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ABSTRACT

Monoclonal antibodies targeting programmed cell
death 1/programmed cell death ligand 1 (PD-1/PD-
L1) immune checkpoints have improved the treat-
ments of cancers. However, not all patients equally
benefit from immunotherapy. The use of cytotoxic
drugs is practically inevitable to treat advanced
cancers and metastases. The repertoire of cyto-
toxics includes 80 products that principally tar-
get nucleic acids or the microtubule network in
rapidly proliferating tumor cells. Paradoxically, many
of these compounds tend to become essential to
promote the activity of immunotherapy and to of-
fer a sustained therapeutic effect. We have ana-
lyzed each cytotoxic drug with respect to effect
on expression and function of PD-(L)1. The major
cytotoxic drugs––carboplatin, cisplatin, cytarabine,
dacarbazine, docetaxel, doxorubicin, ecteinascidin,
etoposide, fluorouracil, gemcitabine, irinotecan, ox-
aliplatin, paclitaxel and pemetrexed––all have the
capacity to upregulate PD-L1 expression on can-
cer cells (via the generation of danger signals) and
to promote antitumor immunogenicity, via activation
of cytotoxic T lymphocytes, maturation of antigen-
presenting cells, depletion of immunosuppressive
regulatory T cells and/or expansion of myeloid-
derived suppressor cells. The use of ‘immunocom-
patible’ cytotoxic drugs combined with anti-PD-(L)1
antibodies is a modern approach, not only for in-
creasing the direct killing of cancer cells, but also
as a strategy to minimize the activation of immuno-
suppressive and cancer cell prosurvival program re-
sponses.

INTRODUCTION

The therapeutic arsenal to treat cancers is regularly enriched
with new small and large molecules directed against signal-
ing factors implicated in tumorigenesis or tumor expansion.
This highly diversified molecular arsenal can be divided into
several classes based on the drugs’ mechanisms of action.
To simplify, we can define three major classes. Cytotoxic
drugs, comprising many natural products and derivatives,
essentially combat highly proliferating cells. Targeted ther-
apeutics, including numerous kinase inhibitors and mono-
clonal antibodies (mAbs) directed against intracellular ef-
fectors and cell surface receptors on cancer cells, permit
to control signaling pathways that represent tumor drivers
or key factors involved in tumor growth and dissemina-
tion. Immunotherapeutic drugs are designed to turn on/off
specific immune checkpoints implicated in immune surveil-
lance. Immunotherapy has emerged as the seventh pillar
of cancer therapy alongside surgery, cytotoxic chemother-
apy, targeted therapy, radiotherapy, hormonal therapy and
cell therapy (Figure 1). This is a simplified view: there
are many types of anticancer drugs that target one or the
other of the hallmarks of cancer, and an extended reper-
toire of molecules, ranging from small synthetic compounds
to complex polymeric particles and biotherapeutic peptides
and proteins, and engineered therapeutic cells. More than
200 anticancer drugs used to treat cancers in humans have
been approved over the past 50 years.

Many cytotoxic anticancer drugs were discovered empir-
ically in the 1950–70s, generally from natural products (an-
thracyclines, vinca alkaloids) or after serendipitous discov-
eries (1). Other cytotoxic products were developed much
later (e.g. vinflunine, pixantrone) and occasionally new cy-
totoxic drugs and formulations continue to be developed
(Figure 1). There are ∼80 approved anticancer drugs con-
sidered as cytotoxic products, generally classified accord-
ing to their mechanism of action or chemical family (Ta-
ble 1). A large proportion of these cytotoxics interferes with
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Figure 1. The seven pillars of cancer therapy and the panel of 80 cytotoxic chemotherapeutic drugs available for the treatment of cancers. Drugs are grouped
according to their mechanisms of action (antimetabolites in orange, DNA alkylators in yellow, DNA binders or cleavers in green, DNA topoisomerase
inhibitors in blue and tubulin/microtubule inhibitors in purple) and by alphabetical order within each drug category.

nucleic acid metabolism, inhibiting DNA/RNA synthesis,
binding covalently or not to DNA, cleaving DNA or block-
ing DNA-manipulating enzymes such as topoisomerases to
cause DNA strand breaks. Another major category of cy-
totoxics includes drugs that affect cell mitosis through in-
terference with the tubulin/microtubule network. Many of
these old drugs remain largely used today, notably to treat
advanced cancers.

Lack of antitumor immunity is a key element that leaves
cancer cells free to multiply, disseminate and metastasize.
Among the different immune checkpoints characterized
over the past 10 years, the programmed cell death 1 (PD-
1, also called CD279) and programmed cell death ligand
1 (PD-L1, CD274, B7-H1) axis plays an essential role in
the ability of cancer cells to evade the immune system. The
blockade of the PD-1/PD-L1 interaction represents an es-
sential strategy to prevent cancer cells to escape antitu-
mor immune responses. Six mAbs targeting PD-1 (three)
or PD-L1 (three) are currently used for the treatment of
specific solid tumors (Figure 2) and >15 other mAbs are
in clinical development (2,3). The use of these biothera-
peutic products has revolutionized the treatment of cer-
tain cancers such as melanoma, non-small- and small-cell
lung cancers (NSCLCs and SCLCs), urothelial cancers and
triple-negative breast cancers (TNBCs). Many cancer pa-
tients will benefit from these novel immunotherapies, with
the expected success of a huge number of ongoing clini-
cal trials. However, unfortunately, not all tumors respond
to PD-(L)1 immunotherapy. The efficacy of anti-PD-(L)1
treatment is highly variable. We realize that it is not a com-
plete overthrow of a therapeutic model, in favor of a totally
new treatment system, but a more profound change that
complements existing therapies. Immunotherapies alone,

and in particular anti-PD-1 or anti-PD-L1 mAbs used
as monotherapy, generally provide insufficient responses
or nonsignificant therapeutic advantages. A major benefit
is expected from mAbs combined with other therapeutic
modalities and in particular with cytotoxic agents.

Biomarkers are actively searched to predict tumor re-
sponse, to select patient populations and to adjust treatment
combinations. PD-L1 is expressed on a variety of normal
and immune cell types and cancer cells. The tumor expres-
sion level of PD-L1 plays a role in the treatment response.
PD-L1 expression is often associated with poor prognosis
of cancer patients. However, at the same time, overexpres-
sion of tumor PD-L1 represents a favorable prognostic for
response to immunotherapy. High PD-L1 expression is cor-
related with better response to PD-1/PD-L1 inhibition in
different tumors (4). Although clinical response has been
demonstrated also in patients with PD-L1-negative tumors
[via the activation of PD-L1+ natural killer (NK) cells], ef-
ficacy of immunotherapy is greater in PD-L1-positive pa-
tients (5). To address this dilemma, PD-L1 expression was
compared in tumor cells and cytotoxic T cells to show that
PD-L1 is primarily reactive rather than constitutive in most
tumors (6). Other studies have shown that PD-L1 expres-
sion on both tumor cells and tumor-infiltrating immune
cells can independently attenuate anticancer immunity (7).
A model of adaptive immune resistance has been proposed
in which PD-L1 expression is primarily driven by cytokines
[notably interferon gamma (IFN-� )] induced by cytotoxic
T cells. PD-L1 appears as a marker of an ongoing immune
response to tumor and the administration of checkpoint
blocker helps to tip the balance of this interaction in favor
of the immune system (8). It is therefore of the utmost im-
portance to properly understand how chemotherapy affects
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Table 1. Cytotoxic drugs used to treat cancers and their effects on PD-(L)1

Drug category # INN Abbreviation Brand namea
Year of first
approvalb Effect on PD-(L)1

Antimetabolites 1 5-Fluorouracil 5-FU 5-Fluorouracil 1962 Combo (+). Expression (+)
Pyrimidine analogues 2 Capecitabine CAP Xeloda 1998 Combo (+)

3 Trifluridine FTD Lonsurf 2014 Combo (+)
4 Gemcitabine GEM Gemcitabine 1995 Combo (+). Expression (+)
5 Cytarabine Ara-C Cytarabine 1969 Combo (+)
6 Cytarabine/daunorubicin

liposomal
CPX-351 Vyxeos 2017 n.i.

Purine analogues 7 Fludarabine 2-FA Fludara 1991 No effect
8 Cladribine CLA Leustatin 1993 n.i.
9 Clofarabine CLO Clolar 2005 n.i.
10 Nelarabine NEL Arranon 2006 n.i.

Folate derivatives 11 Methotrexate MTX Methotrexate 1954 Combo (−)
12 Pralatrexate PLX Folotyn 2009 Combo (−)
13 Pemetrexed PMX Alimta 2004 Combo (+)
14 Raltitrexed RTX Tomudex 1996 n.i.

DNMT inhibitors 15 Azacitidine 5-AZA Vidaza 2004 Combo (+). Expression (+)
16 Decitabine DAC Dacogen 2006 Combo (+). Expression (+)

DNA-alkylating drugs 17 Cisplatin CDDP Cisplatin 1978 Combo (+). Expression (+)
Platinum derivatives 18 Oxaliplatin OXA Eloxatin 1996 Combo (+). Expression (+)

19 Carboplatin CARB Paraplatin 1986 Combo (+). Expression (+)
20 Nedaplatin NEDA Aqupla 1995 Combo (+)
21 Lobaplatin LPT Lobaplatin 1998 n.i.
22 Miriplatin MPT Miripla 2010 n.i.

