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Abstract: The advent of novel immunotherapies in the treatment of cancers has dramatically
changed the landscape of the oncology field. Recent developments in checkpoint inhibition
therapies, tumor-infiltrating lymphocyte therapies, chimeric antigen receptor T cell therapies, and
cancer vaccines have shown immense promise for significant advancements in cancer treatments.
Immunotherapies act on distinct steps of immune response to augment the body’s natural ability to
recognize, target, and destroy cancerous cells. Combination treatments with immunotherapies and
other modalities intend to activate immune response, decrease immunosuppression, and target
signaling and resistance pathways to offer a more durable, long-lasting treatment compared to
traditional therapies and immunotherapies as monotherapies for cancers. This review aims to
briefly describe the rationale, mechanisms of action, and clinical efficacy of common
immunotherapies and highlight promising combination strategies currently approved or under
clinical development. Additionally, we will discuss the benefits and limitations of these
immunotherapy approaches as monotherapies as well as in combination with other treatments.

Keywords: checkpoint inhibition; immunotherapy; chemoresistance; combination therapy;
radiation therapy; adoptive cell transfer; chemotherapy

1. Introduction

Cancer is the second leading cause of death in the United States and continues to significantly
affect populations worldwide [1]. Traditional therapies for cancer have been based on the patient’s
tumor type and stage with treatment variations of surgery, radiation, and/or chemotherapy [2].
However, even with the advancements in medicine, many patients progress and succumb to cancer.
A relatively new field of cancer therapy includes immunotherapy. Inmunotherapy aims to harness
the immune system’s ability to recognize, target, and destroy cancerous cells [3]. Cancer
immunotherapy now encompasses many therapeutic agents, each with their own unique targets and
mechanisms of actions. These therapies aim to utilize various components of the immune system,
acting on distinct steps of the immune response to modulate natural defenses against tumor cells [3].
While many immunotherapy agents can be effective as a monotherapy option, the primary interest
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as of late has been to find clinical evidence of effective combinations with traditional therapies or
other immunotherapy agents such that maximum therapeutic benefits can be obtained in a wide
range of patients [4]. Each specific combination may have a unique mechanistic synergism, which
offers a complicated yet potentially rewarding feat in the field of immuno-oncology.

Cancer evades the detection and assault by the immune system through a range of escape
mechanisms, allowing unopposed growth and proliferation over time [4]. Immunosuppressive
cytokines and inhibitory proteins, such as transforming growth factor-p (TGF-f3), interleukin (IL)-4,
programmed cell death 1 (PD-1), and programmed death ligand 1 (PD-L1), allow tumor cells to
escape immune attack [5]. Various immunotherapy modalities (discussed below) have different ways
of modulating natural defenses against tumor cells. Typically, this involves checkpoint blockades,
molecular modification of cell regulatory pathways, or direct modification of host T cells, all of which
aim to generate sustainable T cell responses against cancerous cells [6].

The efficacy of immunotherapy relies on its ability to produce sustainable T cell responses.
Regulatory pathways and checkpoint molecules control activation, progression, and sustainability of
immune responses, thus dictating the progression or control of cancer growth. Checkpoint inhibitors
have had great success in treatments of cancers such as metastatic melanoma, non-small cell lung
cancer (NSCLC), and renal cancers [7]. Over the last decade, while there have been hundreds of
immunotherapy trials, many of which are currently in progress (clinicaltrials.gov), only some have
led to approval of some of these inhibitors for treatment of different cancers [8-10]. Inhibitors of
checkpoint molecules such as PD-1, PD-L1, cytotoxic T- lymphocyte-associated protein 4 (CTLA-4),
T cell immunoglobulin and mucin domain 3 (TIM3), lymphocyte-activation gene 3 (LAG3), and V-
domain Ig suppressor of T cell activation (VISTA) have and will continue to dramatically change the
landscape of immunotherapy. Checkpoint inhibitors essentially function to “release the brakes” on
the immune system by blocking ligands or receptors that prevent activation and functions of immune
effectors. While checkpoint inhibitors as monotherapies have generated impressive results in subsets
of different cancer patients, they have remained ineffective in many more. To overcome this
challenge, combination therapy with multiple immune checkpoint inhibitors is frequently studied
[11]. However, research is also underway to determine the efficacy of combining checkpoint blockade
with targeting of costimulatory receptors. The introduction of two agents that function to “release
the brakes” (checkpoint inhibitors) and “step on the gas” (costimulatory receptors) could work
collectively to mount a stronger immune response against cancers. Combinations such as these are
currently under clinical investigation and discussed throughout this manuscript.

Combination of immunotherapies with traditional therapies, such as chemotherapies, have also
shown clinical benefits in certain cancers that previously had a poor prognosis. An impressive
example of immunotherapy efficacy is treatment for NSCLC. NSCLC was historically treated with
cytotoxic chemotherapy agents (such as cisplatin or carboplatin) or a checkpoint blockade as
monotherapies [12-14]. However, on 30 October 2018, the U.S. Food and Drug Administration (FDA)
approved the anti-PD-1 antibody pembrolizumab in combination with chemotherapy as a first line
treatment for NSCLC. In a phase IlI trial of 559 patients, those who received the combination therapy
(pembrolizumab plus carboplatin and either paclitaxel or nab-paclitaxel) had a median overall
survival of 15.9 months compared to 11.3 months in those treated with chemotherapy alone (p-value
<0.001, confidence interval (CI) 95%, hazard ratio (HR) 0.64). These benefits were seen regardless of
the amount of PD-L1 tumor expression in these patients [15]. There are a variety of other promising
immune-oncology combination strategies that are under exploration [16,17]. The combination of
immunotherapy with chemotherapy has become a standard option in some cancers [18].
Chemotherapy drugs such as cyclophosphamide (an alkylating agent that affects DNA, RNA, and
protein synthesis) or fludarabine (a DNA synthesis inhibitor) can be used prior to administration of
immunotherapy as a preconditioning regimen [19]. Recently, these drugs have been FDA approved
for use in patients with chronic lymphocytic leukemia (CLL) in conjunction with the monoclonal
antibody (mAb) rituximab (anti-CD20 mAb) [20]. These drugs act to deplete regulatory T cells prior
to adoptive T cell therapy (such as chimeric antigen receptor (CAR) T cell therapy), which extends
the lifespan and utility of the modified infused T cells [19]. While each combination may have a



Int. J. Mol. Sci. 2020, 21, 5009 3 of 29

unique mechanistic synergism, much work remains to be done to elucidate the dose, sequence, and
timing of the combinations that result in optimal efficacy with manageable toxicities.

Unpredictable response rates for PD-1/PD-L1 inhibitors led investigations to explore potential
biomarkers present in the tumor microenvironment. In general, it is accepted that the extent of PD-
L1 expression correlates with better therapeutic response rates for anti-PD-1 or anti-PD-L1 therapies
[21]. Pembrolizumab (anti-PD-1 mAb) for NSCLC is indicated as a monotherapy if the patient has
greater than 50% expression of PD-L1 on tumor cells [15]. However, it should be noted that there are
challenges in determining the predictive value of PD-L1 expression when combination therapy is
used. Limitations include therapy-induced alteration of the immune microenvironment and
heterogeneity of PD-L1 expression [22]. Pembrolizumab was the first FDA-approved drug on the
basis of two common biomarkers known as mismatch repair deficient (AMMR) or microsatellite
instability-high (MSI-H) for patients with metastatic solid tumors [23]. This approach represents the
potential for a future generation of drugs classified towards biomarkers of cancer regardless of the
primary location of the tumor [24].

The cost of immunotherapy treatments is an additional challenge to be considered. Immune
checkpoint inhibitor therapies currently have an average cost of nearly $150,000 per year [24].
Combination therapies, such as ipilimumab (CTLA-4 inhibitor) and nivolumab (PD-1 inhibitor),
which are commonly used for advanced melanomas, intuitively bear more cost. Patients can expect
to pay upwards of a quarter million dollars for each year of treatment [24]. Newer modalities such as
adoptive cellular therapy (ACT) treatments may carry even higher price tags. While health insurance
may take a major financial strain off patients and families, out-of-pocket costs continue to climb.
Although immunotherapies are considerably expensive, it is important to note that the durability of
response may outweigh the cost of lengthier, less effective chemotherapy treatments. A solution
currently being investigated is targeting biomarkers to isolate specific patient populations that have
a chance to experience greater benefits from these treatments and lead to a reduced overall economic
burden [25,26]. There are several challenges that lie ahead for personalized combinatory
immunotherapies. Oncologic therapy’s standard of care is changing rapidly, and immunotherapy is
becoming one of the frontline treatments in modern medicine. Below, we describe different types of
immunotherapies, discuss their advantages and limitations, and evaluate the available research and
outlook for combination strategies.

2. Types of Immunotherapy: Their Combinations and Limitations
2.1. Checkpoint Inhibitors

2.1.1. Programmed Cell Death-1 (PD-1) Blockade and Combinations

The checkpoint receptor PD-1 is expressed on various immune cells, such as T cells, B cells,
macrophages, natural killer (NK) cells, and dendritic cells, as well as cancer cells. Major ligands for
PD-1 include PD-L1 (B7-H1) and PD-L2 (B7-DC). These ligands are expressed on various immune
cells, including antigen presenting cells and are often overexpressed on tumor cells [27]. Upon
binding to its ligands, PD-1 is responsible for the inability of antigen presenting cells (APCs) to
process and present tumor antigens and for the anergic state of T cells. Binding of PD-1, on T cells, to
its ligand PD-L1 results in recruitment of the phosphatase SHP-2 (Src homology 2 domain-containing
protein tyrosine phosphatase), leading to dephosphorylation of proximal signaling kinases of T cells
[28]. In T cells, this signaling cascade results in inhibition of T cell responses, cytokine production,
cytotoxic activity, and proliferation, as well as promotion of T cell apoptosis. Blockade of this
signaling cascade with antagonist antibody against PD-1 or PD-L1 can reinvigorate the T cells. In an
early study, a fully human IgG4 monoclonal antibody (mAb) against PD-1, known as nivolumab,
showed impressive response rates in various tumors [27]. Since then different PD-1 and PD-L1
inhibitors have been successfully tested and FDA approved against various tumors [8-10].

Despite impressive response rates, many patients do not benefit from PD-1/PD-L1 blockade as
monotherapies, owing to different innate and adaptive resistance mechanisms and oncogenic
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pathways [11,29]. This has prompted testing of a combination of PD-1/PD-L1 blockade with other
therapeutic modalities including additional checkpoint blockade, chemotherapies, targeted
therapies, and radiation therapies to improve efficacies of checkpoint blockade. As a means of
improving efficacies, many studies have evaluated the safety and efficacy of combination of PD-1/PD-
L1 blockade with targeted- or chemotherapies. In a study of relapsed or refractory Hodgkin's
lymphoma patients who did not benefit from prior PD-1 blockade monotherapy, a combination of
PD-1 inhibitors (nivolumab or pembrolizumab) with chemotherapy (in different combinations of
vinblastine, gemcitabine, bendamustine, liposomal doxorubicin, ifosfamide, carboplatin, etoposide,
cisplatin, cytarabine, dexamethasone, vinorelbine) resulted in an overall response rate (ORR) of 86%;
while chemotherapy alone resulted in an ORR of 59% [30]. It is important to note that, in this study,
the combination group had relatively younger patients and less patients with progressive disease
after prior anti-PD-1 therapy. Similarly, a study in advanced pancreatic cancer patients evaluated the
differences in efficacy of chemotherapy (n = 36) vs. chemotherapy in combination with PD-1/PD-L1
blockade (n = 22) [31]. The combination group had significantly higher overall survival compared to
chemotherapy alone group (median survival: 18.1 vs. 6.1 months; p = 0.021). While no significant
difference in the ORR was observed; the progression-free survival was 3.2 months compared to 2.0
months for chemotherapy alone group (p = 0.041) [31]. Similarly, in advanced biliary tract cancer
patients, chemotherapy (gemcitabine-based, paclitaxel-albumin-based, oxaliplatin + tegafur, or other
regiments) plus PD-1 blockade (pembrolizumab or nivolumab) resulted in an overall survival (OS)
of 14.9 months compared to 4.1 and 6.0 months, respectively for PD-1 blockade alone and
chemotherapy alone [32]. In this study, the progression-free survival (PFS) for combination therapy
was 5.1 months compared to 2.2 months for PD-1 blockade alone (p = 0.014). In a large phase III trial
in patients with triple-negative breast cancer, a combination of atezolizumab (a fully humanized IgG1
against PD-L1) with nab-paclitaxel was shown to result in PFS of 7.2 months compared to 5.5 months
for placebo plus nab-paclitaxel (p = 0.002) [33]. The median OS was 21.3 months for combination
compared to 17.6 months for placebo plus nab-paclitaxel alone. The OS was even higher (25 months
vs. 15.5 months) when patients were stratified by PD-L1 positivity for tumors. Based on the efficacy
results from a double-blind, placebo-controlled, phase III trial, atezolizumab plus carboplatin and
etoposide have been FDA approved for first-line treatment of adult patients with extensive-stage
small cell lung cancer [34]. A combination of poly(ADP-ribose) polymerase (PARP) inhibitors with
PD-L1 inhibitor (olaparib + durvalumab) has also been tested, with results showing improved
efficacies of combination treatments in germline BRCA-mutated platinum-sensitive relapsed ovarian
cancer patients [35] and patients with relapsed gastric cancer [36] in the MEDIOLA study.
Interestingly, some chemotherapies have been shown to increase the expression of PD-1/PD-L1,
hence contributing to immunosuppression and poor responses to chemotherapies alone [37-39]. This
may explain, in part, the improved responses observed with a combination of chemotherapies and
PD-1/PD-L1 blockade.

There are several PD-L1 inhibitor combination studies that are currently recruiting for phase I
and II trials. A randomized phase II (NCT03959293) study with a “stop and go” analysis is evaluating
durvalumab with FOLFIRI (folinic acid (leucovorin) + fluorouracil + irinotecan) vs. tremelimumab (a
fully human mAb against CTLA-4) and durvalumab with FOLFIRI for advanced gastric
adenocarcinoma [40]. Another study (NCT02349633) is aiming to look at different cohort
combinations of anti-PD-1/PD-L1 in previously treated NSCLC patients with epidermal growth
factor receptor (EGFR) mutation [41]. Cohorts of the study will compare combination of their study
drug: PF-06747775 (EGFR inhibitor) in combination with palbociclib (a cyclin-dependent kinase
(CDK) 4 and 6 inhibitor) (cohort 2) and avelumab (PD-L1 inhibitor) (cohort 3). Results for phase II
were estimated to be released sometime after 31 March 2020, but no results have been published on
trials website at the time this review was written. Similar to these, many other studies are ongoing to
evaluate combinations of PD-1/PD-L1 blockade with targeted and chemotherapies. Results from
these studies are eagerly awaited.

