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Expanding the reach 
of immuno-oncology: 
considerations for optimizing 
treatment of solid malignancies 
in the future
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The treatment of cancer has been rapidly changing with the emergence of highly effective 
immunotherapies. The majority of this success stems from the development of monoclonal 
antibodies targeting negative regulatory immune checkpoint molecules. Despite the effi-
cacy of these immune checkpoint inhibitors across a range of tumor types, unfortunately 
about 70% of patients [1] either do not respond to treatment or subsequently develop re-
sistance to checkpoint inhibitor therapy. Here, we will review the current landscape of im-
mune-modifying treatments, ranging from chemotherapy and radiation to cellular therapies, 
which have the potential to further increase the clinical impact of immunotherapy. We will 
also highlight some of the current challenges in the field. These include the need for further 
mechanistic studies to better understand the complex biology of the anti-tumor response 
and to identify better biomarkers to rationally inform the selection of novel immunotherapy 
combinations. Further insights in the function of the immune system will allow the maximal 
leveraging of the growing number of immunotherapeutic modalities available in the clinic.
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INTRODUCTION
In the past decade, immune therapy has rev-
olutionized the treatment of cancer. Tremen-
dous progress has been made in utilizing ther-
apies which harness the immune system to 
fight cancer since the first observations in the 
late 19th century that Coleys cocktail of bac-
terial toxins could elicit regression of some tu-
mors. Much of the recent success of immune 
therapy has been due to the introduction of 
antibodies blocking key regulatory molecules 
of the immune system, referred to as immune 
check point inhibitors (ICIs). Treatment with 
ICIs has resulted in durable tumor regression 
in multiple different solid tumors. Despite 
this success, sustained responses to treat-
ment are not achieved by a significant num-
ber of patients treated with immune check 
point inhibitors [1]. This is particularly true 
of treatment with monotherapy targeting a 
single immune checkpoint molecule, such as 
programmed cell death-1 (PD-1/CD279), 
programmed cell death-ligand1 (PD-L1/
CD274) or cytotoxic T-lymphocyte anti-
gen-4 (CTLA-4/CD152). 

This review will focus on highlighting the 
growing number of tools in the immuno-
therapeutic toolbox (Figure 1) and the cur-
rent challenges presented in determining the 
ideal combination of these therapeutic mo-
dalities and approaches for each individual 
patient. Despite of all these emerging agents, 
the ‘Holy Grail’ of multimodal, personalized 
immunotherapy remains unrealized for most 
patients due to a lack of biomarkers to guide 
the integration of different immunotherapeu-
tic agents. 

IMMUNE CHECKPOINT 
INHIBITORS
Within the immune system, the process of 
immunosurveillance assessing for foreign 
pathogens or malignant cells is finely bal-
anced against the development of autoim-
munity. This balance is partially maintained 
by immune checkpoints [2], an array of 

receptors on the immune cell surface which, 
in turn, promote activation or suppression 
of the immune response. Seminal work in 
murine models in the 1990s established that 
preventing the ligation of the inhibitory re-
ceptors CTLA4 or PD-1 by their cognate li-
gands could result in the activation of T cells 
and tumor clearance [2,3]. More than a de-
cade later, unprecedented durable responses 
were observed in roughly 20% of patients 
with advanced melanoma treated with an an-
ti-CTLA-4 agent [4]. Increased numbers of 
responses were subsequently observed with 
anti-PD1 therapy for patients with advance 
melanoma [5,6]. Moreover, further increases 
in response rates and patient survival were 
observed when a PD1 blockade was com-
bined with anti-CTLA-4 therapy, albeit at 
the cost of increased toxicity [7]. The success 
of ICIs targeting PD-1, PD-L1 and CTLA-
4 has now been duplicated in multiple oth-
er tumor types. Interestingly, the enhanced 
efficacy of combined ICI therapy with an-
ti-PD1 and anti-CTLA-4 observed in pa-
tients with melanoma has also been seen in 
patients with other solid tumors [8–10]. The 
hope was that this success of combined an-
ti-PD1 and anti-CTLA-4 therapy could be 
replicated, and perhaps enhanced, with nov-
el agents targeting other key immune inhibi-
tory or costimulatory molecules. As recently 
reviewed extensively by Esfahani et al., there 
are a multitude of other potential immune 
checkpoint targeting agents currently un-
der investigation in various stages of clinical 
trial [11]. Many of these novel agents target 
other inhibitory checkpoint molecules, such 
as lymphocyte-activation gene 3 (LAG-3/
CD223), V-domain immunoglobulin sup-
pressor of T cell activation (VISTA/B7-H5) 
or T-cell immunoreceptor with immuno-
globulin and ITIM domain (TIGIT). Oth-
ers are agonistic antibodies which target 
co-stimulatory molecules on T cells, such as 
tumor necrosis factor receptor superfamily 
member 9 (TNFRSF9/ 4-1BB/CD137), in-
ducible T-cell costimulator (ICOS/CD278) 
or CD28. To date, many of the results of 
these trials with novel ICI/costimulatory 
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agonist combinations have been disappoint-
ing. Some agents, such as those early studies 
using an agonistic anti-CD28 antibody have 
displayed unacceptable toxicity [12]. On 
the other hand, many of the novel combi-
nations of ICIs have not yet demonstrated 
significant clinical activity, although trials 
are ongoing [13]. A major limitation in the 
development of these novel ICIs/agonistic 
antibody combinations is lack of detailed 
mechanistic understanding of the under-
lying biology of many of these immune 
checkpoint molecules. The unique role of 
each immune checkpoint molecule in gov-
erning the anti-tumor immune response is 
unclear and unfortunately likely context-de-
pendent. For example, recent studies have 
suggested that the inhibitory receptor V-do-
main immunoglobulin suppressor of T-cell 
activation (VISTA) is expressed on multi-
ple tumor-infiltrating lymphocytes such as 
myeloid-derived suppressor cells (MDSCs) 
and T regulatory cells (Tregs). Interestingly, 
however, expression of VISTA is not suffi-
cient for it to engage is cognate receptor and 
induce suppression of the anti-tumor im-
mune response. For VISTA to be an active 
inhibitory receptor, it also requires an acidic 
environment [14]. Thus, measuring VISTA 
protein expression alone is not sufficient to 
predict the inhibitory activity of VISTA. 
Factors such as this have prevented the iden-
tification of robust biomarkers to predict the 
efficacy of many of these novel ICIs as well 
as hampering the rational selection of novel 
ICI combinations amongst the numerous 
possible combinations. As a result, no ICI 
combinations have yet demonstrated supe-
rior clinical efficacy than the original an-
ti-PD1 and anti-CTLA-4 combination for 
most solid tumors. This failure to improve 
on the success of combination of anti-PD1 
and anti-CTLA-4 also speaks to the com-
plexity of immunoregulatory mechanisms 
in the tumor microenvironment (TME) and 
the need to target multiple different regula-
tory pathways in the TME beyond just im-
mune checkpoint molecules to elicit an an-
ti-tumor immune response in some patients. 

TUMOR MICROENVIRONMENT: 
BEYOND ICIS
The approach to immunotherapy needs to 
be undertaken in the context of the TME 
which encompasses the cellular milieux of 
tumor cells, stromal cells as well as a diverse 
array of immune cells such as T lymphocytes, 
dendritic cells, macrophages, polymorphonu-
clear cells and natural killer cells. The TME 
can show a wide degree of heterogeneity from 
patient to patient depending on tumor type, 
anatomical location and molecular character-
istics of the tumor. Tumors can be concep-
tually divided into immunologically ‘hot’ or 
‘cold’ microenvironments. ‘Hot’ tumors typi-
cally display evidence of robust infiltration of 
CD8+ T cells and expression of IFN-γ or PD-
L1 with high PD-L1 expression in NSCLC 
shown to be predictive of clinical response to 
ICIs [15]. Conversely, ‘cold’ microenviron-
ments demonstrate limited or no infiltration 
of immune cells. ‘Cold’ microenvironments 
are associated with poor response to im-
mune checkpoint inhibitors [16]. A myriad of 

 f FIGURE 1
The expanding range of treatments in immuno-oncology.

