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ABSTRACT

Since the start of the 21st century, immunotherapies geared to treating cancer have continued to be refined. After
a slow decline in cancer mortality rate during the last few decades, the SARS-CoV-2 pandemic is now expected
to possibly increase advanced cancer stage and mortality in the future, due to delayed diagnosis and treatment
resulting from recent reorganization in healthcare. Thus, the development of new cancer immunotherapies has
never been more urgent. Novel research focusing on MOTO-CARs or CAR-Ms may have particular importance
in revolutionizing CAR-T cell therapy. The following mini-review outlines a brief history of immunotherapy
discoveries and new treatments against cancer, and reports the recent progress in checkpoint inhibitors, cancer
vaccines, CAR-T cell therapies, and other major immunotherapies.
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Introduction

The previous decades saw a 1% decline in cancer mortalities
during the 1990s, 1.5% during the 2000s, and a 2.3% in the late
2010s. In 2020, slowed diagnosis, treatment, and healthcare
setting closures associated with the SARS-CoV-2 pandemic were
projected to result in a temporary drop in cancer rates followed by
a sharp increase in advanced stage cancer and mortality. Desai et
al. revealed that prior to May 2020, about 2% of all COVID-19
patients already had cancer [1] and Siegel et al. predicted that in
2021 there would be approximately 1,898,160 newly diagnosed
cancer cases and 608,570 deaths in the United States [2]. Therefore,
despite some recent improvements in cancer mortality, it continues
to be a worldwide problem during the SARS-CoV-2 pandemic.

COVID-19 disease severity is thought be nearly 76% higher
in cancer patients [3]. Thus, cancer patients have a potentially
higher risk for need of invasive ventilation and intensive care unit
(ICU) compared to non-cancer individuals [4]. Also, traditional
chemotherapy or surgery treatments for cancer are associated

with increased risk for adverse effects associated with COVID-19
[5,6]. Such risks make the refinement and utilization of new
cancer immunotherapies more urgent than ever to allow for more
treatment options for cancer patients. As difficulties continue to
arise with SARS-CoV-2 waves, immunotherapies will continue to
have an increasingly important role in cancer patients’ health. In
the following mini-review, we give a general history and highlight
some of the major immunotherapy developments aimed to improve
cancer treatment.

Early Major Events in Imnmunotherapy

William B. Coley (1862-1936), a bone sarcoma surgeon at New
York Memorial Hospital, noticed a relationship between tumor
regression of patients with ulcerated tumors that simultaneously
developed a streptococcal infection. In an effort to produce these
same results in his patients, Coley began injecting this bacterium
into the tumors of several patients in 1892. Many patients
experienced tumor regression while some died from erysipelas
caused by the infection. However, several of the patients that
died still experienced some tumor shrinkage [7]. Eventually,
Coley developed a heat-killed vaccine containing Gram-positive
Streptococcus pyogenes and Gram-negative Serratia marcescens,
later known as “Coley’s toxins.” Coley began using his toxins and
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reported remarkable success, which he eventually published [8].
Despite Coley becoming the “Father of Immunotherapy” with this
discovery, his toxins eventually fell out of use due to inconsistencies
in his work and harsh criticism that followed [9]. Although Coley’s
work suggested that the immune system and tumor rejection may be
linked, the mechanisms for that relationship were unknown. Later
research led to Paul Ehrlich's proposing that the immune system is
capable of recognizing and eliminating cancer cells by 1909 [10],
which laid the foundation for the immunosurveillance hypothesis
to be postulated by Thomas and Burnet [11,12]. Another finding
from the early 1950s that helped propel immunology forward
was the discovery of the ability to transfer passive immunity to
mice by exposing them with lymph node grafts of mice previously
inoculated with tumor cells [13,14].