Oxazaphosphorine
derivatives

23 Cyclophosphamide CPX Cytoxan 1957 Combo (+)

24 Ifosfamide IFS Ifex 1976 n.i.
25 Trofosfamide TFF Ixoten 2007 n.i.

Nitrosoureas 26 Carmustine BiCNU Gliadel 1977 Combo (+)
27 Nimustine ACNU Nidran 1981 n.i.
28 Fotemustine FTM Muphoran 1989 n.i.
29 Lomustine CCNU CeeNU 1976 n.i.
30 Semustine SEMU Me-CCNU 1977 n.i.
31 Ranimustine MCNU Cymerine 1987 n.i.
32 Streptozotocin STZ Zanosar 1982 Expression (+)

Bis-chloroethyl-amine 33 Mechlorethamine MCE Valchlor 1913 n.i.
34 Bendamustine BDM Treanda 2008 n.i.
35 Chlorambucil CHB Leukeran 1956 n.i.
36 Melphalan MLP Alkeran 1961 Combo (+)
37 Estramustine EMP Emcyt 1980 n.i.

Alkyl sulfonates 38 Busulfan BUS Busilvex 1954 Expression (+)
39 Treosulfan TREO Trecondi 2004 n.i.

Others 40 Thiotepa TEPA Thioplex 1959 n.i.
41 Temozolomide TMZ Temodal 1999 Combo (+)
42 Mitomycin C MMC Mutamycin 1956 Combo (+)
43 Procarbazine PRO Procarbazine 1969 n.i.
44 Dacarbazine DTIC Dacarbazine 1975 Expression (+)
45 Altretamine HMM Hexalen 1990 n.i.
46 Trabectedin TBT Yondelis 2007 Combo (+). Expression (+)

DNA-binding
or -cleaving drugs

47 Bleomycin BLM Blenoxane 1966 n.i.

48 Peplomycin PLM Pepleo 1981 n.i.
49 Mithramycin MTM Plicamycin 1961 n.i.
50 Actinomycin D Act-D Cosmegen 1964 Expression (−)
51 Amsacrine Amsa Amsidine 1987 n.i.

Topoisomerase 1
inhibitors

52 Irinotecan CPT-11, IRI Campto 1994 Combo (+). Expression (+)

Camptothecin
derivatives

53 Topotecan TPT Hycamtin 1996 n.i.

54 Nal-IRI Nal-IRI Onivyde 2015 Combo (+)
55 Belotecan BLT Camtobell 2004 n.i.

Topoisomerase 2
inhibitors

56 Etoposide (etoposide
phosphate)

VP-16, ETO Etoposide
(Etopophos)

1980 (1996) Combo (+). Expression (+)

Epipodophyllotoxins 57 Teniposide VM-26 Vumon 1967 n.i.
Anthracyclines 58 Doxorubicin DOX Adriamycin 1966 Combo (+). Expression (+)

59 Liposomal doxorubicin Doxil Doxil 1999 Combo (+). Expression (+)
60 Epirubicin EPI Pharmorubicin 1984 Combo (+)
61 Idarubicin IDA Idamycin 1990 Combo (+)
62 Daunorubicin DAU Cerubidin 1967 n.i.
63 Pirarubicin THP Pinorubicin 1988 n.i.
64 Amrubicin AMR Calsed 2002 n.i.
65 Valrubicin VAL Valstar 1999 n.i.
66 Aclarubicin ACLA Aclacin 1981 n.i.

Anthraquinones 67 Mitoxantrone MTX Novantrone 1984 n.i.
68 Pixantrone PXT Pixuvri 2012 n.i.

Tubulin inhibitors 69 Vinorelbine NVB Navelbine 1989 Expression (−)
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Table 1. Continued

Drug category # INN Abbreviation Brand namea
Year of first
approvalb Effect on PD-(L)1

Vinca alkaloids 70 Vindesine VDS Eldisine 1979 n.i.
71 Vinblastine VBL Velban 1965 n.i.
72 Vincristine VCR Oncovin 1963 n.i.
73 Vinflunine VFL Javlor 2010 n.i.

Taxanes 74 Paclitaxel PACLI Taxol 1993 Combo (+)
75 Nab-paclitaxel NABP Abraxane 2005 Combo (+)
76 Docetaxel DOCE Taxotere 1995 Combo (+)
77 Cabazitaxel CBZ Jevtana 2010 n.i.

Others 78 Ixabepilone IXA Ixempra 2007 n.i.
79 Eribulin mesylate ERI Halaven 2010 Combo (+)

Miscellaneous 80 Ingenol mebutate ING Picato 2012 n.i.

DNMT: DNA methyl transferase; INN, international nonproprietary name. aThe brand name can vary significantly from one country to another and
different brand names are used for the generic compounds. bThe year of first approval was mainly collected from (1). ‘n.i.’ means no information available
about effect of the indicated drug on PD-(L)1. Combo (+) indicates a positive combination potential with mAbs targeting PD-1 or PD-L1. Expression (+)
or (−) refers to a drug-induced up- or downregulation of PD-1 or PD-L1.

PD‐1L1CPD‐L1 PD‐1

avelumab

durvalumab
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Anti‐PD‐L1 itnAseidobitna ‐PD‐1 antibodies
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Figure 2. The six mAbs targeting PD-1 or PD-L1 currently approved for the treatment of cancer. Pembrolizumab (Keytruda, from MSD), nivolumab
(Opdivo, from BMS) and cemiplimab (Libtayo, from Sanofi) target PD-1. Atezolizumab (Tecentriq, from Roche–Genentech), avelumab (Bavencio, from
Merck KGaA–Pfizer) and durvalumab (Imfinzi, from AstraZeneca) target PD-L1. They target PD-L1 expressed on cancer cells (C) and PD-1 expressed
on cytotoxic T lymphocytes (T). They are currently used to treat melanoma, metastatic NSCLC, metastatic urothelial carcinoma, advanced cutaneous
squamous cell carcinoma, renal carcinoma and Hodgkin’s disease.

PD-(L)1 expression and function, to design suitable drug
combinations.

With >200 anticancer drugs available for many tumor in-
dications, the possibilities of combinations are huge (Fig-
ure 3). It is a challenge to design the best drug combi-
nations that outperform anti-PD-L1 alone with regard to
antitumor activity and effect on PD-L1 expression. Drugs
that enhance PD-L1 expression on cancer cells can promote
drug resistance, but the combination with an mAb target-
ing the PD-1/PD-L1 axis can improve tumor sensitization
to the antibody treatment. In contrast, a drug that down-
regulates PD-L1 expression could waive tumor immunity
and thus could reinforce the activity of the combined PD-
(L)1 mAbs. The challenge is to find the right balance to
take full advantage of the association. Consequently, nu-
merous drug combination therapies are currently investi-
gated for their potential to boost antitumor immunity and
improve survival of cancer patients. In this context, we have
analyzed the published information on the capacity of all
cytotoxic drugs to modulate PD-(L)1 expression and func-
tion. About 80 cytotoxic drugs used to treat cancers were se-
lected on the basis of their current clinical use (and to cover
all the cytotoxic drug arena, with different mechanisms of
action) and analyzed for their impact on the PD-(L)1 in-
ducibility. We found PD-(L)1-related data for 38 of them;
for the other 42 compounds, the effects on PD-(L)1 are not
known (Table 1). The drugs, discussed according to their
chemical categories and/or mechanisms of action, include

antimetabolites, antibiotics, DNA-binding and -alkylating
agents, topoisomerases inhibitors and microtubule poisons.
We will refer neither to hormone antagonists, nor to radio-
therapy and targeted therapy.

ANTIMETABOLITES

Pyrimidine antimetabolites

5-Fluorouracil (5-FU) primarily targets thymidylate syn-
thase, leading to defect of DNA synthesis in rapidly prolif-
erating cells. Repeated cycle treatment with 5-FU tends to
repress the antitumor immune functions and to elevate the
expression of PD-L1 on tumor cells. The drug initially pro-
motes proliferation and cytotoxicity of tumor-infiltrating
CD8+ T cells after one cycle of treatment, but after repeated
cycles the antitumor immune functions get impaired, with
the release of immune-suppressive factors such as trans-
forming growth factor beta and interleukin 10 (IL-10) (9).
This trend could diminish the antitumor efficacy of the
chemotherapy. 5-FU upregulates PD-L1 (10) and this early
induction of PD-L1 expression is beneficial when combin-
ing the drug with an anti-PD-L1 antibody (Figure 4). The
combined treatment of 5-FU + an anti-PD-L1 mAb dis-
plays a greater efficacy compared to 5-FU or immunother-
apy alone. The overall survival was significantly improved,
at least in an immune-competent colon carcinoma model
in mice (9). The immune-regulatory roles of 5-FU and the
related products capecitabine (oral fluoropyrimidine pro-
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Figure 3. The anticancer drug combination challenge. Two successive
revolutions in cancer treatment have occurred, around the 2000s with
the advent of targeted therapeutics such as the kinase inhibitor ima-
tinib (Glivec®) used to treat chronic myelocytic leukemia and the mAb
trastuzumab (Herceptin®) for breast cancer, and then around the 2010s
with booming of immunotherapy and the launch of mAbs such as ipili-
mumab (Yervoy®) and pembrolizumab (Keytruda®) targeting CTLA4
and PD-1, respectively, to treat melanoma. More than 200 anticancer
drugs are available to design new combinations. The 80 cytotoxic drugs
and 6 mAbs targeting PD-(L)1 offer a wide range of potential combina-
tions.

