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ABSTRACT ARTICLE HISTORY
With the rapid clinical development of immune checkpoint inhibitors (ICls), the standard of care in cancer Received 11 July 2022
management has evolved rapidly. However, immunotherapy is not currently beneficial for all patients. In Accepted 30 August 2022
addition to intrinsic tumor factors, other etiologies of resistance to ICls arise from the complex interplay KEYWORDS

between cancer and its microenvironment. Recognition of the essential role of the tumor microenviron- Cancer; chemotherapy;
ment (TME) in cancer progression has led to a shift from a tumor-cell-centered view of cancer develop- immunotherapy; targeted
ment, to the concept of a complex tumor ecosystem that supports tumor growth and metastatic therapy; immunosuppressive
dissemination. The expansion of immunosuppressive cells represents a cardinal strategy deployed by cells; tumor

tumor cells to escape detection and elimination by the immune system. Regulatory T lymphocytes (Treg), microenvironment
myeloid-derived suppressor cells (MDSCs), and type-2 tumor-associated macrophages (TAM2) are major

components of these inhibitory cellular networks, with the ability to suppress innate and adaptive

anticancer immunity. They therefore represent major impediments to anticancer therapies, particularly

immune-based interventions. Recent work has provided evidence that, beyond their direct cytotoxic

effects on cancer cells, several conventional chemotherapeutic (CT) drugs and agents used in targeted

therapies (TT) can promote the elimination or inactivation of suppressive immune cells, resulting in

enhanced antitumor immunity. In this review, we will analyze findings pertaining to this concept, discuss

the possible molecular bases underlying the selective targeting of these immunosuppressive cells by

antineoplastic agents (CT and/or TT), and consider current challenges and future prospects related to the

integration of these molecules into more efficient anticancer strategies, in the era of immunotherapy.
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Simple Summary: In the era of immunotherapy, understanding the immunosuppressive mechanisms of the tumor microenvironment is a key point in the treatment of
cancers. In this review, we attempt to understand the “immune-cell dependent” mechanisms of chemotherapies and targeted therapies on the tumor microenviron-
ment. Indeed, these treatments are likely to deplete or promote the transformation of immunosuppressive cells in order to sensitize tumors to immunotherapy. Many
clinical trials combining targeted therapy, chemotherapy, and immunotherapy are under way.
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1. Background

During the twentieth century, cancer treatment focused on the
discovery of new cytotoxic drugs or new synergic chemother-
apy (CT) combinations. The molecular mechanisms of CT-
induced cell death were also described in greater detail, leading
to an enhanced understanding of altered signaling pathways in
tumors. Consequently, for more than two decades now, the
development of targeted therapies (TT) has made it possible to
advance the management of cancer patients toward persona-
lized medicine. This era started with the leading molecule,
imatinib, which inhibits the tyrosine kinase BCR-ABL
expressed by chronic myeloid leukemia cells." Following this
success, other molecules focalized attention on the different
steps of tumoral pathways, i.e. molecules targeting extracellular
receptors (monoclonal antibodies, mAb), tyrosine kinase inhi-
bitors (TKI) or molecules targeting intracellular proteins such
as serine-threonine kinase inhibitors (BRAF or MEK inhibi-
tors). Nevertheless, the efficacy of targeted therapies sometimes
remains low over the long term, because of adaptative clonal
resistance and limited to a certain proportion of patients,
despite often very significant clinical responses. More recently,
immune response stimulation with monoclonal antibody tar-
geting immune checkpoints (known as immune checkpoint
inhibitors, ICIs) has yielded an increase in overall survival in
many tumor settings. These therapeutic options consider can-
cer management not only from the viewpoint of the cancer cell
characteristics, but also with regard to its immune contexture.

With the growing therapeutic arsenal in oncology, a major
challenge is to use these treatments in the most rational way
possible, using the combinations that seem most likely to
benefit to the growing number of patients. This is particularly
true for ICI resistant tumors, in which immune response
stimulation with conventional CT or TT is considered
a relevant strategy. This concept emerged via the capacities of
CT and TT to positively modulate antitumor immune
response. Consequently, identifying combinations integrating
CT and/or TT that are able to positively modulate the tumor
microenvironment (TME) with regard to immunotherapy effi-
cacy has become a major issue.

Currently, it is possible to distinguish three main ways in
which CT and TT could exert a positive effect on anti-tumor
immunity. First, changes in intrinsic host characteristics
caused by CT and TT may play a role in immune response by
inducing modifications in the vascular (angiogenesis) or neu-
roendocrine systems, or by modulating the composition of the
mucosal-associated microbiota.>> Second, the “on-target” or
“cancer-cell dependent” effect (direct cytotoxic effect on cancer
cells) enhances adjuvant potency and antigenicity of malignant
dying cells. In this domain, immunogenic cell death (ICD),
a regulated form of cell death, is mechanistically linked to
release of damage-associated molecular patterns (DAMPs),
and pro-inflammatory factors from dying tumor cells.
Among these factors, calreticulin, extracellular adenosine tri-
phosphate (ATP), high-mobility group box 1 (HMGBL1), can-
cer cell-derived nucleic acid, and annexin Al could stimulate
innate immune cells and increase recruitment of Th1 CD4 + T

cells/cytotoxic CD8 + T cells in the tumor.” Finally, the “off
target” or “immune-cell dependent” effects acting on immune
cells of tumor microenvironment either by the activation of
immune effector cells or the depletion of immune cells with
immunosuppressive properties or switching them to a pro-
inflammatory and antitumor phenotype. Taken together,
these three axes of immunomodulation can have complemen-
tary effects, making it possible to create the best conditions for
tumor response to immunotherapy. The growing literature led
Galluzzi et al. and Petroni et al. to, respectively, review the
“cancer-cell” and “immune-cell dependent” effects of CT and
TT on the immune system.”® However, to the best of our
knowledge, there is no review that describes the “immune-
cell dependent” effects CT and TT in the context of the stan-
dard of clinical care, and the genetic specificity of tumors, to
suggest immunologically synergistic CT/TT/ICI combinations.

The TME includes many cells interconnected by numerous
signaling pathways that are responsible for initiating an anti- or
a protumoral landscape. For example, CD8" T cells,’ TH1
CD4" T cells,* memory T cells, natural killer (NK) cells’ or
dendritic cells (DCs)'° are involved in anti-tumor immunity,
while, on the other hand, immunosuppressive cells including
regulatory T cells (Treg),'"' myeloid-derived suppressor cells
(MDSCs), M2 phenotype tumor associated macrophages
(TAM),"* cancer associated fibroblasts (CAF)"* and tumor
cells themselves are involved in pro-tumoral effects. The rela-
tive quantity of these different populations and the interaction
between them can help to qualify a tumor as “hot”, “cold”,
“excluded” or “immunosuppressed”, and more or less likely to
respond to ICIs. One of the possible actions of CT and TT is
therefore to modulate immunosupressive populations thereby
making the tumor more sensitive to immunotherapy. We will
focus mainly on this point in this review. To achieve this aim,
CT and TT are likely to modulate the immune signaling path-
ways between these populations, particularly the immunosup-
pressive pathways, often up-regulated in tumors. These
immunosuppressive pathways can be defined according to
their underlying mechanisms: enzyme-dependent, cytokine-
dependent and immune checkpoint-dependent (Figure 1).

Among the enzymatic-dependent immunosuppressive
pathways, CD39 and CD73, two ectonucleotidases differently
expressed on tumor cells (but also on Treg, MDSCs or TAM),
are involved in the degradation of pro-inflammatory ATP, and
consequently, the release of adenosine, which in turn inhibits
immune-effective cells and maintains immunosuppressive cells
in an active state.'* In a similar way, the enzyme indoleamine 2,
3-dioxygenase (IDO) metabolizes tryptophan into kynurenine
in the presence of IFNy. Tryptophan is an amino acid essential
for the survival of immune cells, and the lack of tryptophan in
the TME results in inhibition of T cell proliferation. Moreover,
the production of kynurenine leads to the differentiation of
Foxp3" Treg lymphocytes. High expression of IDO by cancer
cell is associated with poor prognosis and reduced overall
survival in patients with solid tumors."

Focusing on the macrophages, M1 phenotype macrophages
produce inducible nitric oxide synthase (iNOS), which uses
L-arginine as a substrate to produce nitric oxide.'®
Macrophages of the M1 phenotype, also called “killer” macro-
phages, are associated with anti-tumor immunity. On the other
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Figure 1. Modulation of the tumor microenvironment: enzyme-dependent, immune checkpoint inhibitor-dependent and cytokine-dependent pathways (Made with
Biorender). Treg: regulatory-T cell, MDSC: myeloid-derived suppressor cell, TAM2: tumor associated macrophages of phenotype 2, CAF: cancer associated fibroblast, M1:
macrophage of phenotype 1, NK: Natural killer cells, CD8: CD8 + T cell, CD4: CD4 + T cell, DC: Dendritic cell, IDO: Indoleamine 2, 3-dioxygenase, ROS: Reactive oxygen species,
COX2: Cyclo-oxygenase type 2, PGE2: Prostaglandin E2, VEGF-A: Vascular endothelial growth factor A., TGFp: Transforming growth factor beta, TNFa: Tumor necrosis factor

alfa, IL-(r): Interleukin (receptor).

hand, M2 macrophages constitutively produce the enzyme
arginase 1 (Argl), involved in altering the proliferative capa-
cities of T lymphocytes by blocking them in the G0/G1 cell
cycle phase. TT and CT can be used to influence the M1/M2
ratio, in order to modulate the anti-tumor immune response.
We could also briefly mention cyclo-oxygenase (COX)
enzymes, which are responsible for the production of prosta-
noids, including the prostaglandin E2 (PGE2). PGE2 has been
shown to play an immunosuppressive role by inhibiting CD8"
T cells, NK and DCs and by promoting differentiation and
activation of MDSC and Treg.'” S.Zelenay et al. is investigating
the underlying mechanisms by which pharmacological inhibi-
tion of PGE2 synthesis or signaling improved the efficacy of ICI
therapy.'®"

Regarding the cytokine-dependent pathway, Kitamura et al.
suggested that interleukin-6 (IL-6)/ signal transducer and acti-
vator of transcription 3 (STAT3) activation in the TME is able
to inhibit DC maturation and the activation of effector T cells
in cancers. Indeed, previous studies have indicated that IL-6
suppresses the antigen presentation ability of DC through
activation of STAT3.*>*' Moreover, angiogenesis plays
a central role in both local tumor growth and distant metastasis
in breast cancer.”> There is evidence that vascular endothelial
growth factor A (VEGF-A) can act as an immunosuppressive
factor via several mechanisms, such as inhibiting DC function

and maturation, enhancing expression of programmed cell
death-ligand 1 (PD-L1) by DCs and PD-1 and other check-
points involved in CD8 + T cells exhaustion,> promoting
infiltration into the tumor of immunosuppressive
T regulatory cells, TAMs and MDSCs, as well as inhibiting
cytotoxic CD8" T cell infiltration into tumors.>*** In addition,
vascular normalization in tumor by VEGF-targeted therapy
can improve oxygen levels, drug delivery, and immune cell
infiltration.”®*” For all these reasons, it is clear that VEGE-
targeted therapies could modulate the tumor-induced immu-
nosuppressive microenvironment, thereby enhancing TH1
T-cell response and increasing tumor infiltration by T cells.
Other cytokines, such as the IL-10 and TGFp pathways, also
promote immunosuppressive conditions through Treg
activation.”®

Finally, the immune checkpoint inhibitor-dependent path-
way notably includes programmed cell death protein 1 (PD-1),
an immune-inhibitory receptor expressed in activated T cells
and involved in the regulation of T-cell functions.”” PD-1 is
able to interact with its ligand, programmed cell death pro-
grammed death-ligand 1 (PD-L1, CD274), expressed on var-
ious cell types, including tumor cells. Following PD-1/PD-L1
binding, T lymphocyte inactivation occurs. Thus, multiple
tumor types are able to generate an immunosuppressive TME
and avoid T cell cytolysis with PD-L1 expression. The
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overexpression of PD-L1 has also been associated with poor
prognosis and evasion of T cell recognition in several cancers.*
Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4),
known as CD152, is another immune checkpoint that can be
expressed by tumor cells, and which downregulates T cells and
inhibits anti-tumor response.”’ There are many other inhibi-
tory checkpoints, such as LAG3 or TIM-3. Immunotherapies
act by overcoming these immune brakes.”* The T-cell immu-
noglobulin and immunoreceptor tyrosine-based inhibitory
domain (TIGIT) is also an immune-inhibitory molecule on
T cells. Cancer cells may evade cancer immunity by expressing
TIGIT ligands, such as CD155.> CD155-positivity is asso-
ciated with aggressive tumor behavior, and could be
a significant predictor of a poor prognosis.’* The TIGIT/
CD155 axis contributes to resistance to ICIs, including both
primary and acquired resistance, and may be a therapeutic
target for combination with immunotherapy.’> However,
there is currently no evidence of modulation of this axis by
chemotherapy or targeted therapies.

