieskovan S, Wargo JA, et al. Primary, adaptive,

and acquired resistance to cancer immunotherapy. Cell
2017;168:707-23.

Bronte V, Brandau S, Chen S-H, et al. Recommendations for
myeloid-derived suppressor cell nomenclature and characterization
standards. Nat Commun 2016;7:12150.

Kumar V, Patel S, Tcyganov E, et al. The nature of myeloid-derived
suppressor cells in the tumor microenvironment. Trends Immunol
2016;37:208-20.

Harber J, et al. J Immunother Cancer 2021;9:€003032. doi:10.1136/jitc-2021-003032


http://dx.doi.org/10.1038/bjc.2017.269
http://dx.doi.org/10.1155/2014/670140
http://dx.doi.org/10.18632/oncotarget.3487
http://dx.doi.org/10.3390/cancers13020282
http://dx.doi.org/10.1038/s41577-020-0306-5
http://dx.doi.org/10.1038/s41577-020-0306-5
http://dx.doi.org/10.1038/s41577-019-0221-9
http://dx.doi.org/10.1038/s41586-019-1325-x
http://dx.doi.org/10.3389/fimmu.2019.03074
http://dx.doi.org/10.18632/oncotarget.21113
http://dx.doi.org/10.1080/2162402X.2016.1261241
http://dx.doi.org/10.1038/srep31745
http://dx.doi.org/10.1002/ijc.32363
http://dx.doi.org/10.1016/j.cell.2018.10.038
http://dx.doi.org/10.1016/j.ebiom.2020.103040
http://dx.doi.org/10.4049/jimmunol.1302379
http://dx.doi.org/10.1038/s41586-020-2746-2
http://dx.doi.org/10.1016/j.jtho.2016.07.033
http://dx.doi.org/10.1038/s41423-019-0245-x
http://dx.doi.org/10.1038/s41423-019-0245-x
http://dx.doi.org/10.1126/scitranslmed.aav7816
http://dx.doi.org/10.1038/nrclinonc.2016.217
http://dx.doi.org/10.1371/journal.pone.0121071
http://dx.doi.org/10.1080/2162402X.2016.1173299
http://dx.doi.org/10.1158/1535-7163.MCT-07-0579
http://dx.doi.org/10.1073/pnas.1720948115
http://dx.doi.org/10.1136/jitc-2019-000182
http://dx.doi.org/10.1016/j.it.2019.02.003
http://dx.doi.org/10.1038/nri2448
http://dx.doi.org/10.1371/journal.pone.0145342
http://dx.doi.org/10.1002/cncr.26143
http://dx.doi.org/10.1371/journal.pone.0106742
http://dx.doi.org/10.1016/j.jtho.2016.06.021
http://dx.doi.org/10.1016/j.jtho.2016.06.022
http://dx.doi.org/10.1016/j.lungcan.2015.03.013
http://dx.doi.org/10.1038/s41598-017-08121-8
http://dx.doi.org/10.3389/fimmu.2018.01930
http://dx.doi.org/10.1186/s12885-019-6419-1
http://dx.doi.org/10.1097/JTO.0b013e31824c9272
http://dx.doi.org/10.1158/2326-6066.CIR-16-0309
http://dx.doi.org/10.1038/sj.bjc.6605814
http://dx.doi.org/10.1016/j.celrep.2020.107802
http://dx.doi.org/10.1038/nm.3337
http://dx.doi.org/10.1038/nm.3337
http://dx.doi.org/10.1158/0008-5472.CAN-17-0428
http://dx.doi.org/10.1080/2162402X.2018.1537427
http://dx.doi.org/10.1038/s41467-018-03225-9
http://dx.doi.org/10.1080/2162402X.2019.1601482
http://dx.doi.org/10.1016/j.cell.2017.01.017
http://dx.doi.org/10.1038/ncomms12150
http://dx.doi.org/10.1016/j.it.2016.01.004

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

Otsuka K, Mitsuhashi A, Goto H, et al. Anti-PD-1 antibody
combined with chemotherapy suppresses the growth of
mesothelioma by reducing myeloid-derived suppressor cells. Lung
Cancer 2020;146:86-96.