In the second half of the 20th century, greater efforts were made to
investigate the role of T cells in the antitumor response. This early
work laid the foundation for the use of autologous immune cells.
In the 1980s, Rosenberg et al. identified lymphokine-activated
killer cells (LAK) that could be activated by IL-2 and used to treat
patients [15]. Dr. Steven Rosenberg and his team administered these
T lymphocytes simultaneously with doses of IL-2 to 25 patients
with metastatic cancer, with results indicating that 11 patients had
over 50% tumor volume regression [16]. Later, this therapy was
improved by using tumor-infiltrating lymphocytes (TILs), which
expanded more readily with IL-2 exposure and showed enhanced
therapeutic potency [17]. These results suggested that adoptive
cell transfer is an effective strategy to treat advanced cancers.

Checkpoint Inhibitors

An immune response is regulated by a series of checkpoints that
control the innate and adaptive immune system [18]. Immune
checkpoints consist of immunoregulatory pathways that prevent
autoimmunity and maintain homeostasis [18,19]. Tumor cells
hijack these checkpoints to block the antitumor response and
promote immune evasion. Checkpoint inhibitor therapies disrupt
the interaction between an immunological checkpoint and its
corresponding inhibitory ligand, thus releasing the brakes to induce
an antitumor response [20,21]. Within the last decade, cancer’s
ability to utilize inhibitory checkpoints in immune evasion was
investigated further. In 2018, Dr. James P. Allison and Dr. Tasuku
Honjo were awarded the Nobel Prize in Physiology or Medicine
for their research of checkpoint inhibitors and development of
novel immunotherapies that inhibit negative immune regulation.
Dr. Allison studied cytotoxic T-lymphocyte antigen 4 (CTLA-4),
and Dr. Honjo helped discover programmed cell death protein 1
(PD-1) [22]. The CTLA-4 pathway is thought to operate during the
initiation of an immune response, halting potentially autoreactive
T cells during naive T cell activation, whereas the PD-1 pathway
participates in the regulation of previously activated T cells during
later stages of an immune response [23]. CTLA-4 outcompetes
co-stimulatory receptor CD28 by binding CD80 and CD86 with a
higher affinity, thus mediating immunosuppression by decreasing
signaling [24,25]. Homologous to CD28, PD-1 is also involved in
mediating immunosuppression and results in reduced cell cycle

progression and cytokine production [24].

Since 2018, several therapies targeting these proteins have
undergone clinical trial. One therapeutic strategy uses Ipilimumab,
a humanized monoclonal antibody designed to inhibit CTLA-4,
an immunoinhibitory receptor displayed on T cells [26]. Tumor
regression was observed in patients during phase I and II trials
[27]. Over 20% of patients treated with Ipilimumab demonstrated
improved long-term survival. Such patients survived over 4 years
while others survived at least 10 years [28]. Ipilimumab was first
approved by the Food and Drug Administration in 2011. Additional
encouraging results were observed during clinical trials for therapies
targeting PD-L 1, a receptor that is often overexpressed on tumors
and interacts with PD-1 on T cells to promote inhibitory functions.
Examples of drugs that target PD-1/PD-L1 are Atezolizumab,
Nivolumab, and Pembrolizumab [20,27,29]. Clinical reports of
phase I trial for combination therapy of antibodies targeting both
CTLA-4 and PD-1 demonstrated tumor regression of 80% or
higher in approximately 50% of patients [27]. Due to their lower
risk for high-grade toxicities compared to standard therapies, as
well as their curative potential, checkpoint inhibitor therapies are
revolutionary to immunotherapy and cancer treatment.