2.1.2. Cytotoxic T-Lymphocyte-Associated Protein-4 (CTLA-4) Blockade and Combinations



Int. J. Mol. Sci. 2020, 21, 5009 5 of 29

Similar to PD-1, CTLA-4 is a checkpoint of the immune system responsible for the negative
regulation of T cells. CTLA-4 is a CD28 homolog that has much higher affinity for B7 molecules than
CD28. This CTLA-4:B7 interaction not only leads to inhibitory signaling in T cells, but also prevents
the costimulatory signal transduction by outcompeting the CD28:B7 interactions [42]. While the
culminating negative effects of both PD-1 and CTLA-4 on T cell activity are similar; there are some
differences between the two: i) PD-1 limits the T cell responses later in the immune response
compared to CTLA-4, which limits the T cell responses early in the immune response; ii) different
combinations of molecules are involved in signal transduction of CTLA-4 vs. PD-1; and iii) in addition
to some shared effects, blockade of these molecules can have distinct effects on different cells [42—44].
The blockade of CTLA-4 has been thought to work by not only activating the T cells, but also by
depletion of regulatory T cells (Tregs). Anti-mouse CTLA-4 antibodies have been shown to effectively
reduce Tregs in the tumor microenvironment [45] [46]; although a recent report suggests that Treg
depletion does not occur with anti-CTLA-4 therapy (ipilimumab or tremelimumab) in humans and
that opportunity exists to modify F. portions of the CTLA-4 antibodies to achieve Treg depletion [47].
Figure 1 reflects the proposed mechanisms of action of CTLA-4 blockade.

NK cell degranulation and ADCC
of Trees by FcR on NK cell binding
to Fc portion of anti-CTLA-4 antibody

Anti-CTLA-4

I

e Disruption of inhibitory signal transduction
into T cells by anti-CTLA-4 binding to CTLA-4
e Activation of T cells; tumor growth reduction

Figure 1. Mechanisms of anti-tumor actions of cytotoxic T- lymphocyte-associated protein 4 (CTLA-
4) targeting antibodies. Interaction of CTLA-4 on T cell with B7-1 or B7-2 on antigen presenting cells
(APCs) leads to inhibition of T cell activity. Disruption of this interaction with anti-CTLA-4 antibody
leads to activation of T cells and subsequent tumor growth inhibition. Additionally, interaction
between the Fc portion of the anti-CTLA-4 antibodies and the Fc receptors (FcR) on natural killer (NK)
cells may lead to antibody dependent cellular cytotoxicity (ADCC) of Tregs leading to depletion of Tregs
in mice. p:MHC = peptide:major histocompatibility complex.

In one of the largest phase III trials of CTLA-4 checkpoint blockade to date, ipilimumab was
tested in patients with previously treated malignant melanoma [48]. The randomized double-blind
study had a pool of 676 patients with stage III-IV melanoma (unresectable). In total, 403 of these
patients were randomly assigned to receive 3 mg/kg ipilimumab combined with a monomeric
antigen gp100 HLA-A0201 vaccine. The remaining patients received 3 mg/kg ipilimumab alone (n =
137) or the gp100 HLA-A0201 vaccine alone (n = 136). The median overall survival for ipilimumab
monotherapy was 10.1 months compared to 10.0 months and 6.4 months, respectively for patients
receiving ipilimumab with the gp100 vaccine and gp100 vaccine alone [48]. In this study, grade 3 or
4 immune-related adverse events were experienced by 10-15% of patients receiving ipilimumab.
Based on this pivotal trial, the FDA approved ipilimumab in 2011 for treatment of patients with
inoperable or metastatic melanoma [49].
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Similar to PD-1 blockade, various combinations with anti-CTLA-4 have been evaluated. In a
phase III trial of treatment-naive patients with advanced melanoma, five-year survival for patients
receiving ipilimumab plus dacarbazine was 18.2% compared to 8.8% for patients receiving placebo
plus dacarbazine [50]. In this study, patients without dose limiting toxicities from week 12 through
week 24 received ipilimumab or placebo (every 12 weeks) as maintenance therapy [50]. In a
randomized phase II trial evaluating the efficacy of ipilimumab plus sargramostim (GM-CSF) vs.
ipilimumab alone in metastatic melanoma patients, it was observed that median overall survival (OS)
for ipilimumab plus sargramostim was 17.5 months compared to 12.7 months for ipilimumab alone;
although median progression-free survival for both groups was 3.1 months [51]. At the median
follow-up of 13.3 months, the one-year survival rate for combination was 68.9% as compared to 52.9%
for ipilimumab monotherapy [51]. Survey of clinicaltrials.gov shows that while some trials evaluating
the combinations with anti-CTLA-4 have failed or halted, there are many ongoing trials aiming to
evaluate safety and efficacy against various tumor types. Most of these trials also include PD-1/PD-
L1 blockade in the combinations.

2.2. Combination of anti-PD-1/PD-L1 and anti-CTLA-4

As mentioned above, monotherapy with nivolumab or ipilimumab has shown to be promising
in recent years due to increasing durability of treatment and high response rates in several types of
cancer in select patients. However, despite these efficacies, there are still patients who do not benefit
from these treatments. This led researchers to investigate combinatory therapies that aim to prevent
resistance mechanisms and target non-redundant inhibitory signaling to provide sustainable tumor
regression. One combination often studied is the combination of PD-1/PD-L1 blockade with CTLA-4
blockade. In the study, CheckMate-142, by Overman et al. on metastatic colorectal cancer (previously
treated patients whose tumors are DNA mismatch repair deficient (dAMMR)/microsatellite instability-
high (MSI-H)), nivolumab was shown to have higher response rates in combination with ipilimumab
[52]. While nivolumab as a monotherapy had an overall survival of 73% at 12 months, it was 85% for
nivolumab in combination with ipilimumab [52]. In this study, any grade treatment-related adverse
events (TRAEs) for this combination therapy was 73% compared to 70% for nivolumab monotherapy.
Other studies, however, have shown significantly higher TRAEs with the combination [53,54]. In a
randomized phase II study, combination of tremelimumab (anti-CTLA-4) and durvalumab (anti-PD-
L1) was tested in patients with metastatic refractory colorectal cancer [55]. The median OS was 6.6
months for combination compared to 4.1 months for the best supportive care (BSC) available;
although no significant differences in PFS was observed (1.8 months vs. 1.9 months). Additionally,
significantly higher proportions of patients in the combination group experienced grade 3/4 adverse
events compared to the BSC (64% vs. 20%) [55].

In a phase Il randomized study of high-risk resectable melanoma patients (1 = 23), neoadjuvant
nivolumab was compared with neoadjuvant combination of ipilimumab and nivolumab [56]. The
combined therapy resulted in an overall response rate of 73% compared to 25% for nivolumab
monotherapy. The pathologic complete response rate was 45% for combination compared to 25% for
nivolumab monotherapy; however the grade 3 toxicities were significantly higher in combination
group vs. nivolumab monotherapy (73% vs. 8%) [56]. In this study, higher lymphoid infiltrates were
associated with response to therapies [56]. Furthermore, 11 out of 11 patients in combination group
were still alive at the median follow-up of 15.6 months [56]. Anti-CTLA-4 plus anti-PD-1 in a
neoadjuvant vs. adjuvant setting has also been studied, with results showing higher clinical activity
with the neoadjuvant treatment; although toxicities were also higher [57]. Larger studies need to be
conducted to effectively compare the differences in the survival benefits of this combination in an
adjuvant vs. neoadjuvant setting.

Different combinations of doses of anti-CTLA-4 and anti-PD-1 have also been studied. In a
multicenter, open-label, phase I/II study (CheckMate 032), combination of ipilimumab and
nivolumab was evaluated at different doses in platinum-pretreated patients with unresectable locally
advanced or metastatic urothelial carcinoma [58]. Three cohorts were included in the analysis: 3
mg/kg nivolumab with 1 mg/kg ipilimumab (NIVO3 + IPI1), nivolumab only (NIVO3), and 3 mg/kg
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of ipilimumab with 1 mg/kg nivolumab (NIVOL1 + IPI3) [58]. With an objective response rate of 38%,
NIVOL1 + IP3 was found to be superior to NIVO3 and NIVO3 + IPI1, which had respective objective
response rates of 25.6% and 26.9%. For NIVO3, NIVO3 +IPI1, and NIVO1 +IPI3, the median PFS was
2.8 months, 2.6 months, and 4.9 months, respectively. In the NIVOL1 + IPI3 group, 39.1% of patients
experienced grade 3/4 adverse events compared to 26.9% and 30.8%, respectively for NIVO3 and
NIVO3 + IPI1 [58]. Phase III study (CheckMate 901) will evaluate the efficacy of NIVO1 + IPI3 in
patients with untreated inoperable or metastatic urothelial cancer, with the study completion date
estimated to be August 2024 (NCT03036098). Similarly in a randomized, double-blind, phase III study
(CheckMate 511), NIVO1 + IPI3 was compared with NIVO3 + IPI1 in patients with previously
untreated, unresectable stage III or IV melanoma [59]. In this study, no significant differences in
objective response rates were observed between the groups (45.6% for NIVO3 + IPI1 vs. 50.6% in the
NIVOL1 + IPI3) at a minimum follow-up of 12 months; however, similar to other studies, the grade 3
to 5 adverse events were significantly higher for NIVO1 + IPI3 group (48% vs. 34%) [59]. Both NIVO1
+ IPI3 and NIVO3 + IPI1 have been FDA approved for treatment of different cancers. These results
demonstrate that optimal dose combinations of nivolumab and ipilimumab may be dependent on
disease type, disease stage, and prior treatments, among others.

Based on results from different pivotal trials, combinations of nivolumab and ipilimumab have
been FDA approved, among others, for patients with hepatocellular carcinoma (HCC) who have been
previously treated with sorafenib [60], for patients with intermediate or poor risk, previously
untreated advanced renal cell carcinoma [61], for patients with metastatic non-small cell lung cancer
whose tumors express PD-L1 (>1%) and have no EGFR or anaplastic lymphoma kinase (ALK)
genomic tumor aberrations [62], and patients with microsatellite instability-high (MSI-H) or
mismatch repair—deficient (AIMMR) metastatic colorectal cancer that progresses during or after
treatment with a fluoropyrimidine, oxaliplatin, and irinotecan-based chemotherapies [63].

Furthermore, multiple studies are evaluating the safety and efficacy of combination of
ipilimumab + nivolumab with various chemotherapies in different cancers. In CHECKMATE-9LA, a
randomized open-label phase III trial in patients with metastatic or recurrent non-small cell lung
cancer (NSCLC), nivolumab, ipilimumab, and chemotherapy (carboplatin, paclitaxel, pemetrexed,
and cisplatin) combination was evaluated as a first-line treatment (NCT03215706). Median overall
survival for combination group was 14.1 months compared to 10.7 months for chemotherapy alone.
The overall response rate was 38% vs. 25% and median PFS was 6.8 months vs. 5 months [64]. Based
on these results, FDA approved nivolumab plus ipilimumab and chemotherapy for first-line
treatment of metastatic NSCLC on 26 May 26 2020 [64]. Pending results from multiple clinical trials
evaluating the combination of anti-PD-1/PD-L1 plus anti-CTLA-4 with chemotherapies will inform
whether such combinations are superior without a significant tradeoff with toxicities.

2.3. Limitations of PD-1/PD-L1 and CTLA-4 Checkpoint Inhibitors and their Combinations

Despite research continuing to elucidate the efficacies of checkpoint inhibitors in treatments of
cancers, the scope limitations are not entirely clear. Toxicities continue to be a major issue with the
systematic use of checkpoint inhibitors [65]. Furthermore, while combination checkpoint blockade
regimens have yielded better response rates and overall survivals, the tradeoff includes a significant
increase in severe toxicities. A recent meta-analysis study was performed regarding the adverse drug
reactions that can occur with anti PD-1 and PD-L1 along with anti-CTLA-4. From 2009 to early 2018,
613 fatal toxic events associated with immune checkpoint inhibitor (ICI) treatments were reported in
the Vigilyze database (a database by the World Health Organization) [66]. There were 193 anti-CTLA-
4-related deaths (mostly from colitis at 70%) and 333 deaths from anti-PD-1/PD-L1 treatments (mostly
from pneumonitis at 33%). Deaths from a combination of anti-CTLA-4 and anti-PD-1 were mainly
from colitis at 33% and 25% by myocarditis [66]. This is the largest ICI evaluation of fatal toxic events
to date and these complications must be made aware. Through any treatment plan, the objectives are
to improve the lifespan of patients while having minimal side effects during the process. Targeted
delivery of checkpoint inhibitors may alleviate these systematic effects while maintaining or even
improving the efficacies [65].
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Other limitations of checkpoint inhibitor therapies include hyperprogression following
checkpoint inhibition [67] and heterogeneous determinants of differences in response rates in patients
with similar tumors [68]. Furthermore, utility and efficacy of checkpoint blockade is limited by
several mechanisms of resistances through upregulation of additional checkpoint molecules, inherent
lack of infiltration of immune effectors in the tumors, immunosuppressive and heterogeneous tumor
microenvironments, and disparities in tumor-intrinsic factors such as oncogenic signaling pathways
[69,70]. Some of these limitations are summarized in Table 1.

Table 1. Advantages and limitations of immunotherapies and their combinations.

Immunotherapy Combination Successes/Advantages Limitations References
. High cost of [11,29,52-
treatment

e 59,65-70]
. Dose limitation
and increased grade
treatment-related
adverse events
. Significantly (TRAES)
Checkpoint improved response rates Development of
Inhibitors . Long term disease  resistance
eradication . Tumors lacking
immune infiltrates
may not respond
. Incomplete
understanding of the
determinants of
hyperprogression
. Significantly [30-
improved response rates
P P 33,35,36,50,64]
. Increase in release . Dose and
of tumor-associated sequence of
antigens and effector combination is not
cells” activation universal
Checkpoint Chemotherapy ¢ Some . Chemotherapy
Inhibitors chemotherapies increase  may inhibit activity
expression of checkpoint  of immune effectors
molecules, which canbe Increased
overcome by TRAEs
combination with
checkpoint inhibitors
. Dose-limitin _
. Significantly L {ung [71-79]
. toxicities prevalent
improved response rates
. May hel ) Type of
y p radiation,
overcome resistance to . .
s fractionation, and
checkpoint inhibition as
sequence of
monotherapy e
. combination is not
. Radiotherapy leads .
to increased tumor universal
Radiotherapy . Variable results

antigen release, T cell
activation/infiltration,

with combination in

. neoadjuvant,
and major
. - concurrent, and
histocompatibility adiuvant settings
uv. i
complex (MHC) class I J .. &
. . Radiation may
expression . .
have direct negative
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2.4. Emerging Checkpoint Molecules as Targets for Immunotherapy

2.4.1. T Cell Immunoglobulin and Mucin Domain 3 (Tim-3)

Tim-3 is a protein of the Ig superfamily which is encoded by the gene hepatitis A virus cellular
receptor 2 (Havcr2). Tim-3 is expressed on immune cells as well as non-immune cells. Ligands for
Tim-3 include galectin-9 (Gal-9), high-mobility group protein B1 (HMGB1), phosphatidylserine
(PtdSer), and carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM-1) [118]. The
interaction of Tim-3 with its different ligands results in different effector consequences ranging from
promotion of cross-presentation by dendritic cells (DCs), inhibition of innate immune responses to
nucleic acids, induction of apoptosis of Th1 cells, and induction of T cell tolerance [119]. Based on its
ability to induce immune exhaustion, Tim-3 is considered a negative regulatory checkpoint molecule
[118,119]. Tim-3 has been shown to be highly expressed, and often co-expressed with PD-1 [120-122]
on tumor infiltrating lymphocytes [118]. Additionally, Tim-3 has been shown to be highly expressed
on Tregs and expression of Tim-3 by CD4* T cells often correlates with poor outcome [119,123]. Tim-3
blockade has been shown to increase cytokine production by and proliferation of tumor-antigen
specific T cells [120,121,124]. In preclinical models, inhibition of Tim-3 by anti-Tim-3 monoclonal
antibodies, either as monotherapy or in combination with anti-PD-1 or anti-CTLA-4, has shown
improved anti-tumor effects and growth inhibition [119,121].

