3 frontiers ‘ Frontiers in Immunology

@ Check for updates

OPEN ACCESS

EDITED BY
Daniel R. Principe,
University of Illinois Chicago, United States

REVIEWED BY
Simon Young,

University of Texas Health Science Center
at Houston, United States

Joanne Lysaght,

Trinity College Dublin, Ireland

*CORRESPONDENCE
An Coosemans
An.Coosemans@kuleuven.be

RECEIVED 08 June 2023
ACCEPTED 23 August 2023
PUBLISHED 07 September 2023

CITATION

Berckmans Y, Ceusters J,
Vankerckhoven A, Wouters R, Riva M and
Coosemans A (2023) Preclinical studies
performed in appropriate models could
help identify optimal timing of combined
chemotherapy and immunotherapy.
Front. Immunol. 14:1236965.

doi: 10.3389/fimmu.2023.1236965

COPYRIGHT

© 2023 Berckmans, Ceusters,
Vankerckhoven, Wouters, Riva and
Coosemans. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Immunology

TYPE Review
PUBLISHED 07 September 2023
D01 10.3389/fimmu.2023.1236965

Preclinical studies performed in
appropriate models could help
identify optimal timing of
combined chemotherapy

and immunotherapy
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Immune checkpoint inhibitors (ICI) have been revolutionary in the field of cancer
therapy. However, their success is limited to specific indications and cancer
types. Recently, the combination treatment of ICl and chemotherapy has gained
more attention to overcome this limitation. Unfortunately, many clinical trials
testing these combinations have provided limited success. This can partly be
attributed to an inadequate choice of preclinical models and the lack of scientific
rationale to select the most effective immune-oncological combination. In this
review, we have analyzed the existing preclinical evidence on this topic, which is
only limitedly available. Furthermore, this preclinical data indicates that besides
the selection of a specific drug and dose, also the sequence or order of the
combination treatment influences the study outcome. Therefore, we conclude
that the success of clinical combination trials could be enhanced by improving
the preclinical set up, in order to identify the optimal treatment combination and
schedule to enhance the anti-tumor immunity.

KEYWORDS

immune checkpoint inhibitors, chemotherapy, preclinical models, combination
treatment, cancer therapy

1 Rise in combination therapies with immune
checkpoint inhibitors after limited effectivity
in monotherapy

In recent years, attention towards cancer immunotherapy has grown (1, 2). The goal is to
shift the balance from tumor promoting immunosuppression towards anti-tumor immune
activation, to support and promote the immune-mediated attack of cancer cells. Immune
checkpoint inhibitors (ICI) are an example of such immunotherapeutic modality aiming to
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release the tumor induced immune brakes (3). Many of these brakes,
or checkpoint molecules, have been identified, such as programmed
death ligand 1 (PD-1) or its ligand PD LI, cytotoxic T-lymphocyte
associated protein 4 (CTLA-4), T-cell immunoglobin and mucin
domain 3 (TIM 3), lymphocyte activation gene 3 (LAG-3) and others
(4). Seven such IClIs are currently approved for use in patients across
all cancer types. The first approved was the anti-CTLA-4 ipilimumab
followed by three anti-PD-1 ICI, nivolumab, cemiplimab and
pembrolizumab, and three anti-PD-L1 inhibitors, durvalumab,
avelumab and atezolizumab (4, 5). However, as the efficacy of these
ICI was mostly observed in a restricted subset of patients, their use is
limited to specific indications in cancers such as melanoma, breast
cancer, colorectal, classical Hodgkin’s lymphoma and non-small cell
lung cancer (NSCLC) (4, 6). In an estimated 60-70% of patients, they
remain ineffective (3, 6). To overcome this clinical challenge,
attention for combination therapies has grown. In 2018, the clinical
research program of the Cancer Research Institute (Anna-Maria
Kellen Clinical Accelerator, NY, USA) published an overview of
immune-oncological trials, describing the rise in combination trials
using PD-1/L1 targeting agents with other immunotherapies,
radiotherapy and chemotherapies over the past five years. From the
1105 reported combination studies, the most prevalent combinations
included anti-PD-1/L1 with either anti-CTLA-4 (n=251) or
chemotherapy (n=170) (7). An update in 2021 showed the
continued increase in the number of trials testing a combination of
anti-PD-1/L1 and chemotherapy with 145 new trials started in the
first three quarters of 2020 alone (8).

2 Rationale for combination of
chemotherapy with immune
checkpoint inhibitors

To develop combination treatments, not only oncological but also
immunological changes should be considered. Galluzzi et al. described
different immune effects induced by different types of chemotherapy
(9). In the past, some chemotherapeutics have been described as
immunosuppressive agents, which explained their use for the
treatment of severe autoimmune diseases (10). Examples of such
chemotherapeutics are cyclophosphamide and methotrexate, which
can both impair the proliferation and function of effector T-cells (10,
11). Moreover, doxorubicin has been shown to increase the expansion
of myeloid derived suppressor cells, resulting in increased
immunosuppression (11). The immense chemotherapeutically
induced release of tumor-associated antigens has also been suggested
to suppress the anti-tumor immune response. However, evidence
supporting this mechanism is currently not available (10). In
contrast, cytotoxic chemotherapies have also been reported to
promote immunogenicity. For example, one of the immune effects
reported for doxorubicin was the enhanced proliferation of tumor
targeting CD8+ T-cells, while other conventional chemotherapies
like gemcitabine and paclitaxel, were shown to decrease
immunosuppressive myeloid derived suppressor cells and regulatory
T-cells cells, respectively (9). Similar immunological effects have been
discussed in a review by Brown et al,, such as the increase of antigen
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presentation through the upregulation of MHC class 1 on tumor cells
by a number of the DNA-damaging therapeutics including
gemcitabine, cyclophosphamide and oxaliplatin (12). Our group has
shown that carboplatin-paclitaxel resulted in a superior immune-
composition compared to several other chemotherapeutics in an
ovarian cancer mouse model (13), which was in line with
observations in patients (14). Another argument in favor of
combining chemotherapy and ICI therapy has been the upregulation
of co-inhibitory ligands, such as PD-L1, promoted by numerous
chemotherapeutics including paclitaxel, 5-fluorouracil and cisplatin
(15). Furthermore, certain chemotherapeutics such as doxorubicin,
oxaliplatin and cyclophosphamide could also induce immunogenic cell
death (ICD) (12, 16). All together, these immune-related effect of
chemotherapy promote the rationale for a combination with ICI
treatment to further stimulate the anti-tumor adaptive immune
response and T-cell expansion (6, 15). However, all described
immune effects can be drug, dose and time dependent, highlighting
the importance of optimal knowledge and preclinical evidence (16).