Immune therapy has expanded from the use of immune checkpoint 
inhibitors to include multiple other treatment modalities.  These 
include the combination of immune therapy with chemotherapy 
and radiation, addition of VEGF inhibitors or small molecule 
inhibitors, cell therapy, bispecific antibodies, cytokines and tools to 
activate the innate immune system such as vaccines and oncolytic 
viruses.  Immune-modifying therapies targeting manipulation 
of the microbiome and the metabolic composition of the tumor 
microenvironment are also being developed.
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factors can contribute to this ‘cold’ immune 
phenotype. These can include the recruit-
ment of immune suppressive cells, such as 
Tregs and MDSCs, or the expression of im-
mune suppressing chemokines and cytokines. 
The tumoral stroma itself can create a barrier 
to the infiltration of immune cells [17]. Addi-
tionally, the TME is a harsh environment de-
pleted of many nutrients required by T cells 
and other immune effector cells to function 
properly [18]. Accordingly, understanding 
additional approaches to transform immu-
nologically ‘cold’ tumors to ‘hot’ tumors has 
been an ongoing area of investigation. Below, 
we will discuss additional therapies that help 
stimulate an anti-tumor immune response.

CHEMOTHERAPY
Chemotherapy was initially considered as a 
treatment modality which would potential-
ly decrease or interfere with the use of im-
munotherapy due to its potential toxicity to 
myeloid cells and T-cell populations involved 
in immunotherapy responses. However, upon 
further investigation, it was discovered that 
chemotherapeutic agents given at specific 
doses and intervals could improve the re-
sponse of immunotherapy. Chemotherapies, 
such as doxorubicin, mitoxantrone and cy-
clophosphamide, can induce immunogenic 
cell death via a number of cellular pathways. 
Immunogenic cell death leads to the activa-
tion of the innate immune system, and par-
ticularly antigen presenting cells such as den-
dritic cells (DCs), to support the activation of 
a tumor-specific adaptive immune response 
[19,20]. Pathways involved in immunogenic 
cell death include the activation of Toll-like 
receptors via post apoptotic release of nuclear 
chromatin binding protein HMGB1 [21,22]. 
Cytotoxic agents can also result in the release 
of ATP from lysosomal stores stimulating 
macrophage recruitment and maturation [23] 
and NK cell proliferation and IFNg secretion 
[24]. Chemotherapy can also lead to tumor 
cell immunogenicity by inducing expression 
of MHC-I molecules and tumor specific 

antigens on the tumor cell surface [25]. Le-
veraging these effects, the use of chemoim-
munotherapy combinations with standard 
chemotherapy regimens in combination with 
ICI has been studied in Phase 3 clinical trials 
and has been FDA approved for tumor tissue 
types including non-small-cell lung cancer, 
small cell lung cancer, triple negative breast 
cancer and head/neck cancer with evidence of 
clinical benefit [26–29].

In addition to standard-dose chemothera-
py, continuous low-dose exposure to chemo-
therapy or ‘metronomic’ chemotherapy has 
been studied as a means to enhance the an-
ti-tumor immune response. In clinical stud-
ies metronomic dosing of cyclophosphamide 
treatment of end-stage cancer patients (50 mg 
orally, b.i.d., 1 week on, and 1 week off, for 1 
month or more) strongly curtailed immuno-
suppressive Treg cells, leading to a restoration 
of peripheral T-cell proliferation and innate 
immune cell killing activities [30]. Another 
study of metronomic cyclophosphamide in 
metastatic breast cancer showed a 40% re-
duction in T regulatory cells initially however 
these numbers recovered during the treatment 
course however the treatment induced a sta-
ble tumor specific T-cell response which cor-
related to improved clinically outcome [31]. 
Despite these promising results, metronomic 
chemotherapy has yet to show any synergis-
tic activity with ICI or other immunotherapy 
modalities in prospective, randomized trials. 
Clearly, further research is warranted to be 
elaborate the ideal deliver of chemotherapeu-
tic agents to optimize the activation of both 
the innate and the adaptive immune system 
and synergize with immunotherapy.

RADIATION
The addition of radiation is another po-
tential tool which can be used to alter the 
TME potentially changing a noninflamed 
environment into a more immune sensitive 
environment. There is ongoing discussion 
regarding the pro-inflammatory versus the 
immune suppressive effects of radiation on 
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anti-tumor immunity. The immune response 
to radiation is thought to depend on multiple 
factors including timing, dose, fractions, site 
radiated and also the tumor type. Low dose 
radiation at 2Gy has shown it can create an 
immunogenic environment via the innate 
immune system through macrophage stim-
ulation [32]. In contrast high dose radiation 
has been thought to promote tumorigenic 
macrophages [33] and cause vascular damage 
limiting access of immune cells to the TME 
[34]. In a similar process to the effects of cer-
tain chemotherapeutic agents discussed above 
radiation treated cells undergo immunogenic 
cell death causing release of specific proteins 
which can activate Toll like receptors of the 
innate immune response [35]. DNA released 
from radiation damaged cells have also been 
shown to active the c-Gas-STING pathway 
causing increased type I interferon release by 
dendritic cells in the TME [36]. Radiation has 
also been shown to increase expression of ma-
jor histocompatibility complex (MHC) I on 
tumor cells and increase T-cell activity [37]. In 
totality, these changes may be responsible for 
the ‘abscopal effect’ that has been described 
with radiation therapy; the abscopal effect is 
the observation of regression of non-irradiat-
ed metastatic lesions following the treatment 
with radiation of another site of disease, pre-
sumably due to the activation of the immune 
system. Unfortunately, to date, combinations 
of ICIs and radiation to induce the ascopal 
effect and enhance tumor immunity have 
proven difficult to demonstrate in clinical tri-
als [38].

ACTIVATION OF THE INNATE 
IMMUNE SYSTEM: DANGER 
SIGNALS, ONCOLYTIC VIRUSES & 
VACCINES
Failure to active the innate immune sys-
tem, and particularly DCs, can allow tu-
mors to circumvent the immune response 
and undoubtedly contributes to the ‘cold’ 
tumor phenotype. Both chemotherapy and 
radiation can initiate cellular pathways that 

promote DC activation and allow for the 
bridging of the innate to the adaptive im-
mune response, as activated DCs increase 
antigen presentation and provide costimula-
tory signals and cytokines to promote T-cell 
activation [39]. The pattern recognition re-
ceptor (PRR) family play a pivotal role in DC 
activation. These PRRs recognize bacterial 
or viral molecules called pathogen associated 
molecular patterns (PAMPs) or endogenous 
molecules called damage associated molecu-
lar patterns (DAMPs). Rather than trying to 
induce the release of DAMPs with chemo-
therapy or radiation, another approach is to 
directly provide DAMPs or PAMPs into the 
TME. This approach has been quite success-
ful with non-metastatic tumors. The treat-
ment of non-invasive bladder tumors involves 
the use of the attenuated bacillus Calmette–
Guerin (BCG) and some superficial basal cell 
carcinomas of the skin can be treated with 
the synthetic TLR agonist Imiquimod. For 
metastatic disease, intertumoral injection of 
DAMPs or PAMPs have been found to syner-
gize with ICI therapy and enhance the tumor 
clearance both of the injected lesion as well as 
at distant sites of disease. This systemic effect 
of local injection has been observed both in 
mouse models [40,41] and early clinical trials 
[42]. Additionally, synthetic DAMPS activat-
ing the cGAS-STING pathway which can be 
administered systemically but still result in 
potent tumor regression in preclinical models 
have been described [43]. These agents hold 
the promise to allow for the activation of 
DCs and the innate immune response in pa-
tients for which intra-tumoral injections are 
not safe or feasible. Unfortunately, these new 
STING agonists, as well as the other DAMPs 
and PAMPs that have been tested, have yet 
to demonstrate efficacy in large, randomized 
trials.