Fridlender ZG, Sun J, Singhal S, et al. Chemotherapy delivered after
viral immunogene therapy augments antitumor efficacy via multiple
immune-mediated mechanisms. Mol Ther 2010;18:1947-59.
Dammeijer F, De Gooijer CJ, van Gulijk M. Immune monitoring

in mesothelioma patients identifies novel immune-modulatory
functions of gemcitabine associating with clinical response.
EBioMedicine 2020;103160.

Khanna S, Graef S, Mussai F, et al. Tumor-derived GM-CSF
promotes granulocyte immunosuppression in mesothelioma
patients. Clin Cancer Res 2018;24:2859-72.

Yu Z, Tan Z, Lee BK, et al. Antigen spreading-induced CD8+T cells
confer protection against the lethal challenge of wild-type malignant
mesothelioma by eliminating myeloid-derived suppressor cells.
Oncotarget 2015;6:426-38.

Li Z, Li D, Tsun A, et al. FOXP3+ regulatory T cells and their
functional regulation. Cell Mol Immunol 2015;12:558-65.

Rudge G, Barrett SP, Scott B, et al. Infiltration of a mesothelioma by
IFN-gamma-producing cells and tumor rejection after depletion of
regulatory T cells. J Immunol 2007;178:4089-96.

Wu L, Yun Z, Tagawa T, et al. Tumor cell repopulation between
cycles of chemotherapy is inhibited by regulatory T-cell depletion in
a murine mesothelioma model. J Thorac Oncol 2011;6:1578-86.
McCoy MJ, Nowak AK, van der Most RG, et al. Peripheral CD8(+)
T cell proliferation is prognostic for patients with advanced thoracic
malignancies. Cancer Immunol Immunother 2013;62:529-39.
Hegmans JPJJ, Hemmes A, Hammad H, et al. Mesothelioma
environment comprises cytokines and T-regulatory cells that
suppress immune responses. Eur Respir J 2006;27:1086-95.
Noordam L, Kaijen MEH, Bezemer K, et al. Low-dose
cyclophosphamide depletes circulating naive and activated
regulatory T cells in malignant pleural mesothelioma patients
synergistically treated with dendritic cell-based immunotherapy.
Oncoimmunology 2018;7:e1474318.

Principe N, Kidman J, Goh S, et al. Tumor Infiltrating effector
memory antigen-specific CD8* T cells predict response to immune
checkpoint therapy. Front Immunol 2020;11:584423.

Jackaman C, Cornwall S, Lew AM, et al. Local effector failure in
mesothelioma is not mediated by CD4+ CD25+ T-regulator cells.
Eur Respir J 2009;34:162-75.

Kiyotani K, Park J-H, Inoue H, et al. Integrated analysis of somatic
mutations and immune microenvironment in malignant pleural
mesothelioma. Oncoimmunology 2017;6:e1278330.

Baas P, editor first-line nivolumab + ipilimumab vs chemotherapy
in unresectable malignant pleural mesothelioma: CheckMate

743. IASLC world conference on lung cancer virtual presidential
symposium; 2020 08/08/2020; Singapore (held remotely): IASLC.
Zhang F, Gong W. Prognostic and clinicopathological utility of
programmed death-ligand 1 in malignant pleural mesothelioma: a
meta-analysis. Int Immunopharmacol 2020;83:106481.

Forest F, Patoir A, Dal Col P, et al. Nuclear grading, BAP1,
mesothelin and PD-L1 expression in malignant pleural
mesothelioma: prognostic implications. Pathology 2018;50:635-41.
Fennell DA, Kirkpatrick E, Cozens K, et al. CONFIRM: a double-
blind, placebo-controlled phase llI clinical trial investigating the
effect of nivolumab in patients with relapsed mesothelioma: study
protocol for a randomised controlled trial. Trials 2018;19:233.
Mansfield AS, Roden AC, Peikert T, et al. B7-H1 expression in
malignant pleural mesothelioma is associated with sarcomatoid
histology and poor prognosis. J Thorac Oncol 2014;9:1036-40.
Matsumura E, Kajino K, Abe M, et al. Expression status of PD-L1
and B7-H3 in mesothelioma. Pathol Int 2020;70:999-1008.
Brosseau S, Danel C, Scherpereel A, et al. Shorter survival

in malignant pleural mesothelioma patients with high PD-L1
expression associated with Sarcomatoid or biphasic histology
subtype: a series of 214 cases from the Bio-MAPS cohort. Clin
Lung Cancer 2019;20:e564-75.