3 Combinations of immune
checkpoint inhibitors and
chemotherapy still fail in the majority
of clinical trials

Combinatorial approaches resulted in selected clinical successes
(17). In the AtezoTRIBE trial (NCT03721653), previously untreated
metastatic colorectal cancer patients showed improved median PFS
(HR 0,69; 80% CI [0,56-0,85]) with the addition of the ICI
atezolizumab to the treatment schedule consisting of chemotherapy
(FOLFOXIRI, a combination of folinic acid, fluorouracil, oxaliplatin
and irinotecan) and anti-VEGF (bevacizumab), with all treatments
being administered simultaneously using a 48h intravenous infusion
with cyclic repeat every 14 days (18). The KEYNOTE-021 trial
(NCT02039674) showed improved objective response rate (ORR)
(p=0,0016) in NSCLC patients receiving carboplatin/pemetrexed
combined with pembrolizumab compared to chemotherapy alone
(19). These findings were confirmed in the KEYNOTE-189 trial
(NCT02578680) in which overall survival (OS) (HR 0,49; 95% CI
[0,38-0,64]) and progression free survival (PFS) (HR 0,52; 95% CI
[0,43-0,64]) were significantly increased in the combination therapy-
receiving patients (20). Both KEYNOTE-021 and KEYNOTE-189
trials administered pembrolizumab simultaneously with platin-based
chemotherapy and pemetrexed for four cycles, repeated every three
weeks, as well as maintenance therapy for up to 24 months in
combination with pemetrexed (19, 20). Additionally, in patients
with metastatic triple negative breast cancer (TNBC) testing
positive for PD-L1 expression, the combination of atezolizumab
with the chemotherapeutic nab-paclitaxel showed promising results
on PES (HR 0,62; 95% CI [0,49-0,78]) and OS (HR 0,67; 95% CI
[0,53-0,86]) (IMpassion130; NCT02425891) when administered
simultaneously through intravenous injection on day 1 and 15 of a
28-day cycle which was repeated until disease progression was
observed (21). Similar valuable outcomes were observed in the
KEYNOTE-522 trial (NCT03036488), where addition of
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pembrolizumab to neoadjuvant carboplatin paclitaxel chemotherapy
yielded a greater response compared to chemotherapy alone in early
TNBC patients (HR 0,63; 95% CI [0,43-0,93]) (22).

However, the majority of trials testing an immune-oncological
combination produced disappointing results (17). For example, in
gastroesophageal cancer patients, the combination of pembrolizumab
with chemotherapy (cisplatin and fluorouracil/capecitabine) resulted
in a nearly equal OS compared to chemotherapy alone (HR 0,85; 95%
CI [0,70-1,03]) in the phase 3 KEYNOTE-062 trial (NCT02494583)
(23). Similarly, in the KEYNOTE-361 trial (NCT02853305), no
improved PFS (HR 0,78; 95% CI [0,65-0,95]) or OS (HR 0,86; 95%
CI [0,72-1,02]) was reported after combination treatment with
pembrolizumab and chemotherapy (comprising of gemcitabine and
cisplatin/carboplatin) compared to chemotherapy alone, for the
treatment of advanced urothelial carcinoma. In this trial, the ICI
and chemotherapy were administered simultaneously through
intravenous injection on day 1 of a three- weekly cycle with a
maximum of six chemotherapy cycles and 35 cycles of
pembrolizumab (24). For ovarian cancer, three large phase 3 trials
have been published, all reporting negative results. The phase 3
JAVELIN Ovarian 200 trial (NCT02580058) reported no improved
response between groups receiving either avelumab (every two weeks,
intravenously) combined with pegylated liposomal doxorubicin
(PLD) (every four weeks, intravenously) or PLD monotherapy
(PES: HR 0,78; CI [0,59-1,24]; OS: HR 0,89: CI [0,74-1;24]) (25,
26). Likewise, in the JAVELIN Ovarian 100 trial (NCT02718417), the
primary objectives of increasing the PES were not met. In this study,
two combination regimens were compared to the control group
receiving carboplatin paclitaxel chemotherapy alone; chemotherapy
followed by avelumab (HR 1,43; 95% CI [1,05-1,95]) and
chemotherapy plus avelumab followed by avelumab (HR 1,14; 95%
CI [0,83-1,56]). Remarkably, both combination regimens seemed to
perform worse than chemotherapy alone (27, 28). Interim analysis of
the IMagyn050 trial (NCT03038100) in newly diagnosed ovarian
cancer patients underscored this, as no difference in PFS was seen
after addition of atezolizumab to chemotherapy (carboplatin
paclitaxel) followed by anti-VEGF (bevacizumab) (HR 0,92; 95%
CI [0,97-1,07]). All treatments were administered intravenously on
day 1 of a three- weekly cycle. Additionally, both adjuvant and
neoadjuvant schedules were included in this trial. However, no
discrepancies have been reported between the two groups (29).

4 Limited relevant preclinical research
could relate to failing clinical trials

The large number of failed clinical trials testing the combination
of ICI with chemotherapy is alarming. The question arises if this
could have been anticipated using relevant preclinical research. We
performed a PubMed literature search using the minimal search
term (chemotherapy [Title/Abstract] AND checkpoint[Title/
Abstract] NOT (Review([Publication Type]). This search resulted
in 2863 articles on November 12 2021 of which only 92 research
articles were dedicated to preclinical testing of ICI and
chemotherapy combinations (See Supplementary Material 1).
Figure 1 gives an overview of all different cancer types used in
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these research articles. Remarkably, almost half (47.8%) of these
articles study either colorectal cancer or breast cancer, in which ICI
are already accepted for use under specific conditions. More
specifically, the U.S. Food and Drug Administration (FDA)
approved both pembrolizumab as first line treatment, as well as
the combination of ipilimumab and nivolumab in second line
treatment of metastatic colorectal cancer in specific conditions.
For breast cancer, both atezolizumab and pembrolizumab have
been approved for metastatic TNBC patients (4). Although
preclinical results are scarce for the majority of other cancer
types, clinical trials testing this immune-oncological combination
are conducted in a wide range of disease profiles.