Figure 4. The indicated cytotoxic drugs induce an upregulation of PD-L1
at the surface of cancer cells and/or PD-1 at the surface of CD8+ tumor-
infiltrating lymphocytes (TILs). Thus, they promote tumor response to an-
tibodies targeting PD-L1 or PD-1.

drug), trifluridine and gemcitabine (GEM, pyrimidine nu-
cleoside) have been reported in different studies (Table 2).
With no doubt, GEM can be considered as a PD-(L)1-
compatible drug. The drug helps anti-PD-1 mAbs to reac-
tivate an immune response in dormant tumor cells and to
restrain tumor dissemination and recurrence. Upregulation
of PD-L1 membrane expression has been observed also in
murine and human pancreatic cancer cell lines, and simi-
lar effects were noted with 5-FU and paclitaxel (PACLI).
In each case, the JAK2/STAT1 pathway was involved in the
drug-mediated PD-L1 transcription and membrane expres-
sion, an effect that could induce a tumor immune escape
(20). In fact, GEM can not only facilitate tumor infiltration
with antigen-specific CD8+ T cells but also reduce the num-
ber of immunosuppressive cells, thus facilitating the erad-
ication of tumors (21). The immune-modulating functions
of GEM encourage the use of the drug at low doses, associ-
ated with an anti-PD-(L)1 and a targeted therapeutic agent
(e.g. an oral CHK1 inhibitor) to treat SCLC (22).

Cytarabine (cytosine arabinoside, Ara-C) is extensively
used since the late 1960s to treat a variety of oncohe-
matological diseases, in particular acute myeloid leukemia
(AML), acute lymphocytic leukemia and different types of
lymphomas. High-dose Ara-C is a classical induction reg-
imen aimed at eradicating residual leukemic cells, used to
treat AML patients. A recent experimental study indicated
that Ara-C can be combined with an anti-PD-L1 mAb
(plus the CXCR4 inhibitor plerixafor) to reinforce the an-
tileukemic effect via the modulation of leukemic microenvi-
ronment, with the elimination of regulatory T cells (Tregs)
and both monocytic and granulocytic myeloid-derived sup-
pressor cells (MDSCs) (23). Induction chemotherapy us-
ing Ara-C with an anti-PD-(L)1 mAb has also been per-
formed in humans. Recently, the combination of anti-
PD-1 nivolumab and the chemotherapeutic drugs idaru-
bicin (IDA) and Ara-C was tested in patients with newly
diagnosed AML or high-risk myelodysplastic syndrome
(MDS): 43% patients achieved a response and proceeded
to allogeneic stem cell transplantation, indicating that the
combination is safe and feasible (24). A mechanism has
been proposed to explain the benefit of such a combination.
The release of ATP molecules, with well-known immune-
stimulatory effects, from chemotherapy-treated dying cells
contributes to create an immune-suppressive microenviron-
ment in AML. In AML patients treated with the drug
combo daunorubicin plus Ara-C, a significant increase of
PD-1-expressing Tregs with suppressive phenotype was ob-
served (25). The combination with an anti-PD-(L)1 mAb
can limit this detrimental effect of the chemotherapy.

The data on PD-(L)1 are very limited for the purine nu-
cleoside antimetabolites (fludarabine, clofarabine, nelara-
bine, cladribine), probably because these compounds are
toxic for T cells and can deplete Tregs. Fludarabine did
not affect total or cell surface expression of PD-L1 in an
NSCLC cell line (26). The bone marrow toxicity (myelosup-
pression) could have a negative impact on T lymphopoiesis
and thus on the development of the immunotherapy, but it
remains to demonstrate that the detrimental effect affects all
T cells (naı̈ve T cells are likely affected, probably not mem-
ory T cells).
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Table 2. Immune-related effects of selected pyrimidine antimetabolites

Drug Effects on PD-(L)1 checkpoint References

5-FU Increases IFN-� production by CD8+ T cells that infiltrate the tumor and reduces the
number of circulating monocytes.

(11,12)

5-FU plus oxaliplatin (OXA) strongly upregulates PD-1 expression on activated CD8
TILs and PD-L1 expression on tumor cells.

(13)

Capecitabine Potent antitumor activity in advanced gastric cancer when combining anti-PD-1
toripalimab with capecitabine and OXA (CAPOX regimen).

(14)

Trifluridine Potent antitumor efficacy of the triple combination anti-PD-1, OXA and trifluridine. The
combo trifluridine + OXA induces immunogenic cell death (ICD) and exerts a profound
immunomodulatory action in eliminating type 2 tumor-associated macrophages.

(15)

Significant antitumor activity in combination with a PD-1 mAb in a colon cancer model,
with infiltrated cytotoxic CD8+ T cells.

(16)

GEM Combination of GEM and anti-PD-1 mAbs outperformed immunotherapy alone with
regard to tumor control and survival in mesothelioma. Objective clinical response with
the combo, whereas patients were resistant to the monotherapy, GEM or the anti-PD-1
mAb alone.

(17)

In bladder cancer, GEM upregulated PD-L1 expression, alone and prominently in
combination with cisplatin.

(18)

GEM/anti-PD-1 combo strongly promoted expression of PD-L1 on tumor epithelium
and the generation of antitumoral CD8+ T-cell responses.

(19)

Folate derivatives

Methotrexate (MTX) is a prototypical antifolate extensively
used to treat cancer and certain chronic inflammatory dis-
eases and autoimmune diseases. In particular, MTX is the
cornerstone to management across a variety of rheumatic
diseases, chiefly rheumatoid arthritis, because of its ability
to control inflammation and pain. In oncology, high-dose
MTX regimen is regularly used, to treat tumors such as
primary central nervous system lymphoma (PCNSL) and
acute lymphoblastic leukemia in children.

PD-1 is suggested to play a prognostic role in PCNSL be-
cause high PD-1 expression has been associated with infe-
rior overall survival in PCNSL patients (27). These patients
respond well to PD-1 blockade with nivolumab (28). Given
the anti-inflammatory properties of MTX, a combination
with a drug utilized to induce an immunosuppression does
not appear as a judicious approach. There is no study com-
bining MTX (or its close antifolate analogue pralatrexate)
with a PD-(L)1 mAb to treat cancer. Patients must be off
of all systemic immunosuppressive medications at the time
of treatment with an anti-PD-1 mAb. In contrast, there are
now many studies employing MTX to treat the rheumato-
logical immune-related adverse events caused by PD-1/PD-
L1 pathway inhibitors or the anti-CTLA-4 inhibitor ipili-
mumab (29). MTX can be used to alleviate cancer patients
with polymyalgia rheumatica-type conditions and/or pe-
ripheral synovitis after treatment with a PD-1 or PD-L1
pathway inhibitor (30).

Pemetrexed (PMX) also belongs to the group of fo-
late antimetabolites and is used to treat various cancers,
chiefly pleural mesothelioma and NSCLC. The association
of PMX and carboplatin (CARB) with an anti-PD-1 mAb
(pembrolizumab) was the first approved chemotherapy–
immunotherapy combination for the treatment of NSCLC.
Like cisplatin and OXA, PMX displays a strong im-
munomodulatory capacity. It can increase T-cell infiltra-
tion and activation in tumors and induce ICD. It triggers
a pronounced immune activation upon combination with
an anti-PD-L1 mAb (31). PD-L1 expression was found to
be significantly associated with better prognosis for patients
with PMX-based treatment, thus providing a solid ratio-
nale to combine PMX and anti-PD(L)1 mAbs (32). Al-

though PD-L1 expression appears as a favorable prognosis
biomarker for PMX-combined anti-PD-(L)1 immunother-
apy, PMX itself seems to induce a decreased expression of
membrane PD-L1 on NSCLC cells and the downregula-
tion is amplified when PMX is associated with the phos-
phodiesterase 5 inhibitor sildenafil (33). Two other stud-
ies found no significant change in the expression of PD-L1
on three mesothelioma cell lines exposed to PMX, whereas
PD-L1 expression was significantly increased with the vinca
alkaloid vinorelbine (NVB) (34,35). However, PMX clearly
represents an ‘immuno-friendly’ chemotherapeutic agent
that combines very well with PD-(L)1-targeted therapy. Not
only PMX promotes the efficacy of the anti-PD(L)1 drug,
but the immunotherapy can also restore the tumor sensi-
tivity to PMX-containing chemotherapy (Figure 5). A case
of reversal of resistance to chemotherapy following anti-
PD-1 immunotherapy in metastatic lung adenocarcinoma
has been reported (36). This example illustrates perfectly
the importance of optimizing chemotherapy in the era of
immunotherapy. Immunotherapy has reinforced the impor-
tance of the old-fashion drug PMX as a cornerstone in the
management of non-squamous NSCLC (37).

DNA methyl transferase inhibitors

The two hypomethylating agents azacitidine (5-AZA) and
decitabine (DAC) are extensively used in the treatment
of patients with MDS, chronic myelomonocytic leukemia
or AML in patients who are not eligible for intensive
chemotherapy (38). These azanucleosides are also gaining
interest as priming agents in the treatment of solid tumors.
At low doses, these drugs induce DNA hypomethylation by
inhibiting DNMTs, causing reactivation of silenced genes
and affecting the processes of cell differentiation and tu-
mor suppression (39). In addition, these drugs exert im-
munomodulatory activities. They were found to induce an
upregulation of PD-1, PD-L1 and PD-L2 (and CTLA4)
in patients with MDS and to induce a partial demethyla-
tion of PD-1 in leukemia cell lines and human samples (40).
Other studies with 5-AZA, DAC and the second-generation
prodrug guadecitabine (Table 3) have clearly established
that these DNA hypomethylating agents combine well
with PD-(L)1-targeting mAbs and may be useful to con-
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Figure 5. The combination of immunotherapy and chemotherapy, with the indicated cytotoxic drugs, increases tumor sensitivity to PD-L1-targeted mAbs.
Chemotherapy induces upregulation of PD-L1 on cancer cells, facilitates infiltration of CD8+ T cells and NK cells, increases maturation of antigen-
presenting cells (APCs) including dendritic cells (DCs) and tumor macrophages, and in some cases promotes activity of MDSCs. Via this mechanism, the
drugs restore an immune-reactive tumor microenvironment and significantly promote the sensitivity of the tumor to PD-L1-targeted mAbs.

vert immunotherapy-refractory tumors to immunotherapy-
responsive tumors.