In an in vitro study performed by Shayan et al., it was found that Tim-3 was upregulated in head
and neck squamous cell carcinoma (HNSCC) tumor infiltrating lymphocytes (TILs) after PD-1
blockade, suggesting a potential mechanism of escape from or resistance to PD-1 blockade [122].
Interestingly, one study found that Tim-3 expression alone was not associated with exhausted
phenotype of T cells and that coexpression of PD-1 and Tim-3 (or PD-1" Tim-3-) is associated with
reduced cytokine production and proliferation [125]. These findings highlight the crosstalk between
Tim-3 and PD-1 and emphasize the potential synergy of PD-1/Tim-3 blockade on T cell responses
[125].

Multiple clinical trials evaluating the safety and efficacy of anti-Tim-3 antibodies, either as
monotherapy or in combinations, are underway [126]. While some interim safety and efficacy results
are available [127,128], completed results of safety profile and efficacies are not yet available.

2.4.2. V-Domain Ig Suppressor of T Cell Activation (VISTA)

VISTA is a transmembrane protein of the Ig superfamily that functions as an immune checkpoint
involved with negative regulation of T cells [129,130]. VISTA is highly expressed on myeloid cells
and it is expressed on both hematopoietic cells and cancer cells [131,132]. VISTA has been shown to
be upregulated on myeloid-derived suppressor cells (MDSCs) from acute myeloid leukemia (AML)
patients and that knockdown of VISTA on MDSCs decreased the inhibition of CD8* T cell activity
[132]. VISTA expressed on human tumor cells has been shown to suppress the proliferation and
cytokine production by T cells in vitro and decrease the anti-tumor activity and tumor infiltration of



Int. J. Mol. Sci. 2020, 21, 5009 11 of 29

CD8+ T cells in vivo in a mouse model (VISTA expressing ovarian cancer cell line) [131]. VISTA
blockade in this model led to improved survival.

Further pre-clinical studies have revealed that anti-VISTA therapy improves anti-tumor
immunity and decreases tumor growth [133,134]. A study by LeMercier et al. evaluated the efficacy
of VISTA blockade in murine models of melanoma and bladder cancers [134]. In both models, VISTA
blockade inhibited tumor growth and improved proliferation, activation, and anti-tumor activity of
T cells (increased IFNYy, granzyme B, CD107) [134]. Additionally, the authors showed that VISTA
blockade decreases the induction of Tregs and reduces the suppressive capacity of natural Tregs [134].
Interestingly, VISTA mAb improved the proliferation of T cells in environments that contained or
lacked Tregs [134]. These findings suggest the possibilities that VISTA may directly block the
suppressive capacity of Tregs as well as confer naive T cells resistance to Tregs” mediated suppression
[134]. Several VISTA antagonists are in clinical development; Curis announced FDA Clearance of
IND Application for CI-8993 (First-In-Class Monoclonal Anti-VISTA Antibody) on 10 June with plans
to initiate a Phase Ia/Ib study in the second half of 2020 [135].

2.5. Emerging Co-Stimulatory Molecules as Targets for Immunotherapy

2.5.1.4-1BB

4-1BB, also called tumor necrosis factor receptor superfamily member 9 (TNFRSF9), is a
transmembrane glycoprotein expressed on activated T cells, DCs, NK cells, monocytes, B cells, and
neutrophils [87]. Ligation of 4-1BB with its ligand 4-1BB-L, expressed on activated APCs [136], aids
in activation of all these cell types. The costimulatory 4-1BB molecule has been shown to influence
the metabolic reprogramming of TILs whereby stimulation of 4-1BB improves metabolic sufficiency
in endogenous and adoptively transferred CD8+ T cells [137]. In an experiment performed by
Bukczynski et al., it was established that 4-1BB costimulation promotes expansion and activation of
T cell memory responses to Epstein—Barr virus (EBV) and influenza virus [136]. In the study by Maus
et al., artificial antigen presenting cells expressing ligands for 4-1BB (also expressing ligands for T cell
receptor (TCR) and CD28) were shown to efficiently expand polyclonal and antigen specific CD8* T
cells ex vivo [138].

Several pre-clinical studies showed that agonists of 4-1BB, as monotherapies or in combination
with other agents, result in potent anti-tumor activity against various tumors [84,85]. The clinical
development, however, has been marred by toxicities and low efficacies. Two 4-1BB agonist
antibodies (urelumab and utomilumab) have been tested in clinical trials. While urelumab has shown
liver toxicities, utomilumab has shown limited toxicities but also lower efficacy [85]. Both of these
agonists are still being tested (utomilumab predominantly), in combination with several other drugs,
in different phase studies for different cancers (clinicaltrails.gov). While agonist antibodies to 4-1BB
have not been a runaway success, the incorporation of 4-1BB in the CAR T cells has shown remarkable
effects in the clinic [139-141]. Incorporation of 4-1BB (along with inducible T cell co-stimulator
(ICOS)) in CAR T cells is thought to improve the persistence of these cells [142].

Since the combination of efficacy and safety profile of the two existing 4-1BB agonists (urelumab
and utomilumab) has not been desirable, several efforts are being undertaken to improve efficacy
while decreasing the toxicities [86,87]. These include, among others, the design of 4-1BB antibody
with weak agonistic Fab coupled with an engineered Fc that has selective FcyRIIB binding [87] and
design of trimeric 4-1BB ligand portion with capacity to engage 4-1BB on T cells but without the
ability to crosslink FcyR (but retain FcRn binding) [86]. In the study by Claus et al., the trimeric 4-1BB
ligand construct also included monovalent Fab fragment that binds to the tumor stromal component
fibroblast activation protein (FAP) for efficient tumor targeting (FAP-4-1BBL) [86]. When combined
with carcinoembryonic antigen-targeted T cell bispecific antibody (CEA-TCB), FAP-4-1BBL led to
improved CD8+ T cell infiltration and tumor regression as compared to treatment with CEA-TCB
alone in a murine model of gastric cancer (MKN45 cells xenografted with NIH/3T3-huFAP
fibroblasts) [86]. It remains to be seen if the existing agonists or the new agonists under development,



Int. J. Mol. Sci. 2020, 21, 5009 12 of 29

when used as monotherapies or in combination with other therapies, can result in significant
response rates with manageable toxicities.

2.5.2. OX40

0OX40, also called tumor necrosis factor receptor superfamily member 4 (TNFRSF4) and CD134,
is a costimulatory molecule which belongs to the TNFR-superfamily of receptors. While
constitutively expressed on Tregs, OX40 is expressed on T cells upon antigen stimulation [143]. The
ligand of OX40, OX40L, is found on B cells, epithelial cells, endothelial cells, activated APCs, NK cells,
and activated T cells [88,144]. OX40/OX40L interaction results in activation and proliferation of T cells
and also decreases the suppressive capacity of Tregs [145,146]; although one recent study has shown
that OX40 agonist does not change intrinsic suppressive ability of Tregs [143]. As summarized by Fu
et al., multiple preclinical studies of OX40 or OX40L agonists, either as monotherapies or in
combination with other modalities, have shown improved anti-tumor responses, decreased tumor
growth, and improved survival in different cancer models [88].

Multiple clinical trials, at various stages, are ongoing to evaluate the safety and efficacy of
OX40/OX40L agonists, either as monotherapy or in combination with other treatments [88]. A
preliminary analysis of dose escalation in phase 1 study of humanized IgG4 anti-OX40 antibody in
patients with advanced solid tumors showed that this OX40 agonist was well tolerated with 16% of
patients experiencing grade 3 TRAEs [89]. In another phase 1 dose escalation study of OX40 agonist
in patients with advanced cancers, patients mostly experienced grade 1 and 2 toxicities and at least
one metastatic lesion regressed in 12 out of 30 patients [90]. More safety and efficacy results from the
ongoing trials will inform if OX40 agonism will add to the arsenal of therapies aimed at exploiting
checkpoint molecules for cancer therapy.

2.6. Cellular Immunotherapy

One of the most recent advancements in cancer immunotherapy has been the rise of cellular
immunotherapy [147]. Cellular immunotherapy involves collection, modification, activation,
expansion, and infusion of tumor-infiltrating lymphocytes, TCR engineered T cells, chimeric antigen
receptor (CAR) T cells, or natural killer cells. Adoptive cell transfer (ACT) relies on extraction,
expansion, and infusion of either TCR modified or chimeric antigen receptor (CAR) engineered T
cells or endogenous tumor-specific T cells found at the malignant site [148] (Figure 2). Three major
models of cellular therapy include tumor infiltrating lymphocytes (TILs), T cell receptors (TCRs)
modified T cells, and CAR T cells [149]; in addition, NK cell therapy is also on the rise. In TIL therapy,
tumor infiltrating T cells are extracted from tumors and selected and activated during ex vivo
expansion before infusing them back into the patient. In TCR modified T cell and CAR T cell
therapies, lymphocytes are acquired from the patient’s peripheral blood and they are genetically
engineered to recognize and target tumor antigen(s) before infusing them back into the patient [148].

2.6.1. Tumor Infiltrating Lymphocyte (TIL) Therapy and Combinations

TIL therapy was tested in metastatic melanoma patients as early as 1988, with results showing
objective regression in 60% of patients who were previously untreated with IL-2 [150]. While some
trials that followed achieved only modest response rates, subsequent trials with high intensity
lymphodepletion resulted in improved response rates, objective response rate as high as 72% and
22% complete response [91], with TIL therapy in metastatic melanoma patients [91-94]. In a recent
nonrandomized open-label phase II study of TIL therapy in metastatic melanoma patients, an overall
response rate of 42% was achieved [95]. The overall response was 47% in checkpoint treatment-naive
patients and 38% and 33%, respectively for patients who had prior treatment with anti-CTLA-4 alone
and anti-CTLA-4 plus anti-PD-1, respectively [95]. All patients in this study received
nonmyeloablative lymphodepletion chemotherapy prior to TIL infusion.

TIL therapy has also been tested in combination with other drugs and as adjuvant therapy after
surgery. In a long-term follow up (17-year median follow-up) of adjuvant TIL therapy in melanoma
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patients with regional lymph node metastases (but no detectable visceral metastases), the relapse rate
for TIL treated patients was 75% compared to 84.09% for the control; and the median relapse-free
survival was 14.2 months and 10.3 months, respectively [96]. With regards to combination, a pilot
study evaluated the combination of vemurafenib (BRAF inhibitor) with ACT in 11 patients with
metastatic melanoma harboring BRAFV60EK mutation [97]. An objective response rate of 64% and
complete response of 18% was observed with the treatment [97]. Another study evaluated the safety
and efficacy of ipilimumab combined with TIL therapy in 13 patients with metastatic melanoma [98].
At a follow up 12 weeks post-infusion, the objective response rate was 38.5% and median PFS was
7.3 months [98]. Currently multiple clinical trials are ongoing to evaluate the safety and efficacy of
TIL therapy, as monotherapy or in combination with other treatments, in different cancers [151-153].
Results from these trials will inform if efficacy of TIL therapy, as monotherapy or as combination
therapy, will extend to other cancers.

> Antigen-specific
expansion

T-cells from
PBLs or TlLs Selection, expansion
»| Non-specific stimulation and reinfidion

and expansion

i Patient
Patient/Donor »| Genetic alteration

e.g. add/delete receptors

Figure 2. Adoptive T cell therapy. Peripheral blood lymphocytes (PBLs) or tumor infiltrating
lymphocytes (TILs) are collected and antigen-specific or non-specific expansions can be performed
depending on the source of T cells and their tumor antigen reactivity. Addition of antigen specific
receptors and additions/deletions of stimulatory/inhibitory receptors can be achieved with genetic
engineering prior to the expansion of T cells. Once desired quantity of these cells is reached through
expansion, they are reinfused into the patient.

2.6.2. Chimeric Antigen Receptor (CAR) T cell Therapy and Combinations

CARTT cell therapy is another successful and promising development in the field of adoptive
immunotherapy, where antigen receptor chimera are engineered into T lymphocytes for target
recognition and effector functions independent of constraints of human leukocyte antigen (HLA)
molecules [154]. CAR T cells, consisting of TCR constant domains fused to variable domains of anti-
2,4,6-trinitrophenyl antibody, were first generated in 1989 [155]. Since then, both the constructs
(different generations) and related effectiveness of CAR T cells have improved as different
generations of CAR T cells are developed and tested in the clinic [156]. The process of producing CAR
T cells is complicated and includes multiple steps [157]. First, white blood cells are separated from a
sample of the patient’s peripheral blood along with stimulation with mAbs and/or cytokines to help
isolate T cells from the sample [157,158]. After stimulation and expansion of T cells, genetic
modification of the chimeric antigen receptor takes place. In the CAR, the TCR portion of T cells is
replaced with antibody single-chain fragment specific toward a certain surface antigen of the tumor
cell through non-viral or viral CAR vector and the cytoplasmic portion has a signaling component
consisting of costimulatory domains such as CD28, 4-1BB, OX40, or CD40L and the CD3C( signaling
domain, depending on the different generations of the CAR T cells [154],[158,159]. The fourth
generation of CAR T cells even includes CAR inducible transgenic product such as cytokines [99].
Most of the time, a retroviral vector is used for the gene transfer [100]. The newly edited CAR T cells
are then cultured to undergo expansion and proliferation to reach numbers adequate for infusion.
Next, quality and sterility of the CAR T cells is tested and then the cells are infused into the patients
[99]. A summary of these steps can be found in Figure 3. Advanced gene-editing technology known
as clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9, has also taken a front
seat in the advancement of CAR T cell therapy. For example, generation of universal allogenic CAR
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T cells has been attempted by knocking out endogenous TCR and 32-microglobulin from the T cells
[160]. Future studies can utilize this technology to knock in or knockout immunostimulatory or
immunosuppressive genes of interest to improve response rates. Additionally, this can also be used
to deliver or target gene products that reduce the risk of autoimmunity/toxicities.