In summary, we propose to review mainly the “immune-cell
dependent” effects on immunosuppressive TME of current CT
and TT, alone or in combination, in different subsets of solid
tumors, including non-squamous-non-small cell lung cancer
(NS-NSCLC), breast cancer (BC), hepatocellular carcinoma
(HCC), pancreatic cancer (PANC), colorectal cancer (CRC)
and melanoma (MEL). We have chosen these cancer sites
because of their high incidence and/or the interesting prospects
offered by these treatment combinations in these settings. Pre-
clinical and clinical perspectives of therapeutic associations
with ICIs will be proposed. It should be noted that, in addition
to chemotherapies and targeted therapies, radiotherapy is also
able to positively modulate the anti-tumor immune response,
with  interesting  results when  combined  with
immunotherapy.*® Boustani et al. discussed the main preclini-
cal and clinical evidence on strategies that can lead to an
enhanced response to PD-1/PD-L1 blockade in combination
with radiation therapy by studying the optimal dose and
fractionation.>’ Nevertheless, in this review, we have chosen
to focus on systemic treatments.

2. Non squamous-non-small cell lung cancer

Non-Small Cell Lung Cancer (NSCLC) is the most frequent
thoracic cancer, and non-squamous NSCLC (NS-NSCLC) is
the most common histological subtype.*® NS-NSCLC are char-
acterized by various molecular alterations. The most common
of these genetic alterations are epidermal growth factor recep-
tor (EGFR) and KRAS activating mutations: EGFR insertions/
deletions are found in approximately 15% of NS-NSCLC, while
KRAS mutation incidence reaches 30% in Western countries.>
Additional driver mutations in lung adenocarcinoma occur
with a lower frequency, including ALK gene rearrangements,
ROSI and RET translocations or HER2 and BRAF mutations.*’
For patients with activating genomic alterations, the develop-
ment of targeted approaches led to targeted therapies that
could be used as standard treatment.*"** These patients do
not currently benefit from immunotherapy. Indeed, EGFR
mutation correlates, for example, with uninflamed phenotype
and weak immunogenicity.’ Conversely, patients without

targetable oncogenic addiction are classically treated with cyto-
toxic chemotherapies and ICIs, used either concomitantly or
sequentially. Anti-PD-1/PD-L1 ICIs are now the standard of
care in the first-line treatment of advanced NS-NSLC, as
monotherapy* for patients with high expression of PD-L1
(>50%) or in association with chemotherapy (pemetrexed and
platinum-based drugs) (PD-L1 > 1%).** In second or further
lines of treatment, other cytotoxic drugs can be used, such as
taxanes, gemcitabine or vinorelbine. All of these treatments can
modulate the anti-tumor immune response, in different ways,
especially by acting on immunosuppressive TME.

2.1. Conventional chemotherapies in ns-nscLc

Beyond the induction of immunogenic cell death, chemothera-
pies used in NS-NSCLC are able to modulate the tumor micro-
environment. MDSCs, a cell population accumulating at the
tumor site and in peripheral lymphoid organs, can mediate
immunosuppression through multiple mechanisms.*® The
most well-known mechanisms are inhibition of T-cell
proliferation,*” induction of an immunosuppressive environ-
ment (induction of Treg, anergy of NK cells through mem-
brane-bound TGFB)*® and induction of M2 phenotype
macrophages.*’ Collectively, drugs that are capable of acting
on these cells are likely to improve anti-tumor immunity. Anti-
metabolite drugs, such as gemcitabine, are chemotherapeutic
agents that deplete MDSCs in both animal models and in
patients.*>>*™>% A retrospective study raised the question of
the impact of neoadjuvant chemotherapy with cisplatin and
docetaxel on TAMs.”” Indeed, TAMs have been implicated in
tumor invasion, immune suppression, and metastasis.”* They
are also known to be a prognostic factor, with a negative
association between the tumor infiltrating macrophage density
and survival of patients with early-stage NSCLC after surgical
resection.”*° Feng et al. confirmed this prognostic role and the
impact of the association of neoadjuvant cisplatin-docetaxel
chemotherapy on these key cells.”” It is important to note
that these studies did not differentiate phenotype 1 or 2
TAM. M2-phenotype TAM express high level of hemoglobin
scavenger receptor (CD163) to favor tumor cell progression. It
would seem more relevant to look at the roles of these che-
motherapies on the CD163+/CD68+ tumor ratio (representing
type 1 and type 2 TAM markers).”” However, there is limited
data on this subject.

Moreover, several chemotherapeutic drugs have been
reported to deplete Treg cells, which is associated with better
prognosis for patients. CD4" CD25" Foxp3™ Treg cells are
immunosuppressive, and their accumulation could inhibit
effective immune response in cancer patients, leading to
tumor development and progression. Li et al. highlighted the
effect of docetaxel on the depletion of Treg populations in
peripheral blood mononuclear cells (PBMCs) of patients suf-
fering from NSCLC.’® Moreover, Treg percentages were higher
in patients with NSCLC than control subjects with nonmalig-
nant lung disease in the study conducted by Cheng Chen et al.>”
This team found that the percentage of CD4" CD25" Foxp3™
cells increased in line with tumor progression, and was signifi-
cantly reduced following chemotherapy with gemcitabine plus
cisplatin. Furthermore, the association of cisplatin and



vinorelbine has shown an “immune-cell dependent” effect on
Treg lymphocytes, by modulating both their function and their
number in a sharp and lasting way.®® Roselli et al. showed that
this same association prompts modifications of the cytotoxic
T lymphocyte (CTL)/Treg ratio, toward a ratio favorable to
antitumor immunity.®’ Another frequently used chemotherapy
for the management of NS-NSCLC, i.e. paclitaxel, a mitotic
inhibitor, also displays depletive effects on Treg populations.
Indeed, paclitaxel is capable of boosting antitumoral immunity
by inducing Treg apoptosis via upregulation of the death
receptor CD95 and by downregulating the inhibitory function
of Treg cells in NSCLC.*>** Thus, conventional cytotoxic che-
motherapies stimulate the immune response in different ways
of immunosuppressive TME modulation, providing a rationale
for associating them with immunotherapies, but also with
targeted therapies, which are also able to stimulate the anti-
tumor immune response.

2.2. Targeted therapies in ns-nscLc

2.2.1 ecrr inhibitors

As mentioned above, EFGR and KRAS mutations are the most
frequently encountered somatic mutations in NS-NSCLC.
Consequently, we focus here on therapies targeting these
abnormalities, which may play a role in the composition of
immunosuppressive tumor microenvironment. The era of tar-
geted therapies in lung cancer began in 2003 with the approval
in Japan of gefitinib, an EGFR tyrosine kinase inhibitor (TKI)
that inhibits EGFR in a reversible manner.®* This was followed
by the development and marketing of new generation EGFR
TKIs such as afatinib, or more recently, osimertinib, tested in
the FLAURA trial. In this study, osimertinib, an irreversible
EGFR-TKI inhibitor, showed a major increase in median pro-
gression-free survival of 18.9 months compared to standard
EGFR TKIs (gefitinib or erlotinib).®> EGFR-targeted therapies
are able to modulate the TME in EGFR-driven lung tumors
and to enhance the anti-tumor immune response. Indeed,
previous studies have demonstrated that inhibition of EGFR
by EGFR-TKIs modulates the TME through several mechan-
isms, including attenuation of the suppressive function of
Tregs and enhancement of the antitumor activity of cytotoxic
T cells.®® Jia et al. showed that EGFR-TKIs had a rapid effect on
the immune microenvironment, by increasing cytotoxic CD8"
T cell levels, raising DCs, eradicating Foxp3™ Tregs, and by
promoting M1 macrophage polarization.”” These results were
in accordance with other studies.***” Another interesting study
demonstrated the effect of the flavonoid drug melafolone on
the TME. Melafolone is a molecule capable of inhibiting both
EGFR and COX-2, resulting in the promotion of effector CD8"
T cell infiltration. It constitutes a good candidate against resis-
tance to checkpoint blockade therapy for human lung cancer.”
Indeed, COX-2 upregulates PD-L1 on MDSCs and TAMs in
murine MBT-2 tumors’' and is also associated with PD-L1
expression in resected tissue specimens of human lung
adenocarcinoma.”” In the same way, immunoglobulin-like
transcript 4 (ILT4) appears to be a crucial immunosuppressive
molecule, and is induced by activation of EGFR-AKT and
ERK1/2 signaling in NSCLC cells. ILT4 overexpression sup-
presses tumor immunity by recruiting M2-like TAMs and
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impairing T cell response, while ILT4 inhibition prevented
immunosuppression and tumor promotion. Thus, in
a murine model, Chen et al. identified novel mechanisms for
EGFR-mediated tumor immune escape, and provided promis-
ing immunotherapeutic strategies for patients with EGFR-
activated NSCLC (ILT4 antagonism and immunotherapy
combination).”?

2.2.2 kras Inhibitors

Another common genetic alteration in lung adenocarcinoma is
KRAS activating mutation.The majority (95%) of KRAS muta-
tions in NS-NSCLC occur in codons 12 (>80%) and 13.
Nevertheless, KRAS having been for a long time non-
targetable directly, some therapies targeting the downstream
molecules of the KRAS signaling pathway have emerged. These
include MEK and mTOR inhibitors, as well as ligands of the
retinoid X receptor (RXR). Targeting MEK using trametinib in
KRAS G12D mutated murine lung cancer in association with
an anti PD-1 showed an increase in CD4" and CD8" T cells and
a significant reduction in MDSCs.”* These findings suggest
a potential therapeutic approach for lung cancers, showing
synergy between targeted therapy using MEKi and immu-
notherapies. These effects on MDSCs could be synergic with
the mechanism we previously described. Indeed, our team
demonstrated that it was possible to restore CXCL10 secretion
and sensitivity to chemo-immunotherapy by inhibiting the
MEK pathway in KRAS-mutated tumors.”” Allegrezza et al.
also showed the role of the MEK inhibitor trametinib on
MDSCs by modulating the chemoattractant factors of these
cells in the TME.”® Concerning the oncogenic MAPkinases
pathway, SHP2 is an upstream oncoprotein overexpressed in
a variety of cancer cell types and which regulates cell survival,
differentiation and proliferation through this signaling path-
way. SHP2 inhibitors (SHP2i) could influence the TME with
depletion of type 2 macrophages, CXCL10 secretion, and also
by promoting B and T cell infiltration in KRAS- and EGFR-
mutant NSCLC. Nevertheless, SHP2i are also responsible for
an increase in MDSCs in the tumor through the production of
CXCR?2 ligands. Accordingly, Tang et al. suggested combining
SHP2 and CXCR?2 inhibitors in these tumors to promote TH1
polarization of CD4" T cells and to increase tumor CD8" T cell
infiltration.”” Through this intervention on the TME, the
authors were able to show an improvement in survival in
several NSCLC models.

At the cutting edge of research, it has also been possible
to develop direct inhibitors of KRAS mutations. MRTX849
(adagrasib) has also shown promising results in combina-
tion with anti-PD1 agents in KRAS GI12C mutated
tumors.”® This KRAS inhibitor increases major histocom-
patibility complex (MHC) class I expression, decreases
tumor infiltration of MDSCs, increases M1 polarization of
macrophages, and increases the number of DCs, CD4" and
CD8" T cells. Thus, by modifying the immunosuppressive
TME, MRTX849 has been shown to induce encouraging
responses in combination with immunotherapy in mouse
models. AMG510 (sotorasib), another KRAS inhibitor, has
demonstrated an impact on the TME, alone and in associa-
tion with anti-PD-1, by increasing infiltration of CD8"
T cells, DCs, including CD103™ cross-presenting DCs, and
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macrophages with M1 polarization.”” This phenomenom is
linked with a cancer-cell dependent effect due to the speci-
ficity of inhibitors against the mutated form of KRAS. It
actualy not clear how KRAS inhibitors can modulate the
recruitment of cytotoxic and suppressive cells but it’s likely
that these effects are associated with changes in the cyto-
kine/chemokine expression profile of tumor cells. This
point should be explored. In the same way, KRAS-
mutated lung cells secrete pro-inflammatory cytokines able
to activate the Janus kinase 1/2 (JAK 1/2) signaling path-
way, promoting tumor cell survival.** The use of ruxoliti-
nib, a JAK 1/2 inhibitor, in a KRAS G12D mutated model
of human lung cancer, showed a depletion of TAM and
MDSCs, changing the TME toward an anti-tumorigenic
state.”!