Oncolytic viruses have also emerged as an 
immunotherapeutic modality whose mecha-
nism of action relies heavily upon activation 
of DCs and the innate immune system. Early 
in their development, oncolytic viruses (OV) 
were envisioned as engineered therapeutic 
that would selectively infect and lyse tumor 
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cells. Further research, however, has indicat-
ed that the dominant mechanism of action of 
these viruses is to induce an anti-tumor im-
mune response [44]. To date, only one OV has 
been licensed for clinical use in the USA, Eu-
rope and Australia. Talimogene laherparepvec 
(T-VEC) is a modified herpes simplex virus 
type I that results in the expression of the hu-
man granulocyte-macrophage colony stim-
ulating factor (GM-CSF) in infected cells. 
The combination of the expression of GM-
CSF to attract immature DCs and the natu-
ral PAMPs in the T-VEC virus and DAMPS 
released by virally-lysed cells, co-ordinate to 
boost DC activation in the TME and pro-
mote anti-tumor immunity. Indeed, T-VEC 
treatment was demonstrated to induce dura-
ble clinical response in patients with advance 
melanoma when used as monotherapy [45]. 
Combination trials of T-VEC, as well as other 
OVs, with ICIs are ongoing with some en-
couraging early results being reported, albeit 
in small number of patients [46,47]. 

Finally, tumor-specific vaccines are another 
potential tool to provide both tumor-specific 
antigen as well as molecular signals to acti-
vate innate immune cells. Historically, tumor 
vaccines do not have a tremendous track re-
cord of success for the treatment of advanced 
cancer, even when used in combination with 
ICIs. For example, the seminal trial that estab-
lished the potential of ipilimumab to induce 
durable responses in patients with melanoma 
also included treatment with a therapeutic 
vaccine targeting the gp100 melanoma pep-
tide which did not display any added thera-
peutic benefit [48]. Since then, however, it has 
been discovered that tumors contain multiple 
mutated proteins that can give rise to novel 
‘neo-antigens’ that can be recognized by the 
immune system. Vaccine strategies utilizing 
neo-antigen targets have shown promise in 
early clinical trials [49,50]. Moreover, novel 
vaccine platforms utilizing mRNA technolo-
gy have improved the antigen expression and 
immunogenicity of the vaccine antigen [51]. 
There is now reason for growing enthusiasm 
that personalized, mRNA vaccines targeting 
tumor antigens or neo-antigens will be a key 

component of immune therapy combina-
tions in the future. 

CYTOKINE THERAPY
Early in the immunotherapy era stimulation 
of an immune response with provision of cy-
tokine therapy was attempted in melanoma 
and renal cell carcinoma with high dose inter-
leukin (IL)-2 or interferon alpha [52]. Unfor-
tunately, these treatments had very high levels 
of toxicity with not very good efficacy. Sub-
sequently, alternative cytokine therapies have 
been tested in early clinical trials with the aim 
of improving T cell and NK cell function, in-
cluding Il-12, Il-15 and Il-21 [53]. Unfortu-
nately, all of these treatments were also associ-
ated with high rates of toxicity. This has led to 
the development of modified cytokine agents, 
including bempegaldesleukin a polyethylene 
glycol–conjugated recombinant IL-2. These 
modified IL-2 agents have demonstrated an-
ti-tumor activity but acceptable toxicity in 
animal models [54] and multiple clinical trials 
are ongoing. To date, however, no modified 
cytokine agents are approved for clinical use.

SMALL MOLECULE INHIBITORS: 
TARGETING VEGF & BEYOND
In parallel with the immune therapy revolu-
tion, there has also been an explosion of the 
number of tyrosine kinase inhibitors (TKIs) 
and other targeted therapies aimed at blocking 
key aspects of oncogenesis, from cell growth 
to angiogenesis [55]. For many malignancies 
harboring driver mutations, such as epider-
mal growth factor receptor (EGFR)-mutated 
non-small-cell lung cancer (NSCL), these 
targeted therapies are the standard first line 
therapy and have demonstrated impressive 
clinical activity [56]. There is now increasing 
interest in combining many of these targeted 
therapies with immune therapies, as there is 
emerging evidence that many of these tar-
geted therapies may also aid in enhancing 
the anti-tumor immune response. This is 
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particularly true of agents targeting the vas-
cular endothelial growth factor (VEGF) re-
ceptor signaling pathway. The VEGF family 
of growth factors bind to VEGF receptor ty-
rosine kinase triggering their signal transduc-
tion pathways. VEGF stimulates formation 
of new blood vessels to help supply growing 
tumors. Signaling via VEGF also potential-
ly suppresses immunity through effecting 
accumulation of immature dendritic cells, 
myeloid derived suppressor cells and inhib-
iting of T cell migration to tumors [57]. This 
pathway has been targeted clinically via the 
use of bevacizumab, a VEGF-A blocking an-
tibody, in several solid malignancies and has 
shown varying degrees of clinical response 
[58,59]. Studies have shown that VEGF in-
hibition allows for dendritic cell maturation 
and treatment with bevacizumab have shown 
increased dendritic cell maturation [60]. 
Blockade of VEGF signaling with bevacizum-
ab has also been used in combination of with 
ICI therapy. A combination of the anti–PD-
L1 monoclonal antibody atezolizumab with 
bevacizumab and chemotherapy was assessed 
in first line treatment of metastatic nonsqua-
mous cell lung cancers. This triplet regimen 
resulted in improved median overall survival 
compared with patients treated with bevaci-
zumab and chemotherapy alone. Predictably, 
however, patients treated with the triple ther-
apy also had higher rate of serious toxicity 
compared to the control group [61].

Echoing these data with bevazicumab, are 
the results of pre-clinical and clinical trials 
which combined ICIs with Lenvatinib. Len-
vatinib is an oral small-molecule inhibitor of 
VEGFRs, as well as other receptors such as 
FGFRs, PDGFRα, KIT and RET proto-on-
cogene. Lenvatinib was previously used as 
monotherapy of several malignancies includ-
ing hepatocellular carcinoma, renal cell carci-
noma and thyroid cancer [62–64]. In murine 
models, Lenvatinib in combination with anti 
PD-1 blockade was shown to enhance anti-tu-
mor immunity by reducing tumor associated 
macrophages and increasing the percentage 
of activated CD8+ T cells secreting interferon 
IFN)-γ+ and granzyme B in the TME [65]. 

In trials with patients with various different 
cancers including, urothelial cancer, head and 
neck squamous cell carcinoma, melanoma, 
non-small cell lung cancer, renal cell carcino-
ma, colorectal cancer and endometrial can-
cer, combination Lenvatinib with anti-PD1 
therapy displayed impressive rates of response 
ranging from 25–55% [63,66]. Again, these 
data clearly indicate the blockade of VEGF 
signaling is active in combination with ICI 
therapy. The challenge still remains as how 
best select patients for this combination, as 
the trials have yet to offer definite insight into 
this important question.

In addition to agents blocking the VEGF 
receptor signaling pathway, inhibitors target-
ing other signaling pathways have been sug-
gested to have significant immuno-modulato-
ry properties. For instance, combined BRAF 
and MEK inhibition as well as CDK4/6 in-
hibitors have been demonstrated to enhance 
the T cell response in pre-clinical models [67]. 
Evidence of these synergies are also emerging 
in the clinic as patients with BRAF-mutant 
melanoma treated with a triplicate regimen 
of a BRAF inhibitor, a MEK inhibitor and 
an anti-PD-L1 agent displayed increased pro-
gression free survival compared to patients 
treated with targeted therapy alone [68]. Sim-
ilarly, in hormone receptor-positive breast 
cancer a triplicate regimen of anti-PD1, hor-
monal therapy and a CDK4/6 inhibitor dis-
played encouraging results in a Phase 1/2 trial 
[69]. Obviously, further trials are required, 
but these early data are notable as previously 
hormone receptor-positive breast cancer was 
considered an immunologically ‘cold’ tumor, 
refractory to ICI treatment. These data pro-
vide early clinical data that targeted therapies 
could hold the potential to expand the reach 
of immune therapy. 

