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Summary

This report provides a comprehensive overview of
the intricate relationship between the human im-
mune system and the development of cancer. It
begins by tracing the evolution of scientific under-
standing from the early "cancer immunosurveil-
lance" hypothesis to the modern, more nuanced
"cancer immunoediting" paradigm. This contem-
porary framework posits a dynamic, three-phase
process Elimination, Equilibrium, and Escape that
describes how the immune system can both sup-
press and inadvertently sculpt tumors.

The foundation of this interaction lies in the im-
mune system's ability to recognize tumor antigens,
which are molecular flags that distinguish cancer
cells from normal cells. These are broadly classi-
fied as Tumor-Associated Antigens (TAAs), which
are altered self-proteins, and Tumor-Specific Anti-
gens (TSAs or neoantigens), which arise from can-
cer-specific mutations and are ideal targets for im-
munotherapy. The report details the cellular arse-
nal involved in this fight, outlining the roles of the
innate immune system (Natural Killer cells, Den-
dritic Cells) as first responders and the adaptive
immune system (CD4+ and CD8+ T cells) as the
specialized, targeted force. The precise mecha-
nisms by which these cells kill their targets, such
as the perforin-granzyme pathway, are also ex-
plained.

A significant portion of the report is dedicated to
the "Great Escape," detailing the sophisticated
strategies that tumors evolve to evade immune de-
struction. These mechanisms include hiding from
the immune system by losing antigens or downreg-
ulating antigen presentation machinery, actively
disarming immune cells by upregulating inhibitory
checkpoint pathways like PD-1/PD-L1, and build-
ing a fortress-like immunosuppressive tumor mi-
croenvironment (TME) populated by cells such as
Myeloid-Derived Suppressor Cells (MDSCs) and
Cancer-Associated Fibroblasts (CAFs).

Finally, the report surveys the clinical frontiers of
cancer immunotherapy, a field that has revolution-

ized oncology by harnessing the immune system
to treat cancer. It covers the mechanisms and im-
pact of major therapeutic modalities, including Im-
mune Checkpoint Inhibitors (ICls), Adoptive Cell
Therapies (like CAR-T), therapeutic cancer vac-
cines, oncolytic viruses, and bispecific antibodies.
The report concludes by addressing the significant
challenges of primary and acquired resistance to
these therapies and explores future directions,
such as combination strategies and the emerging
role of the gut microbiome in modulating treatment
outcomes.

Introduction

The relationship between the immune system and
cancer is a biological saga of surveillance, conflict,
and co-evolution. For over a century, scientists
have been captivated by the idea that our own im-
mune defenses possess the inherent ability to rec-
ognize and eliminate malignant cells. This con-
cept, once a controversial hypothesis, has now
blossomed into the field of immuno-oncology, a pil-
lar of modern cancer treatment that is transforming
patient outcomes. The journey to this point has re-
vealed that the immune system is not merely a
passive guard that either succeeds or fails, but an
active participant that can both destroy nascent tu-
mors and, paradoxically, act as a Darwinian force
that shapes their evolution.

This report delves into this complex and dynamic
interplay. It will navigate the fundamental princi-
ples that govern how the immune system detects
cancer, the cellular and molecular weapons it de-
ploys in the fight, and the sophisticated strategies
that tumors develop to evade this attack. We will
begin by exploring the foundational concepts of
anti-tumor immunity, from the historical theory of
"immunosurveillance" to the comprehensive mod-
ern framework of "cancer immunoediting," and de-
tail the critical role of tumor antigens in triggering
an immune response.

The subsequent sections will provide a detailed
examination of the cellular arsenal, dissecting the
distinct but coordinated roles of the innate and
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adaptive immune systems. We will then chronicle
the three-act play of immunoediting Elimination,
Equilibrium, and Escape which explains how a
successful anti-tumor response can devolve into a
state of chronic control and, ultimately, clinical pro-
gression. A central focus will be on the myriad
mechanisms of immune evasion, the very tactics
that make cancer a formidable adversary. Finally,
we will survey the revolutionary landscape of can-
cer immunotherapies, from checkpoint inhibitors
that release the brakes on immune cells to engi-
neered "living drugs" like CAR-T cells, highlighting
both their profound successes and the ongoing
challenges that define the future of the field.

Part I: The Foundation of Anti-Tumor
Immunity

1.1: The Concept of Cancer Immunosur-
veillance: An Evolving Paradigm

The notion that the body's own immune system
possesses the intrinsic capacity to combat the de-
velopment of cancer is a concept with deep histor-
ical roots, yet one that has undergone profound
evolution. As early as the turn of the 20th century,
the pioneering immunologist Paul Ehrlich hypoth-
esized that the immune system must actively re-
press what he termed an "overwhelming frequency
of carcinomas".""" This foundational idea was for-
mally articulated in the mid-20th century by Sir
Macfarlane Burnet and Lewis Thomas, who pro-
posed the "cancer immunosurveillance" hypothe-
sis.""" At its core, this hypothesis posits that a pri-
mary physiological function of the immune system
is to continuously survey the body for nascent ma-
lignant cells and eliminate them before they can
establish a clinically significant tumor. This pro-
cess is predicated on the immune system's funda-
mental ability to discriminate between "self" and
"non-self," a principle that extends to the more
subtle distinction between normal "self" and malig-
nantly transformed "altered self".""*