DNA-ALKYLATING DRUGS

Platinum derivatives

The classical platinum derivatives cisplatin, OXA and
CARB remain largely used in cancer chemotherapy today.
These DNA-alkylating drugs robustly reduce cancer cell
proliferation and induce cancer cell death. They are known
also to stimulate antitumor immunity, via different mech-
anisms and pathways, including (i) an increased tumor in-
filtration of CD8+ T cells; (ii) a drug-induced maturation
of APCs that enhances antigen presentation; (iii) a down-
regulation of Tregs; and (iv) a decrease of MDSCs at the
tumor sites (Figure 5). These effects tend to sensitize the tu-
mor to immune checkpoint blockade, in particular to PD-
1/PD-L1 therapy. Indeed, cisplatin was found to upregulate
PD-L1 expression both in vitro and in vivo (54). Recently, in
bladder cancer cell lines, cisplatin was shown to induce PD-
L1 (but not PD-L2) expression through a mechanism impli-
cating the ERK1/2 and AP-1 signal transduction pathways
(55). The same observation was made previously with H22
hepatoma cells; cisplatin-induced PD-L1 expression is de-
pendent on Erk1/2 phosphorylation (56). OXA was found
also to induce ICD in tumor tissues, to enhance T-cell infil-
tration and activation of DCs. This platinum drug increases
both mRNA and protein levels of PD-L1 in tumor cells. In
cancer cells, PD-L1 can associate with the catalytic subunit
of DNA-dependent protein kinase and this association pro-
motes the activation of ERK or p38 MAPK, a mechanism
implicated in the development of chemoresistance. Target-
ing with an anti-PD-L1 mAb permits to resensitize the can-
cer cells to chemotherapy (57). In other words, chemoresis-
tance induces PD-L1 expression, which in turn augments
the tumor sensitivity to an anti-PD-L1 mAb (58). Other

studies with OXA as well as the related drugs CARB and
nedaplatin have confirmed that a platinum-based drug and
a PD-(L)1 mAb form a mutually helpful tandem working
in concert to augment the antitumor activity (Table 4).

Oxazaphosphorine derivatives

Cyclophosphamide (CPX) is the leading product in the
class of oxazaphosphorine DNA-alkylating agents. It is a
prodrug metabolized in the liver by CYP450 enzymes to
generate the active metabolites that bind to DNA to form
interstrand and intrastrand cross-links lethal for the cells.
CPX remains a key element of the regimen R-CHOP [ritux-
imab combined with CPX, doxorubicin (DOX), vincristine
and prednisone] or EPOCH-R [etoposide (ETO), pred-
nisone, vincristine, CPX and DOX plus rituximab] used to
treat lymphoma.

The therapeutic efficacy of CPX is due, in part, to its abil-
ity to stimulate antitumor immune responses, via the impli-
cation of the gut microbiota (70). Indeed, CPX is known
to induce immunologic cell death and as such it combines
well with antibodies and small molecules targeting the PD-
1/PD-L1 immune checkpoint (71). It is an efficient cyto-
toxic drug used to reverse immune evasion by virtue of
an active suppression of Treg function, but does not af-
fect effector T cells (72). CPX can not only reduce circu-
lating Tregs and B cells but also increase circulating MD-
SCs (12). It is a paradox: CTX exhibits marked immune-
stimulatory effects and at the same time it can induce some
specific suppressor cells that inhibit immune responses (73).
Based on this unique capacity of CTX to re-engage T lym-
phocytes into the effector program (74), different studies
now utilize long-term, low-dose (metronomic) oral CTX
to transiently deplete Treg cell populations and thus try to
(re-)activate tumor-specific immunity (75). A marked syn-
ergy has been observed when using CPX and an anti-PD-
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Table 3. Effects of DNMT inhibitors on the PD-(L)1 checkpoint

Drug Effects on PD-(L)1 checkpoint References
DAC DAC increases PD-L1 expression in melanoma and malignant pleural mesothelioma cell lines. (41,42)

The mechanism leading to PD-L1 expression involves a DAC-induced hypomethylation of
interferon-related genes IRF1/7 to restore PD-L1 level.

(43)

A combination of DAC plus anti-PD-1 camrelizumab gave a better complete remission rate
than camrelizumab alone in patients with relapsed/refractory Hodgkin’s lymphoma.

(44)

Low-dose DAC enhances PD-1 blockade in colorectal cancer by remodulating the tumor
microenvironment.

(45)

5-AZA Synergistic combination of 5-AZA plus a PD-(L)1 inhibitor in hematological malignancies. (46)
5-AZA upregulates PD-1, PD-L1 and PD-L2 transcripts and protein in patients with
AML/MDS; upregulation associated with drug resistance.

(47,48)

The combination of 5-AZA and durvalumab (anti-PD-L1) provided no significant advantages
compared to 5-AZA alone in patients with AML or high-risk MDS.

(49)

The combination of 5-AZA and pembrolizumab (anti-PD-1) is safe, feasible and well tolerated
by AML patients.

(50)

Guadecitabine
(SGI-110)

Guadecitabine (plus ipilimumab) exhibits significant antitumor and immunomodulatory
activity in advanced melanoma, increasing the number of CD8+, PD-1+ T cells in tumor.

(51)

SGI-110 negatively regulates inhibitory accessory cells in the tumor microenvironment by
decreasing PD-1-expressing T cells.

(52)

In a mouse model of breast cancer, guadecitabine potentiated T-cell recruitment and enhanced
antitumor immunity.

(53)

Table 4. Effects of DNA-alkylating platinum drugs on the PD-(L)1 checkpoint

Drug Effects on PD-(L)1 checkpoint References
OXA Combination of OXA plus an anti-PD-L1 mAb leads to an efficient inhibition of tumor

growth in vivo, more potent than the mAb or drug alone (Lewis lung carcinoma and
CT26 colon cancer models).

(59,60)

Cisplatin and OXA induce cell surface expression of PD-L1 in head and neck cancer cell
lines. Efficient combination with an anti-PD-L1 mAb.

(61)

Experimental studies: additive or synergistic effect of a platinum drug combined with an
anti-PD-(L)1 mAb. Effect associated with an early and sustainable enhancement of
PD-L1 expression.

(54,62,63)

Clinical studies: decrease in PD-L1 expression in patients with lung cancer who received
cisplatin–GEM combination.

(64)

CARB CARB combines well with an anti-PD-L1 mAb to increase antitumor effector CD4+,
CD8+ T cells. Decreases immunosuppressive Tregs and myeloid suppressor cells for the
treatment of ovarian cancer.

(65)

PD-L1 plays a crucial role in regulating the resistance mechanism to CARB. (66)
CARB significantly increases cell surface expression of PD-L1 in an ovarian cancer cell
line.

(67)

The combination of anti-PD-L1 atezolizumab plus CARB/nab-paclitaxel is more
efficient than chemotherapy alone for the treatment of metastatic non-squamous
NSCLC.

(68)

Nedaplatin The PACLI–nedaplatin combo can facilitate the migration of peripheral T cells into the
chronically inflamed tumor microenvironment.

(69)

(L)1 mAb (76). Conversely, an overactivated PD-1/PD-L1
axis is associated with chemotherapeutic resistance of lym-
phoma cells to the CTX-containing CHOP regimen (77,78).
A case study has reported the combined use of the related
products ifosfamide and adriamycin to treat a patient with
pleural and pancreatic tail metastases. The efficacy was very
limited but interestingly PD-L1 expression was detected in
the metastasis but not in the primary tumor (a locally in-
vading dermatofibrosarcoma). PD-L1 expression was prob-
ably induced by the fibrosarcomatous transformation of the
initial tumor, contributing to the metastasis through escape
from immune surveillance (79).

Nitrosoureas

Chloroethyl-nitrosoureas are among the oldest DNA-
alkylating drugs used to treat cancer. The group includes
several drugs, more or less used today in different coun-
tries, such as carmustine, nimustine (ACNU), fotemustine,
lomustine, ranimustine and semustine (Table 1). In an ex-
perimental study combining carmustine [bis-chloroethyl-
nitrosourea (BCNU)] with an anti-PD-1 mAb, no synergy
and no difference in overall survival compared to anti-PD-
1 alone was observed in a mouse model of glioblastoma.

However, when BCNU was used in a form allowing local
delivery (using BCNU-eluting polymers, as opposed to sys-
temic chemotherapy), the drug could potentiate the anti-
tumor immune response mediated by an anti-PD-1 mAb
(80). The BCNU + anti-PD-1 mAb provided a survival
benefit as well as increased tumor-infiltrating immune cells
and memory cells. The order and method of delivery of the
chemotherapeutic agent can thus be important to design
the best chemotherapy–immunotherapy combination regi-
men. The structurally related DNA-alkylating drug ACNU
can reduce the production of CCL22 chemokine in tumor-
associated macrophages and decreases the expression of
PD-L1 on macrophages, although its effects were less pro-
nounced than those observed with dacarbazine (DTIC) or
vincristine (81).