2.2.3 wmror Inhibitors

Targeting mTOR has also shown interesting results by inhi-
biting tumor growth in brain metastasis of lung cancer, acting
on tumor-associated microglia/macrophages and alleviating
primary T cell apoptosis in co-culture with H1975.%> mTOR
inhibitors could also suppress PD-L1 in EGFR and ALK-
driven lung cancer, mediated in part by mTORC2/AKT/
GSK3B-dependent proteasomal degradation. Moerland et al.
showed that targeting downstream molecular pathways
seemed to have a similar impact with the use of MSU-
42011, a selective ligand of RXR.* In combination with cis-
platin and pemetrexed, MSU-42011 demonstrated the ability
to reduce tumor-promoting macrophages, decreased the
number of immunosuppressive MDSCs, and increased infil-
tration and activation of CD8 + T cells into the lung. RXR is
also important in the regulation of Th1/Th2 CD4 + T cell
responses by DCs.**

2.2.4 oo Inhbitors

In addition to targeting these mutations, there are a multitude
of targets in lung cancer that show substantial therapeutic
promise. One example, among others, is the possibility of
targeting the IDOI1 considered as an enzyme-dependent
immunosuppressive pathway. Among its other functions, this
molecule is involved in Treg differentiation, but is also able to
induce MDSCs and suppress intra-tumoral CD8" T and NK
cells.*® Moreover, resistance to anti PD-1 drugs in lung cancer
seems to be associated with over-expression of IDO1. Taking
into account these mechanisms, INCB023843, an IDO1 inhi-
bitor, decreased IDO1 expression in MDSCs in a murine model
of lung cancer resistant to anti PD-1 immunotherapy, leading
to MDSC depletion and overcoming this resistance.*

Several ongoing clinical studies are assessing the efficacy
and safety of different combination therapies, including classi-
cal chemotherapies, innovative targeted therapy, or immu-
notherapy, with the main objective of influencing the TME,
with a view to prolonging patient survival. Examples of these
trials (from ClinicalTrials.gov) are listed in Table 1. We also
present some studies concerning small cell lung cancer (SCLC)
for which associations around immunotherapy are also
developing.

3. Breast cancer

Despite a few cases of long-responder patients, it is important
to develop therapeutic combination in order to sensitize BC to
immunotherapy. Indeed, some commonly used chemothera-
pies or targeted therapy have shown that they may impact on
the TME by targeting the immunosuppressive microenviron-
ment or couteract the immune-exclusion profile. These possi-
bilities of turning a “cold” breast tumor into a “warm” one are
summarized in Ledys et al.‘s review.®”

3.1 Conventional chemotherapies in breast cancer

Chemotherapy is part of standard of care in management of
breast cancer (BC). Chemotherapies for BC include antimeta-
bolites, alkylating and intercalating agents and mitotic spindle
poisons. All of these therapeutic classes are able to modulate
the TME, potentially making it more sensitive to the addition
of immunotherapy, whether in the early or late stage. Among
the antimetabolite drugs, 5-fluorouracil (5-FU) and gemcita-
bine have been proven to deplete MDSCs.*® 5-FU also facil-
itates antigen uptake by DCs and subsequent cross-
presentation of tumor antigens, making tumor cells more
sensitive to lysis by CD8" T cells.*” Gemcitabine, in addition
to its effect on MDSCs, promotes cross-presentation of tumor
antigens to T cells by DCs, promotes CD8", CD4" T cells, NK
cells, and reduces Treg proliferation, resulting in anti-tumor
immunity.”® Concerning intercalating agents, the effect of
anthracyclines on the induction of immunogenic cell death is
now well known. There is also the possibility that these drugs
modulate the TME by sensitizing tumors to the action of DCs
and CD8" T lymphocytes. This therapeutic class, widely used
in breast cancer, is also able to promote elimination of MDSCs,
explaining its usefulness for restoring anti-tumor immunity.”"
Ladoire et al. previously reported that an increased ratio of
CD8" TILs to Treg T cells after anthracycline-based neoadju-
vant chemotherapy was predictive of pathologic complete
response and survival in BC.”> Mitotic spindle poisons such
as taxanes (paclitaxel and docetaxel) are widely used in BC and
may have discordant effects on TME. On the one hand, pacli-
taxel enhances the TIL subset, notably CD8 T cells, in
a neoadjuvant therapeutic strategy,” especially in triple-
negative breast cancer (TNBC).”* On the other hand, paclitaxel
was also shown to increases TAMs in a PYMT/MMTV mouse
model of BC, and effect that is overcome by addition of
PLX3397, an inhibitors of both CSFIR and c-kit.®® Taxanes
can also increase serum levels of IFNy, IL-6 and the cytotoxic
function of NK cells.”® Carson et al. studied the immune
response of BC patients treated in an adjuvant setting with or
without a taxane. The use of taxanes was associated with an
increase in the production of T lymphocytes and an increase in
the cytotoxicity of NK cells.”” Furthermore, docetaxel, another
antimicrotubule agent, has a depletive effect on Tregs.”'
Alkylating agents also have interesting properties for associa-
tion with immunotherapy. Cyclophosphamide and cisplatin
are, respectively, able to increase tumor infiltration by CD4"
and CD8" T cells, and to deplete TAMs in a 4T1 triple
negative BC model.”® Indeed, although cyclophosphamide
has a lymphoablative effect at high doses, its use at lower
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Table 1. Summary of therapeutic trials in NSCLC and SCLC combining targeted therapy and/or chemotherapy with immunotherapy. This is a non-exhaustive list taken
from ClinicalTrials.gov (with NCT identifier). Clinical trials concerning NSCLC (non small cell lung carcinoma) are indicated in the black box, and SCLC (Small cell lung
carcinoma) in the red box. NSCLC: Non small cell lung carcinoma, aPD-L1: anti programmed death ligand 1, MTORi: mammalian target of rapamaycin inhibitors aPD-1: anti
programmed cell death protein 1, VEGF(R) i: vascular endothelial growth factor (receptor) inhibitor, aCTLA-4: anti Cytotoxic T-lymphocyte antigen 4, TKi: tyrosine kinase
inhibitor, MEKi: MAPK-ERK inhibitor, IDOI: indoleamine 2,3-DiOxygenase inhibitor, EGFRi: epidermal growth factor receptor inhibitor, BRAFi: B-raf inhibitor, NA: not applicable,

SCLC: Small cell lung carcinoma, PARPi: Poly (ADP-ribose) polymerase inhibitor.

NCT identifier Phase Tumor type Immunotherapies Targeted therapies Chemotherapies
NCT04348292 | Resectable NSCLC Durvalumab Sirolimus None
(a PD-L1) (MTORI)
NCT03991819 | Advanced NSCLC Pembrolizumab Binimetinib None
(a PD-1) (MEKi)
NCT04507906 171 Advanced NSCLC Nivolumab Anlotinib None
(a PD-1) (VEGFRI)
NCT03377023 171 Advanced NSCLC Nivolumab Nintedanib None
(a PD-1) (multiple TKi)
Ipilimumab
(a CTLA-4)
NCT02658890 71 Advanced NSCLC Nivolumab BMS-986205 (IDOI) None
(a PD-1)
Ipilimumab
(a CTLA-4)
NCT03562871 71 Advanced NSCLC Pembrolizumab 10102 (IDOi) Carboplatin Pemetrexed
(a PD-1)
NCT03581487 171 Advanced NSCLC Durvalumab Selumetinib None
(a PD-L1) (MEKi)
Tremelimumab
(a CTLA-4)
NCT03600701 Il Advanced NSCLC Atezolizumab Cobimetinib (MEKi) None
(a PD-L1)
NCT03689855 Il Advanced NSCLC Atezolizumab Ramucirumab (VEGFRI) None
(a PD-L1)
NCT03786692 Il Advanced NSCLC Atezolizumab Bevacizumab (VEGFi) Carboplatin
(a PD-L1) Pemetrexed
NCT04670913 Il Advanced NSCLC Camrelizumab Apatinib (VEGFRi) None
(a PD-1)
NCT03527108 Il Advanced NSCLC Nivolumab Ramucirumab (VEGFRI) None
(a PD-1)
NCT03971474 Il Advanced NSCLC Pembrolizumab Ramucirumab None
(a PD-1) (VEGFRI)
NCT04340882 Il Advanced NSCLC Pembrolizumab Ramucirumab Docetaxel
(a PD-1) (VEGFRI)
NCT04512430 Il Resectable NSCLC Atezolizumab Bevacizumab Pemetrexed
EGFR mutated (a PD-L1) (VEGFi) Carboplatin
NCT04517526 Il Advanced NSCLC Durvalumab Bevacizumab Pemetrexed
EGFR mutated (a PD-L1) (VEGFi) Cisplatin
Carboplatin
NCT04120454 Il Advanced Pembrolizumab Ramucirumab None
NSCLC (a PD-1) (VEGFRI)
EGFR mutated
NCT04989322 Il Advanced NSCLC Pembrolizumab Lenvatinib (multiple TKi) Carboplatin
EGFR, ALK and ROS aberrations (a PD-1) Pemetrexed
NCT03178552 ] Advanced NSCLC Atezolizumab Bevacizumab Carboplatin
(a PD-L1) (VEGFi) Pemetrexed
Vemurafenib
(BRAFi)
Cobimetinib
(MEKi)
NCT03976375 1] Advanced NSCLC Pembrolizumab Lenvatinib None
(a PD-1) (multiple TKi)
NCT04973293 NA Resectable NSCLC Sintilimab Bevacizumab Carboplatin
(a PD-1) (VEGFi) Pemetrexed
NCT03830918 Wl Advanced SCLC Atezolizumab Niraparib Temozolomide
(a PD-L1) (PARPi)
NCT04728230 Wl Advanced SCLC Durvalumab Olaparib Carboplatin
(a PD-L1) (PARPi) Etoposide

doses promotes immunostimulation by inducing inhibition of
regulatory T cells and by restoring NK effector functions.”
Therefore, there is a genuine rationale for combining this
treatment with immunotherapy.

To summarize, Park et al. recently provided evidence in
support of the majority of these observations by showing
changes in the TME when cytotoxic chemotherapies were

used in the neoadjuvant setting with anthracycline, cyclopho-
sphamide, and taxane in patients with BC.'° An increase in
TILs and CD8* T cells was demonstrated, as well as up-
regulation of inflammatory signatures predictive of response
to immunotherapy. TNBC patients seemed to be the most
likely to show anti-tumor immune stimulation. The benefit of
adding immunotherapy to neoadjuvant chemotherapy was
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clinically confirmed in a prospective trial evaluating the com-
bination of pembrolizumab with chemotherapy in localized
TNBC.'!

Nevertheless, and particularly since the discordant results of
the IMPASSION 130'*? and 131'® trials in TNBC, it also
seems relevant to look at treatments associated with che-
motherapy, which may modulate the TME, in particular by
favoring the TH2 or Treg polarization of CD4 + T cells or by
favoring the CD8 + T cells exhaustion.'”* Thus, the use of
glucocorticoids for anti-allergenic purposes with paclitaxel
could be partly responsible for the negative results of the
IMPASSION 131 study because of its negative impact on the
TME. Conversely, nab-paclitaxel, another taxane which does
not require anti-allergic corticosteroids, has been shown to
improve survival in combination with immunotherapy in
TNBC. Beyond chemotherapies, this highlights the need to
keep in mind the potentially harmful role of certain premedi-
cation’s on chemo-immunotherapy combination.