Cancer Vaccines, Cytokine Therapy, & Oncolytic Viral
Therapy

Vaccination is one immune strategy that has become increasingly
important to target cancer. Therapeutic vaccines can be used
for prophylaxis or administered to patients with an existing
malignancy or that has gone into remission [30]. Generally,
traditional vaccines are used to target foreign pathogens such as
bacteria and viruses. However, there are some cancer-preventative
vaccines that follow this pattern, such as vaccines against human
papillomavirus (HPV) and hepatitis B virus (HBV). Since 1982,
the HBV vaccine has prevented new HBV infections and decreased
rates of chronic liver disease and hepatocellular carcinoma. The
HPV vaccine targets oncogenic HPVs 16 and 18 which are linked
to 70% of all cervical cancers [31]. Kaposi’s Sarcoma-associated
herpesvirus (KSHV), also called Human Herpes Virus-8 (HHV-
8), is known to cause Kaposi sarcoma (KS), a neoplasm that
commonly appears in Acquired Immune Deficiency Syndrome
(AIDS) patients. Currently, there are no specific antiviral therapies
to treat HHV or approved vaccines. However, such vaccines
are under development. For example, Chauhan et al. designed
a multi-epitope vaccine that targets KSHV glycoproteins that
facilitate viral entry. The vaccine had binding affinity with Toll-
like receptor 9 (TLR-9), which is mainly displayed on B cells
and plasmacytoid dendritic cells (pDCs). Also, the vaccine
contains a CD§, CD4, and Interferon-gamma (IFN-y) epitope,
thus the vaccine is designed to induce a humoral and adaptive
immune response [32]. Mulama et al. tested a KSHV envelope
glycoprotein-targeting subunit vaccine in rabbits. This vaccine
was developed by purifying the glycoproteins required for entry
(gB, gpK8.1, and gH/gL). The vaccine-induced strong antibody
responses and immunoglobulins isolated from immunized rabbits
successfully neutralized KSHV infection in tested cell lines (B
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cells, fibroblast, epithelial, and endothelial) [33]. Other cancer-
related vaccines are neoantigen vaccines, which consist of one or
more tumor-specific antigens combined with an adjuvant to elicit a
tumor-specific immune response. So far, personalized neoantigen
vaccines have proven a viable and safe treatment strategy for
some patients with melanoma and glioblastoma. Results from
studies targeting glioblastoma are especially encouraging due
to glioblastomas being characterized as “cold” tumors with low
mutational burden [34]. For example, Keskin et al. observed
that neoantigen-specific T cells can migrate into an intracranial
glioblastoma tumor [35]. In 2010, Sipuleucel-T became the first
approved therapeutic cancer vaccine. Sipuleucel-T elicits the
production of T cells that target prostatic acid phosphatase (PAP)
on prostate cancer cells. Increased overall survival in patients with
castrate-resistant prostate adenocarcinoma has been demonstrated
[36]. Cancer vaccines will continue to undergo investigation to
identify unique antigens and improve vaccine delivery platforms
to ensure an effective treatment [34].

Before its debut as an immunotherapy, cytokines were recognized
as systematic soluble factors that can regulate lymphocyte function
and inflammatory responses [30]. Generally, these therapies aim to
promote an antitumor response by stimulating the proliferation,
activation, and differentiation of immune cells, including T and
natural killer (NK) cells. In the past 25 years, cytokines have
transformed into vital diagnostic, prognostic, and therapeutic
tools in cancer treatment. Some of the most renowned cytokine
and cytokine-related therapies include interleukins and interferons
(IFN) [37]. Currently, interleukin-2 (IL-2) is approved for treating
metastatic renal cell carcinoma and metastatic melanoma [38].
IL-2 is known to induce pleiotropic effects on immune cells. The a
chain on the afy trimeric complex of the IL-2 receptor is thought
to bind IL-2 and induce a conformational change that allows
IL-2 to bind to the rest of the complex [39]. Several signaling
pathways are activated to elicit the recruitment of JAK kinases,
or Janus family tyrosine kinases, to the cytoplasmic domains of
the afy trimeric complex. Other phosphorylation and activating
events occur to initiate the STAT signaling pathway and mitogen-
activated protein kinase (MAPK) signaling pathway, which further
promotes immune cell survival, differentiation, and activation
[40,41]. Generally, interferons are used to treat some leukemias,
lymphomas, melanomas, and metastatic renal cancer. However,
cytokine therapies lack efficacy and display toxicity when given
as a monotherapy. As a result, interferon therapies combined with
other therapies, such as checkpoint inhibitors, are undergoing
investigation [42]. One recent study tested IFN-o in combination
with PD-1 blockade in treating stage III/IV melanoma. Results
indicated that patients that had previously received pegylated
IFN-a (PEG-IFN-a) had lower recurrence rates after receiving
PD-1 blockade therapy [43]. Typically, IFN-a is administered
subcutaneously and the most common side effects are flu-like
symptoms (fever, myalgia, headache, etc.) [44]. More research
will be necessary to find the best ways to utilize cytokines for
treating cancer.