We found no specific information about the effects of the
DNA-alkylating bacterial natural product streptozotocin (a
nitrosourea) on PD-(L)1 expression and activity in cancer.
However, in a model of high-dose streptozotocin-induced
diabetes in mice bearing a 4T1 murine breast cancer, an
increased percentage of PD-1+ NK cells was observed, in-
cluding in the primary tumor (82). Streptozotocin seems to
upregulate both PD-1 and PD-L1 expression, at least in a
streptozotocin-induced model of diabetes (83).
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Bis-chloroethyl-amines and alkyl sulfonates

The activity of the DNA-alkylating drug melphalan, used to
treat myeloma, is directly impacted by PD-L1. PD-1/PD-
L1 interaction on myeloma cells inhibits tumor-specific
CTLs but also induces cell resistance to melphalan through
the PI3K/AKT signaling pathway. Indeed, the PD-1/PD-
L1 binding suppresses drug-induced apoptosis through up-
regulation of the antiapoptotic response via activation of
the PI3K/AKT pathway (84). The blockade of the PD-
1/PD-L1 interaction could thus prevent the occurrence of
the resistance mechanism. A melphalan-containing ther-
apy (including an oncolytic vaccinia virus) was found to
augment the efficacy of PD-1 blockade (85). A benefit can
thus be expected when combining melphalan and anti-
PD-(L)1 therapy. However, like CPX and DOX, melpha-
lan can induce and drive the expansion of inflammatory
monocytic myeloid suppressor cells that inhibit immune
responses (86). Melphalan is used essentially as a condi-
tioning agent for autologous hemopoietic cell transplanta-
tion in patients with multiple myeloma. Its efficacy is re-
inforced when it is combined with the bifunctional DNA-
alkylating drug busulfan. In an experimental study in mice
transplanted with allogeneic bone marrow cells (model of
acute graft-versus-host disease), the alkyl sulfonate busul-
fan was also found to enhance the expression of PD-L1 in
the target organs (87).

Other DNA-alkylating drugs

The effect of DTIC on immune checkpoint expression and
function is not well documented, but the drug can in-
crease CD8+ T-cell infiltration and expression of PD-L1 in
melanoma. A case study has shown that DTIC can pro-
mote PD-L1 expression but not PD-1 (88). In contrast, in
an experimental study DTIC significantly decreased both
the PD-L1 mRNA expression in M2 macrophages and the
production of chemokine CCL22 in a mouse melanoma
model, leading to abrogation of the suppressive function
of T-cell proliferation (81). CCL22 is a ligand of the ma-
jor chemokine receptor CCR4 expressed by Treg cells and
Th17 cells. Gliomas augment immunosuppression by re-
cruitment of Tregs into the tumor microenvironment, via
selective chemokines such as CCL22. It is possible to mod-
ulate this interaction with DNA-alkylating drugs like temo-
zolomide (TMZ) and carmustine that reduce production
of CCL22, to promote the action of immune-therapeutic
agents (89).

TMZ is a long-established DNA-alkylating drug used
to treat various cancers, notably glioblastoma multiforme
(GBM). The treatment of glioblastoma cells with IFN-�
to upregulate PD-L1 expression can be reduced upon ad-
dition of TMZ via a mechanism implicating activation of
the JAK/STAT pathway (90). Therefore, it has been sug-
gested that it is the TMZ-induced downregulation of the
target PD-L1 in primary GBM cells that diminishes the ef-
ficacy of anti-PD-1/PD-L1 mAb inhibitors (90). However,
the situation is not so clear because another recent study re-
ported that an abundant expression of membranous PD-L1
increased upon treatment of GBM cells with TMZ. In this
study, TMZ promoted GBM cells’ immune escape (91). Pre-
clinical data gave very encouraging data using PD-L1 block-

ade in mice with brain tumors (92), but the clinical transla-
tion of these data has been somewhat disappointing. Today,
the clinical efficacy of the PD-1/PD-L1 checkpoint block-
ade in human glioblastoma is controversial. Despite the im-
munogenicity of glioblastoma, immune-mediated eradica-
tion of these tumors remains deficient (93).

Little PD-(L)1-related information is available about the
old DNA-alkylating drug mitomycin C (MMC), which is
still used to treat some cancers. In an orthotopic bladder
cancer mouse model, the intravesical treatment with MMC
affected the composition of immune-related cells in the tu-
mor microenvironment, inducing in particular a significant
reduction in Treg expression. The effect of MMC was com-
parable to that of adriamycin, suggesting that these two
drugs exhibit a similar capacity to reverse the immune sup-
pression caused by cancer cells. In parallel, an elevated level
of cytokines (IL-4, IL-17A, G-CSF) was observed in the
serum, but they showed no significant effect of PD-L1 tu-
mor expression (94).

Trabectedin (TBT, ET-743) is another ‘modern’ DNA-
alkylating drug used in combination with pegylated liposo-
mal DOX to treat patients with relapsed platinum-sensitive
ovarian cancer. It is also approved for the treatment of soft
tissue sarcoma. This marine-derived anticancer agent in-
hibits proliferation of cancer cells and modulates the tu-
mor microenvironment via the selective depletion of protu-
moral monocytes, such as tumor-associated macrophages
and MDSCs. An anti-PD-1 mAb was found to produce a
synergistic antitumor efficacy when combined with TBT in
an ovarian cancer model, through the induction of a sys-
temic tumor-specific immunity with the cytotoxicity inter-
vention of effector CD8+ (+/− CD4+) T cells (95). Treat-
ment with TBT induced a pronounced PD-L1 expression
within tumors in vivo (but not in vitro), via the upregulated
expression of IFN-� . The drug provoked a significant ac-
cumulation of IFN-� -producing CD4+ and CD8+ effector
T cells, while concomitantly decreasing the number of im-
munosuppressive Tregs and MDSCs (95). A similar study
using immunocompetent models of osteosarcoma also re-
vealed that the combination with a PD-1-blocking anti-
body significantly increased TBT efficacy in controlling os-
teosarcoma progression, via an enhancement of the num-
ber of tumor-infiltrating T lymphocytes in the tumor mi-
croenvironment (96). Another recent study has confirmed
that TBT effectively depletes MDSCs and tumor-associated
macrophages and increases memory T cells in xenograft and
immunocompetent mouse models of chronic lymphocytic
leukemia (97). Clearly, this DNA-alkylating agent functions
as an immune-modulatory drug, perfectly suited for combi-
nation with anti-PD(L)1 mAbs.

DNA-BINDING OR -CLEAVING DRUGS

Bleomycin (BLM) is a redox-active drug that forms com-
plexes with iron and promotes DNA double-strand breaks,
via the generation of oxygen radicals. However, the induc-
tion of pulmonary fibrosis upon treatment with BLM has
strongly limited its use in oncology. Recently, it was reported
that PD-1+ CD4+ T cells play a role in pulmonary fibrosis.
PD-1 is upregulated on idiopathic pulmonary fibrosis lym-
phocytes. The administration of BLM to PD-1-null mice
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or the use of antibody against PD-L1 demonstrated sig-
nificantly reduced fibrosis compared to controls (98). Hu-
man mesenchymal stem cells, which have immunomodula-
tory capacity, can alleviate pulmonary fibrosis and improve
lung function by suppressing BLM-induced human T-cell
infiltration. This effect is mediated by the PD-(L)1 pathway
(99). Other studies also suggested that the targeting of this
pathway can be beneficial in the treatment of pulmonary fi-
brosis. The related drug peplomycin (PLM) has been shown
to decrease immunosuppressive cells and increase cytotoxic
T lymphocytes at the tumor sites (100).

TOPOISOMERASE INHIBITORS

Topoisomerase 1 inhibitors (camptothecins)

The topoisomerase 1 inhibitor irinotecan (IRI, also known
as CPT-11) is an essential anticancer drug used to treat a
variety of solid tumors. This camptothecin derivative stabi-
lizes topoisomerase 1–DNA covalent complexes, leading to
DNA strand breaks and cytotoxic damages in cells (101).
This drug combines well also with immunotherapy. IRI ex-
erts three major effects on the tumor immune microenviron-
ment: (i) a direct cytotoxic effect on tumor cells; (ii) a modu-
lation of the microenvironment via a reduction in the abun-
dance of some Tregs and MDSCs, leading to production of
IFN-� by tumor-specific CD8 T cells; and (iii) an increase
in the expression of both major histocompatibility com-
plex (MHC) class I and PD-L1 on tumor cells and tumor-
infiltrating immune cells (102) (Figure 5). These immune-
modulating functions lead to a supra-additive effect when
IRI was administered with anti-PD-L1-blocking antibod-
ies (103). The upregulation of PD-1/PD-L1 expression by
an IRI-containing chemotherapy regimen could be a nega-
tive feedback mechanism, but it represents also an indirect
sign of chemotherapy-induced antitumor immune response
with a favorable outcome for an association with an anti-
PD-(L)1 mAb. These properties can be very useful to sen-
sitize tumors to immunotherapy. For example, it is known
that SCLC is more immunodeficient than NSCLC and the
potential immune escape mechanisms in SCLC likely in-
volve the low expression of PD-L1 and the downregula-
tion of MHC molecules and regulatory chemokines (104).
IRI could well improve the clinical efficacy of immunother-
apy. The parent natural product camptothecin also induces
expression of PD-L1 and immunomodulatory cytokines
(105).

The liposomal form of IRI, called Nal-IRI, has re-
ceived worldwide approval in 2015 in combination with flu-
orouracil, for the treatment of metastatic pancreatic ade-
nocarcinoma (101). Nal-IRI has been shown also to en-
hance T-cell-mediated cytotoxicity toward tumor cells in
vivo; as such, it provided a significantly enhanced anti-
tumor activity when it was combined with an anti-PD-1
mAb. This combination treatment led to an increased in-
filtration of functionally cytotoxic CD8+ T cells in the tu-
mor (106). Similarly, an augmented expression of MHC
class I in tumor cells and enhanced tumor recognition by T
cells have been observed with the antibody–drug conjugate
(ADC) trastuzumab deruxtecan (DS-8201a), which com-
bines an HER2-targeting antibody with a camptothecin
derivative. Through its topoisomerase 1-targeted payload,

this ADC enhances antitumor immunity and upregulates
PD-L1 expression. As a result, the combination therapy of
DS-8201a and anti-PD-1 antibody was more effective than
either monotherapy (107). Collectively, the data suggest
that topoisomerase 1 inhibitors have a capacity to remodel
the tumor microenvironment to allow for more pervasive
cytotoxicity by effector T cells (Figure 5). They represent
excellent candidates for combination with immunotherapy.