CELLULAR THERAPY
Adoptive cellular therapy (ACT) is a form of 
immunotherapy which uses ex vivo expanded 
T cells to generate an anti-tumor response. 
There are three major ACT modalities used 
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in treatment of solid malignancy: autologous 
tumor infiltrating lymphocytes (TIL), genet-
ically engineered T cell receptors (TCRs) and 
chimeric antigen receptors (CAR) T cells. 
CAR T cells have demonstrated unprecedent-
ed results in the treatment of hematological 
malignancies but have yet to have the same 
level of success for solid tumor malignancy 
[70]. To date, ACT using TILs has displayed 
some of the best clinical responses in patients 
with certain solid tumors. Treatment pro-
tocols for ACT using TILs require the har-
vest of autologous CD8+ and CD4+ T from 
a tumor lesion via surgical resection. These 
TILs are then massively expanded ex vivo and 
reinfused back into the patients following 
preparative treatment with lymphodepleting 
chemotherapy. Engraftment and expansion 
of the infused TILs is then supported by in-
terleukin-2 treatments. There has been prom-
ising clinical responses observed in patients 
treated with ACT using TILs, particularly for 
melanoma [71]. Importantly, significant clin-
ical response have been observed in patients 
whose disease previously progressed on treat-
ment with ICI therapy. For instance, a recent 
study assessed treatment with TIL product li-
fileucel in patients with unresectable melano-
ma after progression on either ICI or targeted 
therapy. The overall response rate was 36.4% 
and disease control rate of 80% [72]. More-
over, the reach of TIL therapy is now being 
studied beyond the treatment of melanoma. 
TIL therapy in combination with ICI treat-
ment has shown promise in patients with NS-
CLC. Amongst 20 NSCLC patients treated 
with TILs and ICI after prior progression on 
anti PD-(L)1 inhibitors, 2 patients achieved 
durable complete response [73]. These data 
speak to the potential of TIL therapy to treat 
tumors that are refractory to ICI therapy 
alone.

Genetically engineered T-cell receptor ther-
apy modifies naïve lymphocytes to recognize 
tumor antigen via the expression of T-cell re-
ceptor specific for a tumor antigen expressed 
in the context of the major histocompatibil-
ity complex (MHC). One of the major chal-
lenges of TCR therapy is identifying a tumor 

antigen which is specific to the tumor there-
fore avoiding activation of cells towards tis-
sue other than the tumor. For example TCRs 
specific against the MART1 antigen [74] in 
melanoma and NY-ESO-1 and MAGE A3/6 
antigens [75] have been used in clinical trials 
due to the high levels of expression of these 
antigens on certain tumor types. A drawback 
of TCR based therapies is the dependence 
of antigen presentation on MHC. CAR T 
cell lymphocytes are genetically modified to 
have specificity for tumor antigens however 
the engineered construct can recognize sur-
face antigen that is not restricted based on 
MHC presentation. Several different tumor 
antigens have been targeted in CAR T cells 
for solid malignancy including IL-13 recep-
tor α 2 (IL13Rα2) in a patient with multi-
focal glioblastoma multiforme [76]. Other 
targets have included mesothelin [77] and 
[78] HER2 both of which showed limited re-
sponse to date. The next generation of engi-
neered T cell products, T cells redirected for 
antigen-unrestricted cytokine- initiated kill-
ing’ (TRUCKs) aim to combine CAR T-cells 
with inducible release of a transgenic protein, 
typically a cytokine at the time of activation 
to stimulate a wider immune response. These 
next generation cell therapies offer the poten-
tial for ‘build in’ combination immune ther-
apy with ACT in addition to other therapeu-
tics being expressed by the modified T cells. 
These approaches may help overcome some 
of the current issues of antigen-targeting cur-
rently impeding the development of gene-en-
gineered T cells and CAR T cells and allow 
the engineered T cells to deliver agents to the 
TME that will support the reinvigoration of 
an endogenous, polyclonal anti-tumor T cell 
response.

The next generation of ACT may enroll the 
aid of gene editing technologies such as clus-
ter regulatory interspaced short palindromic 
repeat/CRISPR-associated protein [9]. The 
addition of gene editing to CAR T cells has 
the ability to help enhance potency and safe-
ty of treatment via for example knocking out 
of inhibitory molecules such as PD-1 and 
TGF-beta which has shown increased tumor 
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elimination in patient derived xenograft solid 
tumor models [79,80].

T-CELL ENGAGERS
T-cell engager are molecules that induce an-
ti-tumor immunity by inducing the targeting 
and activation of polyclonal T lymphocytes 
to tumor-expressed antigens. Bispecifc T-cell 
engagers (BiTEs) are recombinant proteins 
made of scFv regions from two different an-
tibodies. One scFV targets a specific tumor 
antigen and the other targets and activates T 
cells independent of antigen specificity, typi-
cally via engaging the CD3 complex. These 
molecules are able to reorient T cells that do 
not express a T-cell receptor specific for tumor 
antigens and thereby allow for an amplifica-
tion of the anti-tumor response by recruit-
ing ‘bystander’ T cells. As recently reviewed 
elsewhere [77], there currently are a range 
of target antigens expressed by tumors that 
are being tested as targets for BiTE therapy. 
These include HER2, EGFRvIII, mesothelin, 
GD2, CEA, PSMA, EpCAM and AFP. Simi-
lar to the challenge faced in the development 
of CAR T cell therapy for solid tumors, ex-
pression of the target antigen by tumor must 
be weighed against expression in healthy tis-
sue. High expression of the target antigen in 
normal tissue can result in significant toxic-
ity in what is terms an ‘on target off tumor’ 
effect. Despite this caveat, a modified T cell 
engager has recently demonstrated significant 
activity in the treatment of uveal melanoma.

Tebentafusp is classed as an immune-mo-
bilizing monoclonal T-cell receptor against 
cancer (ImmTAC). The molecule differs 
from a classic BiTE as the tumor targeting is 
achieved via the use of a soluble, affinity-en-
hanced HLA-A*02:01–restricted T-cell re-
ceptor that is specific for a peptide from the 
glycoprotein 100 (gp100) protein. This solu-
ble TCR is fused to an anti-CD3 single-chain 
variable fragment that induces activation of 
the recruited T cells. In a recent trial, first-line 
treatment tebentafusp was found to increase 
overall survival versus ICI monotherapy for 

patients with metastatic uveal melanoma [81]. 
These data establish that T cell engager ther-
apies have the potential to be clinical benefit 
for solid tumors. Moreover, they reinforce 
that tumors thought of as immunologically 
‘cold’, such as uveal melanoma, due to poor 
response to ICI therapy still can be amena-
ble to treatment with a different modality of 
immunotherapy.

MICROBIOME
There has been growing interest in modulat-
ing the microbiome, the billions of bacteri-
al that colonize the human skin, respiratory 
and digestive tracts, to enhance the outcomes 
of immunotherapy treatments. This interest 
stems from the multiple pre-clinical studies 
that have demonstrated the profound impact 
of the composition of the intestinal microbial 
flora has on the efficacy of immune therapy 
treatments, particularly ICIs [82,83]. En-
couragingly, these results have been mirrored 
in cohorts of cancer patients, with different 
species of microbiota being found to be en-
riched in responders versus non-responders 
to ICI therapy. For example, patients with 
metastatic melanoma who were responders 
to anti–PD-1 therapy were shown to have 
enrichment of Bifidobacterium longum, Col-
linsella aerofaciens, and Enterococcus faecium 
in pre-treatment stool samples [84]. Addi-
tionally, it has been found in cancer patients 
treated with ICI there exists a correlation 
between the microbiome and the toxicities 
experienced. A protective effect of a Bacteroi-
detes-rich phylotype against CTLA-4 block-
ade–induced colitis was observed in patients 
with melanoma [85]. Further studies have 
also correlated the microbiome with adverse 
events experienced by patients treated with 
combination PD-1 and CTLA-4 blockade 
[86]. Collectively, these data verify that the 
microbiome is an attractive target for modu-
lation to enhance the efficacy and potentially 
lessen the toxicity of immune therapy.