CD19, a cell surface transmembrane protein expressed on B cells, is the most studied target for
CART cells in the treatment of hematologic malignancies [99]. Therefore, CD19 targeted CAR T cells
have been extensively evaluated for treatment of hematological cancers such as acute lymphoblastic
leukemia (ALL), diffuse large B cell lymphoma, chronic lymphocytic leukemia, and B cell non-
Hodgkin lymphomas [99,148]. Remission rates in hematologic malignancies after CD19 CAR T cell
treatment have been reported to be as high as 93% [148]. In a study of CD19-specific CAR T cell
treatment in children with relapsed or refractory ALL, 93% complete remission at one month after
infusion and ~58% complete remission at a median follow up of 12 months after infusion were
reported [102]. In another study (phase II, single-cohort, 25-center, global study; NCT02435849) of
CD19 targeted CAR T cells in pediatric and young adult patients with refractory or relapsed B cell
acute lymphoblastic leukemia (B-ALL), overall remission rate of 81% was reported at three months
after infusion. In this study, the overall survival at 12 months was 76% [103]. In yet another phase I
study, 16 patients with relapsed or refractory B-ALL were treated with CD19 CARs and a complete
response rate of 88% was reported [104]. Unsurprisingly, such dramatic results in clinical trials have
led to FDA approval of two CD19-targeted CAR T cell therapies (axicabtagene ciloleucel and
tisagenlecleucel) [105].

Although CAR T cell therapy has been efficient in hematologic malignancies, relapses and
toxicities such as cytokine release syndrome and neurotoxicities are often prevalent [106]. In patients
with ALL that are treated with CD19 CAR, a relapse rate of 30-60% has been reported; where 10-20%
of relapses are CD19 negative [107]. Unlike in hematological malignancies, the success of CAR T cell
therapy has not extended to treatment of patients with solid tumors [148]. Non-exclusivity of tumor
antigens has resulted in severe toxicities, including liver toxicities and multi-organ failure, associated
with CAR T cell therapy in solid tumors [108-110,148]. CAR T cells that target relatively more specific
tumor antigens in solid tumors have resulted in decreased toxicities, but without significant efficacies
[148]. Additionally, antigen escape by the solid tumors provides another mechanism of resistance or
low efficacy in solid tumors. In order to improve efficacy, a newer generation CAR T cell designs are
aimed at prolonging the persistence of CAR T cells in vivo, augmenting effector responses by
providing cytokine activation signals, exploiting inhibitory signals in the tumor microenvironment
(TME) to generate stimulatory responses, and incorporating suicide genes for efficient shutdown of
cells in cases of severe toxicities [148]. Multiple clinical trials are underway to evaluate the safety and
efficacy of these newer generations CAR T cells.

The combination of CAR T cell therapy with checkpoint blockade has been studied [111-113]. In
a small study of four children with relapsed B-ALL, the combination of pembrolizumab with CAR T
cells resulted in prolonged persistence of CAR T cells and objective response was seen in two out of
four children [111]. In another study of 14 patients with relapsed B-ALL or B lymphoblastic
lymphoma, it was deemed that combination of pembrolizumab or nivolumab with CAR T cells is
safe [112]. One case report of a patient with primary mediastinal large B cell lymphoma, that was
refractory to CD19 targeted CAR T cells, indicated that the patient improved upon initiation of
pembrolizumab on day 26 post-infusion of CAR T cells [114]. Multiple clinical trials are underway to
evaluate the safety and efficacy of combination of CAR T cells with checkpoint blockade [113,153]. In
a separate case report, a patient with Philadelphia chromosome-positive B-ALL, who relapsed after
CD19 targeted CAR therapy, was treated with the combination of blinatumomab (bi-specific T cell
engagers against CD19 and CD3) and ponatinib (multi-tyrosine kinase inhibitor) [115]. Remarkably,
the patient responded and achieved complete remission lasting 12 months [115]. It remains to be seen,
however, if concurrent combination of these drugs with CAR T cell therapy will result in similar
efficacy. In another pilot study, 19 patients with CLL after ibrutinib (Bruton’s tyrosine kinase
inhibitor) failure were treated with concurrent ibrutinib and CD19 CAR T cells [116]. The overall
response rate in this study was 83% at four weeks. Compared to CAR T cell treatment without
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ibrutinib, concurrent treatment was associated with lower cytokine release syndrome severity
without differences in in vivo CAR T cell expansion [116]. Trials with larger sample sizes and side-
by-side comparison of sequential vs. concurrent treatment should inform the best approach for this
combination to derive maximal benefit. Multiple studies evaluating the combination of CAR T cells
with other therapeutic modalities are underway; hence results need to be awaited to determine if one
or more of such combinations generate higher efficacies with manageable toxicities.
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Figure 3. Overview of the production of chimeric antigen receptor (CAR) T cells. Peripheral blood is
collected, T cells are extracted via leukapheresis and apheresis. The genome of the CAR is loaded onto
the T cell using transduction from vectors (usually retroviruses). Next, the novel CAR T cells are
expanded and purified until they reach sufficient numbers. The quality and overall immunological
tolerance are tested for 2—4 weeks before reinfusing the cells into the patient.

There are a variety of obstacles that ACT continues to face. There have been issues in defining
what exactly constitutes a successful expansion of TILs. The extensive time for expansion to occur
and immune competency of TIL cell lines from cultured cancer tissue raises concerns for efficacy
[117]. In order for CART cells to be effective, successful migration, infiltration, and proliferation must
endure long enough, in addition to overcoming immunosuppressive mechanisms, to employ an
effective therapeutic response. There have been many factors hindering this, such as the lack of
consistent targeting of intracellular antigens, tumor cell heterogeneity, loss of antigen specificity
targets, and barriers to CAR T cell entry such as the blood-brain barrier [161]. Regardless of the
obstacles, research and clinical trials continue to revolutionize the cellular immunotherapy
landscape.

3. Combination of Immunotherapy and Radiation Therapy

Radiation therapy is a key method for the local control of tumors that are unable to be surgically
resected due to tumor location or the patient’s performance status or comorbidities. Radiation
treatments deliver DNA-damaging X-rays or carbon-ion radiation into local tumor cells, causing
direct cell damage and cell death [71,162]. Radiation also has the capacity to enhance T cell activation
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via upregulation of molecules within the tumor microenvironment such as major histocompatibility
complex (MHC) class I molecules, tumor antigens, and interferon-y [72]. When used in combination,
radiation exposes tumor-specific antigens to trigger immune cell infiltration and activation, which
can further be supplemented with immunotherapy agents. Together, this combination therapy has
the power to elicit a synergistic immune effect in the control of tumor size and regression of
metastases. Thus, the option of combined radiation with immunotherapy warrants studies to explore
the efficacy, advantages, and possible treatment approaches for metastatic tumors.

3.1. Mechanistic Effects of Radiotherapy Alone and in Combination with Immunotherapy

The tumor inhibitory mechanism of radiation is more than merely causing cellular DNA damage
from high-energy beams. The immune system reacts to radiation-induced tumor antigen visibility
and activation of pathways that trigger innate and adaptive immune responses [71]. While these are
beneficial effects for the treatment of tumors, not all effects of radiotherapy are favorable for the
elimination of cancerous cells. Negative effects can arise after radiation treatments. In addition to
causing unwanted DNA damage to healthy cells near the exposure site, radiation can cause an
upregulation in the cytokine transforming growth factor 3 (TGF-f) [163]. This cytokine causes a
cascade of immunosuppressive actions, including a reduction of cytotoxic capability in CD8* T cells,
decreased differentiation of CD4* T cells, and increased transcription of vascular endothelial growth
factor (VEGF) [71]. Together this converts the tumor stromal microenvironment into a more
immunosuppressive state [71]. While there are possible negative effects to radiation, the treatments
offer benefits to local tumor control and long-term survival when used appropriately.

Combined radiation with immune-modulating agents has a greater potential to mediate tumor
regression, especially in metastatic cancers [72]. A desired effect of this combination is to augment
what is known as the abscopal effect, in which localized radiation of a tumor may induce tumor
antigen recognition of distant metastatic tumors outside the field of radiation [73]. A simplified
hypothesis is that the irradiated tumors release tumor antigens, which are recognized by APCs. APCs
present tumor antigens from the irradiated tumor to CD8* T cells in lymph nodes. The primed
cytotoxic T cells undergo activation and proliferation. Tumor specific T cells can then circulate to
distant non-irradiated tumors to initiate a cascade of recognition and elimination mechanisms [73,74]
(Figure 4). Additionally, it has the ability to convert targeted approaches from local to systemic.

The abscopal effect is rarely seen in patients who receive radiotherapy as a stand-alone
treatment. This is likely because tumors possess altered antigen expression and mechanisms to confer
immune tolerance, thereby evading host immune responses [73]. However, when an immunotherapy
drug is added to the radiotherapy, studies have revealed that a much stronger and more sustainable
T cell response is elicited [72]. Although the precise mechanisms have not been elucidated, it is
thought that the radiation-induced immunogenic tumor cell death, along with increased release of
chemokines, leads to activation and tumor-infiltration of new clones of T cells which can be targets
for immunotherapy drugs such as ipilimumab to further enhance the antitumor immune responses
[75,162]. This highlights the need and rationale of adding an immunotherapy agent into the radiation
treatment plan to help prime and activate T cells to overcome immunological tolerance seen in
tumors.
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Figure 4. Mechanism of radiation-induced abscopal effect. Radiation damages tumor cells leading to
generation of tumor antigens and neoantigens. Antigen presenting cells (APCs) can pick up these
antigens, travel to draining lymph nodes, and present antigens and prime the naive CD8* T cells. The
primed and activated T cells circulate to both the primary irradiated tumor and non-irradiated
metastatic tumor sites and attack these tumors; hence generating the abscopal effect.

3.2. Efficacy of Radiotherapy Concomitant with Immunotherapy

While preclinical studies have shown that the combination of radiotherapy and immunotherapy
results in improved responses, it is essential to determine the temporal relationship of radiotherapy
and immunotherapy administration, the fractionation schedule of radiation, and the dosage of the
immunotherapy agents that results in the best overall efficacy [76]. Concerns of toxicity levels should
also be kept in mind when conducting these studies to reduce overlapping toxic effects of radiation
and immunotherapy [77]. Among the various types of immunotherapy to combine with
radiotherapy, ICIs are the most widely studied and have produced more robust clinical results [78].
Specifically, ICIs used to treat metastatic melanoma patients, anti-PD-1 and anti-CTLA-4, have shown
encouraging results in combination with radiation therapy [76]. Other immune modulators such as
vaccine immunotherapy, interleukins, and recombinant antigen technologies have not yet displayed
substantial evidence of a clinical benefit when combined with radiotherapy [76].

Generally speaking, the toxicity of ICIs and radiotherapy appears to be well tolerated [79]. In a
report summarizing the toxicities from studies evaluating the combination of radiotherapy with ICIs,
it was reported that grade 3-5 toxicities range from 14-34% for combination with CTLA-4 inhibitors,
and 5-10% for combination with PD-1 inhibitors. These rates are similar to the rates reported for ICIs
as monotherapies [72]. Patients undergoing radiation treatment for cancers in the thoracic region
should be monitored for radiation pneumonitis, an immune-mediated inflammatory reaction to
damaged irradiated lung tissue [164]. Severe pneumonitis from radiation can be fatal; so the incidence
of pneumonitis in combination therapy may be used as a benchmark to determine the radiation-dose
limiting toxicity level [165]. Two notable limitations of using pneumonitis as the degree of toxicity in
combination therapy are: 1) the occurrence of acute vs. delayed reaction pneumonitis and 2) the
challenge of determining whether it is induced by the radiation or the immunotherapy agent [77].
The majority of phase I combination therapy trials use dose-escalation of radiation until the threshold
of acute toxicity is reached. However, pneumonitis can still manifest several months post-radiation
[77]. Therefore, a long follow-up period is recommended during prospective trials before toxicity can
be determined and dose-escalation can continue. Multiple clinical trials are underway to identify the
optimal timing of radiotherapy in conjunction with immunotherapies as well as dosing regimens
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[75,153] that results in the best efficacy. Results from these studies will help establish the relationship
between the toxicity thresholds and the dosing and sequence of these two modalities.

4. Combination of Cancer Vaccines with Chemotherapy

Cancer vaccines seek to drive T cell activation by priming tumor-specific T cells with tumor-
associated antigens [80]. A randomized phase II trial evaluated a cancer vaccine, consisting of
multiple tumor-associated peptides, for renal cell carcinoma (RCC) after patients were treated with a
single dose of cyclophosphamide to deplete Tregs [81]. Phase I of this study included 28 patients and
phase Il included 68 patients (HLA-A*02*). In the phase II study, a low-dose chemotherapy treatment
of cyclophosphamide was administered three days before administration of the first dose of vaccine
plus GM-CSF. Both phases assessed the responses of T cells in association with objective clinical
benefits. While the PFS was not different between the groups (vaccine + GM-CSF + cyclophosphamide
vs. vaccine + GM-CSF), the median overall survival was better in the group that was treated with
cyclophosphamide (23.5 months vs. 14.8 months) [81]. While vaccine therapy has potential in
combination therapy, challenges exist in the identification of optimal tumor antigen targets and
therapeutic agents to counteract regulatory mechanisms that are antagonistic to immunotherapy.

Tumor protein p53 cancer vaccine has been studied in combination with chemotherapy [80]. p53
is a tumor suppressor gene that is often mutated in cancer cells and unlike its wild-type counterpart,
it has a significantly longer half-life and is present in higher quantities in cancer cells, making it a
suitable tumor antigen to exploit [80]. The goal of p53 cancer vaccination is to induce T cell responses
against tumor-associated p53 peptides. In a study by Antonia et al., patients with extensive stage
small cell lung cancer were treated with a combination of chemotherapy (cisplatin/VP-16,
carboplatin/VP-16, or cisplatin/CPT-11) and p53 cancer vaccine (DCs with adenoviral transduction of
p53) [80]. Patients were treated with first-line chemotherapy prior to receiving the p53 cancer vaccine,
and 57.1% of patients developed p53-specific T cell responses. While most patients progressed
despite the treatment with the vaccine, an objective clinical response of 61.9% was achieved when
patients were treated with subsequent chemotherapy following the vaccination [80]. This suggests a
synergistic relationship between the development of an antigen-specific response and clinical
response to chemotherapy leading to improved patient prognosis; although treatment schedule
(phased vs. concurrent) and doses will almost certainly have to be optimized to determine if there is
significant benefit to such combinations. A combination of cancer vaccines with other chemotherapy
agents such as gemcitabine, docetaxel, irinotecan, and platinum-based chemotherapies have been
studied in clinic, with results demonstrating the added benefit of the combination with regards to
response and survival rates [82].

Cancer vaccine combinations with chemotherapy face challenges in the clinical application of
treatment. Factors such as immunosuppressive tumor microenvironment, advanced age, or disease
stage can significantly affect patient outcomes [83]. Personalized combinations based on predictors
of responses and tumor molecular phenotypes may aid in generating better responses and overcome
some of the general challenges associated with the combination of cancer vaccines with
chemotherapies [83].

5. Biomarkers in Immunotherapy and Combinations

There have been unprecedented response rates from combining therapies such as checkpoint
inhibitors, vaccines, CAR T cells, and so forth. However, there are many patients who receive these
treatments and do not respond. In addition, treatment-related adverse events are often prevalent and
sometimes increase with the combinations. The identification of biomarkers will allow for
personalized treatment with combinations resulting in improved responses while also avoiding
severe toxicities. For example, between 2011 and April 2019, PD-L1 expression was deemed as a
predictive biomarker in 28.9% of FDA approvals of immune checkpoint inhibitors and nine out of 45
approvals were linked to PD-L1 testing [166]. While exciting, this also highlights the challenges
associated with the heterogeneity in the predictive power of the PD-L1 expression. Other challenges
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that lie ahead involve identifying precise immunotherapy mechanisms while simultaneously having
less variability in the measurement, standardization, and analysis of assays using biomarkers [167].