Topoisomerase 2 inhibitors

Epipodophyllotoxins. ETO (also known as VP-16) remains
extensively used in polychemotherapy protocols for the
treatment of various types of cancer and metastatic dis-
eases. ETO is a major topoisomerase 2 poison, promoting
DNA double-stranded breaks in cells, and these DNA dam-
age signals strongly promote PD-L1 upregulation in cancer
cells. The DNA double-stranded break repair machinery is
involved in PD-L1 expression, notably through an upregu-
lation of ATM/ATR/Chk1 kinases (108). It is therefore not
surprising to observe a potent synergistic action between
ETO and a PD-(L)1 checkpoint inhibitor. The efficacy of
the drug pair platinum plus ETO, which is the standard of
care of advanced SCLC, can be significantly enhanced with
the concomitant use of the anti-PD-L1 mAb atezolizumab.
Here again, the inhibition of the immune checkpoint has
contributed to a net improvement in progression-free sur-
vival and overall survival (109,110). Atezolizumab alone,
as a monotherapy, has failed to show efficacy in relapsed
SCLC patients (111), whereas the addition of atezolizumab
to chemotherapy (in this case, CARB + ETO) in the first-
line treatment of extensive-stage SCLC was found to pro-
long significantly the survival compared to chemotherapy
alone (112).

This epipodophyllotoxin derivative has the capacity to
downregulate PD-L1 expression in different populations
of mesenchymal-like TNBC cells, including cancer stem-
like cells (CSCs) to which it induces an epithelial-like
status. The mesenchymal–epithelial transition induced by
ETO is accompanied with a diminished PD-L1 expres-
sion on CSCs, thereby impairing the capacity of these cells
to generate tumors. In a syngeneic mouse model, the ef-
fect of ETO was accompanied with an increased number
of tumor-infiltrating cytotoxic CD8+ T cells. ETO exerts
profound immune-modulatory effects (113). The capacity
of ETO to exert its antitumor immunity through a drug-
induced reversal of the epithelial–mesenchymal transition
leading to a downregulation of PD-L1 in cancer cells is
unique. ETO and atezolizumab cooperate to profoundly
suppress PD-L1 expression. The immune-modulatory ef-
fects of ETO also explain its synergistic action with other
immune checkpoints, such as ipilimumab that targets cyto-
toxic T-lymphocyte-associated protein 4 (CTLA-4) (114).
However, in at least two other studies, ETO was found to
induce PD-L1 surface expression. ETO promoted PD-L1
surface expression in human breast cancer cells, inhibited
cell proliferation and promoted PD-L1-mediated apopto-
sis of tumor-reactive cytotoxic T cells (115). This effect
may ultimately lead to immune resistance. More recently,
at a subtoxic low concentration ETO was found to mas-
sively upregulate both PD-L1 gene and protein expression
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in bone marrow stromal cell lines, via a mechanism im-
plicating the secretion of granulocyte macrophage colony-
stimulating factor (GM-CSF), which in turn activates the
ERK pathway and then PD-L1 upregulation on stromal
cells (116). This is entirely consistent with recent obser-
vations showing that supplementary GM-CSF to neoad-
juvant GEM–cisplatin chemotherapy plus PD-L1 block-
ade enhances the antitumor effect (18). ETO can be use-
fully combined with mAbs targeting PD-1 or PD-L1. Im-
munotherapy may well renew interest in this old natural
product. Interestingly, the related product teniposide (VM-
26) occasionally used to treat cancers was found recently
to induce tumor cell DNA damage and innate immune sig-
naling, including NF-�B activation and STING-dependent
type I interferon signaling, both of which contribute to the
activation of DCs and subsequent T cells. Teniposide effec-
tively potentiates the antitumor efficacy of anti-PD-1 on dif-
ferent tumor models (117).

Anthracycline antibiotics. DOX (also called adriamycin)
was introduced in the clinical practice to treat cancers in
the 1960s and ∼60 years later this bacterial anthracycline
derivative remains indispensable in cancer therapy. DOX
is a pivotal drug to treat solid tumors and hematological
cancers. DOX not only exerts cytotoxic effects on prolif-
erating cells but also uses the immune system by activat-
ing CD8+ T-cell responses to kill cancer cells (118). It is
largely combined with immune-active therapies, in partic-
ular with the anti-PD-(L)1 mAbs pembrolizumab and ate-
zolizumab, to treat various cancers. A recent clinical inves-
tigation described a major upregulation of immune-related
genes involved in PD-(L)1 and T-cell cytotoxicity pathways,
after induction treatment with DOX (and cisplatin) in pa-
tients with TNBC (119). DOX induces a transcriptional ac-
tivation of PD-L1 mRNA and the ensuing PD-L1 protein
translation that leads to a marked increase in the percent-
age of PD-L1+ breast cancer cells (120). The same effect was
observed with CARB, GEM and PACLI (121).

The capacity of DOX to upregulate cell surface expres-
sion of PD-L1 in cancer cells has been well described, al-
though there are also studies indicating a drug-induced
downregulation (Table 5). DOX affects PD-(L)1 activity
and the reverse is also true. Activation of the PD-1/PD-L1
axis leads to tumor cell resistance to DOX (and docetaxel)
in a panel of PD-L1-expressing human and mouse breast
and prostate cancer cell lines. The PD-1 axis promotes re-
sistance to DOX and the blockade of either PD-L1 or PD-1
(or by silencing the PD-L1 gene) prevents the development
of chemoresistance and progression to metastatic disease
(128). Interaction of PD-L1 with PD-1 induced phospho-
rylation of the signaling molecules AKT and ERK, result-
ing in the activation of PI3K/AKT and MAPK/ERK path-
ways and increased expression of MDR1 [P-glycoprotein
(P-gp), ABCB1] in cancer cells (129). Because MDR1 is
a transporter of many cytotoxic drugs, inhibition of PD-
1/PD-L1 can increase the efficacy of different types of
chemotherapeutic agents by MDR1/P-gp expression in
cancer cells. The fact that PD-1 blockade improves the an-
titumor efficiency of DOX provides a strong rationale to
combine the two drugs and to design nanostructured parti-
cles associated with the two products (130).

TUBULIN INHIBITORS

Tubulin inhibitors such as the taxanes and vinca alkaloids
are key components of chemotherapy regimens used in ad-
vanced cancer (such as advanced NSCLC and TNBC) and
with no doubt these drugs will continue to play impor-
tant roles in the treatment of aggressive tumors for years
to come. Vinca alkaloids suppress microtubule dynamics,
resulting in mitotic block and apoptosis. The main vinca
is arguably NVB, used for many years in the treatment of
advanced NSCLCs and breast cancers, for example. Metro-
nomic oral NVB is an active and well-tolerated chemother-
apy still recommended in frail patients with metastatic
NSCLC. The drug has the capacity to downregulate PD-
L1 expression in lung cancer cell lines (131) and it was
also shown to reduce circulating Tregs and circulating NK
cells (12). There is no specific PD(L)1-related information
about the other vinca drugs vinblastine, vindesine and vin-
cristine, but it is interesting to note that the chemosensi-
tivity of a DLBCL cell line to the vincristine-containing
CHOP regimen (CPX, hydroxydaunorubicin/adriamycin,
oncovin/vincristine and prednisone) was found to be de-
pendent on the activation of the PD-1/PD-L1 axis. An
overactivation of the PD-1/PD-L1 axis, by a pretreatment
with recombinant rPD-1, decreased the cytotoxic effects of
CHOP regimen on DLBCL cell lines. The attenuation ef-
fect was abolished when using jointly rPD-1 and an siRNA
against PD-L1. The effect was attributed to CHOP-induced
reduction of the phosphorylated PI3K and Akt1, which can
be prevented by rPD-1 but aggravated by PD-L1 knock-
down. The active status of PD-1/PD-L1 axis is thus a key
element that seems to control the sensitivity of DLBCL
cells to the conventional CHOP chemotherapeutic regimen
(132).

The taxanes docetaxel and PACLI, as well as nab-
paclitaxel (albumin-bound PACLI), are widely used as
chemotherapy agents, notably to treat advanced NSCLC.
However, anti-PD-1 nivolumab is a better therapy for ad-
vanced NSCLC in terms of both antitumor efficacy and
safety than docetaxel-based chemotherapy. Several stud-
ies have shown that anti-PD-1/PD-L1 therapy results in
longer overall survival than docetaxel, regardless of PD-
L1 expression in patients with advanced NSCLC (133,134).
Nevertheless, there are good reasons to combine a taxane
with an mAb targeting the PD-(L)1 pathway due to the
complementary effects (Table 6). Several beneficial com-
binations have been reported, such as anti-PD-L1 ate-
zolizumab plus nab-paclitaxel, as first-line therapy for non-
squamous NSCLC (68). The data in Table 6 underline the
immune-related activity of the taxanes and the microtubule-
depolymerizing drug eribulin mesylate used to treat ad-
vanced or metastatic breast cancer patients. These different
observations strengthen the evidence for an underappreci-
ated role of tubulin/microtubule inhibitors in the expres-
sion and function of immune checkpoints and their role in
the drug anticancer effects. It will be essential to clarify the
immune-modulatory effects of these taxanes, and specifi-
cally their influence on the PD-(L)1 pathway.