Another cancer therapy strategy uses oncolytic viruses. In
1948, Alice Moore discovered that injecting Russian Far East
encephalitis virus into rodent models could selectively identify
and destroy cancer cells [45]. Oncolytic viruses preferentially
infect and kill tumor cells instead of normal tissue due to the
overexpression of viral receptors that facilitate viral entry [30].
One approved oncolytic virus therapy is talimogene laherparepvec
(TVEC), also termed Imlygic, which is a genetically-modified
herpes simplex virus used to treat unresectable metastatic
melanoma [15]. The TVEC mechanism of action includes using
surface cellular adhesion molecules, termed nectins, to enter
tumor cells and replicate. Oncogenic and anti-viral pathways, such
as protein kinase R (PKR) and type I interferon (IFN) pathways,
are disrupted [46]. The PKR pathway regulates cell proliferation,
antiviral responses, and inhibits protein synthesis when activated.
Type 1 IFN has antitumor and antiviral activity and is somewhat
mediated by PKR activation. Some malignant cell types, such
as melanoma and bladder cancer, may prevent a proper antiviral
response by downregulating type I IFN receptor expression
[47,48]. Because these pathways may already be suppressed
within cancer cells, TVEC replication and lysis of cells tend to be
selective to cancer cells [49]. Advances in genetic engineering and
virus transformation technology continue to make oncolytic virus
therapy development a reality [15].

CAR-T Cell Therapy

Researchers have long attempted to genetically engineer immune
cells to enhance the antitumor response. The first official
engineered chimeric antigen receptor (CAR) T cell was developed
in 1989 by an Israeli group at the Weizmann Institute of Science
[50]. This CAR-T was designed to overcome the need for MHC
antigen presentation while retaining antibody-like specificity [50].
In 1993, CAR-T cells targeting HER2, a cell surface antigen that
is often overexpressed in adenocarcinomas, was engineered by
the same Israeli group [51]. This first design presented several
limitations, one of which being difficulty in T cell activation
without the presentation of costimulatory molecules from tumor
cells. Since then, CAR-T designs have been modified to increase
specificity, efficacy, and persistence [10]. Dr. Carl June’s use of CD-
19 directed CAR-T cells in targeting malignant CD19+ B cells to
treat patients with advanced chronic lymphocytic leukemia (CLL)
was a major breakthrough [52,53]. One clinical trial resulted in
complete remission in 10 of 14 patients with follicular lymphoma
and 6 of 14 patients with diffuse B-cell lymphoma [54]. In 2017,
the US Food and Drug Administration (FDA) also approved
anti-CD19 CAR-T cell therapy to treat B cell malignancies [55].
However, targeting biomarkers such as CD19 and CD20 in solid
tumors has not experienced the same clinical success observed
in liquid tumors [10,56]. As a result, exploring new potential
biomarkers to enhance treatment in both solid and liquid tumors is
an ongoing process [56].