A biomarker that is often used as of late is tumor mutational burden (TMB) [168]. TMB is a
measure of the tumor genome’s somatic mutations found throughout the coding sequence. High
TMB has been shown to associate with better response rates in patients [168]. For example, in a phase
III trial of patients with NSCLC, it was found that patients with high TMB had a significantly higher
PFS with ipilimumab and first-line nivolumab vs. with chemotherapy [54]. Patients with high TMB
had a one-year PFS of 42.6% with ipilimumab and nivolumab vs. chemotherapy PFS of 13.2%. The
median PFS was 7.2 months vs. 5.5 months for patients with high TMB and 3.2 months vs. 5.5 months
for patients with low TMB for respective treatment with nivolumab plus ipilimumab vs.
chemotherapy [54]. George et al. [169] and Havel et al. [170] summarized the current landscape of
biomarkers associated with cancer immunotherapies.

6. Conclusion

Immunotherapies and their combinations with surgery, radiation, and chemotherapy have
proven to be successful in some clinical studies. Their ongoing clinical developments and recent FDA
approvals highlight their potential as powerful therapy tools to treat cancers as first-line or
subsequent therapies. However, these therapies are still not efficacious in a wide range of patients
and toxicity remains a major hurdle. Techniques to overcome drug-induced toxicity, subpar
therapeutic responses, and lowered efficacy are currently being explored. Delivery technologies,
targeted release mechanisms (with vehicles such as microparticles, liposomes, and nanoparticles),
schedules of administration, and personalized combinations are currently under clinical evaluations
to overcome drug-induced toxicities, subpar therapeutic response, and heterogeneity in responses in
patients with similar tumors. Additionally, biomarker expression studies on tumors may help to
define “hot tumors” (immune-responsive to therapy) and “cold tumors” (immune-resistant to
therapy) in the coming years. Through innovative clinical designs and collaborations between
interdisciplinary medical professions, new and enhanced treatments may be found and brought to
the clinical realm to benefit patients.

Author Contributions: Conceptualization, R.R. D. and P.L.; writing—original draft preparation, RR.D., P.L.,
CB., TF,P.P,N.L, andS.J.; writing —review and editing, RR.D., P.L., C.B., T.F,, P.P.,,N.L., and S.J.; supervision,
P.L. and R.R.D. All authors approved the final version of the manuscript. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
ACT Adoptive cellular therapy
APC Antigen presenting cell
CAR Chimeric antigen receptor
CDK Cyclin-dependent kinase
CI Confidence interval
CML Chronic myeloid leukemia

CRISPR  Clustered regularly interspaced short palindromic repeats
CTL Cytotoxic T-lymphocyte

CTLA-4 Cytotoxic T-lymphocyte-associated protein 4

DC Dendritic cell

DNA Deoxyribonucleic acid



Int. J. Mol. Sci. 2020, 21, 5009

FasL
HLA
ICI
IFN

Ig

L
ITIM
LAG-3
LFT
mAbs
MHC
NEF-kB
NHL
NK
NSCLC
oS
pCR
PD-1
PD-L1
PFS
RCC
TCR
TGF
TIL
TIM-3
TME
TNBC
TNF
TNFR
TNFRSF4
TRAEs
Treg
VEGF
VEGFR
VISTA

References

1.

Cancer.

Fas ligand

Human leukocyte antigen

Immune checkpoint inhibitor
Interferon

Immunoglobulin

Interleukin

Immunoreceptor tyrosine-based inhibition motif
Lymphocyte activation gene 3 protein
Liver function test

Monoclonal antibodies

Major histocompatibility complex
Nuclear factor kB

Non-Hodgkin’s lymphoma

Natural killer

Non-small cell lung cancer

Overall survival

Pathologic complete response rates
Programmed cell death protein 1
Programmed death-ligand 1
Progression free survival

Renal cell carcinoma

T cell receptor

Transforming growth factor

Tumor infiltrating lymphocyte

T cell Ig mucin domain-containing 3
Tumor microenvironment

Triple negative breast cancer

Tumor necrosis factor

Tumor necrosis factor receptor
Tumor necrosis factor receptor superfamily member 4
Treatment-related adverse effects
Regulatory T cell

Vascular endothelial growth factor
Vascular endothelial growth factor receptor

V-domain Ig suppressor of t-cell activation

Available

20 of 29

online:

https://www .cdc.gov/chronicdisease/resources/publications/factsheets/cancer.htm#:~:text=Cancer%20is%
20the%20second %20leading,and %20drinking%20too%20much%20alcohol (accessed on 10 July 2020)

2020)

Cancer Treatment. Available online: https://www.cancer.gov/about-cancer/treatment (accessed on 10 July



Int. ]. Mol. Sci. 2020, 21, 5009 21 of 29

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

How Immunotherapy Is Used to Treat Cancer. Available online:
https://www.cancer.org/treatment/treatments-and-side-effects/treatment-types/immunotherapy/what-is-
immunotherapy.html (accessed on 10 July 2020)

Kaufman, H.L., Atkins, M.B.; Subedi, P.; Wu, J.; Chambers, J.; Joseph Mattingly II, T.; Campbell, J.D.; Allen,
J.; Ferris, A.E.; Schilsky, R.L.; et al. The promise of Immuno-oncology: implications for defining the value
of cancer treatment. . Immunother. Cancer 2019, 7, 129.

Jiang, X.; Wang, J.; Deng, X.; Xiong, F.; Ge, ]J.; Xiang, B.; Wu, X,; Ma, J.; Zhou, M; Li, X,; et al. Role of the
tumor microenvironment in PD-L1/PD-1-mediated tumor immune escape. Mol. Cancer 2019, 18, 10.

Xia, A.; Zhang, Y.; Xu, J.; Yin, T.; Lu, XJ. T Cell Dysfunction in Cancer Immunity and Immunotherapy.
Front. Immunol. 2019, 10, 1719.

Alsaab, H.O,; Sau, S.; Alzhrani, R.; Tatiparti, K,; Bhise, K.; Kashaw, S.K,; Iyer, AK. PD-1 and PD-L1
Checkpoint Signaling Inhibition for Cancer Immunotherapy: Mechanism, Combinations, and Clinical
Outcome. Front. Pharmacol. 2017, 8, 561.

Teets, A.; Pham, L.; Tran, E.L.; Hochmuth, L.; Deshmukh, R. Avelumab: A Novel Anti-PD-L1 Agent in the
Treatment of Merkel Cell Carcinoma and Urothelial Cell Carcinoma. Crit. Rev. Immunol. 2018, 38, 159-206.
Vaddepally, R.K,; Kharel, P.; Pandey, R.; Garje, R.; Chandra, A.B. Review of Indications of FDA-Approved
Immune Checkpoint Inhibitors per NCCN Guidelines with the Level of Evidence. Cancers (Basel) 2020, 12,
738, d0i:10.3390/cancers12030738.

Wills, S.; Hochmuth, L.K,; Bauer Jr., K.S;; Deshmukh, R. Durvalumab: a newly approved checkpoint
inhibitor for the treatment of urothelial carcinoma. Curr. Probl. Cancer 2019, 43, 181-194.

Barrueto, L.; Caminero, F.; Cash, L.; Makris, C.; Lamichhane, P.; Deshmukh, R.R. Resistance to Checkpoint
Inhibition in Cancer Immunotherapy. Transl. Oncol. 2020, 13, 100738.

Toschi, L.; Rossi, S.; Finocchiaro, G.; Santoro, A. Non-small cell lung cancer treatment (r)evolution: ten
years of advances and more to come. Ecancermedicalscience 2017, 11, 787.

Chemotherapy for Non-Small Cell Lung Cancer. Available online: https://www.cancer.org/cancer/lung-
cancer/treating-non-small-cell/chemotherapy.html (accessed on 10 July 2020).

Lazzari, C.; Bulotta, A.; Ducceschi, M.; Vigano, M.G.; Brioschi, E.; Corti, F.; Gianni, L.; Gregorc, V. Historical
Evolution of Second-Line Therapy in Non-Small Cell Lung Cancer. Front. Med. (Lausanne) 2017, 4, 4.
Paz-Ares, L.; Luft, A,; Vicente, D.; Tafreshi, A.; Gumus, M.; Mazieres, ].; Hermes, B.; Cay Senler, F.; Csoszi,
T.; Fulop, A,; et al. Pembrolizumab plus Chemotherapy for Squamous Non-Small-Cell Lung Cancer. N.
Engl. ]. Med. 2018, 379, 2040-2051.

Wirsdorfer, F.; de Leve, S.; Jendrossek, V. Combining Radiotherapy and Immunotherapy in Lung Cancer:
Can We Expect Limitations Due to Altered Normal Tissue Toxicity? Int. J. Mol. Sci. 2018, 20, 24,
d0i:10.3390/ijms20010024.

Marshall, H.T.; Djamgoz, M.B.A. Immuno-Oncology: Emerging Targets and Combination Therapies. Front.
Oncol. 2018, 8, 315, d0i:10.3389/fonc.2018.00315.

Immunotherapy. Timeline of Progress. Available online:
https://www.cancerresearch.org/immunotherapy/timeline-of-progress (accessed on 10 July 2020).
Mahoney, K.M.; Rennert, P.D.; Freeman, G.J. Combination cancer immunotherapy and new
immunomodulatory targets. Nat. Rev. Drug Discov. 2015, 14, 561-584.

Casan, ].M.L.; Wong, J.; Northcott, M.].; Opat, S. Anti-CD20 monoclonal antibodies: reviewing a revolution.
Hum. Vaccin. Immunother. 2018, 14, 2820-2841.

Jimenez Aguilar, E.; Ricciuti, B.; Gainor, J.F.; Nishino, M.; Adeni, A.E.; Subegdjo, S.; Khosrowjerdi, S.;
Peterson, R.; Digumarthy, S.; Liu, C.; et al. Outcomes to first-line pembrolizumab in patients with non-
small cell lung cancer and a PD-L1 tumor proportion score 290%. J. Clin. Oncol. 2019, 37, 9111-9111.

Yi, M;; Jiao, D.; Xu, H,; Liu, Q.; Zhao, W.; Han, X.; Wu, K. Biomarkers for predicting efficacy of PD-1/PD-
L1 inhibitors. Mol. Cancer 2018, 17, 129, doi:10.1186/s12943-018-0864-3.

Marcus, L.; Lemery, S.J.; Keegan, P.; Pazdur, R. FDA Approval Summary: Pembrolizumab for the
Treatment of Microsatellite Instability-High Solid Tumors. Clin. Cancer Res. 2019, 25, 3753, doi:10.1158/1078-
0432.CCR-18-4070.

Oiseth, S.; Aziz, M. Cancer immunotherapy: a brief review of the history, possibilities, and challenges
ahead. J. Cancer Metastasis Treat. 2017, 3, 250-261.

Andrews, A. Treating with Checkpoint Inhibitors-Figure $1 Million per Patient. Am. Health Drug Benefits
2015, 8, 9.



Int. ]. Mol. Sci. 2020, 21, 5009 22 of 29

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Verma, V.; Sprave, T.; Haque, W.; Simone II, C.B.; Chang, ].Y.; Welsh, J.W.; Thomas Jr., C.R. A systematic
review of the cost and cost-effectiveness studies of immune checkpoint inhibitors. J. Immunother. Cancer
2018, 6, 128, doi:10.1002/cncr.29882.

Topalian, S.L.; Hodi, F.S.; Brahmer, J.R.; Gettinger, S.N.; Smith, D.C.; McDermott, D.F.; Powderly, ].D.;
Carvajal, R.D.; Sosman, J.A.; Atkins, M.B.; et al. Safety, activity, and immune correlates of anti-PD-1
antibody in cancer. N. Engl. |. Med. 2012, 366, 2443-2454.

Yusa, S.; Campbell, K.S. Src homology region 2-containing protein tyrosine phosphatase-2 (SHP-2) can play
a direct role in the inhibitory function of killer cell Ig-like receptors in human NK cells. J. Immunol. 2003,
170, 4539-4547.

Fares, C.M.; Van Allen, E.M.; Drake, C.G.; Allison, ]J.P.; Hu-Lieskovan, S. Mechanisms of Resistance to
Immune Checkpoint Blockade: Why Does Checkpoint Inhibitor Immunotherapy Not Work for All
Patients? Am. Soc. Clin. Oncol. Educ. Book 2019, 39, 147-164.

Rossi, C.; Gilhodes, J.; Maerevoet, M.; Herbaux, C.; Morschhauser, E.; Brice, P.; Garciaz, S.; Borel, C.;
Ysebaert, L.; Oberic, L.; et al. Efficacy of chemotherapy or chemo-anti-PD-1 combination after failed anti-
PD-1 therapy for relapsed and refractory Hodgkin lymphoma: A series from Lysa centers. Am. . Hematol.
2018, doi:10.1002/ajh.25154.

Ma, J; Sun, D.; Wang, J.; Han, C.; Qian, Y.; Chen, G,; Li, X.; Zhang, J.; Cui, P.; Du, W,; et al. Immune
checkpoint inhibitors combined with chemotherapy for the treatment of advanced pancreatic cancer
patients. Cancer Immunol. Immunother. 2020, 69, 365-372.

Sun, D.; Ma, J.; Wang, J.; Han, C.; Qian, Y.; Chen, G, Li, X;; Zhang, J.; Cui, P.; Du, W,; et al. Anti-PD-1
therapy combined with chemotherapy in patients with advanced biliary tract cancer. Cancer Immunol.
Immunother. 2019, 68, 1527-1535.

Schmid, P.; Adams, S.; Rugo, H.S.; Schneeweiss, A.; Barrios, C.H.; Iwata, H.; Dieras, V.; Hegg, R.; Im, S.A;
Shaw Wright, G.; et al. Atezolizumab and Nab-Paclitaxel in Advanced Triple-Negative Breast Cancer. N.
Engl. ]. Med. 2018, 379, 2108-2121.

Horn, L.; Mansfield, A.S.; Szczesna, A.; Havel, L.; Krzakowski, M.; Hochmair, M.J.; Huemer, F.; Losonczy,
G.; Johnson, M.L.; Nishio, M.; et al. First-Line Atezolizumab plus Chemotherapy in Extensive-Stage Small-
Cell Lung Cancer. N. Engl. |. Med. 2018, 379, 2220-2229.

Drew, Y.; Kaufman, B.; Banerjee, S.; Lortholary, A.; Hong, S.H.; Park, Y.H.; Zimmermann, S.; Roxburgh, P.;
Ferguson, M.; Alvarez, R.H; et al. Phase II study of olaparib + durvalumab (MEDIOLA): Updated results
in germline BRCA-mutated platinumsensitive relapsed (PSR) ovarian cancer (OC) [ESMO abstract
1190PD]. Ann. Oncol. 2019, 30, doi:10.1093/annonc/mdz253.016.