Goodman AM, Kato S, Bazhenova L, et al. Tumor mutational burden
as an independent predictor of response to immunotherapy in
diverse cancers. Mol Cancer Ther 2017;16:2598-608.

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

Rizvi NA, Hellmann MD, Snyder A, et al. Cancer immunology.
mutational landscape determines sensitivity to PD-1 blockade in
non-small cell lung cancer. Science 2015;348:124-8.

Shao C, Li G, Huang L, et al. Prevalence of high tumor mutational
burden and association with survival in patients with less common
solid tumors. JAMA Netw Open 2020;3:62025109.

Bueno R, Stawiski EW, Goldstein LD, et al. Comprehensive genomic
analysis of malignant pleural mesothelioma identifies recurrent
mutations, gene fusions and splicing alterations. Nat Genet
2016;48:407-16.

Guo G, Chmielecki J, Goparaju C, et al. Whole-exome sequencing
reveals frequent genetic alterations in BAP1, NF2, CDKN2A,

and CUL1 in malignant pleural mesothelioma. Cancer Res
2015;75:264-9.

Yoshikawa Y, Emi M, Hashimoto-Tamaoki T, et al. High-density
array-CGH with targeted NGS unmask multiple noncontiguous
minute deletions on chromosome 3p21 in mesothelioma. Proc Nat!
Acad Sci U S A 2016;113:13432-7.

Mansfield AS, Peikert T, Smadbeck JB, et al. Neoantigenic potential
of complex chromosomal rearrangements in mesothelioma.

J Thorac Oncol 2019;14:276-87.

Carbone M, Yang H, Gaudino G. Does Chromothripsis make
mesothelioma an immunogenic cancer? J Thorac Oncol
2019;14:157-9.

Sneddon S, Rive CM, Ma S, et al. Identification of a CD8+ T-cell
response to a predicted neoantigen in malignant mesothelioma.
Oncoimmunology 2020;9:1684713.

McGranahan N, Rosenthal R, Hiley CT, et al. Allele-Specific

HLA loss and immune escape in lung cancer evolution. Cell
2017;171:1259-71.

Sharma P, Allison JP. The future of immune checkpoint therapy.
Science 2015;348:56-61.

Galon J, Bruni D. Approaches to treat immune hot, altered and cold
tumours with combination immunotherapies. Nat Rev Drug Discov
2019;18:197-218.

Bonaventura P, Shekarian T, Alcazer V, et al. Cold tumors:

a therapeutic challenge for immunotherapy. Front Immunol
2019;10:168.

Binnewies M, Roberts EW, Kersten K, et al. Understanding the
tumor immune microenvironment (TIME) for effective therapy. Nat
Med 2018;24:541-50.

Ribas A, Wolchok JD. Cancer immunotherapy using checkpoint
blockade. Science 2018;359:1350-5.

Parra ER, Zhai J, Tamegnon A, et al. Identification of distinct
immune landscapes using an automated nine-color multiplex
immunofluorescence staining panel and image analysis in paraffin
tumor tissues. Sci Rep 2021;11:4530.

Hmeljak J, Sanchez-Vega F, Hoadley KA, et al. Integrative molecular
characterization of malignant pleural mesothelioma. Cancer Discov
2018;8:1548-65.

Muller S, Victoria Lai W, Adusumilli PS, et al. V-domain Ig-containing
suppressor of T-cell activation (VISTA), a potentially targetable
immune checkpoint molecule, is highly expressed in epithelioid
malignant pleural mesothelioma. Mod Pathol 2020;33:303-11.
Maio M, Scherpereel A, Calabro L, et al. Tremelimumab as second-
line or third-line treatment in relapsed malignant mesothelioma
(DETERMINE): a multicentre, international, randomised,
double-blind, placebo-controlled phase 2B trial. Lancet Oncol
2017;18:1261-73.

Okada M, Kijima T, Aoe K, et al. Clinical efficacy and safety of
Nivolumab: results of a multicenter, open-label, Single-arm,
Japanese phase Il study in malignant pleural mesothelioma
(MERIT). Clin Cancer Res 2019;25:5485-92.

Popat S, Curioni-Fontecedro A, Polydoropoulou V, et al. A
multicentre randomized phase lll trial comparing pembrolizumab
(P) vs single agent chemotherapy (CT) for advanced pre-treated
malignant pleural mesothelioma (MPM): results from the European
thoracic oncology platform (ETOP 9-15) PROMISE-meso trial. Ann
Oncol 2019;30:v931.