One challenge has been to understand the 
best ways to modulate the microbiome to 
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improve immune therapy. It appears that a 
favorable microbiota contains a vast diversity 
of microbial species. Accordingly, promoting 
a diverse microbiome seems to be a key prin-
ciple to guide potential therapeutic interven-
tions. Avoiding concurrent therapies, such 
as antibiotics, that lessen microbial diversity 
has been suggested to improve outcomes with 
ICIs in retrospective studies. Wilson et al. 
reviewed 766 studies assessing the effects of 
antibiotic use in immune checkpoint block-
ade looking at the outcome of 2889 patients 
and showed an increased overall survival in 
patients that were not exposed to antibiotics 
during treatment [87]. Aside from preventing 
damage to microbial diversity, other treat-
ment approaches have demonstrated promise 
to promote a varied intestinal ecosystem. A 
diet enriched for dietary fiber has recently 
been found to promote the diversity of the 
colonic microbiome and correlate with su-
perior outcomes to ICI therapy [88]. Fecal 
microbiota transplant has also been utilized 
to attempt to repopulate the microbiome 
with flora supportive of response to immune 
therapy. To date, in early phase trials this ap-
proach has been able to rescue the response 
to anti-PD1 therapy in some patients whose 
disease initially progressed on treatment [89]. 
Collectively, all of these studies indicate that 
the microbiome has the potential not only 
to be an important biomarker for treatment 
selection but also an important therapeutic 
target for future immunotherapy regimens.

METABOLISM
Within the TME there are numerous suppres-
sive factors that can blunt the anti-tumor im-
mune response. In addition to the presence of 
many negatively regulatory cells such as Tregs 
and MDSC, there are multiple metabolic fac-
tors within the TME that can constrain T-cell 
activation and immunity. These include hy-
poxia, altered pH as well as the depletion of 
many key nutrients required for immune cell 
function [18]. In particular, the amino acids 
tryptophan and arginine are depleted in the 

TME via their catabolism by the enzymes 
indoleamine 2,3 dioxygenase (IDO) 1 and 
arginase 1 (Arg1) respectively, which are ex-
pressed by multiple cell types present in the 
TME [90]. Accordingly, agents that inhibit 
the enzymatic activity of IDO and ARG1 
and prevent the depletion of tryptophan or 
arginine in the TME have the potential to 
help enhance anti-tumor immunity. Unfor-
tunately, the first IDO inhibitor, epacadostat, 
to be trialed in combination with anti-PD1 
agent in a randomized Phase  3 trial failed 
to demonstrate clinical benefit [91]. There 
remains, however, many questions as to the 
reason for this observed lack of benefit, rang-
ing from the dosing regimen used to the trial 
design [92]. Further trials with novel, more 
potent IDO inhibitors that also inhibit the 
IDO2 enzymes [93] or ARG1 inhibitors are 
still required to fully evaluate this treatment 
strategy in the context of immune therapy. 

Aside from enhancing amino acid levels 
in the TME, reducing hypoxia is another 
therapeutic approach that has shown prom-
ise in pre-clinical models. In mouse studies 
the commonly used diabetes drug metformin 
was shown to reprogram tumor metabolism, 
reducing oxygen consumption by the tumor 
cells and thereby increasing the oxygen avail-
able to immune cells in the TME. Treatment 
of mice bearing murine melanoma and co-
lon cancers with metformin and anti-PD1 
blockade demonstrated reduced hypoxia in 
the TME and increased efficacy of anti-PD1 
therapy [94]. In patients, a retrospective co-
hort study that included patients diagnosed 
with metastatic malignant melanoma and 
treated immune checkpoint inhibitors plus 
metformin showed the overall response rate 
was higher in the combination group at 68% 
versus 54%, however this difference did not 
reach the threshold of statistical significance. 
The study did show a decrease in the mean 
number of new metastatic sites which ap-
peared during in the combination group [95]. 
Again, prospective studies are indicated, but 
this shows proof in principle that medications 
with existing indications to treat metabolic 
diseases have the potential to be leveraged to 
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alter the metabolic composition of TME and 
enhance the efficacy of immunotherapy.

CONCLUSION
Immunotherapy has caused a paradigm shift 
in the treatment of solid malignancy over the 
past decade providing the potential for du-
rable long-term control of a broad range of 
malignancies. Unfortunately, however, treat-
ment failure is still common. To overcome 
these failures, multiple different immuno-
therapeutic modalities have been developed. 
There exists solid evidence that combining 
these different modalities can over-come re-
sistance and improve outcomes for patients. 
The challenge, however, is the emerging 
complexity; with each additional treatment 
modality the number of potential combi-
natorial treatments increases exponentially. 
This increasing complexity stands in stark 
contrast to the binary ‘hot’ and ‘cold’ tumor 
paradigm that has dominated the literature. 
To help resolve this conflict, studies inte-
grating multiple different large-scale ‘omics’ 
approaches are needed. Integrated analysis of 
gene expression signatures, immune cell in-
filtrates and metabolic milieux within TME 
in conjunction with other patient factors, 
such as the microbiome, will hopefully aid 
in identifying novel biomarkers and global 
patient phenotypes to inform novel combi-
nation treatment regimens. These types of 

analysis, however, will likely have to leverage 
machine-learning approaches due the size 
and the complexity of the datasets. Artificial 
intelligence and machine learning technolo-
gies are being developed to aid in interpret-
ing imaging studies, assessment of TME, 
prediction of immunotherapy side effects 
and treatment response [96]. To this end, a 
recent study utilized a transcriptomic-based 
analytics platform to characterize the TME 
of multiple different tumor types. This analy-
sis allowed them to refine the ‘hot’ and ‘cold’ 
tumor model and define four different sub-
types of TME, each conserved across multi-
ple tumor types and each displaying a differ-
ent responsiveness to immune therapy [97]. 
Importantly, these analyses also predicted the 
immune therapy approaches which would be 
potentially most efficacious for each of the 
novel TME subset defined. It will be of great 
interest to see if these predications can be val-
idated in prospective trials. If these predicted 
treatment regimens prove to be effective, this 
would enable the use of TME characteris-
tics, rather than just tumor histological type, 
to guide the choice of immunotherapeutic 
regimen. Encouragingly, studies like these 
suggest that the existing arsenal of different 
immune therapy modalities may already be 
large enough to greatly increase the clinical 
benefit for many patients; the challenge for 
the next decade of immune therapy is to 
match agents in the current treatment arse-
nal to the correct patients for maximal effect.

REFERENCES
1. Pérez-Ruiz E, Melero I, Kopecka J et al. 

Cancer immunotherapy resistance based 
on immune checkpoints inhibitors: 
Targets, biomarkers, and remedies. Drug 
Resist. Updat. Rev. Comment. Antimicrob. 
Anticancer Chemother. 2020; 53, 100718. 

2. Leach DR, Krummel MF, Allison JP. 
Enhancement of antitumor immunity 
by CTLA-4 blockade. Science 1996; 271, 
1734–1736. 

3. Curiel TJ, Wei S, Dong H et al. Blockade 
of B7-H1 improves myeloid dendritic 
cell-mediated antitumor immunity. Nat. 
Med. 2003; 9, 562–567. 

4. Schadendorf D, Hodi FS, Robert C 
et al. Pooled Analysis of Long-Term 
Survival Data From Phase II and Phase 
III Trials of Ipilimumab in Unresectable 
or Metastatic Melanoma. J. Clin. Oncol. 
Off. J. Am. Soc. Clin. Oncol. 2015; 33, 
1889–1894.

5. Robert C, Long GV, Brady B et al. 
Nivolumab in Previously Untreated 
Melanoma without BRAF Mutation. N. 
Engl. J. Med. 2015; 372, 320–330.

6. Robert C, Schachter J, Long GV et al. 
Pembrolizumab versus Ipilimumab in 
Advanced Melanoma. N. Engl. J. Med. 
2015; 372, 2521–2532. 