Bang, Y.-].; Kaufman, B.; Geva, R.; Stemmer, S.M.; Hong, S.-H.; Lee, ].-S.; Domchek, S.M.; Lanasa, M.C.;
Tang, M.; Gresty, C.; et al. An open-label, phase II basket study of olaparib and durvalumab (MEDIOLA):
Results in patients with relapsed gastric cancer. . Clin. Oncol. 2019, doi: 10.1200/JC0O.2019.37.4_suppl.140.

Peng, J.; Hamanishi, J.; Matsumura, N.; Abiko, K.; Murat, K; Baba, T.; Yamaguchi, K.; Horikawa, N.;
Hosoe, Y.; Murphy, S.K,; et al. Chemotherapy Induces Programmed Cell Death-Ligand 1 Overexpression
via the Nuclear Factor-kappaB to Foster an Immunosuppressive Tumor Microenvironment in Ovarian
Cancer. Cancer Res. 2015, 75, 5034-5045.

Yu, Y,; Ma, X;; Zhang, Y.; Zhang, Y.; Ying, J.; Zhang, W.; Zhong, Q.; Zhou, A.,; Zeng, Y. Changes in
Expression of Multiple Checkpoint Molecules and Infiltration of Tumor Immune Cells after Neoadjuvant
Chemotherapy in Gastric Cancer. ]. Cancer 2019, 10, 2754-2763.

Ng, H.Y.; Li, J; Tao, L; Lam, AK,, Chan, KW, Ko, ]J]M.Y.,; Yu, V.Z; Wong, M,; Li, B.; Lung, M.L.
Chemotherapeutic Treatments Increase PD-L1 Expression in Esophageal Squamous Cell Carcinoma
through EGFR/ERK Activation. Transl. Oncol. 2018, 11, 1323-1333.

Clinical Trial Evaluating FOLFIRI + Durvalumab vs FOLFIRI + Durvalumab and Tremelimumab in Second-
line Treatment of Patients With Advanced Gastric or Gastro-oesophageal Junction Adenocarcinoma.
Available online: https://ClinicalTrials.gov/show/NCT03959293 (accessed on 10 July 2020).

Study For Patients With NSCLC EGFR Mutations (Del 19 or L858R +/- T790M). Available online:
https://ClinicalTrials.gov/show/NCT02349633 (accessed on 10 July 2020).

Buchbinder, E.I; Desai, A. CTLA-4 and PD-1 Pathways: Similarities, Differences, and Implications of Their
Inhibition. Am. J. Clin. Oncol. 2016, 39, 98-106.

Nirschl, C.J.; Drake, C.G. Molecular pathways: coexpression of immune checkpoint molecules: signaling
pathways and implications for cancer immunotherapy. Clin. Cancer Res. 2013, 19, 4917-4924.



Int. ]. Mol. Sci. 2020, 21, 5009 23 of 29

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Rotte, A. Combination of CTLA-4 and PD-1 blockers for treatment of cancer. J. Exp. Clin. Cancer Res. 2019,
38, 255, doi:10.1186/s13046-019-1259-z.

Simpson, T.R.; Li, F.; Montalvo-Ortiz, W.; Sepulveda, M.A.; Bergerhoff, K.; Arce, F.; Roddie, C.; Henry, ].Y.;
Yagita, H.; Wolchok, ].D.; et al. Fc-dependent depletion of tumor-infiltrating regulatory T cells co-defines
the efficacy of anti-CTLA-4 therapy against melanoma. J. Exp. Med. 2013, 210, 1695-1710.

Pol, J.; Kroemer, G. Anti-CTLA-4 immunotherapy: uncoupling toxicity and efficacy. Cell Res. 2018, 28, 501—
502.

Sharma, A.; Subudhi, S.K; Blando, J.; Scutti, J.; Vence, L.; Wargo, J.; Allison, J.P.; Ribas, A.; Sharma, P. Anti-
CTLA-4 Immunotherapy Does Not Deplete FOXP3(+) Regulatory T Cells (Tregs) in Human Cancers. Clin.
Cancer Res. 2019, 25, 1233-1238.

Hodji, F.S.; O'Day, S.J.; McDermott, D.F.; Weber, R.W.; Sosman, ].A.; Haanen, J.B.; Gonzalez, R.; Robert, C.;
Schadendorf, D.; Hassel, J.C.; et al. Improved survival with ipilimumab in patients with metastatic
melanoma. N. Engl. ]. Med. 2010, 363, 711-723.

Sharma, P.; Allison, ]J.P. Immune checkpoint targeting in cancer therapy: toward combination strategies
with curative potential. Cell 2015, 161, 205-214.

Maio, M.; Grob, J.J.; Aamdal, S.; Bondarenko, I.; Robert, C.; Thomas, L.; Garbe, C.; Chiarion-Sileni, V.;
Testori, A.; Chen, T.T ; et al. Five-year survival rates for treatment-naive patients with advanced melanoma
who received ipilimumab plus dacarbazine in a phase III trial. J. Clin. Oncol. 2015, 33, 1191-1196.

Hodi, E.S.; Lee, S.; McDermott, D.F.; Rao, U.N.; Butterfield, L.H.; Tarhini, A.A.; Leming, P.; Puzanov, L;
Shin, D.; Kirkwood, J.M. Ipilimumab plus sargramostim vs ipilimumab alone for treatment of metastatic
melanoma: a randomized clinical trial. JAMA 2014, 312, 1744-1753.

Overman, M.J,; Lonardi, S.; Wong, K.Y.M.; Lenz, H.J.; Gelsomino, F.; Aglietta, M.; Morse, M.A.; Van
Cutsem, E.; McDermott, R.; Hill, A.; et al. Durable Clinical Benefit With Nivolumab Plus Ipilimumab in
DNA Mismatch Repair-Deficient/Microsatellite Instability-High Metastatic Colorectal Cancer. J. Clin.
Oncol. 2018, 36, 773-779.

Hid Cadena, R.; Abdulahad, W.H.; Hospers, G.A.P.; Wind, T.T.; Boots, A.M.H.; Heeringa, P.; Brouwer, E.
Checks and Balances in  Autoimmune  Vasculitis.  Front. Immunol. 2018, 9, 315,
do0i:10.3389/fimmu.2018.00315.

Hellmann, M.D.; Ciuleanu, T.E.; Pluzanski, A.; Lee, ].S.; Otterson, G.A.; Audigier-Valette, C.; Minenza, E.;
Linardou, H.; Burgers, S.; Salman, P.; et al. Nivolumab plus Ipilimumab in Lung Cancer with a High Tumor
Mutational Burden. N. Engl. . Med. 2018, 378, 2093-2104.

Chen, E.X;; Jonker, D.J.; Loree, ].M.; Kennecke, H.F.; Berry, S.R.; Couture, F.; Ahmad, C.E.; Goffin, J.R.;
Kavan, P.; Harb, M,; et al. Effect of Combined Immune Checkpoint Inhibition vs Best Supportive Care
Alone in Patients With Advanced Colorectal Cancer: The Canadian Cancer Trials Group CO.26 Study.
JAMA Oncol. 2020, doi:10.1001/jamaoncol.2020.0910.

Amaria, RN.; Reddy, S.M.; Tawbi, H.A.; Davies, M.A.; Ross, M.L; Glitza, 1.C.; Cormier, ].N.; Lewis, C.;
Hwu, W.J.; Hanna, E.; et al. Neoadjuvant immune checkpoint blockade in high-risk resectable melanoma.
Nat. Med. 2018, 24, 1649-1654.

Blank, C.U.; Rozeman, E.A.; Fanchi, L.F.; Sikorska, K.; van de Wiel, B.; Kvistborg, P.; Krijgsman, O.; van
den Braber, M,; Philips, D.; Broeks, A.; et al. Neoadjuvant versus adjuvant ipilimumab plus nivolumab in
macroscopic stage IIl melanoma. Nat. Med. 2018, 24, 1655-1661.

Sharma, P.; Siefker-Radtke, A.; de Braud, F.; Basso, U.; Calvo, E.; Bono, P.; Morse, M.A.; Ascierto, P.A.;
Lopez-Martin, J.; Brossart, P.; et al. Nivolumab Alone and With Ipilimumab in Previously Treated
Metastatic Urothelial Carcinoma: CheckMate 032 Nivolumab 1 mg/kg Plus Ipilimumab 3 mg/kg Expansion
Cohort Results. J. Clin. Oncol. 2019, 37, 1608-1616.

Lebbe, C.; Meyer, N.; Mortier, L.; Marquez-Rodas, I.; Robert, C.; Rutkowski, P.; Menzies, A.M.; Eigentler,
T.; Ascierto, P.A.; Smylie, M,; et al. Evaluation of Two Dosing Regimens for Nivolumab in Combination
With Ipilimumab in Patients With Advanced Melanoma: Results From the Phase IIIb/IV CheckMate 511
Trial. J. Clin. Oncol. 2019, 37, 867-875.

FDA grants accelerated approval to nivolumab and ipilimumab combination for hepatocellular carcinoma.
Available online: https://www.fda.gov/drugs/resources-information-approved-drugs/fda-grants-
accelerated-approval-nivolumab-and-ipilimumab-combination-hepatocellular-carcinoma_(accessed on 19
June 2020).



Int. J. Mol. Sci. 2020, 21, 5009 24 of 29

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

FDA approves nivolumab plus ipilimumab combination for intermediate or poor-risk advanced renal cell
carcinoma. Available online: https://www.fda.gov/drugs/resources-information-approved-drugs/fda-
approves-nivolumab-plus-ipilimumab-combination-intermediate-or-poor-risk-advanced-renal-cell
(accessed on 19 June 2020).

FDA approves nivolumab plus ipilimumab for first-line mNSCLC (PD-L1 tumor expression >1%).
Available online: https://www.fda.gov/drugs/drug-approvals-and-databases/fda-approves-nivolumab-
plus-ipilimumab-first-line-mnsclc-pd-11-tumor-expression-1 (accessed on 19 June 2020).

FDA grants accelerated approval to ipilimumab for MSI-H or dMMR metastatic colorectal cancer.
Available online: https://www.fda.gov/drugs/resources-information-approved-drugs/fda-grants-
accelerated-approval-ipilimumab-msi-h-or-dmmr-metastatic-colorectal-cancer (accessed on 19 June 2020).
FDA approves nivolumab plus ipilimumab and chemotherapy for first-line treatment of metastatic
NSCLC. Available online: https://www.fda.gov/drugs/drug-approvals-and-databases/fda-approves-
nivolumab-plus-ipilimumab-and-chemotherapy-first-line-treatment-metastatic-nsclc_(accessed on 19 June
2020).

Lamichhane, P.; Deshmukh, R.; Brown, ].A ; Jakubski, S.; Parajuli, P.; Nolan, T.; Raja, D.; Badawy, M.; Yoon,
T.; Zmiyiwsky, M.; et al. Novel Delivery Systems for Checkpoint Inhibitors. Medicines (Basel) 2019, 6, 74,
do0i:10.3390/medicines6030074.

Wang, D.Y,; Salem, J.E.; Cohen, ].V.; Chandra, S.; Menzer, C.; Ye, F.; Zhao, S.; Das, S.; Beckermann, K.E.;
Ha, L.; et al. Fatal Toxic Effects Associated With Immune Checkpoint Inhibitors: A Systematic Review and
Meta-analysis. JAMA Oncol. 2018, 4, 1721-1728.

Denis, M.; Duruisseaux, M.; Brevet, M.; Dumontet, C. How Can Immune Checkpoint Inhibitors Cause
Hyperprogression in Solid Tumors? Front. Immunol. 2020, 11, 492, doi:10.3389/fimmu.2020.00492.

Jenkins, R W.; Thummalapalli, R.; Carter, ].; Canadas, I.; Barbie, D.A. Molecular and Genomic Determinants
of Response to Immune Checkpoint Inhibition in Cancer. Annu. Rev. Med. 2018, 69, 333-347.

Jenkins, RW; Barbie, D.A.; Flaherty, K.T. Mechanisms of resistance to immune checkpoint inhibitors. Br.
J. Cancer 2018, 118, 9-16.

Li, X.; Shao, C.; Shi, Y.; Han, W. Lessons learned from the blockade of immune checkpoints in cancer
immunotherapy. ]. Hematol. Oncol. 2018, 11, 31, d0i:10.1186/s13045-018-0578-4.

Wang, Y.; Deng, W.; Li, N.; Neri, S.; Sharma, A.; Jiang, W.; Lin, S.H. Combining Immunotherapy and
Radiotherapy for Cancer Treatment: Current Challenges and Future Directions. Front. Pharmacol. 2018, 9,
185, d0i:10.3389/fphar.2018.00185.

Bang, A.; Schoenfeld, ].D. Immunotherapy and radiotherapy for metastatic cancers. Ann. Palliat. Med. 2019,
8, 312-325.

Ngwa, W.; Irabor, O.C.; Schoenfeld, J.D.; Hesser, J.; Demaria, S.; Formenti, S.C. Using immunotherapy to
boost the abscopal effect. Nat. Rev. Cancer 2018, 18, 313-322.

Grass, G.D.; Krishna, N.; Kim, S. The immune mechanisms of abscopal effect in radiation therapy. Curr.
Probl. Cancer 2016, 40, 10-24.

Lamichhane, P.; Amin, N.P.; Agarwal, M.; Lamichhane, M. Checkpoint Inhibition: Will Combination with
Radiotherapy and Nanoparticle-Mediated Delivery Improve Efficacy? Medicines (Basel) 2018, 5, 114,
do0i:10.3390/medicines5040114.

Bhalla, N.; Brooker, R.; Brada, M. Combining immunotherapy and radiotherapy in lung cancer. . Thorac.
Dis. 2018, 10, S1447-51460.

Tang, C.; Wang, X.; Soh, H.; Seyedin, S.; Cortez, M.A.; Krishnan, S.; Massarelli, E.; Hong, D.; Naing, A.;
Diab, A.; et al. Combining radiation and immunotherapy: A new systemic therapy for solid tumors? Cancer
Immunol. Res. 2014, 2, 831-838.

Kang, J.; Demaria, S.; Formenti, S. Current clinical trials testing the combination of immunotherapy with
radiotherapy. J. Immunother. Cancer 2016, 4, 51, doi:10.1186/s40425-016-0156-7.

Bang, A.; Wilhite, T.].; Pike, L.R.G.; Cagney, D.N.; Aizer, A.A.; Taylor, A.; Spektor, A.; Krishnan, M.; Ott,
P.A.; Balboni, T.A; et al. Multicenter Evaluation of the Tolerability of Combined Treatment With PD-1 and
CTLA-4 Immune Checkpoint Inhibitors and Palliative Radiation Therapy. Int. ]. Radiat. Oncol. Biol. Phys.
2017, 98, 344-351.

Antonia, S.J.; Mirza, N.; Fricke, I; Chiappori, A.; Thompson, P.; Williams, N.; Bepler, G.; Simon, G.;
Janssen, W.; Lee, J.H.; et al. Combination of p53 cancer vaccine with chemotherapy in patients with
extensive stage small cell lung cancer. Clin. Cancer Res. 2006, 12(Pt 1), 878-887.