Nowak AK, Lesterhuis WJ, Kok P-S, et al. Durvalumab with
first-line chemotherapy in previously untreated malignant pleural
mesothelioma (DREAM): a multicentre, single-arm, phase 2 trial with
a safety run-in. Lancet Oncol 2020;21:1213-23.

10

Harber J, et al. J Immunother Cancer 2021;9:e003032. doi:10.1136/jitc-2021-003032


http://dx.doi.org/10.1016/j.lungcan.2020.05.023
http://dx.doi.org/10.1016/j.lungcan.2020.05.023
http://dx.doi.org/10.1038/mt.2010.159
http://dx.doi.org/10.1158/1078-0432.CCR-17-3757
http://dx.doi.org/10.18632/oncotarget.5856
http://dx.doi.org/10.1038/cmi.2015.10
http://dx.doi.org/10.4049/jimmunol.178.7.4089
http://dx.doi.org/10.1097/JTO.0b013e3182208ee0
http://dx.doi.org/10.1007/s00262-012-1360-z
http://dx.doi.org/10.1183/09031936.06.00135305
http://dx.doi.org/10.1080/2162402X.2018.1474318
http://dx.doi.org/10.3389/fimmu.2020.584423
http://dx.doi.org/10.1183/09031936.00101008
http://dx.doi.org/10.1080/2162402X.2016.1278330
http://dx.doi.org/10.1016/j.intimp.2020.106481
http://dx.doi.org/10.1016/j.pathol.2018.05.002
http://dx.doi.org/10.1186/s13063-018-2602-y
http://dx.doi.org/10.1097/JTO.0000000000000177
http://dx.doi.org/10.1111/pin.13028
http://dx.doi.org/10.1016/j.cllc.2019.04.010
http://dx.doi.org/10.1016/j.cllc.2019.04.010
http://dx.doi.org/10.1158/1535-7163.MCT-17-0386
http://dx.doi.org/10.1126/science.aaa1348
http://dx.doi.org/10.1001/jamanetworkopen.2020.25109
http://dx.doi.org/10.1038/ng.3520
http://dx.doi.org/10.1158/0008-5472.CAN-14-1008
http://dx.doi.org/10.1073/pnas.1612074113
http://dx.doi.org/10.1073/pnas.1612074113
http://dx.doi.org/10.1016/j.jtho.2018.10.001
http://dx.doi.org/10.1016/j.jtho.2018.10.001
http://dx.doi.org/10.1016/j.jtho.2018.11.006
http://dx.doi.org/10.1080/2162402X.2019.1684713
http://dx.doi.org/10.1016/j.cell.2017.10.001
http://dx.doi.org/10.1126/science.aaa8172
http://dx.doi.org/10.1038/s41573-018-0007-y
http://dx.doi.org/10.3389/fimmu.2019.00168
http://dx.doi.org/10.1038/s41591-018-0014-x
http://dx.doi.org/10.1038/s41591-018-0014-x
http://dx.doi.org/10.1126/science.aar4060
http://dx.doi.org/10.1038/s41598-021-83858-x
http://dx.doi.org/10.1158/2159-8290.CD-18-0804
http://dx.doi.org/10.1038/s41379-019-0364-z
http://dx.doi.org/10.1016/S1470-2045(17)30446-1
http://dx.doi.org/10.1158/1078-0432.CCR-19-0103
http://dx.doi.org/10.1093/annonc/mdz394.091
http://dx.doi.org/10.1093/annonc/mdz394.091
http://dx.doi.org/10.1016/S1470-2045(20)30462-9

	Matter of TIME: the tumor-­immune microenvironment of mesothelioma and implications for checkpoint blockade efficacy
	Abstract
	Immunity in the causation and therapy of malignant pleural mesothelioma (MPM)
	CTL phenotypes and prognosis in MPM
	CTL-derived IFN-γ is attenuated in MPM

	TAMs in MPM
	Characterization and clinical impact of TAMs in MPM
	Targeting TAMs in novel MPM immunotherapies

	Myeloid-derived suppressor cells
	Regulatory T lymphocytes
	MPM-intrinsic modulation of the TIME
	Programmed death - ligand 1 (PD-L1)
	Neoantigen burden and diversity
	Is MPM a cold cancer?

	Conclusion
	References