3.2 Targeted therapies in breast cancer

3.2.1 ANTI VEGF/VEGFR THERAPIES

Since the implication of VEGF and its receptor in tumor
growth was first described and regarding this immunosuppres-
sive cytokine-dependent pathway, a number of targeted thera-
pies have been developed. An anti-VEGF used in the
management of TNBC, bevacizumab, has suggested
a depletive effect on the Treg population in PBMCs of non-
progressor patients, in association with durvalumab.'®> Anti-
VEGEFR?2 therapies were shown to modulate immunosuppres-
sion induced in hyperangiogenic tumor. Apatinib, a VEGFR2
inhibitor, converted an immunosuppressive TME into a pro-
inflammatory TME.'°® DC101, an anti-VEGFR2 mAb, has
shown that when administered in low doses, it has the ability
to reprogram the immunosuppressive TME by depleting
MDSCs, and promoting M1 polarization of TAMs, ultimately
leading to recruitment of CD8" T cells.'”” Interestingly,
Reguera-Nuiez et al. showed that nintedanib, a VEGFR tyr-
osine kinase inhibitor, in combination with paclitaxel and PD-
L1 blockade, increased mouse survival in an advanced meta-
static EMT-6 BC model.'*® Studies evaluating the combination
of bevacizumab + atezolizumab + endocrine therapy in hor-
mone-receptor positive breast cancer (HR+BC) (the
MORPHEUS HR+ BC trial, NCT03280563) or bevacizumab
+ atezolizumab + selicrelumab (a CD40 agonist antibody) in
TNBC BC (the MORPHEUS TNBC trial, NCT03424005) are
currently recruiting. A phase II clinical trial evaluating the
efficacy and safety of neoadjuvant therapy with sintilimab
and apatinib combined chemotherapy in TNBC is also cur-
rently ongoing (NCT04722718).

3.2.2 ANTI-HER2 ANTIBODIES

Human Epidermal Growth Factor Receptor-2 (HER-2) is over-
expressed in about 20 to 30% of BCs. Targeting this receptor
has changed the therapeutic strategy in early stage or metastatic
HER2+ breast cancer. Trastuzumab, a humanized monoclonal

antibody targeting HER2, has shown interesting effects on
TME cells, with a complement-dependent cytotoxicity and
antibody-dependent cellular cytotoxicity (ADCC) by NK
cells, monocytes and granulocytes. Indeed, trastuzumab was
associated with increased tumor infiltration of NK cells.'*
Gennari et al. also reported that patients with objective
response to trastuzumab had higher numbers of infiltrating
leukocytes and higher ADCC activity.''® Moreover, a clinical
study analyzing PBMCs from patients receiving trastuzumab
showed depletion of CD4*CD25"Foxp3* Treg in PBMCs.""!
Several pre-clinical studies have highlighted the positive effect
of trastuzumab in increasing CD8" T cell tumor infiltration by
acting on the M1 polarization of macrophages, with the invol-
vement of IL-21 secreted by tumor cells.''>'"? These observa-
tions were supported by the study of Girguolo et al. that
showed an increase in TIL levels following HER2 blockade in
early HER2-enriched BC subtypes.''* A randomized phase III
trial is currently evaluating taxanes/trastuzumab/pertuzumab
with or without atezolizumab in first-line HER2-positive
metastatic BC (NCT03199885) A randomized phase III trial
is currently evaluating taxanes/trastuzumab/pertuzumab with
or without atezolizumab (NCT03199885) in first-line HER2-
positive metastatic BC. A similar study is investigating a similar
combination as a neoadjuvant treatment (NCT03747120).
Nevertheless, a randomized phase III trial evaluated atezolizu-
mab with neoadjuvant dose-dense doxorubicin/cyclophospha-
mide-paclitaxel and pertuzumab-trastuzumab for high-risk,
HER2-positive early breast cancer did not increase the percen-
tage of pathologic complete response.''> Nonetheless, it seems
to be interesting to note better results on low PD-L1 level
population highlighting the potential off-target role of anti-
HER?2 antibodies. Moreover, it is difficult to discuss therapies
targeting HER2 without mentioning the antibody-drug-
conjugate (ADC) revolution. Trastuzumab deruxtecan (DS-
8201) is an ADC combining an anti-HER2 antibody,
a cleavable linker, and a cytotoxic topoisomerase I inhibitor.
This treatment showed durable antitumor activity in
a pretreated patient population with HER2-positive
metastatic BC.""> Following these results, many other ADCs
are in development. Their properties on the immune system
and TME are also being studied. d’Amico et al. elucidated the
immune-mediated mechanisms of a novel HER2-targeting
ADC bearing a potent anthracycline derivate as payload
(T-PNU) in a human HER2-expressing syngeneic BC model
resistant to trastuzumab.''® The immunostimulatory proper-
ties of T-PNU profoundly reshape the transcriptional and
immune profiles within the TME. Following these observa-
tions, the authors hypothesized that there would be improved
anti-tumor efficacy of immunotherapy by associating
a treatment with ADCs carrying an anthracycline payload. It
is highly possible that such combinations will be studied clini-
cally in the near future. A phase I dose escalation study of
SBT6050 (an ADC including a TLR8 agonist) alone and in
combination with PD-1 inhibitors in subjects with advanced
solid tumors expressing HER2 is currently recruiting
(NCT04460456). Indeed, a candidate drug that acts as



aTLR7/8 TLR8 agonist showed promising preclinical results in
overcoming tumor resistance to checkpoint blockade: combi-
nation treatment increased T cell, tumor-infiltrating DCs, and
M1 TAMs, ultimately enhancing the recruitment of CD8"
T cells to tumors."”” In an abstract presenting results of the
phase I interim analyses, SBT6050 induced myeloid (MCP-1,
IP-10 and 11-6) and NK/T cell activation at all dose levels.'"®

3.2.3 ENDOCRINE THERAPIES AND CDKs 4/6 INHIBITORS
Endocrine therapies are frequently used in the management of
HR" BG, in the localized or metastatic settings. These include
different therapeutic classes, namely: selective estrogen recep-
tor modulators (SERMs, tamoxifen), estrogen receptor down-
regulators (fulvestrant) or aromatase inhibitors (letrozole, ana-
strozole, exemestane). These treatments are known to have an
effect on anti-tumor immunity and the TME. SERMs can
decrease intratumoral levels of CCL2 and CCL5, thus promot-
ing TAM polarization toward the M1 phenotype.'"’
Conversely, tamoxifen can also promote an immunosuppres-
sive landscape, inducing CD4" T-cell polarization toward
a Th2 phenotype through the inhibition of DC differentiation,
maturation and function, suppressing the cytotoxic immune
activity through the inhibition of CD8 + T cells.'**!*!
Aromatase inhibitors may also decrease naive T-cell differen-
tiation into T-regulatory cells (Foxp3™ T cells), resulting in
a more favorable CD8"/Foxp3™ ratio.'**'** Several combina-
tions are being evaluated in the MORPHEUS HR" BC clinical
trial (NCT03280563), especially associations of atezolizumab
and fulvestrant and/or tamoxifen/exemestane. For the treat-
ment of HR™ HER2-negative advanced BC, cyclin-dependent
kinase 4 and 6 (CDK4/6) inhibitors (especially abemaciclib,
palbociclib or ribociclib) represented a major step forward.
CDK4/6 inhibitors, in conjunction with their protein regulator
cyclin D1, are involved in the regulation of cell cycle progres-
sion. These treatments have been shown to play a role in the
regulation of the TME, with effects on depletion of circulating
and tumor burden of Foxp3™ Treg."**'*® In addition, abema-
ciclib is able to significantly decrease the Treg/CD8" T cell
ratio, suggesting that CDK4/6 inhibitors might enhance the
susceptibility of such tumors to immune checkpoint blockade.
A clinical trial evaluating pembrolizumab, endocrine therapy,
and palbociclib for the treatment of postmenopausal patients
with newly diagnosed metastatic stage IV ER-positive BC is
currently recruiting (NCT02778685). There is also an arm
evaluating the association of atezolizumab + abemaciclib +
fulvestrant in the MORPHEUS HR"* BC trial
(NCT03280563). Finally, ribociclib significantly reduces the
frequency of immunosuppressive myeloid subsets, notably
MDSCs."**'?” Results of the clinical trial evaluating ribociclib
in combination with an immunotherapy drug called PDR001
plus fulvestrant are pending (NCT03294694).
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3.2.4 POLY (ADP-RIBOSE) POLYMERASE (PARP) INHIBITORS
About 20% of TNBCs are BRCA-mutated, with homolo-
gous recombination deficiency. The inhibition of poly
(ADP-ribose) polymerase (PARP) has emerged as a new
therapeutic strategy in early or advanced BRCA-mutated
BC."”®'* It is now accepted that PARP inhibitors (e.g.
olaparib, niraparib, talazoparib) can play a role in anti-
tumor immunity, in particular through the cGAS/STING
signaling pathway."’® These observations could explain
why STING agonism enhances anti-tumor immune
response and therapeutic efficacy of PARP inhibition in
BRCA-associated BC."”' Interestingly, Ding et al. showed
that olaparib increased recruitment of DCs, decreased
MDSCs in the tumor and in the blood, and increased
intratumoral CD4" and CD8" T cells and the production
of IFNy by these cells in vivo in BRCAI deficient ovarian
models."** These results were confirmed with talazoparib
(in mammary tumors of BRCA-deficient mice), also able
to deplete MDSCs and to enhance tumor infiltration of
CD45"CD3" subset cells,'*® and with niraparib (in MDA-
MB-436, a BRCAI mutant triple-negative breast cancer
cell line), shown to increase tumor infiltration of CD8"
T cells.'*® There is therefore a real biological rationale for
combining PARP inhibitors and immunotherapy. In
tumor models, niraparib increased antitumor activity and
synergistic response in both BRCA-deficient and BRCA-
proficient tumor cells."** In terms of clinical trials, the
TOPACIO study evaluated the combination of niraparib
and pembrolizumab, which provided promising antitumor
activity in patients with advanced TNBC, with numerically
higher response rates in those with tumor BRCA
mutations."*> The MEDIOLA trial, which tested the com-
binatinon of olaparib and durvalumab in germline BRCA-
mutated BC showed also promising antitumour activity.'*®
Nevertheless, apart from interesting response rates, it is
still difficult to know the benefit of adding immunotherapy
to these PARP inhibitors in patients with a BRCA-
mutated BC. Due to these findings and in view of the
rationale for combining immunotherapy/PARPi or immu-
notherapy/chemotherapy, a clinical trial is currently eval-
uating the best strategy between chemotherapy + anti PD-
1 or PARPi + anti PD-1 in metastatic TNBC
(NCT04191135).

Of note, some studies have revealed that olaparib could also
induce a pro-tumor phenotype of macrophages in the TME."*’
However, interestingly, these macrophages seemed to be
dependent on the colony-stimulating factor 1 receptor axis
(CSF1/CSF1R). Mehta et al. reported that the combination of
olaparib with an anti-CSF1R had the potential to decrease PD-
L1 expression by myeloid cells, to reduce pro-tumor TAMs and
to overcome PARP inhibitor resistance in BRCA1-deficient
TNBC."?” With this understanding and considering that
TAMs are strongly involved in BC tumorigenesis, targeting
the CSF1R axis appears to be an attractive therapeutic avenue.
Of particular note is its ability to deplete type 2-phenotype
TAM and to have a synergistic effect with cisplatin, promoting
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the release of interferon (IFN) and leading to a more immuno-
genic TME."*®

3.2.5 OTHER TARGETED THERAPIES ACTING ON THE BC TME
EGEFR expression is common in BC, especially in triple negative
and basal-type breast carcinomas. Cetuximab is a monoclonal
antibody that acts on the extracellular EGF-receptor by recruit-
ing NK cells, leading to tumor cell death via antibody-
dependent cell-mediated cytotoxicity (ADCC). Julia et al. high-
lighted cetuximab’s effect promoting DC maturation in TNBC
cell lines."”” In addition, when associated with photo-
immunotherapy, cetuximab promoted phenotype-M2 macro-
phage toward phenotype-M1."*" However, there is currently
no clinical trial evaluating a combination of anti-EGFR and
immunotherapy in BC, and this remains a therapeutic possi-
bility to be explored.