Figures 1B, C display the different chemotherapeutics and ICI
tested in these preclinical studies, respectively. A wide variety of
chemotherapeutics have been tested, which can be explained by the
different cancer types that were studied and their standard of care in
the clinic. In contrast, only two types of ICI prevail: anti-PD-1/L1
and anti-CTLA-4 checkpoint inhibitors. Other ICI modalities are
scarcely represented in these preclinical studies. Generally, the
choice of preclinical model should be looked at critically before
each experiment. Besides the pathogenesis of the disease which
should be properly reproduced, it is equally crucial to assure that the
biological target of the tested therapy is conserved in the chosen
model (30). Therefore, when testing ICI therapy, it is most
reasonable to choose an immune competent preclinical model in
which the engagement of the ICI with its target on immune cells can
be ensured. In the majority of the 92 articles, preclinical research
was performed in syngeneic mouse models with C57BL/6 or Balb/c
background (Figure 1D). Both C57BL/6 and Balb/c are inbred
immune competent mice strains. Some inter-strain
immunological differences are present, consisting in a prevailing
humoral immune response in Balb/c mice, while in C57Bl/6 murine
cellular immunity dominates (31). Additionally in other studies,
C57Bl/6 mice appeared to have a Thl dominant immune response
in contrast to Balb/c mice where Th2 dominated the immune
response (32). Besides these discrepancies, syngeneic models are
overall characterized by a fully functioning immune system, which
is their main advantage besides their uncomplicated establishment
and fair cost. In contrast, five studies could be identified using
immunodeficient mouse strains. The use of immunodeficient
mouse strains to create models such as patient derived xenografts
(PDX) has been proven successful as a preclinical platform (33) and
has shown to accurately reflect the gene expression profile and
histology of the primary human tumor (34). However, PDX models
do not recapitulate the full physiological biology of the human
tissue due to the lack of an intact immune system making them less
suitable for testing immunotherapeutic strategies (35). Additionally,
the response to chemotherapy can also depend on the presence of a
fully functioning immune system. In a study by Kroemer and
Galluzzi et al., chemotherapy response was shown to be
suboptimal in immunodeficient mice compared to syngeneic
tumor-bearing mice. This discrepancy could be related to the lack
of immunogenic cell death and activation of the subsequent anti-
tumor immune response (36). Humanization of these mice created
a strategy to overcome the immune limitations seen in
immunodeficient xenograft models (37). Different methods for
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distribution of different immune-checkpoint inhibitors tested. (Other: anti-B7-H3, anti-CD47, anti-CD96, anti-4-1BB, anti-40 and anti-HLA-G) (D) Bar chart
showing the background of different mouse models used. (Other: C3H, CBA/CaJ, DBA/2J, FVB, KRAS LSL- G12D+; p53-/-: LSL, 129S1/SvimJ, B10.D2, pMt)
(E) Bar chart showing the distribution of inoculation sites in the mouse models used. (s.c.: subcutaneous, i.v.: intravenous).

creating humanized mouse models exist such as transplantation of
human peripheral blood mononuclear cells or human
hematopoietic stem cells into immunodeficient mice after which
they can be inoculated using human tumor cells or patient derived
tissue (37). This offers an interesting approach to test
immunotherapies in models bearing human tumors in
combination with a humanized immune system. Multiple caveats
however still need to be overcome, such as the development of graft
versus host disease and the high cost.

While currently the syngeneic immune competent mouse
models are explored most in immune-oncology research, it can be
argued that in order to mimic heterogeneous and progressive
cancers in vivo, genetically engineered mouse models offer added
physiological relevance (37). Genetically engineered mouse models
carry altered oncogenes and/or tumor suppressor genes and can
therefore develop tumor spontaneously (38). Advantages include
the orthotopic origin of the tumor with physiological intra-tumoral
heterogeneity and an intact immune system, while the extensive
variability in tumor development, low mutational burden and the
time-consuming process are the largest disadvantages (35, 37). An
example of such an established spontaneous cancer model are KPC
mice (KrasLSL-G12D+;Trp53LSL-R172H/+;p48Cre in C57Bl/6
mice) which stochastically develop intra-epithelial neoplasms in
the pancreas (39). These types of mouse models were only present
in four out of the 92 research articles, including models for breast
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cancer, head and neck squamous cell carcinoma and lung cancer
(See Supplementary Material 1; Martinez-Usatorre et al., Sci Transl
Med, 2021; Sirait-Fischer et al., Front Oncol, 2020; Spielbauer et al.,
Otolaryngology-Head and Neck Surgery, 2018; Workenhe et al.,
Commun Biol, 2020).

Lastly, though none of the 92 articles found in our literature
search deferred from using mice, in preclinical immune-oncological
research, other species are increasingly being considered for use due
to their similar immunological, anatomical or pathological features
to humans. Syrian hamsters are viewed as ideal preclinical animal
model for cancer immunotherapy studies due to the complex tumor
microenvironment, tumor histology and cancer progression
resembling the human scenario (40). Another advantage of this
species are the cheek pouches which are considered an immune
desert due to the lack of lymphatic drainage pathways offering the
potential of long-term transplantation of foreign material, such as
patient derived tumor tissue without immune rejection (40).
Secondly, ferrets can be suitable models as they have a
particularly high cancer prevalence, which could give insights into
the biological development of cancer, and have shown useful in
immunology studies (41, 42). Higher animal models such as canines
and swine are also available. Canines can spontaneously develop
tumors, showing large homology to human cancers both genetically
and in relation to the surrounding tumor immune
microenvironment (43). They are fully immune competent and

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1236965
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Berckmans et al.

possess more comparable immune constituents to the human
immune system compared to murine models (43, 44). Swine
models can be applied in oncological research and are mostly
used to test new devices and surgical procedures (45).
Immunological applications can also be explored as swine are
genetically and immunologically relevant to humans and have
shown to respond similarly to anti-cancer drugs (46). Different
models exist such as genetically modified swine capable of
developing tumors and wild-type immune competent swine
bearing xenograft tumors (45). Lower models such as zebrafish or
Xenopus could also provide opportunities to study certain
therapeutic effects on cancer cells depending on the research
question (44). Homologous to humans, zebrafish possess two
branches in their immune system, the innate and the adaptive
component. However, one difference is the delay in adaptive
immunity development causing the zebrafish to rely solely on the
innate immunity in the first stages of their lives. This provides the
opportunity for specific studies into the innate immune system
using recently hatched (72 hours post fertilization) zebrafish which
harbor a fundamentally similar macrophage lineage to humans. At
this stage, inoculation of human cancer cells has an increased
engraftment chance due to the absence of adaptive immune cells
(47). In later stages of zebrafish development, immune-oncological
research may be limited due to their biological and anatomical
differences, such as the lack of lymph nodes, and less complex
immune system compared to humans (44).

Besides animal models, alternative methods for preclinical
research are being explored, which is increasingly promoted by
governmental and ethical services, but has proven difficult when the
immune system is involved. One hopeful approach is the use of ex
vivo, three dimensional cultures derived from human tumor tissue
called explants (48, 49). This methodology has already been
successful for multiple cancer types. Moreover, the explant
culturing method for NSLC by Karekla et al. showed reproducible
drug responses to cisplatin (49). Furthermore, these types of
cultures have the potential to provide a platform for evaluating
immunological responses to ICI therapy, as reported by Voabil and
colleagues (50).