Int. J. Mol. Sci. 2020, 21, 5009 25 of 29

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Walter, S.; Weinschenk, T.; Stenzl, A.; Zdrojowy, R.; Pluzanska, A.; Szczylik, C.; Staehler, M.; Brugger, W.;
Dietrich, P.Y.; Mendrzyk, R.; et al., Multipeptide immune response to cancer vaccine IMA901 after single-
dose cyclophosphamide associates with longer patient survival. Nat. Med. 2012, 18, 1254-1261.
Gatti-Mays, M.E.; Redman, J.M.; Collins, J.M.; Bilusic, M. Cancer vaccines: Enhanced immunogenic
modulation through therapeutic combinations. Hum. Vaccin. Immunother. 2017, 13, 2561-2574.

Rodriguez, P.C.; Sanchez, B. Challenges and opportunities for cancer vaccines in the current NSCLC clinical
scenario. Curr. Top. Med. Chem. 2013, 13, 2551-2561.

Vinay, D.S.; Kwon, B.S. 4-1BB (CD137), an inducible costimulatory receptor, as a specific target for cancer
therapy. BMB Rep. 2014, 47, 122-129.

Chu, D.T.; Bac, N.D.; Nguyen, K.H.; Tien, N.L.B.; Thanh, V.V.; Nga, V.T.; Ngoc, V.T.N.; Anh Dao, D.T.;
Hoan, L.N.; Hung, N.P; et al. An Update on Anti-CD137 Antibodies in Immunotherapies for Cancer. Int.
J. Mol. Sci. 2019, 20, 1822, doi:10.3390/ijms20081822.

Claus, C.; Ferrara, C.; Xu, W.; Sam, J.; Lang, S.; Uhlenbrock, F.; Albrecht, R.; Herter, S.; Schlenker, R.; Husser,
T.; et al., Tumor-targeted 4-1BB agonists for combination with T cell bispecific antibodies as off-the-shelf
therapy. Sci. Transl. Med. 2019, 11, doi:10.1126/scitranslmed.aav5989.

Qi, X,; Li, F.; Wu, Y.; Cheng, C.; Han, P.; Wang, ]J.; Yang, X. Optimization of 4-1BB antibody for cancer
immunotherapy by balancing agonistic strength with FcgammaR affinity. Nat. Commun. 2019, 10, 2141,
doi:10.1038/s41467-019-10088-1.

Fu, Y,; Lin, Q.; Zhang, Z.; Zhang, L. Therapeutic strategies for the costimulatory molecule OX40 in T-cell-
mediated immunity. Acta Pharm. Sin. B 2020, 10, 414-433.

Glisson, B.; Leidner, R.; Ferris, R.L.; Powderly, J.; Rizvi, N.A.; Keam, B.; Schneider, R.; Goel. S.; Ohr, J.P.;
Zheng, Y.; et al. Safety and clinical activity of MEDI0562, a humanized OX40 agonist monoclonal antibody,
in adult patients with advanced solid tumors. Ann. Oncol. 2018, 29(Suppl. 8), VIII410.

Curti, B.D.; Kovacsovics-Bankowski, M.; Morris, N.; Walker, E.; Chisholm, L.; Floyd, K.; Walker, J.;
Gonzalez, I.; Meeuwsen, T.; Fox, B.A.; et al. OX40 is a potent immune-stimulating target in late-stage cancer
patients. Cancer Res. 2013, 73, 7189-7198.

Rosenberg, S.A.; Yang, ].C.; Sherry, RM.; Kammula, U.S.; Hughes, M.S.; Phan, G.Q.; Citrin, D.E.; Restifo,
N.P.; Robbins, P.F.; Wunderlich, ].R.; et al. Durable complete responses in heavily pretreated patients with
metastatic melanoma using T-cell transfer immunotherapy. Clin. Cancer Res. 2011, 17, 4550-4557.
Rosenberg, S.A.; Yannelli, ].R.; Yang, J.C.; Topalian, S.L.; Schwartzentruber, D.J.; Weber, ].S.; Parkinson,
D.R.; Seipp, C.A.; Einhorn, J.H.; White, D.E. Treatment of patients with metastatic melanoma with
autologous tumor-infiltrating lymphocytes and interleukin 2. J. Natl. Cancer Inst. 1994, 86, 1159-1166.
Wrzesinski, C.; Paulos, C.M.; Kaiser, A.; Muranski, P.; Palmer, D.C.; Gattinoni, L.; Yu, Z.; Rosenberg, S.A.;
Restifo, N.P. Increased intensity lymphodepletion enhances tumor treatment efficacy of adoptively
transferred tumor-specific T cells. J. Immunother. 2010, 33, 1-7.

Dudley, M.E.; Wunderlich, J.R.; Yang, ].C.; Hwu, P.; Schwartzentruber, D.J.; Topalian, S.L.; Sherry, RM.;
Marincola, F.M.; Leitman, S.F.; Seipp, C.A.; et al. A phase I study of nonmyeloablative chemotherapy and
adoptive transfer of autologous tumor antigen-specific T lymphocytes in patients with metastatic
melanoma. J. Immunother. 2002, 25, 243-251.

Forget, M.A.; Haymaker, C.; Hess, K.R.; Meng, Y.J.; Creasy, C.; Karpinets, T.; Fulbright, O.]J.; Roszik, J.;
Woodman, S.E.; Kim, Y.U.; et al. Prospective Analysis of Adoptive TIL Therapy in Patients with Metastatic
Melanoma: Response, Impact of Anti-CTLA4, and Biomarkers to Predict Clinical Outcome. Clin. Cancer
Res. 2018, 24, 4416-4428.

Khammari, A.; Knol, A.C; Nguyen, ].M.; Bossard, C.; Denis, M.G.; Pandolfino, M.C.; Quereux, G.;
Bercegeay, S.; Dreno, B. Adoptive TIL transfer in the adjuvant setting for melanoma: Long-term patient
survival. J. Immunol. Res. 2014, 2014, 186212, d0i:10.1155/2014/186212.

Deniger, D.C; Kwong, M.L.; Pasetto, A.; Dudley, M.E.; Wunderlich, J.R.,; Langhan, M.M.; Lee, C.R;;
Rosenberg, S.A. A Pilot Trial of the Combination of Vemurafenib with Adoptive Cell Therapy in Patients
with Metastatic Melanoma. Clin. Cancer Res. 2017, 23, 351-362.

Mullinax, J.E.; Hall, M.; Prabhakaran, S.; Weber, J.; Khushalani, N.; Eroglu, Z.; Brohl, A.S.; Markowitz, J.;
Royster, E.; Richards, A.; et al. Combination of Ipilimumab and Adoptive Cell Therapy with Tumor-
Infiltrating Lymphocytes for Patients with Metastatic Melanoma. Front. Oncol. 2018, 8, 44,
doi:10.3389/fonc.2018.00044.



Int. ]. Mol. Sci. 2020, 21, 5009 26 of 29

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Shank, B.R.; Do, B.; Sevin, A.; Chen, S.E.; Neelapu, S.S.; Horowitz, S.B. Chimeric Antigen Receptor T Cells
in Hematologic Malignancies. Pharmacotherapy 2017, 37, 334-345.

Levine, B.L.; Miskin, J.; Wonnacott, K.; Keir, C. Global Manufacturing of CAR T Cell Therapy. Mol. Ther.
Methods Clin. Dev. 2017, 4, 92-101.

Holzinger, A.; Barden, M.; Abken, H. The growing world of CAR T cell trials: A systematic review. Cancer
Immunol. Immunother. 2016, 65, 1433-1450.

Maude, S.L.; Rheingold, D.T.; Rheingold, S.R.; Shaw. P.A.; Aplenc, R.; Barrett, D.M.; Barker, C.S.; Callahan,
C.; Frey, N.V,; Nazimuddin, F.; et al. Sustained remissions with CD19-specific chimeric antigen receptor
(CAR)-modified T cells in children with relapsed/refractory ALL. . Clin. Oncol. 2016, 34, 3011.

Maude, S.L.; Laetsch, T.W.; Buechner, J.; Rives, S.; Boyer, M.; Bittencourt, H.; Bader, P.; Verneris, M.R.;
Stefanski, H.E.; Myers, G.D.; et al. Tisagenlecleucel in Children and Young Adults with B-Cell
Lymphoblastic Leukemia. N. Engl. |. Med. 2018, 378, 439-448.

Davila, M.L.; Riviere, I.; Wang, X.; Bartido, S.; Park, J.; Curran, K.; Chung, S.S.; Stefanski, J.; Borquez-Ojeda,
O.; Olszewska, M.; et al. Efficacy and toxicity management of 19-28z CAR T cell therapy in B cell acute
lymphoblastic leukemia. Sci. Transl. Med. 2014, 6, 224ra25, doi:10.1126/scitranslmed.3008226.

Greenberg, P. How Cellular Immunotherapies Are Changing the Outlook for Cancer Patients. Available online:
https://www.cancerresearch.org/immunotherapy/treatment-types/adoptive-cell-therapy_(accessed on 19
June 2020).

D'Aloia, M.M.; Zizzari, I.G.; Sacchetti, B.; Pierelli, L.; Alimandi, M. CAR-T cells: The long and winding road
to solid tumors. Cell Death Dis. 2018, 9, 282, d0i:10.1038/s41419-018-0278-6.

Xu, X,; Sun, Q.; Liang, X,; Chen, Z.; Zhang, X.; Zhou, X.; Li, M.; Tu, H,; Liu, Y.; Tu, S.; et al., Mechanisms of
Relapse After CD19 CAR T-Cell Therapy for Acute Lymphoblastic Leukemia and Its Prevention and
Treatment Strategies. Front. Immunol. 2019, 10, 2664, doi:10.3389/fimmu.2019.02664.

Bonifant, C.L.; Jackson, H.J.; Brentjens, R.J.; Curran, K.J. Toxicity and management in CAR T-cell therapy.
Mol. Ther. Oncol. 2016, 3, 16011.

Lamers, C.H.; Sleijfer, S.; Vulto, A.G.; Kruit, W.H.; Kliffen, M.; Debets, R.; Gratama, J.W.; Stoter, G.;
Oosterwijk, E. Treatment of metastatic renal cell carcinoma with autologous T-lymphocytes genetically
retargeted against carbonic anhydrase IX: First clinical experience. . Clin. Oncol. 2006, 24, e20—e22.
Morgan, R.A.; Yang, ].C.; Kitano, M.; Dudley, M.E.; Laurencot, C.M.; Rosenberg, S.A. Case report of a
serious adverse event following the administration of T cells transduced with a chimeric antigen receptor
recognizing ERBB2. Mol. Ther. 2010, 18, 843-851.

Maude, S.L.; Hucks, G.E.; Seif, A.E.; Talekar, M.K.; Teachey, D.T.; Baniewicz, D.; Callahan, C.; Gonzalez,
V.; Nazimuddin, F.; Gupta, M.; et al. The effect of pembrolizumab in combination with CD19-targeted
chimeric antigen receptor (CAR) T cells in relapsed acute lymphoblastic leukemia (ALL). J. Clin. Oncol.
2017, 35(Suppl. 15), 103.

Li, AM.; Hucks, G.E.D.; Dinofia, A.M.; Seif, A.E.; Teachey, D.T.; Baniewicz, D.; Callahan, C.; Fasano, C.;
McBride, B.; Gonzalez, V; et al. Checkpoint Inhibitors Augment CD19-Directed Chimeric Antigen Receptor
(CAR) T Cell Therapy in Relapsed B-Cell Acute Lymphoblastic Leukemia. Blood 2018, 132(Suppl. 1), 556,
doi:10.1182/blood-2018-99-112572.

Yoon, D.H.; Osborn, M.].; Tolar, J.; Kim, C.J. Incorporation of Immune Checkpoint Blockade into Chimeric
Antigen Receptor T Cells (CAR-Ts): Combination or Built-In CAR-T. Int. |. Mol. Sci. 2018, 19, 340,
do0i:10.3390/ijms19020340.

Chong, E.A.; Melenhorst, ].J.; Lacey, S.F.; Ambrose, D.E.; Gonzalez, V.; Levine, B.L.; June, C.H.; Schuster,
S.J. PD-1 blockade modulates chimeric antigen receptor (CAR)-modified T cells: Refueling the CAR. Blood
2017, 129, 1039-1041.

El Chaer, F.; Holtzman, N.G,; Sausville, E.A.; Law, ].Y.; Lee, S.T.; Duong, V.H.; Baer, M.R.; Koka, R.; Singh,
Z.N.; Hardy, N.M.; et al. Relapsed Philadelphia Chromosome-Positive Pre-B-ALL after CD19-Directed
CAR-T Cell Therapy Successfully Treated with Combination of Blinatumomab and Ponatinib. Acta
Haematol. 2019, 141, 107-110.

Gauthier, J.; Hirayama, A.V.; Purushe, J.; Hay, K.A;; Lymp, J.; Li, D.H.; Yeung, C.C.S,; Sheih, A.; Pender,
B.S.; Hawkins, R.M.; et al. Feasibility and efficacy of CD19-targeted CAR T cells with concurrent ibrutinib
for CLL after ibrutinib failure. Blood 2020, 135, 1650-1660.

Geukes Foppen, M.H.; Donia, M.; Svane, L.M.; Haanen, ]J.B. Tumor-infiltrating lymphocytes for the
treatment of metastatic cancer. Mol. Oncol. 2015, 9, 1918-1935.



Int. J. Mol. Sci. 2020, 21, 5009 27 of 29

118. Banerjee, H.; Kane, L.P. Immune regulation by Tim-3. FI000 Res. 2018, 7, 316,
doi:10.12688/f1000research.13446.1.

119. Du, W,; Yang, M,; Turner, A.; Xu, C.; Ferris, R.L.; Huang, J.; Kane, L.P.; Lu, B. TIM-3 as a Target for Cancer
Immunotherapy and Mechanisms of Action. Int. ]. Mol. Sci. 2017. 18, 645, doi:10.3390/ijms18030645.

120. Fourcade, J.; Sun, Z.; Benallaoua, M.; Guillaume, P.; Luescher, LF.; Sander, C.; Kirkwood, ].M.; Kuchroo,
V.; Zarour, HM. Upregulation of Tim-3 and PD-1 expression is associated with tumor antigen-specific
CD8+ T cell dysfunction in melanoma patients. J. Exp. Med. 2010, 207, 2175-2186.

121. Sakuishi, K.; Apetoh, L.; Sullivan, ].M.; Blazar, B.R.; Kuchroo, V.K.; Anderson, A.C. Targeting Tim-3 and
PD-1 pathways to reverse T cell exhaustion and restore anti-tumor immunity. J. Exp. Med. 2010, 207, 2187-
2194.

122. Shayan, G,; Srivastava, R.; Li, J.; Schmitt, N.; Kane, L.P.; Ferris, R.L. Adaptive resistance to anti-PD1 therapy
by Tim-3 upregulation is mediated by the PI3K-Akt pathway in head and neck cancer. Oncoimmunology
2017, 6, €1261779, d0i:10.1080/2162402X.2016.1261779.