Another interesting point to highlight concerns Bruton’s
tyrosine kinase (BTK) inhibitors. BTK plays a crucial role in
oncogenic pathways and is notably known for its involvement
in B cell malignancies. Therefore, BTK inhibitors have emerged
including ibrutinib, which can inhibit phosphorylation of BTK
and efliciently reduce the phosphorylation of the receptor
tyrosine kinases ErbB1, ErbB2 and ErbB3, thereby suppressing
AKT and MAPK signaling in ErbB2-positive BC cell lines."*!
Dubovsky et al. suggested that ibrutinib may also enhance the
antitumor immune response by modulating the Th1/Th2
CD4" T cell ratio.'** Treatment of mice bearing EMT-6 mam-
mary tumors with ibrutinib resulted in a reduced frequency of
MDSCs in both the spleen and tumor.'*’ Varikuti et al. demon-
strated that ibrutinib was able to deplete and reprogram
MDSCs to mature DCs, which boosts antitumor Thl immune
response and improves infiltration of cytotoxic T lymphocytes
due to enhanced tumor-derived antigen presentation to CD8"
T cells."** A combination of immunotherapy and ibrutinib was
shown to suppress tumor growth in preclinical models of
TNBC."*> However, a phase 1/2 clinical trial reported limited
antitumor activity with a combination of ibrutinib-
immunotherapy (durvalumab). 146

Alpelisib, another treatment used for advanced HR"
PIK3CA-mutated BC, seems able to modulate anti-tumor
immunity. Indeed, this PI3K inhibitor could significantly
deplete MDSCs and Treg populations, either alone'*’ or in
association with ribociclib,'** thereby improving responsive-
ness of BC including TNBC to immunotherapy by increasing
PD-L1 expression in preclinical models."*® A clinical trial
(NCT04317105) evaluating copanlisib, another PI3K inhibitor,
with immunotherapy (nivolumab + ipilimumab) is currently
recruiting patients with advanced solid tumor and changes in
the PIK3CA gene. Regarding other therapeutics that act on the
PI3K/AKT/mTOR pathway, we can also mention ipatasertib,
which was initially evaluated in a phase III trial in combination
with paclitaxel in patients with metastatic TNBC.'** This study
was negative in terms of its primary endpoint, with no
improvement in progression-free survival. However, ipataser-
tib efficiently depletes Foxp3™ regulatory T cells in the TME,
resulting in increased infiltration of effector T cells."*® For
these reasons, a trial evaluating ipatasertib in combination
with atezolizumab in patients with advanced solid tumors

with PI3K pathway hyperactivation is currently ongoing
(IceCAP, NCT03673787).

Yin et al. demonstrated the effect of alisertib, an Aurora
A kinase inhibitor, on TME in a murine model of BC.'*!
Indeed, they illustrated that alisertib had the potential to sen-
sitize the malignant BC to anti-PD-L1 therapy by promoting
infiltration and activation of effector T cells. This phenomenon
entails selective depletion of tumor-promoting myeloid cells,
including MDSCs and TAMs.

It is also relevant to mention the place of CD73 inhibitors
among the enzymatic-dependent immunosuppressive path-
ways. CD73 is overexpressed in several cancers and reduced
anti-tumor immunity in BC. Monoclonal antibodies directed
against CD73 could help to reprogram the TME by decreasing
the adenosine mediated immunosuppression particularly as
a synergistic immunotherapeutic combination with immu-
notherapy. The SYNERGY trial investigates the efficacy and
safety of the combination of chemotherapy (paclitaxel + car-
boplatin) with immunotherapy (durvalumab [anti-PD-L1] +
MEDI9447 [anti-CD73]) in previously untreated locally recur-
rent inoperable or metastatic TNBC (NCT03616886).

Finally, another way of targeting MDSCs is to target Bcl-xL
(proteins with cell death repressor activities) with a sublethal
dose of ABT-737 (a Bcl-2 and Bcl-xL inhibitor). This molecule
has proven to be an effective strategy to overcome MDSCs
apoptotic-resistance in a mouse model, leading to suppression
of MDSC accumulation in the tumor-bearing host.'>
Moreover, Venetoclax, another Bcl-2 inhibitor, has been eval-
uated in association with palbociclib, and was shown to reduce
Foxp3+ Treg populations by decreasing their proliferation
capacity.'? There is currently no reports of any ongoing ther-
apeutic trial combining these modalities with immunotherapy.
A summary of main clinical trials in BC (from ClinicalTrials.
gov) is given in Table 2.

4. Hepatocellular carcinoma and pancreatic cancer

In patients with unresectable hepatocellular carcinoma (HCC),
the combination of atezolizumab and bevacizumab (an anti
VEGEF agent) was found to be associated with better progres-
sion-free and overall survival, response rate, and preservation
of quality of life compared to sorafenib.'>* Several active intrin-
sic immune-evasion pathways, including overexpression of
VEGF, have been linked to the development and progression
of liver cancer.'”*'*® Considering this immunosuppressive
cytokine-dependent pathway, anti-VEGF therapies reduce
VEGF-mediated immunosuppression within the tumor and
its microenvironment, may enhance anti PD-1 and anti-PD-
L1 efficacy by reversing VEGF-mediated immunosuppression
and promoting T-cell infiltration in the tumor.”*"”” Hegde
et al. reported that anti-VEGF reprograms the TME from an
immunosuppressive to an immune permissive microenviron-
ment in human cancers.'>® The combination of bevacizumab
and atezolizumab has since become the standard of first-line
treatment.

Motz et al. demonstrated that tumor-derived VEGF-A and
PGE2 cooperatively induced Fas ligand (FasL) expression on
human endothelial cells, which acquired the ability to kill
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Table 2. Summary of therapeutic trials combining targeted therapy and/or chemotherapy with immunotherapy. This is a non-exhaustive list from the ClinicalTrials.gov
website (NCT identifier). HR: Hormone Receptor, HER2: Human Epidermal Growth Factor Receptor-2, aPD-1: anti programmed cell death protein 1, CDKi: Cycline-Dependent
kinase inhibitor, AKTi: Protein kinase B/ akt inhibitor, VEGF(R)i: Vascular Endothelial Growth Factor (receptor) inhibitor, aPD-L1: anti programmed death ligand 1, IL-6i:
Interleukin-6 inhibitor, TNBC: Triple Negative Breast Cancer, ADC: Antibody Drug Conjugate, aCTLA-4: anti Cytotoxic T-lymphocyte antigen 4, PI3K(i): Phopshatidylinositol 3

kinase (inhibitor), MEKi: MAPK-ERK inhibitor, PARPi: Poly (ADP-ribose) polymerase inhibitor.

NCT identifier Phase Tumor type Immunotherapies Targeted therapies Chemotherapies
NCT03294694 | Advanced HR+ HER2- PDRO0O1 Ribociclib None
(aPD-1) (CDKi)
Fulvestrant
NCT03280563 1/l Advanced HR+ HER2- Atezolizumab Abemaciclib None
(aPD-L1) (CDKi)
Ipatasertib
(AKTi)
Exemestane/Fulvestrant/
Tamoxifen
Bevacizumab
(VEGFi)
NCT03424005 I/ Advanced TNBC Atezolizumab Bevacizumab Capecitabine
(aPD-L1) (VEGFi) Gemcitabine
Ipatasertib Carboplatin
(AKTi) Eribulin
Selicrelumab Nab-Paclitaxel
(CD40 agonist)
Tocilizumab
(IL-6i)
Sacituzumab-govitecan
(ADCQ)
NCT03853707 I/ Advanced TNBC Atezolizumab Ipatasertib Capecitabine
(aPD-L1) (AKTi) Carboplatin
Paclitaxel
NCT03616886 /1 Advanced TNBC Durvalumab Oleclumab (CD73i) Carboplatin
(aPD-L1) Paclitaxel
NCT04317105 /1 Advanced Nivolumab Copanlisib None
PIK3CA mutation/PTEN (aPD-1) (PI3Ki)
loss Ipilimumab
(aCTLA-4)
NCT03673787 I/ Advanced Atezolizumab Ipatasertib None
PI3K Pathway (aPD-L1) (AKTi)
Hyperactivation
NCT03395899 I Resectable Atezolizumab Bevacizumab None
HR+ (aPD-L1) (VEGFi)
HER2- Cobimetinib
(MEKi)
Ipatasertib
(AKTi)
NCT04722718 I Resectable TNBC Sintilimab Apatinib Nab-paclitaxel
(aPD-1) (VEGFRI) Carboplatin
NCT03747120 I Resectable HER2+ Pembrolizumab Trastuzumab Paclitaxel
(aPD-1) Pertuzumab
(HER2i)
NCT03202316 Il Advanced Atezolizumab Cobimetinib Eribulin
(aPD-L1) (MEKi)
NCT02778685 I Advanced HR+ HER2- Pembrolizumab Bevacizumab None
(aPD-1) (VEGFi)
Letrozole/Fulvestrant
Palbociclib
NCT04739670 Il Advanced TNBC Atezolizumab Bevacizumab Carboplatin
(aPD-L1) (VEGFi) Gemcitabine
NCT04460456 I Advanced HER+ Pembrolizumab SBT6050 None
Cemiplimab (ADQ)
(aPD-1)
NCT04191135 11l Advanced TNBC Pembrolizumab Olaparib Carboplatin
(aPD-1) (PARPi) Gemcitabine
NCT03199885 1] Advanced HER+ Atezolizumab Trastuzumab Paclitaxel
(aPD-L1) Pertuzumab
(HER2i)

effector CD8" T cells."”” They showed that this was not the case
for Treg cells, due to higher levels of cellular FLICE (FADD-
like-1B-converting enzyme) inhibitory protein (c-FLIP)
expression in Tregs. Regarding these enzyme and cytokine-
dependent immunosuppressive pathways and using preclinical

models, they further showed that pharmacologic inhibition of
VEGF and PGE2 attenuated tumor endothelial FasL expres-
sion, produced a significant increase in the influx of tumor-
rejecting CD8" over Foxp3™ T cells, which was FasL-
dependent, and led to CD8-dependent tumor growth
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suppression. In particular, the role of VEGF-A in promoting
tumor growth is not solely mediated by its classical role in
angiogenesis, but rather extends to include vascular mechan-
isms controlling mobilization of antitumor immunity. Because
of the intimate relationship between angiogenesis and immu-
nosuppression and the likely overwhelming redundancy of
pathways controlling both mechanisms, combinatorial strate-
gies inhibiting both arms will be required for effective tumor
control. Moreover, the number of CD83" tumor-infiltrating
DCs has been shown to inversely correlate with lymph node
metastasis and tissue expression of VEGF and transforming
growth factor B (TGFp) in human breast cancer specimens."”’
In addition to these observations, Roland et al. showed that the
reduction of macrophage infiltration is an important aspect of
anti VEGF therapy.'®

In parallel to anti-VEGF therapy, multitarget TKI have
shown marked effects on the TME through their action on
many oncogenic pathways. For example, tivozanib reduces
Tregs and MDSCs in PBMC subsets through downregulation
of the c-Kit/ERK2 pathway. Furthermore, tivozanib seems to
decrease exhausted TILs, including CD4" and CD8" expressing
PD-1, and was shown to be associated with survival of HCC
patients.'® Sunitinib or sorafenib are other TKIs frequently
used in the second line of treatment for HCCs. Sunitinib
reduces Treg frequency and decreases their immunosuppres-
sive activity notably IL-10 and TGEFp release. By the same
token, it enhances the cytotoxic activity of CD8" T cells.'’
Regarding sorafenib, the effects seem paradoxical. On the one
hand, it decreases exhausted CTL subsets and decreases expres-
sion of PD-1 in CD8", stops proliferation and induces Treg
apoptosis, slowing their immunosuppressive effects.'*>'*> On
the other hand, it counterintuitively increased Ly6G* MDSCs
in a mouse model of HCC."** Nevertheless, Cao et al. demon-
strated the depletive effect of sorafenib on MDSCs.'®
Regarding these observations, a clinical trial evaluating the
combination of sorafenib + atezolizumab versus sorafenib
alone is ongoing (NCT04770896). Other TKIs; such as lenva-
tinib, cabozantinib or apatinib are also being used as potential

partners to immunotherapy in other clinical trials
(NCT04770896, NCT04044651, NCT03755791,
NCT04639180).

There are other possible axes to stimulate anti-tumor
immunity and act on the TME of HCC. For example, acting
on the PI3K/AKT/mTOR axis seems to have effects on the Treg
subset. Yuan et al. showed that HCC cells produce and express
amphiregulin, which is able to activate the immunosuppressive
functions of intratumoral CD4*Foxp3* regulatory T cells.'*
This molecule can trigger the activation of mechanistic target
of rapamycin complex 1 (mTORC1) in Treg cells. Using an
amphiregulin neutralizing antibody could block this phenom-
enon, restoring anti-tumor immunity. Moreover, rapamycin,
which inhibits mMTORC1 and mTORC2, is a well-known inhi-
bitor that is especially useful in preventing the rejection of
kidney transplants by inhibiting T cell and B cell activation.
However, it seems also to have a paradoxical effect on the
tumor by reducing the immunosuppressive functions of
Tregs and promoting CD8" T cell anti-tumor immunity.'*’

It is also possible to try to act on MDSCs. Tadalafil,
a phosphodiesterase type 5 inhibitor (PDE5i) seems to be

capable of abolishing the suppressive functions of MDSCs by
acting on both NOS2 and Argl. Furthermore, it blocks che-
motaxis by inhibiting CX3CLI and IL-13 release, preventing
accumulation of MDSCs in the TME of murine HCC
models.'"”” The treatment of MDSCs with a PDES5i reversed
MDSCs suppressor function and enhanced cytokine-induced
killer activity against human HCC cell lines in vitro, as
reported by Yu et al.'®® A clinical trial is currently evaluating
tadalafil in combination with immunotherapy in metastatic
HCC or pancreatic cancer (NCT03785210).