Another point of attention when working with animal models
for the purpose of translational research is the fact that the tumor
inoculation site can impact the tumor immune environment and
subsequently the immunotherapy response (51). Most of these 92
studies use subcutaneous (s.c.) mouse models (Figure 1E).
Subcutaneously mimicking a tumor that from origin grows in
another organ is less ideal as the invasive potential of the tumor
is limited due to the presence of s.c. connective tissue, therefore
creating a different tumor microenvironment (most likely also
influencing the function/role of tissue resident immune cells)
(52). This can impact the translatability of these models for
immunotherapeutic research. For example, in preclinical
melanoma models the tumor location was shown to influence the
recruitment of tissue-specific tumor-associated macrophages (51,
52). Orthotopically inoculated tumors in immune-competent mice
can surmount some of these limitations. Overall, it seems that the
chosen model and inoculation site can impact the outcome in these
preclinical studies.
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5 The therapeutic combinatorial
schedule influences treatment
response

Our group has previously described the shift in survival in a
syngeneic orthotopic mouse model for ovarian cancer when changing
the sequence of the chemotherapy and immunotherapy combination
(53). To identify the optimal immune-oncological combination regimen,
we looked into the different administration schedules of the 92 preclinical
studies (Figure 2). In the majority (76,1%; 70/92), administration of ICI
and chemotherapy was simultaneous, mostly even started the same day
(47/92). Only 16,3% (15/92) of preclinical studies were designed with a
sequential administration of treatment, nearly all of them starting with
chemotherapy prior to ICI treatment (14/15). Only a small percentage of
studies (7,6%; 7/92) investigated multiple different administration
schedules. These seven articles will be further discussed below.
Additionally, two preclinical studies not identified through our search
strategy, but similarly looking into the impact of combination treatment
scheduling, have been added manually to the discussion below. An
overview of all nine studies can be found in Table 1.

Lesterhuis et al. studied the combination of anti-CTLA-4 and
gemcitabine chemotherapy in a s.c. mesothelioma mouse model. A
significant survival benefit was reported in mice receiving simultaneous
administration of both treatments compared to the regimen where
gemcitabine was administered either before or after anti-CTLA-4,

FIGURE 2

Pie chart on administration schedules in 92 preclinical research
articles. Studies with simultaneous treatment administration include
all studies with same start date of both therapies (47/92), studies
where immune-checkpoint inhibitor treatment started first (6/92) or
chemotherapeutic treatment started first (17/92) before
simultaneous administration of the combination treatment was
continued. Sequential treatment administration includes studies
where no overlap between both treatments occurred. Treatments
were given consecutively with either first chemotherapy (14/92) or
first immune-checkpoint inhibitor therapy (1/92). In 7 out of the 92
studies (7.6%), multiple treatment administration schedules were
tested in one preclinical experiment.
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TABLE 1 Overview of different combinations of chemotherapy and ICl used in nine research articles comparing multiple therapeutic regimens.

Author — Year Cancer Chemo- Regimen of Superior regimen Limitations
type therapy administration tested
Lesterhuis WJ. et al. - = Meso- anti- Gemcitabine « Simultaneous Simultaneous s.c. mouse model
2013 (54) thelioma CTLA4 o Sequential - first chemo
o Sequential - first ICI
Martin-Ruiz A. et al. Lung anti- Cisplatin « Simultaneous Simultaneous Immuno-deficient
- 2020 (55) carcinoma PD-1 o Sequential - first chemo mouse model (NSG)
o Sequential - first ICI
Zhao X. et al. - 2020 Colorectal anti- 5-fluorouracil o Simultaneous Sequential - first chemo s.c. mouse model
(56) carcinoma PD-1 o Sequential - first chemo
Fu D. et al. - 2020 Colorectal anti- Cisplatin or « Simultaneous Sequential - first chemo, 3 s.c. mouse model
(57) carcinoma PD-1/ Oxaliplatin « Sequential - first chemo, 3 days later ICI
L1 days later ICI
« Sequential first - chemo, 6
days later ICI
Golchin S. et al. - Colorectal anti- Oxaliplatin o Simultaneous Sequential - first ICI s.c. mouse model
2019 (58) carcinoma PD-L1 o Sequential - first chemo
o Sequential - first ICI
Alimohammadi R. Melanoma anti- Doxel « Simultaneous Sequential - first ICI /
et al. - 2020 (59) CTLA- o Sequential - first chemo
4 o Sequential - first ICI
Yan Y. et al. - 2018 Melanoma anti- Carboplatin + o Simultaneous First ICI followed by /
(60) PD-1/ Paclitaxel « First ICT followed by simultaneous ICI + chemo
L1 simultaneous ICI + chemo
Coosemans et al. - Ovarian anti- Carboplatin + o Simultaneous - first ICI Simultaneous - first ICI /
2019 (53) cancer PD-1 Paclitaxel followed by ICI + chemo followed by ICI + chemo
o Simultaneous - first chemo
followed by chemo + ICI
Riva et al. - 2020 (61) = High-Grade anti- Temozolomide | « Simultaneous No difference /
Glioma PD-1 o Sequential - first chemo
o Sequential - first ICI

(ICI, immune checkpoint inhibitor; s.c., subcutaneous; NSG, NOD scid gamma).

although no (immunological) explanation was provided or discussed
(54). One other study similarly observed reduced tumor growth when
anti-PD-1 was given simultaneously with cisplatin compared to both
sequential regimens. Of note, the authors used an immunodeficient
mouse model (patient derived xenograft, NOS-SCID gamma mouse)
for lung cancer, restricting the reliability of the immune response (55).

Sequential administration of 5-fluorouracil chemotherapy followed
by anti-PD-1 appeared to be the best treatment schedule compared to
simultaneous administration of both treatments in colorectal cancer.
According to this study by Zhao et al., sequential administration of
both treatments resulted in increased frequencies of total tumor
infiltrated T-cells, as well as the increased expression of PD-L1 on
tumor cells. From this, it was suggested that the survival benefit of this
combination regimen could be related to the optimal scheduling of the
individual immunological effects (56). In accordance to this, another
study in colorectal cancer by Fu et al. reported an increased survival
when the ICI anti-PD-1/L1 was administered with a specific delay of
three days after platin-based chemotherapy compared to simultaneous
administration. However, increasing the delay to six days abrogated
this beneficial outcome. Subsequent flow cytometric analysis of tumor
infiltrating lymphocytes showed an increase of PD-1 positive T cells
three days after chemotherapy, followed by a decrease on day seven.
This immunological evidence could relate to the narrow window for
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optimal treatment scheduling (57). In contrast, in a similar s.c.
colorectal mouse model, sequential treatment with first anti-PD-L1
followed by oxaliplatin was identified as the most promising treatment
regimen compared to both simultaneous treatment or chemotherapy
followed by ICI administration (non-significant). This result could be
explained by the more pronounced influx of CD8+ T-cells observed in
this specific treatment regimen compared to other regimen in this
study (58). The discrepancy between the results of the two latter studies
could be attributed to the use of different mouse models, MC38 cells in
C57BL/6 mice and CT26 cells in Balb/c mice, respectively. As described
above, the choice of the preclinical model can influence the immune
response and subsequent study outcome.

The sequential schedule in which the ICI was administered prior to
chemotherapy, was demonstrated to be superior in two studies
performed in orthotopic melanoma mouse models. Both studies
showed a rise in CD8+ T-cells with this treatment schedule (59, 60).
In the first study, the combination of anti-CTLA-4 followed by Doxil (a
liposomal doxorubicin) was superior to both simultaneous and
sequential administration in the reverse order (59). Likewise,
significant increase in survival was noted in the second melanoma
study testing the combination regimen where anti-PD-L1 was
administered before carboplatin-paclitaxel compared to simultaneous
start of both therapies (60).
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It is important to note that in all these research articles, mainly tumor
infiltrating effector CD8+ T-cells were evaluated. Analysis of other
therapeutically induced immune effects such as influence on the innate
immune system or the stimulation of ICD was underrepresented.