7. Postow MA, Chesney J, Pavlick AC et 
al. Nivolumab and Ipilimumab versus 



110 DOI: 10.18609/ioi.2022.013

IMMUNO-ONCOLOGY INSIGHTS 

Ipilimumab in Untreated Melanoma. N. 
Engl. J. Med. 2015; 372, 2006–2017.

8. Hellmann MD, Paz-Ares L, Caro RB et 
al. Nivolumab plus Ipilimumab in Ad-
vanced Non-Small-Cell Lung Cancer. N. 
Engl. J. Med. 381, 2020–2031 (2019).

9. El-Khoueiry AB, Yau T, Kang YK et al. 
Nivolumab (NIVO) plus ipilimumab 
(IPI) combination therapy in patients 
(Pts) with advanced hepatocellular carci-
noma (aHCC): Long-term results from 
CheckMate 040. J. Clin. Oncol. 2021; 
39, 269–269.

10. Motzer RJ, Tannir NM, McDermott 
DR et al. Nivolumab plus Ipilimumab 
versus Sunitinib in Advanced Renal-Cell 
Carcinoma. N. Engl. J. Med. 2018; 378, 
1277–1290. 

11. Esfahani K, Roudaia L, Buhlaiga N et 
al. A review of cancer immunotherapy: 
from the past, to the present, to the 
future. Curr. Oncol. Tor. Ont. 2020; 27, 
S87–S97.

12. Suntharalingam G, Perry MR, Ward S et 
al. Cytokine Storm in a Phase 1 Trial of 
the Anti-CD28 Monoclonal Antibody 
TGN1412. N. Engl. J. Med. 2006; 355, 
1018–1028.

13. Lee JB, Ha S-J, Kim HR. Clinical 
Insights Into Novel Immune Checkpoint 
Inhibitors. Front. Pharmacol. 2021; 12, 
681320.

14. Johnston RJ, Su LJ, Pinckney J et 
al. VISTA is an acidic pH-selective 
ligand for PSGL-1. Nature 2019; 574, 
565–570. 

15. Passiglia F, Bronte G, Bazan V et al. PD-
L1 expression as predictive biomarker in 
patients with NSCLC: a pooled analysis. 
Oncotarget 2016; 7, 19738–19747.

16. Hegde PS, Karanikas V, Evers S. The 
Where, the When, and the How 
of Immune Monitoring for Cancer 

Immunotherapies in the Era of Check-
point Inhibition. Clin. Cancer Res. 
Off. J. Am. Assoc. Cancer Res. 2016; 22, 
1865–1874. 

17. Calon A, Lonardo E, Berenguer-Llergo 
A et al. Stromal gene expression defines 
poor-prognosis subtypes in colorectal 
cancer. Nat. Genet. 2015; 47, 320–329. 

18. DePeaux K, Delgoffe GM. Metabolic 
barriers to cancer immunotherapy. Nat. 
Rev. Immunol. 2021; 21, 785–797. 

19. Inoue H, Tani K. Multimodal immuno-
genic cancer cell death as a consequence 
of anticancer cytotoxic treatments. Cell 
Death Differ. 2014; 21, 39–49. 

20. Vacchelli E, Aranda F, Eggermont A et al. 
Trial watch: Chemotherapy with immu-
nogenic cell death inducers. Oncoimmu-
nology 2013; 2, e23510. 

21. Li G, Lian X, Lotze MT. HMGB1: The 
Central Cytokine for All Lymphoid 
Cells. Front. Immunol. 2013; 4, 68. 

22. Yanai H, Ban T, Wang ZC et al. HMGB 
proteins function as universal sentinels 
for nucleic-acid-mediated innate immune 
responses. Nature 2009; 462, 99–103. 

23. Elliott MR, Chekeni FB, Trampont PC 
et al. Nucleotides released by apoptotic 
cells act as a find-me signal to promote 
phagocytic clearance. Nature 2009; 461, 
282–286.

24. Beavis PA, Stagg J, Darcy PK, Smyth MJ. 
CD73: a potent suppressor of antitumor 
immune responses. Trends Immunol. 
2012; 33, 231–237. 

25. Zitvogel L, Tesniere A, Kroemer G. 
Cancer despite immunosurveillance: im-
munoselection and immunosubversion. 
Nat. Rev. Immunol. 2006; 6, 715–727. 

26. Gandhi L, Rodríguez-Abreu D, Gadgeel 
S et al. Pembrolizumab plus Chemother-
apy in Metastatic Non-Small-Cell Lung 

Cancer. N. Engl. J. Med. 2018; 378, 
2078–2092. 

27. Horn L, Wang H, Chen X et al. First-
Line Atezolizumab plus Chemotherapy 
in Extensive-Stage Small-Cell Lung 
Cancer. N. Engl. J. Med. 2018; 379, 
2220–2229. 

28. Cortes J, Cescon DW, Rugo HS et al. 
Pembrolizumab plus chemotherapy ver-
sus placebo plus chemotherapy for pre-
viously untreated locally recurrent inop-
erable or metastatic triple-negative breast 
cancer (KEYNOTE-355): a randomised, 
placebo-controlled, double-blind, phase 
3 clinical trial. Lancet Lond. Engl. 2020; 
396, 1817–1828.

29. Burtness B, Harrington KJ, Greil R 
et al. Pembrolizumab alone or with 
chemotherapy versus cetuximab with 
chemotherapy for recurrent or metastatic 
squamous cell carcinoma of the head and 
neck (KEYNOTE-048): a randomised, 
open-label, phase 3 study. Lancet Lond. 
Engl. 2019; 394, 1915–1928. 

30. Ghiringhelli F, Menard C, Puig PE et al. 
Metronomic cyclophosphamide regimen 
selectively depletes CD4+CD25+ 
regulatory T cells and restores T and NK 
effector functions in end stage cancer 
patients. Cancer Immunol. Immunother. 
CII 2007; 56, 641–648.

31. Ge Y, Domschke C, Stoiber N et al. Met-
ronomic cyclophosphamide treatment in 
metastasized breast cancer patients: im-
munological effects and clinical outcome. 
Cancer Immunol. Immunother. CII 2012; 
61, 353–362.

32. Klug F, Prakash H, Huber PE et al. 
Low-dose irradiation programs macro-
phage differentiation to an iNOS+/M1 
phenotype that orchestrates effective T 
cell immunotherapy. Cancer Cell 2013; 
24, 589–602.

33. Tsai C-S, Chen FH, Wang CC et al. 
Macrophages from irradiated tumors 



REVIEW 

  111Immuno-Oncology Insights - ISSN 2634-5099  

express higher levels of iNOS, arginase-I 
and COX-2, and promote tumor growth. 
Int. J. Radiat. Oncol. Biol. Phys. 2007; 
68, 499–507.

34. Park HJ, Griffin RJ, Hui S, Levitt SH, 
Song CW. Radiation-induced vascular 
damage in tumors: implications of vascu-
lar damage in ablative hypofractionated 
radiotherapy (SBRT and SRS). Radiat. 
Res. 2012; 177, 311–327.

35. Apetoh L, Ghiringhelli F, Tesniere A 
et al. Toll-like receptor 4-dependent 
contribution of the immune system to 
anticancer chemotherapy and radiothera-
py. Nat. Med. 2007; 13, 1050–1059.

36. Deng L, Liang H, Meng Xu M et al. 
STING-Dependent Cytosolic DNA 
Sensing Promotes Radiation-Induced 
Type I Interferon-Dependent Antitumor 
Immunity in Immunogenic Tumors. 
Immunity 2014; 41, 843–852.

37. Reits EA, Hodge JW, Herberts CA et 
al. Radiation modulates the peptide 
repertoire, enhances MHC class I expres-
sion, and induces successful antitumor 
immunotherapy. J. Exp. Med. 2006; 203, 
1259–1271.

38. Liu Y, Dong Y, Kong L et al. Abscopal 
effect of radiotherapy combined with im-
mune checkpoint inhibitors. J. Hematol. 
Oncol.J Hematol Oncol. 2018; 11, 104.

39. Croft M, Dubey C. Accessory molecule 
and costimulation requirements for CD4 
T cell response. Crit. Rev. Immunol. 
1997; 17, 89–118.