Cytokines and their receptors may have a role in anti-tumor
immunity, and developing targeted therapies acting on these
molecules is a further possibility. For example, Tumor necrosis
factor (TNF)-related apoptosis-inducing ligand (TRAIL) is
known to induce the extrinsic apoptosis pathway.'®” The devel-
opment of molecules targeting TRAIL and its receptor, TRAIL-
R, represent a new therapeutic axis that has garnered interest in
the last few years in anti-tumor treatment, especially in
HCC."”*""! DS-8273a, an agonistic TRAIL-R2 antibody, in
a phase I trial including various digestive cancers such as
HCC, showed the potential to maintain selective depletion of
MDSCs for at least 28 days, which may provide a sufficient
window of therapeutic activity in combination with
immunotherapies.'”> We could also cite the chemokine recep-
tor type 4 (CXCR4), a G protein-coupled receptor, involved in
homing and chemotaxis of the immune system.'”> In a model
of HCC (i.e. HCA-1), the addition of AMD3100, a CXCR4
inhibitor, overcame the sorafenib-induced increase in F4/80"
TAMs, CD11b*Gr-1" MDSCs and Foxp3™ Tregs. Moreover,
the addition of PD-1 treatment to this association promoted
infiltration and switched on CTLs in the tumor.'”* For these
reasons, the combination of cemiplimab (an anti PD-1) and
motixafortide (a CXCR4 inhibitor) is being studied in
advanced pancreatic cancer (NCT04543071).

To continue on the subject of pancreatic cancer, CSF-1, also
known as M-CSF, is involved in chemoattraction of myeloid
subsets including TAM2, promoting tumor progression and
propensity to metastasize.'”> By targeting the CSF1/CSFIR
axis, Mitchem et al. showed that anti-CSF1Rs are able to limit
gemcitabine-induced pro-tumoral TAM infiltration in pan-
creatic ductal adenocarcinoma. This combotherapy also
increased tumor infiltration of CTLs and depleted Treg
subsets.”® C-X-C motif Chemokine receptor type 2 (CCR2)
is a CCL2 receptor also expressed by myeloid cells. Again with
the goal of modulating the TME, adding a CCR2 inhibitor to
standard FOLFIRINOX chemotherapy has an antitumor
immune tendency by decreasing TAM and Treg subsets and
promoting CD8", CD4" T cells in patients with borderline
resectable or locally advanced pancreatic cancer.'”’
Interestingly, with a mathematical model, Shafiekhani et al.
combined 5-FU chemotherapy and anti-CD25 immunother-
apy to improve clinical outcome and therapeutic efficacy.'”®
Indeed, anti-CD25 could decrease the abundance of tumor
infiltrating regulatory T cells.

Another possibility concerns the inhibition of CD73, whose
role among the enzymatic-dependent immunosuppressive
pathways has been developed previously in this review.
Regarding immunohistochemistry staining, all HCC and all
pancreatic ductal adenocarcinoma (PDAC) expressed CD73
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Table 3. Summary of therapeutic trials combining targeted therapy and/or chemotherapy with immunotherapy in HCC and pancreatic cancer. This is a non-exhaustive
list from the ClinicalTrial.gov website (NCT identifier). Clinical trials concerning HCC are indicated in the black box, and pancreatic cancers in the red box. HCC: Hepatocellular
carcinoma, aPD-1: anti programmed cell death protein 1, TKi: Tyrosine kinase inhibitor, aPD-L1: anti programmed death ligand 1, VEGF(R)i: Vascular Endothelial Growth
Factor (receptor) inhibitor, aCTLA-4: anti Cytotoxic T-lymphocyte antigen 4, FGFRi: Fibroblast growth factor receptor inhibitorsTLR: Toll-Like-Receptor, ADC: Antibody Drug
Conjugate, PDE5i: Phosphodiesterase-5 inhibitor, CXCR4i: C-X-C chemokine receptor 4 inhibitor, PARPi: Poly (ADP-ribose) polymerase inhibitor.

NCT identifier Phase Tumor type Immunotherapies Targeted therapies Chemotherapies
NCT05286320 1/ Advanced HCC Pembrolizumab Lenvatinib None
(aPD-1) (multiple TKi)
NCT04721132 Il Resectable HCC Atezolizumab Bevacizumab None
(aPD-L1) (VEGFi)
NCT05194293 Il Resectable HCC Durvalumab Regorafenib None
(aPD-L1) (multiple TKi)
NCT05168163 Il Advanced HCC Atezolizumab Cabozantinib None
(aPD-L1) Lenvatinib
(multiple TKi)
NCT03937830 Il Advanced HCC Durvalumab Bevacizumab Doxorubicin
(aPD-L1) (VEGFi) (chemoembolization)
Tremelimumab
(aCTLA-4)
NCT04828486 Il Advanced HCC Pembrolizumab Futibatinib None
(aPD-1) (FGFRi)
NCT04442581 Il Advanced HCC Pembrolizumab Cabozantinib None
(aPD-1) (multiple TKi)
NCT04044651 1/ Advanced HCC Nivolumab Lenvatinib None
(aPD-1) (multiple TKi)
NCT04639180 1] Resectable HCC Camrelizumab Apatinib None
(aPD-1) (VEGFRIi)
NCT05198609 1] Advanced HCC Camreluzimab Apatinib Fluorouracil
(aPD-1) (VEGFRI) Oxaliplatin
NCT04770896 1] Advanced HCC Atezolizumab Lenvatinib None
(aPD-L1) Sorafenib
(multiple TKi)
NCT03755791 1] Advanced HCC Atezolizumab Cabozantinib None
(aPD-L1) (multiple TKi)
NCT04787991 | Advanced Pancreatic Cancer Nivolumab Hydroxychloroquine Gemcitabine
(aPD-1) Nab-paclitaxel
Ipilimumab
(aCTLA-4)
NCT04050085 | Advanced Pancreatic Cancer Nivolumab SD-101 None
(aPD-1) (TLR-9 agonist)
NCT03816358 1/ Advanced Pancreatic Cancer Nivolumab Anetumab Ravtansine Gemcitabine
(aPD-1) (ADC)
Ipilimumab
(aCTLA-4)
NCT03214250 1/ Advanced Pancreatic Cancer Nivolumab APX005M Gemcitabine
(aPD-1) (CD40 agonist) Nab-paclitaxel
NCT02451982 Il Resectable Pancreatic Cancer Nivolumab Urelumab Cyclophosphamide
(aPD-1) (CD137 agonist)
NCT04940286 Il Resectable Pancreatic Cancer Durvalumab Oleclumab Gemcitabine
(aPD-L1) (CD73i) Nab-paclitaxel
NCT03727880 Il Resectable Pancreatic Cancer Pembrolizumab Defactinib None
(aPD-1) (Focal Adhesion Kinase inhibitor)
NCT03785210 Il Advanced HCC or Pancreatic cancer Nivolumab Tadalafil None
(aPD-1) (PDES5i)
NCT04543071 Il Advanced Pancreatic Cancer Cemiplimab Motixafortide Gemcitabine
(aPD-1) (CXCR4i) Nab-paclitaxel
NCT04548752 Il Advanced Pancreatic Cancer Pembrolizumab Olaparib None
BRCA 1/2 mutated (aPD-1) (PARPi)

. . . 1
ectonucleotidase in Amedeo Sciarra et al. study.”” Moreover,

anetumab-ravtansine in

combination  with

chemo-

CD73 expression correlated with morphological tumor grade.
Oleclumab (a CD73 inhibitor) is thus being evaluated in com-
bination with durvalumab (an anti PD-L1) and chemotherapy
in patients with resectable/borderline resectable pancreatic
cancer (NCT04940286).

Interestingly, combinations of treatments similar to BC are
under development, sharing the same rationale for association.
For example, there is the study of PARPi in combination with
immunotherapy in BRCA-mutated pancreatic cancer
(NCT04548752), or the development of ADCs such as

immunotherapy (NCT03816358). Main clinical trials evaluat-
ing these combinations are listed in Table 3.

5. Colorectal cancer
5.1. Conventional chemotherapies

There are currently different treatment strategies for colorectal
cancer (CRC), but the cornerstone of management in meta-
static stages is the use of chemotherapy combinations. The
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main findings relating to “immune-cell dependent” effects of
chemotherapies have been described in models of digestive
cancers.'®® The most frequently used drugs are 5-fluorouracil
(5FU), irinotecan and platinum salts (oxaliplatin). These cyto-
toxic chemotherapies can modulate the immunosuppressive
effect of the TME.

In a FOLFIRI-like therapeutic model combining CPT11
(irinotecan) and 5-FU, Kanterman et al. showed that 5-FU
overcomes CPT11-induced apoptosis resistance of MDSCs
and depletes this myeloid subpopulation by acting on their
maturation and activity."®" Identical resultats were found by
our team. In a context of FOLFOX-bevacizumab regimen,
decrease of MDSCs after the first administration of chemother-
apy is associated with a better progression-free survival.'®* In
addition, when associated with radiotherapy, 5-FU showed its
ability to increase infiltration of CTLs, notably CD8", CD4"
and NK T cells.'®>'®* Recently, we also showed that the use of
tipiracile/trifluridine, an anti-metabolite administered after
5-FU escape, could synergize with oxaliplatin to sensitize the
CT26 preclinical model to anti-PD-1 immunotherapy. This
synergy is dependent on both an effect on the tumor cell and
an effect on the suppressor cells. Indeed, these two drugs
synergize to induce immunogenic tumor cell death but also
promote depletion of type 2 macrophages.'®’

Oxaliplatin is also frequently used and could enhance the
immune response against tumors by decreasing regulatory/
suppressor cells (Tregs and MDSCs) and by increasing the
ratio of cytotoxic CD8 + T cells to immunosuppressive cell
populations in the TME.'®® In the same manner, Zhu et al.
demonstrated that in addition to inducing immunogenic cell
death as well described by other teams,'®” oxaliplatin is able to
modulate this tumor microenvironment.'®® Indeed, they found
that the number of mature DCs was increased after immature
DCs were cocultured with oxaliplatin-treated H22 cells (corre-
sponding to a hepatocarcinoma model). Numbers of CD8"
T cells and mature DCs were found to be increased in vivo
whereas, the number of Treg cells was decreased.

These beneficial effects in vitro were confirmed by Pfirschke
et al. in vivo. Indeed, oxaliplatin and immunotherapy (anti-
CTLA-4) combination was able to reject CT26 tumors in
approximately 40% of mice analyzed.'® In another interesting
preclinical study using two mouse colorectal cancer models
(CT26 and MC38), Dosset et al. found that a combination of
a 5-FU/oxaliplatin and PD-1 blockade therapy induced com-
plete and long-lasting tumor response.'” As described above,
this association was able to induce recruitment of an effective
T cell population in the TME, creating a favorable environment
for the action of immunotherapy. This immune recruitment
has already been shown to be associated with improved survi-
val in colorectal cancer patients, especially since the advent of
immunotherapy.'®' In parallel, Dosset et al. also demonstrate
that this FOLFOX regimen induce the expression of check-
points inhibitors (PD-1 and PD-L1) on the activated CD8
T cells and on tumor cells themselves, responsible of tumor
immune resistance. Therefore, the addition of checkpoint inhi-
bitors allowed FOLFOX-recruited CD8 T cells to induce an
effective anti-tumor immune response. Interestingly, the

authors found a decreased tumor T cell infiltration after che-
motherapy administration. These results suggest that the
immune checkpoint inhibitors should be given concomitantly
or early after FOLFOX therapy. In humans, the effectiveness of
this combination is currently being evaluated. Promising data
have been obtained for patients with MSS colon tumors treated
with FOLFOX and dual immunotherapy with anti-PD-L1/anti-
CTLA4."* To finish on the impact of chemotherapies on the
TME in digestive tumors, we can also briefly mention gemci-
tabine, wich has also shown its capacity to deplete MDSCs'*”
and Tregs."”* It can also induce an increase in pro-tumor
TAMs.'”® Cyclophosphamide has similar effects by decreasing
Tregs and restoring the function of T and NK cells in a colon
cancer model.””'*

5.2. Conventional targeted therapies

The place of immunotherapy in the management of locally
advanced or metastatic CRC remains limited. Currently in
France, the only marketing authorization is for pembrolizumab
in colorectal tumors with microsatellite instability (MSI+). In
this situation, immunotherapy is used alone, with good results,
but for a limited number of patients (<10%). There is thus
a strong rationale for developing therapeutic combinations to
increase anti-tumor immunity. A distinction is classically made
between mutated and non-mutated RAS/RAF colorectal
tumors.