As previously mentioned, our group also tested different
immune-oncological combination regimens in a syngeneic
orthotopic ID8-fLuc ovarian cancer mouse model using a survival
analysis. The most beneficial schedule was identified as anti-PD-1
followed by simultaneous carboplatin/paclitaxel chemotherapy. Of
note, this combination did not show significant improved survival
compared to mice receiving chemotherapy alone. However, inferior
results were observed when chemotherapy was started prior to the
addition of the ICI therapy (53). Additionally, our group studied
different schedules combining (for the first time at the preclinical
level) anti-PD-1 with chemotherapy-radiotherapy in an orthotopic
high-grade glioma mouse model. However, we did not observe any
significant difference, nor in survival, nor in immune composition,
between either simultaneous or sequential administration (61).

It is clear from these nine articles (Table 1), although they have
some limitations, that the order/sequence of treatments can influence
the tumor growth and survival preclinically. On the other hand,
clinically tested treatment schedules and doses will always differ from
those given to preclinical models due to the large variability in
treatment options depending on tumor type and stage of cancer
patients, compared to animals. This is an unavoidable limitation due
to the inherent biological difference between humans and animals.
Nevertheless, the influence on the immune system can be identified
and extrapolated. For example, positive preclinical results with CTLA-4
inhibitors in mice and non-human primates resulted in the
development of the human monoclonal antibody ipilimumab and
the following clinical trial successes (62). Additionally, failing clinical
trials using combined anti-PD1 and chemotherapy for the treatment of
ovarian cancer such as JAVELIN ovarian 100 could be replicated in
preclinical studies in an orthotopic syngeneic ovarian cancer mouse
model, showing the potential translatability of rationally designed
preclinical research (28, 53). P reclinical research is therefore
indispensable to ameliorate the outcome of clinical combination
trials, in order to determine the optimal sequence for each immune-
oncological combination therapy based on their individual
immunological effects (recruitment of immune cells, induction of
ICD, etc.) and to provide relevant scientific evidence for designing
further clinical trials to increase their success rate.

6 Conclusion

To conclude, even though a large number of clinical trials testing
ICI and chemotherapy combinations have been conducted, a majority
of these trials produced disappointing results. A lack of rationally
designed preclinical research could partially explain why these trials fail
to induce synergy between therapies. Here, preclinical research articles
testing this immune-oncological combination treatments were
reviewed. Together, the articles discussed in this review show the
importance of choosing a relevant model for preclinical research in
order to increase the translatability and gather evidence for optimizing
the clinical trial design, of preclinical research using the correct
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preclinical models and of preclinical research evaluating different
treatment schedules when combining therapies. Most importantly,
combination strategies have to take into consideration the different
immunological effects and mechanisms of both the specific
chemotherapeutic and ICIs. Increasing the investment into detailed
preclinical research focused on identifying the optimal therapeutic
regimen, could drastically improve the chance for success in
subsequent clinical trials.

Author contributions

Study concept by AC. Study design by YB. Data analysis and
interpretation by YB and JC. Manuscript preparation by YB.
Manuscript review by AC, JC, AV, RW, MR. Final manuscript
editing by AC. All authors contributed to the article and approved
the submitted version.

Funding

This research was funded by Kom Op Tegen Kanker (Stand up
to Cancer), the Flemish cancer society (2019/11955/1 to AC).

Acknowledgments

We thank Prof. Jitka Fucikova (Sotio, Department of immunology,
Charles University, Second Faculty of medicine and University
Hospital Motol, Prague, Czech Republic) for providing her insight
and comments on this review. We also want to express our gratitude to
the recently deceased Prof. Dr. Jeffrey W. Pollard (Queen’s Medical
Research Institute, The University of Edinburgh, UK) for providing us
with his valuable advice during the preparation of this manuscript.

Conflict of interest

Author RW was employed by the company Oncoinvent AS.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.
1236965/full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1236965/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1236965/full#supplementary-material
https://doi.org/10.3389/fimmu.2023.1236965
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Berckmans et al.

References

1. Chen DS, Mellman I. Oncology meets immunology: the cancer-immunity cycle.
Immun (2013) 39(1):1-10. doi: 10.1016/j.immuni.2013.07.012

2. Schreiber RD, Old LJ, Smyth MJ. Cancer immunoediting: integrating immunity’s
roles in cancer suppression and promotion. Sci (1979) (2011) 331(6024):1565-70.
doi: 10.1126/science.1203486

3. Barbari C, Fontaine T, Parajuli P, Lamichhane N, Jakubski S, Lamichhane P, et al.
Immunotherapies and combination strategies for immuno-oncology. Int | Mol Sci
MDPI AG (2020) 21:1-28. doi: 10.3390/ijms21145009

4. Vaddepally RK, Kharel P, Pandey R, Garje R, Chandra AB. Review of indications
of FDA-approved immune checkpoint inhibitors per NCCN guidelines with the level of
evidence. Cancers (2020) 12:738. doi: 10.3390/cancers12030738

5. Twomey JD, Zhang B. Cancer immunotherapy update: FDA-approved
checkpoint inhibitors and companion diagnostics. AAPS ] Springer Sci Business
Media Deutschland GmbH (2021) 23:39. doi: 10.1208/s12248-021-00574-0

6. Yan Y, Kumar AB, Finnes H, Markovic SN, Park S, Dronca RS, et al. Combining
immune checkpoint inhibitors with conventional cancer therapy. Front Immunol NLM
(Medline) (2018) 9:1739. doi: 10.3389/fimmu.2018.01739

7. Tang ], Shalabi A, Hubbard-Lucey VM. Comprehensive analysis of the clinical
immuno-oncology landscape. Ann Oncol (2018) 29(1):84-91. doi: 10.1093/annonc/
mdx755

8. Upadhaya S, Neftelino ST, Hodge JP, Oliva C, Campbell JR, Yu JX. Combinations
take centre stage in PD1/PDLI inhibitor clinical trials. Nat Rev Drug Discovery (2021)
20(3):168-9. doi: 10.1038/d41573-020-00204-y

9. Galluzzi L, Senovilla L, Zitvogel L, Kroemer G. The secret ally:
Immunostimulation by anticancer drugs. Nat Rev Drug Discov (2012) 11:215-33.
doi: 10.1038/nrd3626

10. Zitvogel L, Apetoh L, Ghiringhelli F, Kroemer G. Immunological aspects of
cancer chemotherapy. Nat Rev Immunol (2008) 8(1):59-73. doi: 10.1038/nri2216

11. Galluzzi L, Buqué A, Kepp O, Zitvogel L, Kroemer G. Immunological effects of
conventional chemotherapy and targeted anticancer agents. Cancer Cell (2015) 28
(6):690-714. doi: 10.1016/j.ccell.2015.10.012