40. Sato-Kaneko F, Yao S, Ahmadi A et al. 
Combination immunotherapy with TLR 
agonists and checkpoint inhibitors sup-
presses head and neck cancer. JCI Insight 
2017; 2, 93397.

41. Sagiv-Barfi I, Czerwinski DK, Levy S et 
al. Eradication of spontaneous malignan-
cy by local immunotherapy. Sci. Transl. 
Med. 2018; 10, eaan4488.

42. Haymaker C, Johnson DH, Murthy R et 
al. Tilsotolimod with Ipilimumab Drives 
Tumor Responses in Anti-PD-1 Refrac-
tory Melanoma. Cancer Discov. 2021; 11, 
1996–2013.

43. Ramanjulu JM, Pesiridis GS, Yang J et al. 
Design of amidobenzimidazole STING 
receptor agonists with systemic activity. 
Nature 2018; 564, 439–443.

44. Melcher A, Harrington K, Vile R. On-
colytic virotherapy as immunotherapy. 
Science 2021; 374, 1325–1326.

45. Andtbacka RHI, Kaufman HL, Collichio 
F et al. Talimogene Laherparepvec Im-
proves Durable Response Rate in Patients 
With Advanced Melanoma. J. Clin. 
Oncol. Off. J. Am. Soc. Clin. Oncol. 2015; 
33, 2780–2788.

46. Chesney J, Puzanov I, Collichio F et al. 
Randomized, Open-Label Phase II Study 
Evaluating the Efficacy and Safety of 
Talimogene Laherparepvec in Combina-
tion With Ipilimumab Versus Ipilimum-
ab Alone in Patients With Advanced, 
Unresectable Melanoma. J. Clin. Oncol. 
Off. J. Am. Soc. Clin. Oncol. 2018; 36, 
1658–1667.

47. Kelly CM, Antonescu CR, Bowler T 
et al. Objective Response Rate Among 
Patients With Locally Advanced or Met-
astatic Sarcoma Treated With Talimogene 
Laherparepvec in Combination With 
Pembrolizumab: A Phase 2 Clinical Trial. 
JAMA Oncol. 2020; 6, 402–408.

48. Hodi FS, O’Day SJ, McDermott DF et 
al. Improved Survival with Ipilimumab 
in Patients with Metastatic Melanoma. 
N. Engl. J. Med. 2010; 363, 711–723.

49. Wilgenhof S, Van Nuffel AMT, Benteyn 
D et al. A phase IB study on intravenous 
synthetic mRNA electroporated den-
dritic cell immunotherapy in pretreated 
advanced melanoma patients. Ann. 
Oncol. Off. J. Eur. Soc. Med. Oncol. 2013; 
24, 2686–2693.

50. Chen X, Yang J, Wang L, Liu B. Per-
sonalized neoantigen vaccination with 
synthetic long peptides: recent advances 
and future perspectives. Theranostics 
2020; 10, 6011–6023.

51. Esprit A, de Mey W, Shahi RB et al. 
Neo-Antigen mRNA Vaccines. Vaccines 
2020; 8, E776.

52. Waldmann TA. Cytokines in Cancer Im-
munotherapy. Cold Spring Harb. Perspect. 
Biol. 2018; 10, a028472.

53. Floros T, Tarhini AA. Anticancer Cy-
tokines: Biology and Clinical Effects of 
Interferon-α2, Interleukin (IL)-2, IL-15, 
IL-21, and IL-12. Semin. Oncol. 2015; 
42, 539–548.

54. Charych DH, Hoch U, Langowski JL et 
al. NKTR-214, an Engineered Cyto-
kine with Biased IL2 Receptor Binding, 
Increased Tumor Exposure, and Marked 
Efficacy in Mouse Tumor Models. Clin. 
Cancer Res. 2016; 22, 680–690.

55. Montoya S, Soong D, Nguyen N et al. 
Targeted Therapies in Cancer: To Be or 
Not to Be, Selective. Biomedicines 2021; 
9, 1591.

56. Ramalingam SS, Vansteenkiste J, 
Planchard D et al. Overall Survival with 
Osimertinib in Untreated, EGFR-Mutat-
ed Advanced NSCLC. N. Engl. J. Med. 
2020; 382, 41–50.

57. Voron T, Marcheteau E, Pernot S et al. 
Control of the Immune Response by 
Pro-Angiogenic Factors. Front. Oncol. 
2014; 4.

58. Ferrara N. VEGF and the quest for 
tumour angiogenesis factors. Nat. Rev. 
Cancer 2002; 2, 795–803.

59. Carmeliet P, JainRK. Angiogenesis in 
cancer and other diseases. Nature 2000; 
407, 249–257.

60. Alfaro C, Suarez N, Gonzalez A et al. 
Influence of bevacizumab, sunitinib and 



112 DOI: 10.18609/ioi.2022.013

IMMUNO-ONCOLOGY INSIGHTS 

sorafenib as single agents or in combina-
tion on the inhibitory effects of VEGF 
on human dendritic cell differentiation 
from monocytes. Br. J. Cancer 2009; 
100, 1111–1119.

61. Socinski MA, Jotte RM, Cappuzzo F et 
al. Atezolizumab for First-Line Treatment 
of Metastatic Nonsquamous NSCLC. N. 
Engl. J. Med. 2018; 378, 2288–2301.

62. Schlumberger M, Tahara M, Wirth LJ et 
al. Lenvatinib versus placebo in radioio-
dine-refractory thyroid cancer. N. Engl. J. 
Med. 2015; 372, 621–630.

63. Motzer RJ, Hutson TE, Glen H et al. 
Lenvatinib, everolimus, and the combi-
nation in patients with metastatic renal 
cell carcinoma: a randomised, phase 
2, open-label, multicentre trial. Lancet 
Oncol. 2015; 16, 1473–1482.

64. Kudo M, Finn RS, Qin S et al. Len-
vatinib versus sorafenib in first-line 
treatment of patients with unresectable 
hepatocellular carcinoma: a randomised 
phase 3 non-inferiority trial. Lancet 
Lond. Engl. 2018; 391, 1163–1173.

65. Kato Y, Tabata K, Kimura T et al. 
Lenvatinib plus anti-PD-1 antibody 
combination treatment activates CD8+ 
T cells through reduction of tumor-asso-
ciated macrophage and activation of the 
interferon pathway. PloS One 2019; 14, 
e0212513.

66. Taylor MH, Schmidt EV, Dutcus C et 
al. The LEAP program: lenvatinib plus 
pembrolizumab for the treatment of ad-
vanced solid tumors. Future Oncol. Lond. 
Engl. 2021; 17, 637–648.

67. Lelliott EJ, McArthur GA, Oliaro J, 
Sheppard KE. Immunomodulatory 
Effects of BRAF, MEK, and CDK4/6 
Inhibitors: Implications for Combining 
Targeted Therapy and Immune Check-
point Blockade for the Treatment of 
Melanoma. Front. Immunol. 2021; 12, 
661737.

68. Gutzmer, R et al. Atezolizumab, vemu-
rafenib, and cobimetinib as first-line 
treatment for unresectable advanced 
BRAFV600 mutation-positive melanoma 
(IMspire150): primary analysis of the 
randomised, double-blind, placebo-con-
trolled, phase 3 trial. Lancet Lond. Engl. 
2020; 395, 1835–1844.

69. Yuan Y, Lee JS, Yost SE et al. Phase I/II 
trial of palbociclib, pembrolizumab and 
letrozole in patients with hormone recep-
tor-positive metastatic breast cancer. Eur. 
J. Cancer Oxf. Engl. 2021; 154, 11–20.

70. Zam W, Assaad A. Chimeric antigen 
receptor T-cells (CARs) in cancer treat-
ment. Curr. Mol. Pharmacol. 2021 doi:10
.2174/1874467214666210811150255.

71. Dafni U, Michielin O, Martin Lluesma 
S et al. Efficacy of adoptive therapy with 
tumor-infiltrating lymphocytes and 
recombinant interleukin-2 in advanced 
cutaneous melanoma: a systematic 
review and meta-analysis. Ann. Oncol. 
Off. J. Eur. Soc. Med. Oncol. 2019; 30, 
1902–1913.