123. Gao, X.; Zhu, Y.; Li, G.; Huang, H.; Zhang, G.; Wang, F.; Sun, J.; Yang, Q.; Zhang, X.; Lu, B. TIM-3 expression
characterizes regulatory T cells in tumor tissues and is associated with lung cancer progression. PLoS ONE
2012, 7, 30676, doi:10.1371/journal.pone.0030676.

124. Ngiow, S.F.; von Scheidt, B.; Akiba, H.; Yagita, H.; Teng, M.W.; Smyth, M.]. Anti-TIM3 antibody promotes
T cell IFN-gamma-mediated antitumor immunity and suppresses established tumors. Cancer Res. 2011, 71,
3540-3551.

125. Li, J.; Shayan, G.; Avery, L.; Jie, H.B.; Gildener-Leapman, N.; Schmitt, N.; Lu, B.F.; Kane, L.P.; Ferris, R.L.
Tumor-infiltrating Tim-3(+) T cells proliferate avidly except when PD-1 is co-expressed: Evidence for
intracellular cross talk. Oncoimmunology 2016, 5, €1200778, d0i:10.1080/2162402X.2016.1200778.

126. He, Y.; Cao, J.; Zhao, C; Li, X.; Zhou, C.; Hirsch, F.R. TIM-3, a promising target for cancer immunotherapy.
Oncol. Targets Ther. 2018, 11, 7005-7009.

127. Harding, J.J.; Patnaik, A.; Moreno, V.; Stein, M.; Jankowska, A.M.; Velez de Mendizabal, N.; Tina Liu, Z,;
Koneru, M.; Calvo, E. A phase Ia/Ib study of an anti-TIM-3 antibody (LY3321367) monotherapy or in
combination with an anti-PD-L1 antibody (LY3300054): Interim safety, efficacy, and pharmacokinetic
findings in advanced cancers. JCO 2019, 37, 12.

128. Curigliano, G.G.H.; Mach, N.; Doi, T.; Tai, W.M.D.; Forde, P.; Sarantopoulos, J.; Bedard, P.L.; Lin, C.-C,;
Hodji, S; et al. Abstract CT183: Phase (Ph) I/II study of MBG453+ spartalizumab (PDR001) in patients (pts)
with advanced malignancies. Cancer Res. 2019, 79(Suppl. 13), CT183.

129. Lines, J.L.; Sempere, L.F.; Broughton, T.; Wang, L.; Noelle, R. VISTA is a novel broad-spectrum negative
checkpoint regulator for cancer immunotherapy. Cancer Immunol. Res. 2014, 2, 510-517.

130. Lines, J.L.; Pantazi, E.; Mak, J.; Sempere, L.F.; Wang, L.; O'Connell, S.; Ceeraz, S.; Suriawinata, A.A.; Yan,
S.; Ernstoff, M.S.; et al. VISTA is an immune checkpoint molecule for human T cells. Cancer Res. 2014, 74,
1924-1932.

131. Mulati, K.; Hamanishi, J.; Matsumura, N.; Chamoto, K.; Mise, N.; Abiko, K.; Baba, T.; Yamaguchi, K,;
Horikawa, N.; Murakami, R.; et al. VISTA expressed in tumour cells regulates T cell function. Br. . Cancer
2019, 120, 115-127.

132. Wang, L., Jia, B.; Claxton, D.F.; Ehmann, W.C.; Rybka, W.B.; Mineishi, S.; Naik, S.; Khawaja, M.R.; Sivik, J.;
Han, J.; et al. VISTA is highly expressed on MDSCs and mediates an inhibition of T cell response in patients
with AML. Oncoimmunology 2018, 7, e1469594-e1469594.

133. Nowak, E.C;; Lines, J.L.; Varn, F.S.; Deng, J.; Sarde, A.; Mabaera, R.; Kuta, A.; Le Mercier, I.; Cheng, C,;
Noelle, R.J. Immunoregulatory functions of VISTA. Immunol. Rev. 2017, 276, 66-79.

134. Le Mercier, I.; Chen, W.; Lines, J.L.; Day, M.; Li, J.; Sergent, P.; Noelle, R.]J.; Wang, L. VISTA Regulates the
Development of Protective Antitumor Immunity. Cancer Res 2014, 74, 1933-1944.

135. Curis Announces FDA Clearance of IND Application for CI-8993, the First-In-Class Monoclonal Anti-
VISTA Antibody. Available online: https://www.prnewswire.com/news-releases/curis-announces-fda-
clearance-of-ind-application-for-ci-8993-the-first-in-class-monoclonal-anti-vista-antibody-301073426.html_
(accessed on 19 June 2020).

136. Bukczynski, J.; Wen, T.; Ellefsen, K.; Gauldie, J.; Watts, T.H. Costimulatory ligand 4-1BBL (CD137L) as an
efficient adjuvant for human antiviral cytotoxic T cell responses. Proc. Natl. Acad. Sci. USA 2004, 101, 1291-
126.



Int. J. Mol. Sci. 2020, 21, 5009 28 of 29

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Menk, A.V; Scharping, N.E.; Rivadeneira, D.B.; Calderon, M.].; Watson, M.].; Dunstane, D.; Watkins, S.C.;
Delgoffe, G.M. 4-1BB costimulation induces T cell mitochondrial function and biogenesis enabling cancer
immunotherapeutic responses. J. Exp. Med. 2018, 215, 1091-1100.

Maus, M.V.; Thomas, A.K,; Leonard, D.G.; Allman, D.; Addya, K.; Schlienger, K.; Riley, J.L.; June, C.H. Ex
vivo expansion of polyclonal and antigen-specific cytotoxic T lymphocytes by artificial APCs expressing
ligands for the T-cell receptor, CD28 and 4-1BB. Nat. Biotechnol. 2002, 20, 143-148.

Ying, Z.; He, T.; Wang, X.; Zheng, W.; Lin, N.; Tu, M,; Xie, Y.; Ping, L.; Zhang, C.; Liu, W.; et al. Parallel
Comparison of 4-1BB or CD28 Co-stimulated CD19-Targeted CAR-T Cells for B Cell Non-Hodgkin’s
Lymphoma. Mol. Ther. Oncol. 2019, 15, 60-68.

Schuster, S.J.; Svoboda, J.; Chong, E.A.; Nasta, S.D.; Mato, A.R.; Anak, 0O, Brogdon, J.L.; Pruteanu-Malinici,
I; Bhoj, V.; Landsburg, D.; et al. Chimeric Antigen Receptor T Cells in Refractory B-Cell Lymphomas. N.
Engl. ]. Med. 2017, 377, 2545-2554.

Schuster, S.J.; Svoboda, J.; Nasta, S.D.; Chong, E.A.; Winchell, N.; Landsburg, D.J.; Porter, D.; Mato, A.R.;
Strauser, H.T.; Schrank-Hacker, A.M.; et al. Treatment with chimeric antigen receptor modified T cells
directed against CD19 (CTLO019) results in durable remissions in patients with relapsed or refractory diffuse
large B cell lymphomas of germinal center and non-germinal center origin, “double hit” diffuse large B cell
lymphomas, and transformed follicular to diffuse large B cell lymphomas [Abstract 3026]. Blood 2016, 128,
3026, doi:10.1182/blood.V128.22.3026.3026.

Guedan, S.; Posey Jr., A.D.; Shaw, C.; Wing, A,; Da, T.; Patel, P.R.; McGettigan, S.E.; Casado-Medrano, V.;
Kawalekar, O.U.; Uribe-Herranz, M.; et al. Enhancing CAR T cell persistence through ICOS and 4-1BB
costimulation. JCI Insight, 2018, 3, €96976, doi:10.1172/jci.insight.96976.

Polesso, F.; Sarker, M.; Weinberg, A.D.; Murray, S.E.; Moran, A.E. OX40 Agonist Tumor Immunotherapy
Does Not Impact Regulatory T Cell Suppressive Function. J. Immunol. 2019, 203, 2011-2019.

Taraban, V.Y.; Rowley, T.F.; O'Brien, L.; Chan, H.T.; Haswell, L.E.; Green, M.H.; Tutt, A.L.; Glennie, M.].;
Al-Shamkhani, A. Expression and costimulatory effects of the TNF receptor superfamily members CD134
(OX40) and CD137 (4-1BB), and their role in the generation of anti-tumor immune responses. Eur. .
Immunol. 2002, 32, 3617-3627.

Deng, ].; Zhao, S.; Zhang, X.; Jia, K.; Wang, H.; Zhou, C.; He, Y. OX40 (CD134) and OX40 ligand, important
immune checkpoints in cancer. Oncol. Targets Ther. 2019, 12, 7347-7353.

Vu, M.D,; Xiao, X.; Gao, W.; Degauque, N.; Chen, M.; Kroemer, A.; Killeen, N.; Ishii, N.; Li, X.C. OX40
costimulation turns off Foxp3+ Tregs. Blood 2007, 110, 2501-2510.

Figueroa, J.A.; Reidy, A.; Mirandola, L.; Trotter, K.; Suvorava, N.; Figueroa, A.; Konala, V.; Aulakh, A,;
Littlefield, L.; Grizzi, F.; et al. Chimeric antigen receptor engineering: A right step in the evolution of
adoptive cellular immunotherapy. Int. Rev. Immunol. 2015, 34, 154-187.

Knochelmann, H.M.; Smith, A.S.; Dwyer, C.J.; Wyatt, M.M.; Mehrotra, S.; Paulos, C.M. CAR T Cells in Solid
Tumors: Blueprints for Building Effective Therapies. Front. Immunol. 2018, 9, 1740,
doi:10.3389/fimmu.2018.01740.

Barrett, D.M.; Grupp, S.A.; June, C.H. Chimeric Antigen Receptor- and TCR-Modified T Cells Enter Main
Street and Wall Street. |. Immunol. 2015, 195, 755-761.

Rosenberg, S.A.; Packard, B.S.; Aebersold, P.M.; Solomon, D.; Topalian, S.L.; Toy, S.T.; Simon, P.; Lotze,
M.T.; Yang, J.C.; Seipp, C.A,; et al. Use of tumor-infiltrating lymphocytes and interleukin-2 in the
immunotherapy of patients with metastatic melanoma. A preliminary report. N. Engl. ]. Med. 1988, 319,
1676-1680.

Clinical ~ Trials Using Tumor Infiltrating Lymphocyte  Therapy. Available online:
https://www.cancer.gov/about-cancer/treatment/clinical-trials/intervention/tumor-infiltrating-
lymphocyte-therapy_(accessed on 19 June 2020).

Rohaan, M.W.; van den Berg, J.H.; Kvistborg, P.; Haanen, J. Adoptive transfer of tumor-infiltrating
lymphocytes in melanoma: A viable treatment option. J. Immunother. Cancer 2018, 6, 102,
doi:10.1186/s40425-018-0391-1.

ClinicalTrials.gov. Available online: https://www.clinicaltrials.gov/ (accessed on 19 June 2020).

Zhao, Z.; Chen, Y.; Francisco, N.M.; Zhang, Y.; Wu, M. The application of CAR-T cell therapy in
hematological malignancies: Advantages and challenges. Acta Pharm. Sin. B 2018, 8, 539-551.

Gross, G.; Waks, T.; Eshhar, Z. Expression of immunoglobulin-T-cell receptor chimeric molecules as
functional receptors with antibody-type specificity. Proc. Natl. Acad. Sci. USA 1989, 86, 10024-10028.



Int. J. Mol. Sci. 2020, 21, 5009 29 of 29

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Styczynski, J. A brief history of CAR-T cells: From laboratory to the bedside. Acta Haematol. Pol. 2020, 51,
doi:10.2478/ahp-2020-0002.

Levine, B.L. Performance-enhancing drugs: Design and production of redirected chimeric antigen receptor
(CAR) T cells. Cancer Gene Ther. 2015, 22, 79-84.

Elahi, R.; Khosh, E.; Tahmasebi, S.; Esmaeilzadeh, A. Immune Cell Hacking: Challenges and Clinical
Approaches to Create Smarter Generations of Chimeric Antigen Receptor T Cells. Front. Immunol. 2018, 9,
1717, doi:10.3389/fimmu.2018.01717.

Maus, M.V.; Levine, B.L. Chimeric Antigen Receptor T-Cell Therapy for the Community Oncologist.
Oncologist 2016, 21, 608-617.

Zhao, J.; Lin, Q.; Song, Y.; Liu, D. Universal CARs, universal T cells, and universal CAR T cells. J. Hematol.
Oncol. 2018, 11, 132, d0i:10.1186/s13045-018-0677-2.

Filley, A.C,; Henriquez, M.; Dey, M. CART Immunotherapy: Development, Success, and Translation to
Malignant Gliomas and Other Solid Tumors. Front. Oncol. 2018, 8, 453, d0i:10.3389/fonc.2018.00453.
Kalbasi, A.; June, C.H.; Haas, N.; Vapiwala, N. Radiation and immunotherapy: A synergistic combination.
J. Clin. Investig. 2013, 123, 2756-2763.

Klopp, A.H.; Spaeth, E.L.; Dembinski, J.L.; Woodward, W.A.; Munshi, A.; Meyn, R.E.; Cox, ].D.; Andreeff,
M.; Marini, F.C. Tumor irradiation increases the recruitment of circulating mesenchymal stem cells into the
tumor microenvironment. Cancer Res. 2007, 67, 11687-11695.

Morgan, G.W.; Breit, S.N. Radiation and the lung: A reevaluation of the mechanisms mediating pulmonary
injury. Int. |. Radiat. Oncol. Biol. Phys. 1995, 31, 361-369.

Cox, ].D. Are the results of RTOG 0617 mysterious? Int. . Radiat. Oncol. Biol. Phys. 2012, 82, 1042-1044.
Davis, A.A.; Patel, V.G. The role of PD-L1 expression as a predictive biomarker: An analysis of all US Food
and Drug Administration (FDA) approvals of immune checkpoint inhibitors. |. Immunother. Cancer 2019, 7,
278, d0i:10.1186/s40425-019-0768-9.

Pu, X.; Wu, L,; Su, D.; Mao, W.; Fang, B. Immunotherapy for non-small cell lung cancers: Biomarkers for
predicting responses and strategies to overcome resistance. BMC Cancer 2018, 18, 1082, doi:10.1186/s12885-
018-4990-5.

Goodman, A.M.; Kato, S.; Bazhenova, L.; Patel, S.P.; Frampton, G.M.; Miller, V.; Stephens, P.]J.; Daniels,
G.A,; Kurzrock, R. Tumor Mutational Burden as an Independent Predictor of Response to Immunotherapy
in Diverse Cancers. Mol. Cancer ther. 2017, 16, 2598-2608.

George, A.P.; Kuzel, TM.; Zhang, Y.; Zhang, B. The Discovery of Biomarkers in Cancer Immunotherapy.
Comput. Struct. Biotechnol. . 2019, 17, 484-497.

Havel, J.J.; Chowell, D.; Chan, T.A. The evolving landscape of biomarkers for checkpoint inhibitor
immunotherapy. Nat. Rev. Cancer 2019, 19, 133-150.

© 2020 by the authors. Licensee MDP]I, Basel, Switzerland. This article is an open access
@ ® \ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