12. Brown JS, Sundar R, Lopez J. Combining DNA damaging therapeutics with
immunotherapy: More haste, less speed. Br J Cance. Nat Publishing Group (2018)
118:312-24. doi: 10.1038/bjc.2017.376

13. Vankerckhoven A, Baert T, Riva M, de Bruyn C, Thirion G, Vandenbrande K,
et al. Type of chemotherapy has substantial effects on the immune system in ovarian
cancer. Transl Oncol (2021) 14(6):101076. doi: 10.1016/j.tranon.2021.101076

14. de Bruyn C, Ceusters J, Landolfo C, Baert T, Thirion G, Claes S, et al. Neo-
adjuvant chemotherapy reduces, and surgery increases immunosuppression in first-line
treatment for ovarian cancer. Cancers (Basel) (2021) 13:5899. doi: 10.3390/
cancers13235899

15. Galluzzi L, Humeau J, Buqué A, Zitvogel L, Kroemer G. Immunostimulation
with chemotherapy in the era of immune checkpoint inhibitors. Nat Rev Clin Oncol Nat
Res (2020) 17:725-41. doi: 10.1038/s41571-020-0413-2

16. Emens LA, Middleton G. The interplay of immunotherapy and chemotherapy:
Harnessing potential synergies. Cancer Immunol Res (2015) 3(5):436-43. doi: 10.1158/
2326-6066.CIR-15-0064

17. Salas-Benito D, Perez-Gracia JL, Ponz-Sarvise M, Rodriguez-Ruiz ME, Martinez-
Forero I, Castaiion E, et al. Paradigms on immunotherapy combinations with
chemotherapy. Cancer Discovery (2021) 11(6):1353-67. doi: 10.1158/2159-8290.CD-
20-1312

18. Antoniotti C, Rossini D, Pietrantonio F, Catteau A, Salvatore L, Lonardi S, et al.
Upfront FOLFOXIRI plus bevacizumab with or without atezolizumab in the treatment
of patients with metastatic colorectal cancer (AtezoTRIBE): a multicentre, open-label,
randomised, controlled, phase 2 trial. Lancet Oncol (2022) 23(7):876-87. doi: 10.1016/
S$1470-2045(22)00274-1

19. Langer CJ, Gadgeel SM, Borghaei H, Papadimitrakopoulou VA, Patnaik A,
Powell SF, et al. Carboplatin and pemetrexed with or without pembrolizumab for
advanced, non-squamous non-small-cell lung cancer: a randomised, phase 2 cohort of
the open-label KEYNOTE-021 study. Lancet Oncol (2016) 17(11):1497-508. doi:
10.1016/51470-2045(16)30498-3

20. Gandhi L, Rodriguez-Abreu D, Gadgeel S, Esteban E, Felip E, de Angelis F, et al.
Pembrolizumab plus chemotherapy in metastatic non-small-cell lung cancer. New Engl
] Med (2018) 378(22):2078-92. doi: 10.1056/NEJMo0a1801005

21. Emens LA, Adams S, Barrios CH, Diéras V, Iwata H, Loi S, et al. First-line
atezolizumab plus nab-paclitaxel for unresectable, locally advanced, or metastatic
triple-negative breast cancer: IMpassion130 final overall survival analysis. Ann Oncol
(2021) 32(8):983-93. doi: 10.1016/j.annonc.2021.05.355

22. Schmid P, Cortes J, Pusztai L, McArthur H, Kimmel S, Bergh J, et al.
Pembrolizumab for early triple-negative breast cancer. New Engl ] Med (2020) 382
(9):810-21. doi: 10.1056/NEJMo0al1910549

23. Shitara K, van Cutsem E, Bang Y], Fuchs C, Wyrwicz L, Lee KW, et al. Efficacy
and safety of pembrolizumab or pembrolizumab plus chemotherapy vs chemotherapy

Frontiers in Immunology

10.3389/fimmu.2023.1236965

alone for patients with first-line, advanced gastric cancer. JAMA Oncol (2020) 6
(10):1571-80. doi: 10.1001/jamaoncol.2020.3370

24. Powles T, Csoszi T, Ozgﬁroglu M, Matsubara N, Geczi L, Cheng SYS, et al.
Pembrolizumab alone or combined with chemotherapy versus chemotherapy as first-
line therapy for advanced urothelial carcinoma (KEYNOTE-361): a randomised, open-
label, phase 3 trial. Lancet Oncol (2021) 22(7):931-45. doi: 10.1016/S1470-2045(21)
00152-2

25. Pujade—Lauraine E, Fujiwara K, Ledermann JA, Oza AM, Kristeleit R, Ray-
Coquard IL, et al. Avelumab alone or in combination with chemotherapy versus
chemotherapy alone in platinum-resistant or platinum-refractory ovarian cancer
(JAVELIN Ovarian 200): an open-label, three-arm, randomised, phase 3 study.
Lancet Oncol (2021) 22(7):1034-46. doi: 10.1016/S1470-2045(21)00216-3

26. Yonemori K, Matsumoto T, Nagao S, Katsumata N, Oda K, Watari H, et al.
Avelumab in platinum-resistant/refractory ovarian cancer (PRROC): phase 3 results
from JAVELIN Ovarian 200. Ann Oncol (2019) 30(October):vi89. doi: 10.1093/annonc/
mdz339.028

27. Monk BJ, Colombo N, Oza AM, Fujiwara K, Birrer MJ, Randall L, et al.
Chemotherapy with or without avelumab followed by avelumab maintenance versus
chemotherapy alone in patients with previously untreated epithelial ovarian cancer
(JAVELIN Ovarian 100): an open-label, randomised, phase 3 trial. Lancet Oncol (2021)
22(9):1275-89. doi: 10.1016/S1470-2045(21)00342-9

28. Ledermann JA, Colombo N, Oza AM, Fujiwara K, Birrer MJ, Randall LM, et al.
Avelumab in combination with and/or following chemotherapy vs chemotherapy alone
in patients with previously untreated epithelial ovarian cancer: Results from the phase 3
javelin ovarian 100 trial. Gynecol Oncol (2020) 159:13-4. doi: 10.1016/
j.ygyno.2020.06.025

29. Moore KN, Bookman M, Sehouli J, Miller A, Anderson C, Scambia G, et al.
Atezolizumab, bevacizumab, and chemotherapy for newly diagnosed stage III or IV
ovarian cancer: Placebo-controlled randomized phase III trial (IMagyn050/GOG 3015/
ENGOT-0V39). J Clin Oncol (2021) 39(17):1842-55. doi: 10.1200/JCO.21.00306

30. Storey J, Gobbetti T, Olzinski A, Berridge BR. A structured approach to
optimizing animal model selection for human translation: the animal model quality
assessment. ILAR ] (2021) 62(1-2):66-76. doi: 10.1093/ilar/ilac004

31. Trunova GV, Makarova OV, Diatroptov ME, Bogdanova IM, Mikchailova LP,
Abdulaeva SO. Morphofunctional characteristic of the immune system in BALB/c and
C57Bl/6 mice. Bull Exp Biol Med (2011) 151(1):99-102. doi: 10.1007/s10517-011-1268-
1