72. Sarnaik A, Khushalani NI, Chesney JA et 
al. Long-term follow up of lifileucel (LN-
144) cryopreserved autologous tumor in-
filtrating lymphocyte therapy in patients 
with advanced melanoma progressed on 
multiple prior therapies. J. Clin. Oncol. 
2020; 38, 10006–10006.

73. Creelan B, Wang C, Teer J et al. Abstract 
CT056: Durable complete responses to 
adoptive cell transfer using tumor infil-
trating lymphocytes (TIL) in non-small 
cell lung cancer (NSCLC): A phase I 
trial. in Tumor Biology CT056–CT056. 
American Association for Cancer Re-
search, 2020 doi:10.1158/1538-7445.
AM2020-CT056

74. Morgan RA, Dudley ME, Wunderlich JR 
et al. Cancer regression in patients after 
transfer of genetically engineered lym-
phocytes. Science 2006; 314, 126–129.

75. Kim SH, Lee S, Lee CH et al. Expression 
of cancer-testis antigens MAGE-A3/6 
and NY-ESO-1 in non-small-cell lung 
carcinomas and their relationship with 
immune cell infiltration. Lung 2009; 
187, 401–411.

76. Brown CE, Alizadeh D, Starr R et al. 
Regression of Glioblastoma after Chime-
ric Antigen Receptor T-Cell Therapy. N. 
Engl. J. Med. 2016; 375, 2561–2569.

77. Adusumilli PS, Cherkassky L, Ville-
na-Vargas J et al. Regional delivery of 
mesothelin-targeted CAR T cells for 
pleural cancers: Safety and preliminary 
efficacy in combination with an-
ti-PD-1 agent. J. Clin. Oncol. 2019; 37, 
2511–2511.

78. Ahmed N, Brawley V, Hegde M et 
al. HER2-Specific Chimeric Antigen 
Receptor-Modified Virus-Specific T Cells 
for Progressive Glioblastoma: A Phase 
1 Dose-Escalation Trial. JAMA Oncol. 
2017; 3, 1094–1101.

79. Tang N, Cheng C, Zhang X et al. 
TGF-β inhibition via CRISPR promotes 
the long-term efficacy of CAR T cells 
against solid tumors. JCI Insight 2020; 5, 
133977.

80. Liu X, Zhang Y, Cheng C et al. CRIS-
PR-Cas9-mediated multiplex gene 
editing in CAR-T cells. Cell Res. 2017; 
27, 154–157.

81. Nathan P, Hassel JC, Rutkowski P et al. 
Overall Survival Benefit with Tebenta-
fusp in Metastatic Uveal Melanoma. N. 
Engl. J. Med. 2021; 385, 1196–1206.

82. Sivan A, Corrales L, Hubert N et al. 
Commensal Bifidobacterium promotes 
antitumor immunity and facilitates 
anti-PD-L1 efficacy. Science 2015; 350, 
1084–1089.

83. Vétizou M, Pitt JM, Daillère R et al. 
Anticancer immunotherapy by CTLA-4 



REVIEW 

  113Immuno-Oncology Insights - ISSN 2634-5099  

blockade relies on the gut microbiota. 
Science 2015; 350, 1079–1084.

84. Matson V, Fessler J, Bao R et al. The 
commensal microbiome is associated 
with anti-PD-1 efficacy in metastatic 
melanoma patients. Science 2018; 359, 
104–108.

85. Chaput N, Lepage P, Coutzac C et al. 
Baseline gut microbiota predicts clinical 
response and colitis in metastatic mela-
noma patients treated with ipilimumab. 
Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 
2017; 28, 1368–1379.

86. Andrews MC, Duong CPM, Gopal-
akrishnan V et al. Gut microbiota 
signatures are associated with toxicity to 
combined CTLA-4 and PD-1 blockade. 
Nat. Med. 2021; 27, 1432–1441.

87. Wilson BE, Routy B, Nagrial A, Chin 
VT. The effect of antibiotics on clinical 
outcomes in immune-checkpoint block-
ade: a systematic review and meta-anal-
ysis of observational studies. Cancer 
Immunol. Immunother. CII 2020; 69, 
343–354.

88. Spencer CN, McQuade JL, Gopalakrish-
nan V et al. Dietary fiber and probiotics 
influence the gut microbiome and mela-
noma immunotherapy response. Science 
2021; 374, 1632–1640.

89. Baruch EN, Youngster I, Ben-Betzalel 
G et al. Fecal microbiota transplant 
promotes response in immunothera-
py-refractory melanoma patients. Science 
2021; 371, 602–609.

90. Lemos H, Huang L, Prendergast GC, 
Mellor AL. Immune control by amino 
acid catabolism during tumorigenesis 
and therapy. Nat. Rev. Cancer 2019; 19, 
162–175.

91. Long GV, Dummer R, Hamid O et al. 
Epacadostat plus pembrolizumab versus 
placebo plus pembrolizumab in patients 
with unresectable or metastatic melano-
ma (ECHO-301/KEYNOTE-252): a 
phase 3, randomised, double-blind study. 
Lancet Oncol. 2019; 20, 1083–1097.

92. Roberts HN, Haydon A. Caution in 
the age of optimism; a salient lesson in 
advanced melanoma. Ann. Transl. Med. 
2020; 8, 720.

93. Chen S, Tan J, Zhang A. The ups, downs 
and new trends of IDO1 inhibitors. 
Bioorganic Chem. 2021; 110, 104815.

94. Scharping NE, Menk AV, Whetstone 
RD, Zeng X, Delgoffe GM. Efficacy 
of PD-1 Blockade Is Potentiated by 
Metformin-Induced Reduction of Tumor 
Hypoxia. Cancer Immunol. Res. 2017; 5, 
9–16.

95. Afzal MZ, Mercado RR, Shirai K. 
Efficacy of metformin in combination 
with immune checkpoint inhibitors 
(anti-PD-1/anti-CTLA-4) in metastatic 
malignant melanoma. J. Immunother. 
Cancer 2018; 6, 64.

96. Xu Z, Wang X, Zeng S et al. Applying 
artificial intelligence for cancer immu-
notherapy. Acta Pharm. Sin. B 2021; 11, 
3393–3405.

97. Bagaev A, Kotlov N, Nomie K et al. 
Conserved pan-cancer microenviron-
ment subtypes predict response to 
immunotherapy. Cancer Cell 2021; 39, 
845-865.e7.

AFFILIATIONS

Luke Mantle  
Department of Medical Oncology 
and Hematology, Princess Margaret 
Cancer Centre, Toronto, Canada

Samuel D Saibil  
Department of Medical Oncology 
and Hematology, Princess Margaret 
Cancer Centre, Toronto, Canada 
and 
Department of Medicine, University 
of Toronto, Canada



114 DOI: 10.18609/ioi.2022.013

IMMUNO-ONCOLOGY INSIGHTS 

AUTHORSHIP & CONFLICT OF INTEREST

Contributions: All named authors take responsibility for the integrity of the work as a whole, and have given their approval for this 
version to be published.

Acknowledgements: None.

Disclosure and potential conflicts of interest: Dr Saibil has received consulting fees from Novartis and Sanofi, and payment/honoraria 
from Immunocore. 

Funding declaration: The authors received no financial support for the research, authorship and/or publication of this article. 

ARTICLE & COPYRIGHT INFORMATION

Copyright: Published by Cell and Gene Therapy Insights under Creative Commons License Deed CC BY NC ND 4.0 which allows anyone 
to copy, distribute, and transmit the article provided it is properly attributed in the manner specified below. No commercial use without 
permission.

Attribution: Copyright © 2022 Mantle L & Saibil SD. Published by Cell and Gene Therapy Insights under Creative Commons License 
Deed CC BY NC ND 4.0.

Article source: Invited; externally peer reviewed.

Submitted for peer review: Jan 12 2022; Revised manuscript received: Feb 24 2022; Publication date: Mar 11 2022.