Recent studies confirm that chemotherapeutic drugs ca-
pable of microtubule destabilization can have direct effects
on DC function, in particular a potent induction of DC
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Table 5. Effects of anthracycline drugs on the PD-(L)1 checkpoint

Drug Effects on PD-(L)1 checkpoint References
DOX DOX promotes expression of PD-L1 in osteosarcoma cell lines and clinical tissue

samples. DOX inhibits proliferation of CD8+ T lymphocytes and their enhanced
apoptosis. The use of an anti-PD-L1 antibody reversed the effect.

(122)

DOX-induced upregulation of PD-L1 observed in bone marrow stromal cells in mice and
in lymphoma patients, leading to T-cell exhaustion and impairment of T-cell functions.

(116)

Downregulation of cell surface expression of PD-L1 in vitro and in vivo after DOX
treatment. Cellular redistribution.

(123)

Doxil (pegylated
liposomal DOX)

Doxil synergizes with anti-PD-1 mAbs, decreasing the percentage of tumor-infiltrating
Tregs. In combination with anti-PD-L1, Doxil increases the percentage of
tumor-infiltrating CD8+ T cells, in a tumor model.

(124)

Epirubicin (EPI) EPI upregulates PD-L1 expression in subtypes of TNBC cell lines and patient samples. (125)
EPI decreases PD-L1 expression in the TNBC cell line MDA-MB-231 that strongly
expresses PD-L1.

(126)

The reduction of the expression of PD-L1 in hepatocellular carcinoma cells upon
treatment with the cyclooxygenase-2 inhibitor celecoxib augments the therapeutic
efficacy of EPI.

(127)

IDA IDA can be combined with anti-PD-1 nivolumab to treat patients with newly diagnosed
AML or high-risk MDS.

(24)

Table 6. Immune-related effects of selected tubulin inhibitors

Drug Effects on PD-(L)1 checkpoint References
PACLI Promotes tumor antigen presentation through upregulation of tumor antigens or MHC

class I molecules.
(135)

Increases cell surface PD-L1 protein expression in human ovarian cancer cell lines. (67)
Antitumor immune activation when combined with PD-L1 blockade. Increases the
proportion of tumor-infiltrating effector and cytotoxic CD8+ T cells in a model of
TNBC. Upregulation of PD-L1 on tumor-associated macrophages.

(136)

Increases PD-L1 levels via NF-�B signaling, facilitating the accumulation of CD8+ T
cells in the tumor site, leading to immune reactivation. The anticancer effect results from
a PACLI-increased population of CD8+ and CD4+ TILs, and a decreasing population of
PD-1+ TILs at the tumor site.

(137)

Docetaxel The combination of docetaxel, platinum and fluorouracil increases PD-L1 expression in
patients with advanced head and neck squamous cell carcinoma. Enhances PD-L1
positivity on tumor-infiltrating immune cells and the density of CD8+ lymphocytes.

(138)

Downregulation of PD-1 expression in T lymphocytes, via an activation of the STAT3
signaling pathway.

(139)

NE-DHA-SBT-1214
(nanoemulsion of a
taxoid prodrug)

Increases PD-L1 expression in Panc02 pancreatic tumor cells. The combination with an
anti-PD-L1 enhanced CD8+ T-cell infiltration and promoted the therapeutic effect.

(140)

Eribulin Decreased expression of PD-1 and PD-L1 in five responders and increased expression of
CD8 in four out of five responders. No expression change in the nonresponder patients.

(141)

maturation that contributes to promote the antitumor im-
munity (142). At this stage, it is worth to mention the ADC
brentuximab vedotin, which combines an anti-CD30 anti-
body with the highly potent cytotoxic drug dolastatin tar-
geting microtubules. In addition to the direct cytotoxic ef-
fect on tumor cells, the released dolastatin entities function
as potent inducers of phenotypic and functional DC matu-
ration, promoting antigen uptake and migration of tumor-
resident DCs to the tumor-draining lymph nodes. A ther-
apeutic synergy has been observed when combining dolas-
tatin with blockade of the PD-1/PD-L1 signaling (143).

Collectively, our analysis clearly underlines that PD-(L)1
expression is highly sensitive to different types of micro-
tubule inhibitors. These drugs can improve outcomes of
cancer immunotherapy, in addition to their direct well-
established cytotoxic effects via targeting of the micro-
tubule network. Therefore, they represent good candidate
for combination with immunotherapy directed against T-
cell inhibitory receptors, such as PD-1 and CTLA-4. Con-
sequently, the design of new microtubule-targeting agents
now integrates this immune-modulatory capacity (144).

OTHER CYTOTOXIC DRUGS

A few other cytotoxic compounds approved for the treat-
ment of cancers can be cited, such as the ellipticine deriva-

tive elliptinium (Celliptium) and bisantrene, but they are no
longer used today. The only other drug that merits mention
is ingenol mebutate, which is approved by the Food and
Drug Administration for the topical treatment of actinic
keratoses. Although there is no specific information on in-
genol and PD-(L)1, the drug encapsulated for a systemic use
has the capacity to accelerate the expansion of CD4+ and
CD8+ T cells and to deplete Tregs (145). Applied topically,
ingenol induces profound epidermal cell death, along with
a strong infiltrate of CD4+ and CD8+ T cells, neutrophils
and macrophages (146).

DISCUSSION

Cytotoxic drugs have been used since the mid-20th cen-
tury in cancer chemotherapy. They generally target nu-
cleic acids, essentially double-stranded DNA, or the mi-
crotubule network, generally with little cell selectivity. In
most cases, DNA and microtubules in normal and cancer
cells are damaged unselectively by these drugs, although in
some cases they can exert tumor-specific killing effects be-
cause of downregulation of some DNA repair activities in
cancer cells (147). Although most chemotherapeutic agents
have detrimental effects on immune homeostasis––causing
lymphodepletion notably––they can be extremely useful to
augment antitumor immunogenicity and thus sensitize can-
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cer cells to immunotherapy. These drugs can favor the ac-
tivation and functionality of cytotoxic T lymphocytes and
NK cells; they can promote the maturation and activity
of DCs; they can induce a depletion of immunosuppres-
sive Tregs; and they can regulate the expression and func-
tion of immune checkpoints (Figure 5). In particular, as
shown here, cytotoxic drugs can exert a marked effect on
the PD-1/PD-L1 pathway and this effect has a direct con-
sequence on the design and efficacy of the immunother-
apy. It is also important for the design of combined chemo-
/immunotherapy and for the choice of chemotherapy be-
fore or after an immunotherapy. The therapeutic decision to
combine a PD-(L)1-based immunotherapy with such cyto-
toxic drug is extremely important to obtain the best clinical
response. Paradoxically, given the oldness of the cytotoxic
agents, the choice of the cytotoxic regimen to associate with
immunotherapy is a key factor today in modern oncology.
A given cytotoxic drug or regimen must be chosen not only
based on its intrinsic capacity to directly kill cancer and to
inhibit the propagation of cancer cells but also based on
the propensity to modulate the activity of immune-active
cells and to sustain the activity of immunotherapy. More
and more, chemotherapy will be also considered as an im-
munomodulatory therapy. It is therefore not surprising to
see hundreds of clinical trials dedicated to the development
of novel PD-(L)1-based combination treatment to improve
patient outcomes (148).

Immunotherapies targeting the PD-1/PD-L1 checkpoint
with mAbs have demonstrated improved survival compared
with chemotherapy in several major indications, such as
melanoma, renal cancer and TNBC. In melanoma, the clin-
ical response to immunotherapy is impressive; it is not
the case in glioblastoma, probably due to an immunosup-
pressive tumor microenvironment or a limited immuno-
infiltration (the notion of non-immunocompetent ‘cold’
tumor). PD(L)1-targeted immunotherapy has fundamen-
tally changed the treatment landscape for patients with
lung cancer. However, they are still only effective in a
relatively small subset of patients; most patients do not
achieve durable long-term responses. The combination of
immunotherapy and chemotherapy, as it is the case for
the first-line treatment of SCLC for example, is essen-
tial. The challenge is to select a chemotherapy suscep-
tible to promote the activity of the combined immuno-
active bioproducts, despite the potential immunosuppres-
sive effects of the chemotherapeutic drugs. One caveat of
chemotherapy–immunotherapy combinations is the poten-
tial for lymphodepletion by chemotherapy. However, it is
plausible that systemic chemotherapy exhibits negative im-
munologic effects, but locally the chemotherapy can poten-
tiate an antitumor immune response. It has been shown that
anti-PD-1 antitumor immunity is enhanced by local and ab-
rogated by systemic chemotherapy in glioblastoma (93).

We have analyzed the available literature for 80 cytotoxic
drugs. For half of them, little or no information is available
about their effect on PD-(L)1 expression and function (Ta-
ble 1). A systematic comparative analysis of all these drugs
would be useful to guide the design of new drug combina-
tions. Nevertheless, data are available for the different fam-
ilies of cytotoxics, which all tend to upregulate PD-(L)1 ex-
pression in cancer cells, across a wide range of malignan-

cies. This is particularly clear for the major, most frequently
used, 14 cytotoxic drugs, including IRI, DOX, OXA and
PACLI (Figure 5). They all induce a significant upregu-
lation of PD-L1 expressions on cancer cells, but also in
bone marrow stromal cells. Their capacity to induce PD-
L1 has rarely been compared. Yang et al. found that DOX
and ETO were much more potent at inducing PD-L1 gene
and protein expression than cisplatin, OXA, vincristine and
Ara-C in bone marrow stromal cell lines (116).