32. Bleul T, Zhuang X, Hildebrand A, Lange C, Béhringer D, Schlunck G, et al.
Different innate immune responses in BALB/c and C57BL/6 strains following corneal
transplantation. J Innate Immun (2021) 13(1):49-59. doi: 10.1159/000509716

33. Tzumchenko E, Paz K, Ciznadija D, Sloma I, Katz A, Vasquez-Dunddel D, et al.
Patient-derived xenografts effectively capture responses to oncology therapy in a
heterogeneous cohort of patients with solid tumors. Ann Oncol (2017) 28(10):2595-
605. doi: 10.1093/annonc/mdx416

34. Stribbling SM, Ryan AJ. The cell-line-derived subcutaneous tumor model in
preclinical cancer research. Nat Protoc (2022) 17(9):2108-28. doi: 10.1038/s41596-022-
00709-3

35. Sajjad H, Imtiaz S, Noor T, Siddiqui YH, Sajjad A, Zia M. Cancer models in
preclinical research: A chronicle review of advancement in effective cancer research.
Anim Model Exp Med (2021) 4(2):87-103. doi: 10.1002/ame2.12165

36. Kroemer G, Galluzzi L, Kepp O, Zitvogel L. Immunogenic cell death in cancer
therapy. Annu Rev Immunol (2013) 31(1):51-72. doi: 10.1146/annurev-immunol-
032712-100008

37. Sanmamed MF, Chester C, Melero I, Kohrt H. Defining the optimal murine
models to investigate immune checkpoint blockers and their combination with other
immunotherapies. Ann Oncol (2016) 27(7):1190-8. doi: 10.1093/annonc/mdw041

38. Onaciu A, Munteanu R, Munteanu VC, Gulei D, Raduly L, Feder RI, et al.
Spontaneous and induced animal models for cancer research. Diagnostics (2020) 10
(9):660. doi: 10.3390/diagnostics10090660

39. Stromnes IM, Hulbert A, Rollins MR, Basom RS, Delrow ], Bonson P, et al.
Insufficiency of compound immune checkpoint blockade to overcome engineered T cell
exhaustion in pancreatic cancer. | Immunother Cance. (2022) 10(2):¢003525. doi:
10.1136/jitc-2021-003525

40. Jia Y, Wang Y, Dunmall LSC, Lemoine NR, Wang P, Wang Y. Syrian hamster as
an ideal animal model for evaluation of cancer immunotherapy. Front Immunol (2023)
14. doi: 10.3389/fimmu.2023.1126969

41. Hundakova A, Leva L, TOman M, Knotek Z. A ferret model of
immunosuppression induced with dexamethasone. Vet Immunol Immunopathol
(2022) 243:110362. doi: 10.1016/j.vetimm.2021.110362

42. Compton Z, Harris V, Mellon W, Rupp S, Mallo D, Kapsetaki SE, et al. Cancer
prevalence across vertebrates. BioRxiv (2023), 527811. doi: 10.1101/2023.02.15.527881

43. Mestrinho LA, Santos RR. Translational oncotargets for immunotherapy: From
pet dogs to humans. Adv Drug Delivery Rev (2021) 172:296-313. doi: 10.1016/
j-addr.2021.02.020

frontiersin.org


https://doi.org/10.1016/j.immuni.2013.07.012
https://doi.org/10.1126/science.1203486
https://doi.org/10.3390/ijms21145009
https://doi.org/10.3390/cancers12030738
https://doi.org/10.1208/s12248-021-00574-0
https://doi.org/10.3389/fimmu.2018.01739
https://doi.org/10.1093/annonc/mdx755
https://doi.org/10.1093/annonc/mdx755
https://doi.org/10.1038/d41573-020-00204-y
https://doi.org/10.1038/nrd3626
https://doi.org/10.1038/nri2216
https://doi.org/10.1016/j.ccell.2015.10.012
https://doi.org/10.1038/bjc.2017.376
https://doi.org/10.1016/j.tranon.2021.101076
https://doi.org/10.3390/cancers13235899
https://doi.org/10.3390/cancers13235899
https://doi.org/10.1038/s41571-020-0413-z
https://doi.org/10.1158/2326-6066.CIR-15-0064
https://doi.org/10.1158/2326-6066.CIR-15-0064
https://doi.org/10.1158/2159-8290.CD-20-1312
https://doi.org/10.1158/2159-8290.CD-20-1312
https://doi.org/10.1016/S1470-2045(22)00274-1
https://doi.org/10.1016/S1470-2045(22)00274-1
https://doi.org/10.1016/S1470-2045(16)30498-3
https://doi.org/10.1056/NEJMoa1801005
https://doi.org/10.1016/j.annonc.2021.05.355
https://doi.org/10.1056/NEJMoa1910549
https://doi.org/10.1001/jamaoncol.2020.3370
https://doi.org/10.1016/S1470-2045(21)00152-2
https://doi.org/10.1016/S1470-2045(21)00152-2
https://doi.org/10.1016/S1470-2045(21)00216-3
https://doi.org/10.1093/annonc/mdz339.028
https://doi.org/10.1093/annonc/mdz339.028
https://doi.org/10.1016/S1470-2045(21)00342-9
https://doi.org/10.1016/j.ygyno.2020.06.025
https://doi.org/10.1016/j.ygyno.2020.06.025
https://doi.org/10.1200/JCO.21.00306
https://doi.org/10.1093/ilar/ilac004
https://doi.org/10.1007/s10517-011-1268-1
https://doi.org/10.1007/s10517-011-1268-1
https://doi.org/10.1159/000509716
https://doi.org/10.1093/annonc/mdx416
https://doi.org/10.1038/s41596-022-00709-3
https://doi.org/10.1038/s41596-022-00709-3
https://doi.org/10.1002/ame2.12165
https://doi.org/10.1146/annurev-immunol-032712-100008
https://doi.org/10.1146/annurev-immunol-032712-100008
https://doi.org/10.1093/annonc/mdw041
https://doi.org/10.3390/diagnostics10090660
https://doi.org/10.1136/jitc-2021-003525
https://doi.org/10.3389/fimmu.2023.1126969
https://doi.org/10.1016/j.vetimm.2021.110362
https://doi.org/10.1101/2023.02.15.527881
https://doi.org/10.1016/j.addr.2021.02.020
https://doi.org/10.1016/j.addr.2021.02.020
https://doi.org/10.3389/fimmu.2023.1236965
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Berckmans et al.