Cetuximab and panitumumab are two mAbs directed
against EGFR and frequently included in treatment strategies
for RAS/RAF wild type (WT) CRC. Zhao et al. showed that
cetuximab is able to restore an antitumoral TME by modulat-
ing and reprogramming functions of TAMs from the M2-like
phenotype toward an MI-like phenotype, including the sup-
pression of IL-6 expression in TAMs.'*® Indeed, the EGFR axis
is involved in M2 polarization through the PI3K/AKT/mTOR
pathway.'”” The inhibition of PI3K or EGFR with
a monoclonal antibody is able to push this polarization toward
anti-tumoral M1 polarization. Furthermore, Abu-Eid et al.
reported that PI3K-Akt inhibitors reduced tumor growth in
CT26 mouse models, due to the selective inhibition of Tregs.
However, they showed that the antitumor effect achieved via
inhibition of PI3K-Akt can be exhibited through other
mechanisms, such as enhanced survival of CD8 + T cells (Akt
signaling drives CD8 + T cell differentiation)."”® VEGF and
VEGER inhibitors are broadly prescribed in the standard treat-
ment of CRC, particularly in patients with RAS/RAF mutated
colon cancer. The increase in CD4"Foxp3" Tregs, M2-like
macrophages and MDSCs, and the decrease in CD8 + T cells
are well-known immune features in tumors overexpressing
VEGFA. As previously described and regarding this cytokine-
dependent immunosuppressive pathway, anti-VEGF therapies
may enhance immunotherapy efficacy by reversing VEGEF-
mediated immunosuppression and promoting T-cell infiltra-
tion in tumors.”*'**** As a reminder, TAMs may induce the
production of IL-10 or TGF-p, able to suppress CD8" T cell
and DC functions, and able to stimulate Treg cells.””" TGF-
can be produced through the VEGF/VEGFR2 signaling path-
way, and can promote metastasis through its action on
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Table 4. Summary of therapeutic trials combining targeted therapy — chemotherapy — immunotherapy in colorectal cancers. This is a non-exhaustive list from the
ClinicalTrial.gov website (NCT identifier). CRC: Colorectal Cancer, aPD-1: anti programmed cell death protein 1, VEGF(R)i: Vascular Endothelial Growth Factor (receptor)
inhibitor, MSI: Microsatellite Instability, COXi: Cyclo-Oxygenase-2 Inhibitor, aPD-L1: anti programmed death ligand 1, HDACi: Histone De-Acetylase Inhibitor, TKi: Tyrosine
Kinase inhibitor, BRAFi: B-raf inhibitor, EGFRi: Epidermal Growth Factor Receptor inhibitor, PI3Ki: Phosphatidylinositol 3-kinase inhibitor, BTKi: Bruton’s Tyrosine Kinase (BTK)
inhibitors, aCTLA-4: anti Cytotoxic T-lymphocyte antigen 4, MEKi: MAPK-ERK inhibitor.

NCT identifier Phase Tumor type Immunotherapies Targeted therapies Chemotherapies
NCT02298959 | Advanced CRC Pembrolizumab Ziv-aflibercept None
(aPD-1) (VEGF-trap)
NCT03926338 /1 Resectable CRC Toripalimab Celecoxib (COXi) None
MSI (aPD-1)
NCT03555149 I/ Advanced CRC Atezolizumab Bevacizumab None
(aPD-L1) (VEGFi)
Regorafenib
(multiple TKi)
Isatuximab
(HDACI)
AB928
(Dual Adenosine Receptor Antagonist
NCT04110093 I/ Advanced CRC Camrelizumab Regorafenib None
Nivolumab (multiple TKi)
Sintilimab
Toripalimab
(aPD-1)
NCT04017650 I/ Advanced CRC Nivolumab Encorafenib None
(aPD-1) (BRAFi)
Cetuximab
(EGFRi)
NCT03711058 I/ Advanced CRC Nivolumab Copanlisib None
(aPD-1) (PI3Ki)
NCT03332498 I/ Advanced CRC Pembrolizumab Ibrutinib None
(aPD-1) (BTKi)
NCT03377361 I/ Advanced CRC Nivolumab Trametinib None
(aPD-1) (MEKi)
Ipilimumab
(aCTLA-4)
NCT04715633 Il Resectable CRC Camrelizumab Apatinib None
MSlI (aPD-1) (VEGFRIi)
NCT04745130 Il Advanced CRC Sintilimab Regorafenib None
(aPD-1) (multiple TKi)
Cetuximab
(EGFRi)
NCT04866862 Il Advanced CRC Camrelizumab Fruquintinib None
(aPD-1) (VEGFRIi)
NCT03608046 Il Advanced CRC Avelumab Cetuximab Irinotecan
(aPD-L1) (EGFRi)
NCT04271813 Il Advanced CRC Sintilimab Anlotinib None
(aPD-L1) (VEGFRIi)
NCT04527068 Il Advanced CRC Tripleitriumab Bevacizumab None
(aPD-1) (VEGFi)
NCT04262687 Il Advanced CRC Pembrolizumab Bevacizumab Oxaliplatin
(aPD-1) (VEGFi) Capecitabine
NCT02997228 i Advanced CRC Atezolizumab Bevacizumab Oxaliplatin
(aPD-L1) (VEGFi) Fluorouracil

epithelial-mesenchymal transition. Min et al. showed that anti-
VEGEFR therapies may help to control the immune inhibitory
functions of M2-TAMs in CRC.”°*> Manzoni et al. first reported
in 2010 that bevacizumab, an anti-VEGF frequently used for
the management of CRC, is able to increase B and T cells.**’
The expansion of T lymphocytes could imply an improvement
in DC-presenting capacity. These effects were associated with
improved clinical outcome. A study evaluating the efficacy and
safety of multiple immunotherapy-based treatment combina-
tions, including bevacizumab, in patients with metastatic CRC
is currently ongoing (NCT03555149).

Multi-target TKIs have other effects on the TME. For exam-
ple, regorafenib was shown to inhibit angiogenic receptor
tyrosine kinases (VEGFR1-3) and also, through its action on
the PDGFR axis, was able to deplete CAF in KM12SM human
colon cancer cells by acting on PDGFR expressed by

CAFs.2**?% This molecule is currently used in the manage-
ment of CRC, after all standard therapies, and is being evalu-
ated in combination with immunotherapy in the
aforementioned Morpheus study (NCT03555149). Similarly,
other dedicated clinical trials are ongoing (NCT04126733 com-
bining regorafenib with nivolumab; NCT04110093: regorafe-
nib with carelizumab, sintilimab and toripalimab, three PD-1
inhibitors). NCT04126733 trial also reported reasonable
adverse events with Regorafenib-Nivolumab combination.**®
For patients with BRAF-mutated CRC, the standard of
treatment in second-line therapy is based on the use of anti-
EGFR, anti-BRAF and anti-MEK. Selumetinib, a MEK inhibi-
tor, was shown to deplete myeloid subsets including TAMs,
enhancing the response to associated immunotherapy with an
anti-CTLA-4 in a KRAS-mutant CT26 mouse colorectal cancer
model.>”” In addition, it reduces expression of Argl associated
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with the down-regulation of COX-2 within tumor cells, two
enzymes whose involvement in immunosuppression has pre-
viously been described.””” These observations are supported by
the findings of Eruslanov et al. who reported that the drug
LM1685, by inhibiting COX-2, seems to prevent tumor-
induced arginase activation in myeloid cells, including TAMs
and MDSCs.?*® Cobimetinib, another MEK inhibitor, had
a similar effect on M2-like macrophages and MDSCs. In addi-
tion, it also increases the CD8"/Treg ratio.”*” Taken together,
these data suggest the growing interest of anti-MEK in improv-
ing the responsiveness to immunotherapy as highlighted in the
study NCT04044430 (combining encorafenib, binimetinib,
and nivolumab in BRAF-mutated CRC). Moreover, anti PD-
L1 immunotherapy yielded a response in microsatellite-stable
(MSS) metastatic CRC in combination with MEK inhibitors.'°

SHP2 is an oncogenic protein involved in many signaling
pathways that contribute to tumor growth and survival, includ-
ing receptor tyrosine kinase pathways. Inhibitors of the protein
tyrosine phosphatase-2 (SHP2) can inhibit receptor tyrosine
kinase (RTK) signaling. Liu et al. showed that in BRAF V600E
CRC models, TNO155, an SHP2 inhibitor, synergized with
BRAF and MEK inhibitors by blocking ERK feedback activa-
tion by different RTKs.?'" In addition, the association of
TNO155 showed immunomodulatory effects. This molecule
inhibited RAS activation by the CSFIR pathway, and inhibited
TAM 2 and MDSCs in the tumor. This treatment may also
enhance PD-1 blockade efficacy®’ and is being evaluating in
conjunction with an anti PD-1, spartalizumab in selected
malignancies, including CRC (NCT04000529). In a same
way, by inhibiting CSF-1 R in a MC38 murine model of
colon adenocarcinoma, RG7155 has shown its capacities to
strongly reduce F4/80" tumor-associated macrophages accom-
panied by an increase of the CD8"/CD4" T cell ratio.”'?

Another possibility concerns the development of an anti-
CCR5. Chemokine ligand 5 (CCL5) is a chemokine released by
CD4" and CD8" T cells, and this phenomenon could be used
by tumor cells to metastasize to the liver. C-C chemokine
receptor 5 (CCR5) is the natural G-coupled protein receptor
of CCL5, and is involved in M2 polarization of TAMs in CRC.
Halama et al. showed that maraviroc, a CCR5 inhibitor, exerted
anti-tumor effects by reprogramming macrophages toward the
M1 phenotype via STAT3 regulation.”’> A phase I clinical trial
(PICASSO study, NCT03274804) evaluated the combination of
an anti-PD-1 (pembrolizumab) with CCR5 inhibition for the
treatment of refractory microsatellite-stable metastatic CRC.
Unfortunately, the observed clinical efficacy remained limited,
apart for some situations of prolonged stabilization.*'*

In studies of Bruton’s tyrosine kinase (BTK) inhibitors, the
effect on colorectal tumor cell lines was studied. In the same
way as for breast cell lines, ibrutinib had an effect on MDSCs,
leading to a decrease in this population, thus promoting CD8"
infiltration.'*> The NCT03332498 trial, recently closed to
enrollment, is evaluating the combination of Pembrolizumab
and Ibrutinib in advanced refractory colon cancer.

In order to potentiate anti-tumor immunity, it is also pos-
sible to target the cell cycle of tumors cells and apoptosis, with
interesting effects on the TME. For example, the protein p53 is
controlled by mouse double minute 2 homolog (MDM2), an
ubiquitin E3 ligase, which regulates p53 levels and proteasomal

degradation. The MDM2 protein is overexpressed in many
cancers, causing disruption of the p53-MDM2 axis, and linked
to tumorigenesis. It represents a novel target for cancer ther-
apy. Several MDM?2 antagonists have been developed, such as
APG 115. This molecule can change the polarization of macro-
phages, in favor of an anti-tumor M1 phenotype state, and
could activate CD4" T cells. Furthermore, inhibiting MDM2
upregulates PD-L1 expression on tumor cells and may lead to
high immunogenicity, confirmed by an improvement in the
cytotoxic activity of CD8" T cells when an anti PD-1 is added
to APG 1152

Still concerning cell cycle modulation, CDK4/6 inhibitors
(abemaciclib or palbociclib) in preclinical CRC models showed
similar results to the breast cell-line studies. These molecules
were shown to induce depletion of circulating and tumor
burden Foxp3* Tregs by slowing their proliferation.”®' This
observation suggests that CDK4/6 inhibitors might enhance
the susceptibility of such tumors to immune checkpoint block-
ade. Other treatment options are also under investigation, such
as venetoclax, which induces apoptosis by inhibiting BCL-2
and showed an increase in intra-tumoral CD8 + T cells in
a MC38 preclinical model.*'®

Finally, Yes-associated protein 1 (YAP1) is activated in CRC
and is associated with tumor growth. By inhibiting YAP1, Yang
et al. showed that the accumulation of tumor-associated
MDSCs could be modulated, by decreasing granulocyte-
macrophage colony-stimulating factor tumoral release.”'”
There is thus an opening for the development of treatments
combining these molecules with immunotherapy in the future.
Table 4 summarizes examples of clinical trials combining CT
and TT with immunotherapy in CRC.