The increase of PD-L1 expression in cancer cells upon
treatments with these drugs or drug combinations (asso-
ciating up to seven cytotoxic products such as the BEA-
COPP regimen) has two major consequences. On the one
hand, it contributes to chemoresistance, via an increased ac-
tivation of ERK in cancer cells overexpressing PD-L1 (57).
The upregulation of PD-L1 contributes to the suppression
of T-cell function and immune escape. This represents the
paradoxical prosurvival effect of chemotherapy that coun-
teracts the primary cytotoxic activity. On the other hand,
it sensitizes the cancer cells to anti-PD-(L)1 therapy, trans-
forming a ‘cold’ immune environment into a ‘hot’ microen-
vironment with an inflammatory profile (149,150). Cyto-
toxic chemotherapy (and radiotherapy) can thus help to
render poorly immunogenic tumors more sensitive to im-
munotherapy (Figure 5). Chemoradiation, i.e. the combi-
nation of chemotherapy and radiotherapy, tends to further
upregulate PD-L1 expression in some tumor cells such as
melanoma and glioblastoma cells, at least when using the
cytotoxic drugs TMZ and DTIC (151). In fact, the different
therapeutics considered as genomic destabilizers (i.e. radia-
tions, chemotherapy, epigenetic modifiers) induce upregu-
lation of immune inhibitory ligands on cancer cells, includ-
ing drug-resistant cancer cells (152). We have focused our
analysis on chemotherapy, but radiotherapy can also up-
regulate PD-L1 and provides useful combination with PD-
(L)1-targeted mAbs (153). Ionizing radiation modulates
the immune response and synergizes with immunothera-
pies. Radio-immunotherapy is now exploited to convert
immunologically cold into immune-infiltrated hot environ-
ments, leading to higher treatment response rates and im-
proved survival (154). Radiation and chemotherapy both
represent the immunostimulatory process that causes ICD,
inflammatory reactions and recruitment of T cells to the
tumor microenvironment. Of course, there are also a huge
number of combinations of immunotherapy and targeted
therapy in multiple cancer indications.

Most cytotoxic drugs, notably those that induce DNA
damages or perturb the microtubule network and mitosis,
promote an immune response and an upregulation of PD-
L1, independently of the type of DNA or tubulin dam-
age. In fact, these drugs activate a similar sequence of
events (Figure 6). Chemotherapeutic drugs induce cancer
cell death via a direct action on cancer cells (promoting dif-
ferent types of cell death) and via ICD, which drives the
release of damage-associated molecular pattern molecules
(DAMPs). DAMPs stimulate the immune system to initi-
ate the immune response via the activation of APCs and
in particular DCs functionally maturated by NK cells. A
variety of DAMPs have been identified (such as calretic-
ulin, HMGB1, HSP70, ATP and others). Cytotoxics vary in
their propensity to emit DAMPs and to trigger ICD (155).
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Figure 6. Chemotherapy-induced cancer cell death proceeds via a direct
action of cytotoxic drugs on cancer cells (inducing different types of cell
death) and via ICD. ICD drives the release of DAMPs that potentiate drug
activity. DAMPs stimulate the immune system via the activation of APCs
and in particular DCs functionally maturated by NK cells. A variety of
DAMPs have been identified (calreticulin, HMGB1, HSP70, ATP and oth-
ers) depending on the drug mechanism of action (155). DAMP messengers,
notably the released cytosolic DNA fragments issued from tumor cells, are
sensed via cGAS that activates STING and then induces transcription of
type I interferon genes. Activation of the cGAS/STING pathway also pro-
motes transcription of different chemokines (such as CXCL10 and CCL5)
that stimulate CD4+ and CD8+ lymphocyte migration in tumor environ-
ment, to trigger the antitumor immune response. As such, ICD reinforces
the antitumor action of the cytotoxic drugs.

The messengers, notably the released cytosolic DNA frag-
ments, are sensed via cyclic GMP-AMP synthase (cGAS)
that activates STING (stimulator of interferon genes) and
then induces transcription of type I interferon genes via a
cascade of effectors (Figure 6). DNA damages induced by
drugs (or radiations) can cause leakage into the cytosol of
DNA fragments that are sensed by the STING pathway
leading to the activation of innate and adaptive immune re-
sponses (156,157). Activation of the cGAS/STING path-
way also promotes transcription of different chemokines
(such as CXCL10 and CCL5) and maturation of DCs, lead-
ing to the stimulation of CD4+ and CD8+ lymphocyte mi-
gration in tumor environment, to trigger the antitumor im-
mune response (158). PD-L1 upregulation by radiother-
apy also implicates the DNA damage signaling pathway,
the cGAS–STING pathway and IFN-� signaling (159), al-
though in some cases STING can also be activated in re-
sponse to DNA damages independently of cGAS. A re-
cent study indicated that antimitotic drugs, like PACLI,
also trigger cGAS/STING-dependent apoptotic effects and
propagate apoptotic priming across cancer cells through cy-

tosolic DNA sensing pathway-dependent extracellular sig-
nals (160). Most cytotoxic drugs are considered as ICD in-
ducers and possess an immune-regulatory function via this
mechanism (161,162). Importantly, the drug-induced acti-
vation of the cGAS/STING pathway is connected to the
enhanced expression of PD-L1 on cancer cells. Indeed, a
drug-induced DNA damage-activated expression of PD-
L1 in a STING-dependent manner has been reported in
breast cancer (163). A link between STING activation and
PD-L1 upregulation has been established in different stud-
ies (164–166). Clearly drug- or radiotherapy-induced DNA
damages are implicated in the regulation of PD-L1 expres-
sion, via the cGAS/STING-dependent pathway (as well as
the ATM/ATR/Chk1 kinase activity pathway) (167). DNA
damage response proteins, such as PARP and Chk1, also
contribute to increase expression of PD-L1 (168).

As illustrated in Figure 5, chemotherapy can augment an-
titumor immunogenicity through different complementary
pathways: (i) via the activation and functionality of cyto-
toxic T lymphocytes and NK cells; (ii) via an enhancement
of the activity and maturation of DCs; (iii) via a depletion
of immunosuppressive Tregs; and (iv) via a drug-induced
expansion of MDSCs via inflammatory mediators, which
then suppress T-cell activation. This MDSC-dependent T-
cell suppressive activity is dependent on PD-1. Notably,
CPX, DOX and melphalan can induce such immunosup-
pressive monocytic myeloid cells that contribute to tumor
evasion and relapse (73,86). The combination with a PD-
(L)1 blocker can abrogate the drug-induced immunosup-
pression driven by these MDSCs. For this reason, there is
also a good rationale to combine conventional chemother-
apy and PD-(L)1-based immunotherapy. The upregulation
of PD-L1 induced by chemotherapeutic drugs is a central
event in these processes that strongly contribute to sensitize
cancer cells to PD-L1-targeted immunotherapy. It is worth
noting that the effect of chemotherapy on MDSCs seems to
vary significantly from one drug to another: CPX, DOX,
melphalan and PACLI activate MDSCs, whereas OXA,
ecteinascidin and IRI neutralize MDSCs (12,73,102,169).

It is not surprising to observe that most cytotoxic drugs
targeting DNA, either DNA-alkylating drugs or those in-
ducing indirect DNA damages, combine well with anti-PD-
(L)1 therapy, independently of their effect on PD-L1 ex-
pression in cancer cells. DNA damages can play a signif-
icant role in the immune activation. In particular, oxida-
tive DNA damages upregulate PD-L1 expression in cancer
cells, via the DAMP/STING mechanism mentioned ear-
lier (170). Immune activation by DNA damage can even
predict response to chemotherapy in some cancers, such
as esophageal adenocarcinoma. Moreover, PD-L1 expres-
sion is positively related to �H2AX expression (a sensor of
double-stranded DNA damages) in some cancers such as
lung squamous cell carcinoma (171).

This information is also important to consider in cases of
cytotoxic chemotherapy after PD-(L)1-based immunother-
apy. In general, a new treatment is given to progressive pa-
tients who show a suboptimal response to anti-PD-1 ther-
apy and in some cases cytotoxic chemotherapy is the only
alternative treatment available. Interestingly, it has been ob-
served that these patients can experience new objective re-
sponse after failure to respond to anti-PD-1 monother-
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apy when the chemotherapy is re-introduced. This is the
case for patients with relapsed and refractory Hodgkin’s
lymphoma for whom the anti-PD-1 therapy, although not
sufficiently potent, seems to resensitize the patient re-
sponse to chemotherapy (172). Similarly, it was observed
that anti-PD-1/PD-L1 inhibitors could make advanced
NSCLC tumors more vulnerable to subsequent chemother-
apy (173). There are converging data supporting the fact
that chemotherapy received after anti-PD(L)1 therapy has
regained activity. In gastrointestinal cancers, it has also been
postulated that the sequencing of immune checkpoint in-
hibitors prior to chemotherapy can lead to an immunomod-
ulatory effect with potential improvement in response rates
(174). Therefore, not only immunotherapy can re-educate
immunosuppressive cells, but it can also resensitize cancer
cells to chemotherapy.

In summary, cytotoxic drugs represent useful combina-
tion partners for PD-(L)1 immune checkpoint inhibitors
and the design of novel drug combinations is essential to
augment the success of combined chemo-/immunotherapy.
Knowledge gained in this area will aid in the design of more
efficient treatments. Given the large diversity of cytotoxic
drugs and targeted small molecules, the possibilities of com-
binations are extremely diversified, as attested by the vast
number of ongoing combination trials. We are currently
witnessing a revolution in cancer therapy with the advent
of immunotherapy targeting PD-(L)1 and other immune
checkpoints. To gain the best benefit of these new immuno-
drugs, we need to usher in a new conception of the role of
cytotoxic chemotherapy in treatment: away from purely cy-
totoxic molecules that target highly proliferating cells and
toward immunomodulators that concur to cripple cancer
cells durably. In the near future, it is likely that cytotoxic
drugs will continue to play a major role in anticancer ther-
apies, in particular to augment the vulnerability of cancer
cells to PD-(L)1 blockade.
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