44. Rossa C, D’Silva NJ. Non-murine models to investigate tumor-immune
interactions in head and neck cancer. Oncogene (2019) 38(25):4902-14. doi: 10.1038/
541388-019-0776-8

45. Boettcher AN, Schachtschneider KM, Schook LB, Tuggle CK. Swine models for
translational oncological research: an evolving landscape and regulatory considerations.
Mamm Genome (2022) 33(1):230-40. doi: 10.1007/s00335-021-09907-y

46. Gaba RC, Elkhadragy L, Boas FE, Chaki S, Chen HH, El-Kebir M, et al.
Development and comprehensive characterization of porcine hepatocellular
carcinoma for translational liver cancer investigation. Oncotarget (2020) 11
(28):2686-701. doi: 10.18632/oncotarget.27647

47. Miao KZ, Kim GY, Meara GK, Qin X, Feng H. Tipping the scales with zebrafish
to understand adaptive tumor immunity. Front Cell Dev Biol (2021) 20:9. doi: 10.3389/
fcell.2021.660969

48. Majumder B, Baraneedharan U, Thiyagarajan S, Radhakrishnan P, Narasimhan
H, Dhandapani M, et al. Predicting clinical response to anticancer drugs using an ex
vivo platform that captures tumour heterogeneity. Nat Commun (2015) 6(1):6169. doi:
10.1038/ncomms7169

49. Karekla E, Liao WJ, Sharp B, Pugh J, Reid H, Le Quesne J, et al. Ex vivo explant
cultures of non-small cell lung carcinoma enable evaluation of primary tumor responses to
anticancer therapy. Cancer Res (2017) 77(8):2029-39. doi: 10.1158/0008-5472.CAN-16-1121

50. Voabil P, de Bruijn M, Roelofsen LM, Hendriks SH, Brokamp S, van den Braber
M, et al. An ex vivo tumor fragment platform to dissect response to PD-1 blockade in
cancer. Nat Med (2021) 27(7):1250-61. doi: 10.1038/s41591-021-01398-3

51. Lehmann B, Biburger M, Briickner C, Ipsen-Escobedo A, Gordan S, Lehmann C,
et al. Tumor location determines tissue-specific recruitment of tumor-associated
macrophages and antibody-dependent immunotherapy response. Sci Immunol
(2017) 2(7):eaah6413. doi: 10.1126/sciimmunol.aah6413

52. Zhao X, Li L, Starr TK, Subramanian S. Tumor location impacts immune response in
mouse models of colon cancer. Oncotarget (2017) 52:54775-87. doi: 10.18632/oncotarget.18423

53. Coosemans A, Vankerckhoven A, Baert T, Boon L, Ruts H, Riva M, et al.
Combining conventional therapy with immunotherapy: A risky business? Eur ] Cancer
(2019) 113:41-4. doi: 10.1016/j.ejca.2019.02.014

Frontiers in Immunology

09

10.3389/fimmu.2023.1236965

54. Lesterhuis WJ, Salmons J, Nowak AK, Rozali EN, Khong A, Dick IM, et al.
Synergistic effect of CTLA-4 blockade and cancer chemotherapy in the induction of
anti-tumor immunity. PloS One (2013) 8(4):e61895. doi: 10.1371/journal.pone.0061895

55. Martin-Ruiz A, Fiuza-Luces C, Martinez-Martinez E, Arias CF, Gutiérrez L,
Ramirez M, et al. Effects of anti-PD-1 immunotherapy on tumor regression: insights
from a patient-derived xenograft model. Sci Rep (2020) 10(1):7078. doi: 10.1038/
541598-020-63796-w

56. Zhao X, Kassaye B, Wangmo D, Lou E, Subramanian S. Chemotherapy but not
the tumor draining lymph nodes determine the immunotherapy response in secondary
tumors. iScience (2020) 23(5):101056. doi: 10.1016/j.is¢.2020.101056

57. Fu D, Wu J, Lai J, Liu Y, Zhou L, Chen L, et al. T cell recruitment triggered by
optimal dose platinum compounds contributes to the therapeutic efficacy of sequential
PD-1 blockade in a mouse model of colon cancer. Am | Cancer Res (2020) 10(2):473—
90.

58. Golchin S, Alimohammadi R, Rostami Nejad M, Jalali SA. Synergistic antitumor
effect of anti-PD-L1 combined with oxaliplatin on a mouse tumor model. J Cell Physiol
(2019) 234(11):19866-74. doi: 10.1002/jcp.28585

59. Alimohammadi R, Alibeigi R, Nikpoor AR, Chalbatani GM, Jwebster T, Jaafari
MR, et al. Encapsulated checkpoint blocker before chemotherapy: The optimal
sequence of anti-ctla-4 and doxil combination therapy. Int | Nanomed (2020)
15:5279-88. doi: 10.2147/IJN.S260760

60. Yan Y, Cao S, Liu X, Harrington SM, Bindeman WE, Adjei AA, et al. CX3CR1
identifies PD-1 therapy-responsive CD8+ T cells that withstand chemotherapy during
cancer chemoimmunotherapy. JCI Insight (2018) 3(8):¢97828. doi: 10.1172/
jci.insight.97828

61. Riva M, Wouters R, Sterpin E, Giovannoni R, Boon L, Himmelreich U, et al.
Radiotherapy, temozolomide, and antiprogrammed cell death protein 1 treatments
modulate the immune microenvironment in experimental high-grade glioma.
Neurosurgery (2021) 88(2):E205-15. doi: 10.1093/neuros/nyaa421

62. Rausch MP, Hastings KT. Immune checkpoint inhibitors in the treatment of
melanoma: from basic science to clinical application. In: Cutaneous Melanoma:
Etiology and Therapy. Brisbane (AU): Codon Publications (2017).

frontiersin.org


https://doi.org/10.1038/s41388-019-0776-8
https://doi.org/10.1038/s41388-019-0776-8
https://doi.org/10.1007/s00335-021-09907-y
https://doi.org/10.18632/oncotarget.27647
https://doi.org/10.3389/fcell.2021.660969
https://doi.org/10.3389/fcell.2021.660969
https://doi.org/10.1038/ncomms7169
https://doi.org/10.1158/0008-5472.CAN-16-1121
https://doi.org/10.1038/s41591-021-01398-3
https://doi.org/10.1126/sciimmunol.aah6413
https://doi.org/10.18632/oncotarget.18423
https://doi.org/10.1016/j.ejca.2019.02.014
https://doi.org/10.1371/journal.pone.0061895
https://doi.org/10.1038/s41598-020-63796-w
https://doi.org/10.1038/s41598-020-63796-w
https://doi.org/10.1016/j.isci.2020.101056
https://doi.org/10.1002/jcp.28585
https://doi.org/10.2147/IJN.S260760
https://doi.org/10.1172/jci.insight.97828
https://doi.org/10.1172/jci.insight.97828
https://doi.org/10.1093/neuros/nyaa421
https://doi.org/10.3389/fimmu.2023.1236965
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Preclinical studies performed in appropriate models could help identify optimal timing of combined chemotherapy and immunotherapy
	1 Rise in combination therapies with immune checkpoint inhibitors after limited effectivity in monotherapy
	2 Rationale for combination of chemotherapy with immune checkpoint inhibitors
	3 Combinations of immune checkpoint inhibitors and chemotherapy still fail in the majority of clinical trials
	4 Limited relevant preclinical research could relate to failing clinical trials
	5 The therapeutic combinatorial schedule influences treatment response
	6 Conclusion
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