There are limitations that prevent CAR-T cell distribution and
access. One concern is the risk for off-target effects and killing
of normal cells, which may be overcome by careful selection and
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discovery of new biomarkers unique to tumors [57]. However,
more research will be required to identify novel biomarkers that
are tumor specific. Another limitation is that the CAR-T cells
may be inhibited by the tumor microenvironment (TME) due to
the Warburg effect [53], which promotes a nutrient-depleted and
toxic environment that inhibits CAR-T cell ability to function
and survive [58,59]. CAR-T cells also confront the obstacle of
successfully trafficking to and staying active in the TME because
the tumor does not secret TNF-a, a proinflammatory cytokine [60].
Strategies to overcome obstacles associated with the TME are
currently under investigation [61,62]. Another concern is relapse
associated with antigen escape. CAR-T cells are engineered to
target one particle antigen of the tumor cells, but are rendered
ineffective when the tumor cells manipulate their phenotype or
surface antigens to evade targeting [59]. However, expansion of
current biomarkers will address this issue [56,63,64]. An additional
challenge is risk for cytokine release syndrome (CRS), which is
frequently observed in patients that undergo CAR-T cell therapy
[10,57]. CRS is a systemic inflammatory response that results
from the binding of the CAR-T cell to its target, which induces
activation of surrounding immune cells. Although the mechanism
is not fully understood, CRS is potentially fatal and, therefore,
poses a considerable risk [65].

As mentioned earlier, T cells have difficulty trafficking to solid
tumors, and, when CAR-T cells do arrive at the tumor site, they are
often immunosuppressed by the TME. In fact, tumor-associated
macrophages (TAMs), which are macrophages that reside in
advanced or growing tumors and promote tumor growth, are known
to inhibit T cell activity against tumors [66]. However, when the
TAMs are properly stimulated by inhibiting certain signals, such
as TGF-B, interacting with TLR ligands or stimulation from type 1
IFN, the TAMs can interact with T cells to enhance the antitumor
response [66]. Due to the death signals secreted by tumors,
and sometimes the cells surrounding the tumors, macrophages
are actively recruited to the tumor site, and often make up half
of the total tumor mass [67,68]. Thus, genetically engineered
macrophages with CARs, termed MOTO-CARs or CAR-Ms,
are a potential alternative to CAR-T cell therapy to add to the
immunotherapy toolbox because they may potentially overcome
several limitations present in CAR-T cell therapy.

Macrophages are a part of the innate immune system and, thus,
are able to target cells without antigen specificity [67]. Therefore,
flexible targeting by MOTO-CARs may be utilized against
multiple different biomarkers and prevent the tumor’s ability to
undergo antigen escape. This is in stark contrast to the CAR-Ts'
restriction to one specific biomarker [68]. Also, this characteristic
of MOTO-CAR therapy may reduce toxic effects, as anti-CD19
CAR-T cells have been observed to target normal CD19+ B cells
[69]. Therefore, MOTO-CARs may be less likely to target normal
cells because they are not restricted to one antigen [67]. Another
challenge is that, upon activation, T cells play a dominant role in
immune cellular response. As a result, the T cells’ reaction can
be overly aggressive and induce CRS, thus making them difficult

to control while increasing the risk for adverse side effects in
the patients [57]. Such effects may be especially damaging
considering the long period of time that T cells may persist in
the body, even after the tumor has been eliminated. In contrast,
MOTO-CARs are more easily controlled because they possess
a shorter life span. Lastly, MOTO-CAR therapy also has the
potential to be more cost-effective than CAR-T cell therapy with
CAR-T cell production taking approximately 8-10 weeks, while
MOTO-CAR production only requires approximately 3 days [68].
Also, one dose of CAR-T cells that is administered to the patient
costs approximately $400,000 and, therefore, prevents individuals
from fully participating in CAR-T cell therapy [70]. Overall,
CAR-T cell therapies are a breakthrough in immunotherapy that
will evolve into stronger treatment options as further research is
conducted investigating novel biomarkers and the CAR design is
further refined to overcome limitations.

Conclusion

Over time, research has produced several innovative treatment
strategies to add to the immunotherapy toolbox. The most notable
developments mentioned being checkpoint inhibitors, cancer
vaccines, cytokine therapies, viral oncolytic therapies, and CAR-T
cell therapies. The development of MOTO-CARs is espeically
interesting with the refinement of CAR-T cell therapies. Although
these strategies continue to experience challenges and undergo
further improvements, the future of cancer immunotherapy has
never been more critical due to the potential repercussions of
the SARS-CoV-2 pandemic on cancer cases. The expansion of
immunotherapy observed, especially within the past few decades,
will be important to provide cancer patients with improved
treatments.
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