6. Melanoma

Melanoma is a highly chemoresistant tumor and the use of
cytotoxic chemotherapy is no longer part of the standard
treatment in first or second-line therapy. For example, dacar-
bazine, an alkylating agent, was previously used, and was
shown to stimulate NKG2D expression on murine tumor
cells, leading to the recruitment of CD8" and NK T cells into
the tumor.”'®*'” However, the breakthrough of immunother-
apy as a therapeutic standard has resulted in very low rates of
use of conventional cytotoxic chemotherapies in the setting of
melanoma. Indeed, melanoma is considered as one of the most
immunogenic solid tumors, and many immunotherapeutic
approaches have been developed to circumvent disease pro-
gression. For patients without BRAF mutation, the combina-
tion of two immunotherapies, namely ipilimumab (a CTLA-4
inhibitor) and nivolumab (a PD-1 inhibitor) has become the
standard first-line treatment for patients with unresectable or
metastatic melanoma.””® In a complementary manner, BRAF
mutation is a major oncogenic mutation found in approxi-
mately 50% of human melanomas, and confers constitutive
activation of the MAPK pathway, responsible for cell growth,
survival, and differentiation. Significant progress has been
made in understanding the molecular bases of melanoma
oncogenesis. These advances have led to the development of
highly effective targeted therapies, which have also been shown
to increase survival in advanced melanoma. For this reason, the



combination of a MEK inhibitor with a BRAF inhibitor has
become a new therapeutic standard in advanced BRAF-
mutated melanoma.”*"*** This combination seems to have an
effect on anti-tumor immunity and can modulate the TME by
enhancing the presence of tumor-specific antigens and the level
of intratumor CD8" T cells.?**72%° Similarly, Ferrari de
Andrade et al. reported that BRAF inhibitors were able to
enhance proliferation and activation of NK cells.**
Conversely, some teams underline the increase of immunosup-
pressive populations in the TME under the effects of these
treatments, with notably an increase of Tregs or
MDSCs. 221224 Despite this, the combination of anti-BRAF,
anti-MEK, and immunotherapy remained associated with
a good antitumoral activity in a mouse model of BRAF-
mutated melanoma. These therapies therefore seem to be of
interest in terms of the immune system, underpinning
attempts to associate BRAF and MEK inhibitors with immu-
notherapy in clinical trials (NCT03235245).

Beyond BRAF and MEK inhibitors, other targeted therapies
(new or old) are being associated with immunotherapies,
thanks to the identification of interesting mechanisms from
an immune point of view. Zhang et al. showed that axitinib,
a VEGEFR TKj, increased infiltration of CD8" T cells and down-
regulated the amount of MDSCs and type 2 macrophages, by
inhibiting ARG1 and NOS2.%7 For these reasons, and due to
the often intense vascularization of melanomas, it is hypothe-
sized that axitinib can metabolically remodel the TME to
render it more sensitive to immunotherapy, specifically by
increasing T cell infiltration through HIFlalpha activity result-
ing from hypoxia (NCT04493203). This mechanism is also
reported with anti-VEGF therapy.””® In the same way,

Docetaxel NS-NSCLC
Cisplatin
Vinorelbine
Paclitaxel Docetaxel
Gemcitabine Gemcitabine Cisplatin
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anlotinib, a novel multi-target TKI (VEGFR2, PDGEFR,
FGFR) affects infiltration of CD8" T cells and depletion of
the Foxp3™ T cell population, prompting its association with
immunotherapy.”*>**°  Cabozantinib inhibits multiple-
receptor tyrosine kinases, including ¢-MET or vascular
endothelial growth factor receptor 2 (VEGFR2), and is
approved for use in solid malignancies such as renal cell carci-
noma, hepatocellular carcinoma or medullary thyroid cancer.
This treatment has also been shown to have immunomodula-
tory effects in vitro and in murine models. In addition, c-Met
has been found to induce overexpression of PD-L1 and to
induce tolerogenic DCs in mouse models as describe by
Balan et al. and Ilangumaran et al.2>1232 For all these reasons,
Jain et al. hypothesized that combining cabozantinib with
pembrolizumab would have the potential to improve response
rate in metastatic or recurrent melanoma (NCT03957551).*
Other combinations are under clinical evaluation, such as
a combination of cabozantinib with nivolumab and ipilimu-
mab (NCT05200143).

Still considering the cytokine-dependent immunosuppres-
sive pathway, interesting results from a preclinical study
underline that the association of vactosertib, a TGFp receptor
inhibitor, with checkpoint inhibitor immunotherapy, can slow
the expansion of melanoma-associated fibroblasts (MAF), and
increase CD8 + T cell infiltration.”** In parallel to these obser-
vations, several teams have shown that adenosine signaling
reduces effector functions of cytotoxic lymphocytes, while
also promoting recruitment and polarization of immunosup-
pressive cell types, including MDSCs and T reg cells.”>>?*
A2AR inhibition enhances infiltration of cytotoxic NK cells
and CD8" T lymphocytes. For these reasons, it has been

Breast cancer

Cisplatin

Gemcitabine
Docetaxel 5-FU Cyclophosphamide
VEGF/RI COK4/61 CSF1-RI
COK4/6l PARPI VEGF/RI
Pi3Ki BTKI HER2I
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HER2I EGFRI
Aurora A | Endocrine therapy
L]
)
- MAF.
Q @ A4 - L e
VEGFRI VEGFRi VEGFRI TGFPRI
Anlotinib Ax ib) Axitinib
BTKiI i
Pi3Ki PI3KI

Figure 2. Summary of the effects of chemotherapy and targeted therapy on the tumor microenvironment in NS-NSCLC, breast cancer, pancreatic cancer, colorectal
cancer, hepatocellular carcinoma and melanoma Chemotherapies and targeted therapies are separated in each situation. Treatments that modulate upwards are
represented in green, and those that modulate downwards are represented in red. NS-NSCLC: Non squamous non-small cell carcinoma, HCC: Hepatocellular carcinoma,
CRC: Colorectal cancer, Treg: regulatory T celsl, MDSC: myeloid-derived suppressor cell, TAM2: tumor associated macrophages of phenotype 2, CAF: cancer associated
fibroblast, MAF: Melanoma associated fibroblast, CD8: CD8 T cell, i: inhibitor, a: agonist, 5-FU: 5-Fluorouracil. (Made with Biorender).
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Figure 3. Combination of targeted therapy and immunotherapy with or without chemotherapy in different solids tumors. Heatmap represents recent or ongoing clinical
trials combining targeted therapy (classified in function of target pathway), immunotherapy (anti-PD-(I)1 or anti-CTLA-4 or both) and chemotherapy. This non-exhaustive list
was done in July 2022 (from ClinicalTrials.gov) within the main cancers presented in this review. NSCLC: non small cell lung carcinoma, SCLC: small cell lung carcinoma, BRCA:
breast carcinoma, CCR: colorectal cancer, HCC: hepatocellular carcinoma, PANC: pancreatic cancer, MEL: melanoma. Color code is specified bellow the heat map.

suggested that A2AR inhibition may be a useful therapeutic
addition to both BRAF and MEK inhibition, in patients with
melanoma.*”’”

Among the enzymatic-dependent immunosuppressive
pathways, we could also mention Epacadostat, an IDO1 selec-
tive inhibitor that showed promising antitumour activity in the
ECHO-202/KEYNOTE-037 study in advanced melanoma.
Indeed, IDOL1 is correlated with poor prognosis in patients
with melanoma, making the use of IDOI inhibitor
interesting.>*®* However, the corresponding phase III study

was negative, with no clinical benefit from the addition of
this IDOI inhibitor to immunotherapy in unresectable or
metastatic melanoma.>*”

Moreover as in other tumors, inhibition of the BTK and
Pi3K/AKT pathway has shown its effect on Treg and MDSC
depletion."**'*”  Accordingly, a currently ongoing trial
(NCT03021460) is evaluating the combination of ibrutinib
plus pembrolizumab in advanced melanoma.

In total, due to chemoresistance and the decline in the use of
chemotherapy in the management of melanomas, chemo-



immunotherapy does not currently seem to be preferred,
despite its possible effects on anti-tumor immune response.
Nevertheless, as described in this review, there is a real immune
rationale around the combination of targeted therapies and
immunotherapies, which has led to several clinical trials.
Beyond the immune interest, combining immunotherapy
with targeted therapies could also limit the risks of early relapse
after stopping targeted therapies and favor prolonged
responses.

7. Conclusions perspectives

In the era of immunotherapy, understanding the cellular and
molecular mechanisms involved in suppressing the anti-tumor
immune response in TME is essential. Since the demonstration
of the efficacy of immunotherapy as a single agent in several
types of cancer, the current objective is to be able to combine it
with other therapeutic strategies that will make it possible to
overcome resistance and/or amplify its effects. If TT and CT are
originally intended to impact cancer cell proliferation by altering
the signaling of oncogenic pathways, these therapies are also able
to directly or indirectly influence the actors of the anti-tumor
immune response. In most cases, the combination of these drugs
is based on the upward modulation of the anti-tumor immune
response. Concerning more specifically immunosuppression,
TTs and CTs can have a favorable influence by depletion of
immunosuppressive cells (Tregs, MDSCs, CAFs, TAM2), by
reprogramming of these cells (MDSCs to DC, TAM2 to
TAM1), by inhibition of soluble immunosuppressive factors or
by decreasing the expression of inhibitory immune checkpoints.
It is in this context that many combinations involving targeted
therapy or chemotherapy with immunotherapy are becoming
the new standard of treatment. In lung cancer, for example, the
combination of the platinum salt/pemetrexed doublet with anti-
PD-1 antibody immunotherapy amplifies the anti-tumor
immune response by increasing immunogenic cell death. In
the case of hepatocellular cancer, the combination of an anti-
angiogenic agent with immunotherapy amplifies the immune
response by decreasing the immunosuppressive signals related in
particular to VEGF-A signaling. This review of the litterature has
allowed us to expose the current landscape of CT+ TT + ICIs
combinations under evaluation in some solid tumors by specify-
ing the biological mechanisms impacted (Figure 2). We were
able to show that pre-clinical and clinical research on this topic is
very active and that a large number of clinical trials are underway
with encouraging preliminary results (Figure 3). Nevertheless,
we could notice that chemotherapies and targeted therapies are
likely to be beneficial but sometimes harmful on the tumor
microenvironment, making it difficult to predict in advance
the final effect of such combinations on the immune system
and sensitization to immunotherapy. We were also able to note
that the doses were also likely to affect positively or negatively the
anti-tumor immune response, as well as the sequence of admin-
istration of these different treatments or the use of premedica-
tion’s to chemotherapy. This observation leads us to briefly
discuss the timing of drugs administrations in such combina-
tions. In a clinical trial involving patients with advanced mela-
noma, Vilain et al. stated that changes in immune profiling in the
TME during the early phase of immunotherapy treatment could
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better predict the treatment success rate, in an actively sup-
pressed immune system against cancer.>** This team underlines
the potential interest of privileging immunotherapy before che-
motherapy, notably by creating a more permissive tumor micro-
environment and by increasing tumor antigenicity. Other and
our teams emphasize the importance of chemotherapy prior to
the addition of immunotherapy particularly in a context of
colorectal cancer. Moreover, Parra and colleagues compared
the TME changes on surgically resectable NSCLC patients,
according to whether they had received neoadjuvant
chemotherapy.**! It was confirmed that the overall immune
cell infiltration increased and the fraction of T cells were sig-
nificantly elevated in the tissues of patients who underwent
neoadjuvant chemotherapy. Therefore, it may be necessary to
consider the sequential administration of immunotherapy tar-
geting the altered immune contexture after neoadjuvant che-
motherapy. Liu et al. demonstrated increased T cell infiltration
and PD-1/PD-L1 expression in the TME through the combina-
tion of cisplatin and crizotinib in orthotopic murine NSCLC
models and reported a sensitizing effect of anti-PD-1
treatment.”*” Thus, these results suggest that sequential ICI
administration after chemotherapy with or without TT may
become a promising strategy to optimized anti-tumor strategy.
Altogether, the sequence of administration of immunotherapies
should be thoroughly deliberated in view of the cancer-
immunity cycle and therapy-induced dynamic changes in the
immune contexture of the TME.** It is therefore essential to
continue to explore this research axis and to study the “cancer-
cell” and “immune-cell dependent” effects of TT and CT in order
to find new therapeutic associations to amplify the effectiveness
of immunotherapy in cancer.
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