Despite its intuitive appeal, the immunosurveil-
lance hypothesis endured decades of scientific

skepticism. Early experiments using congenitally
athymic "nude" mice, which lack a thymus and
therefore mature T cells, failed to show the dra-
matic increase in spontaneous cancers that the hy-
pothesis would predict. This led some prominent
researchers to conclude that the immune system
played no significant role in preventing non-viral-
induced tumors.""" However, this conclusion was
based on a flawed assumption, as these mice still
possessed a functional innate immune system, in-
cluding potent anti-tumor effectors like Natural
Killer (NK) cells. Definitive vindication for the im-
munosurveillance concept came much later from
landmark tumor transplantation experiments. In
these studies, tumors induced in severely immun-
ocompromised mice, such as those lacking the
RAG2 gene and thus devoid of both T and B cells,
were frequently rejected when transplanted into
genetically identical but immunocompetent hosts.
In contrast, tumors that arose in immunocompe-
tent mice were readily accepted by other immuno-
competent recipients.""" This elegant experi-
mental design demonstrated that tumors arising in
the absence of immune pressure were highly im-
munogenic and easily recognized and destroyed
by a functional immune system. Conversely, tu-
mors that developed in the presence of a compe-
tent immune system had been "sculpted" or "ed-
ited" by that pressure to become less immuno-
genic. Further support for the concept comes from
human clinical data, which consistently show that
immunocompromised individuals, such as organ
transplant recipients on immunosuppressive
drugs, have a significantly higher incidence of var-
ious cancers."""

These observations necessitated a refinement of
the original hypothesis, leading to the modern,
more comprehensive framework of "cancer immu-
noediting"."""  This contemporary paradigm
acknowledges the dual and often contradictory
role of the immune system in oncology. It functions
not only as a host-protective tumor suppressor that
eliminates malignant cells but can also, under cer-
tain conditions, promote tumor progression
through mechanisms like inducing chronic inflam-
mation or, critically, by acting as a Darwinian se-
lection force that promotes the survival of poorly
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immunogenic tumor variants.""" The evolution of
this concept from simple "surveillance" to dynamic
"editing" represents a crucial shift in understand-
ing. It recasts the relationship between cancer and
immunity from a straightforward predator-prey in-
teraction, with a binary succeed-or-fail outcome, to
a complex, co-evolutionary arms race. The im-
mune system is not a static guard that simply fails;
it is an active participant that shapes the very na-
ture of the tumor it is fighting. This dynamic pro-
cess explains a central paradox in oncology: why
clinically apparent cancers are so adept at resist-
ing immune-based therapies. The tumors that on-
cologists treat are not the naive, newly trans-
formed cells. They are the battle-hardened "grad-
uates" of a prolonged and intense conflict with the
host's immune system, already armed with a so-
phisticated arsenal of escape mechanisms.

1.2: The Basis of Recognition: Tumor Anti-
gens

The entire premise of anti-tumor immunity rests on
a central tenet: cancer cells must express molecu-
lar flags, or antigens, that distinguish them from
their normal, non-transformed counterparts,
thereby permitting their recognition and destruc-
tion by the immune system, particularly by T
cells.""™ These antigens are broadly categorized
based on their origin and expression pattern, a dis-
tinction that has profound implications for immuno-
genicity and therapeutic targeting.

Tumor-Associated Antigens (TAAs)

TAAs are self-antigens that are expressed on nor-
mal cells but are aberrantly expressed on tumor
cells, often at much higher levels.""" This category
includes several classes:

e Overexpressed Proteins: Normal cellular
proteins that are produced in excessive
amounts by cancer cells due to gene amplifi-
cation or dysregulated transcription. A classic
example is the HER2 protein in certain types of
breast cancer."""

e Oncofetal Antigens: Proteins that are nor-
mally expressed during fetal development but

are silenced in adult tissues, only to be re-ex-
pressed upon malignant transformation. Al-
pha-fetoprotein (AFP) in hepatocellular carci-
noma is a key example."""

e Cancer-Testis Antigens: A large family of
proteins, such as MAGE, whose expression is
normally restricted to immunologically privi-
leged sites like the testes but becomes aber-
rantly activated in various cancers.""%

While TAAs are the targets for some of the most
successful monoclonal antibody therapies, such
as trastuzumab (anti-HER2) and rituximab (anti-
CD20), they pose a significant immunological chal-
lenge.""" Because they are fundamentally "self"
proteins, the immune system is often tolerant to
them. High-affinity T cells that could react strongly
against these antigens are typically eliminated dur-
ing development in the thymus (central tolerance),
and those that escape are kept in check in the pe-
riphery (peripheral tolerance). This "self-tolerance”
limits the strength of the anti-tumor T-cell response
and creates a risk of autoimmune reactions
against normal tissues that express the TAA at low
levels. "

Tumor-Specific Antigens (TSAs) / Neoantigens

In contrast to TAAs, TSAs, more commonly re-
ferred to as neoantigens, are the ideal targets for
cancer immunotherapy. These antigens are not
present in any normal cell in the body; they arise
exclusively from the genetic mutations that are a
hallmark of cancer."*¥ Cancer genomes are inher-
ently unstable and accumulate numerous muta-
tions. Some of these are "driver" mutations that
contribute directly to the cancer phenotype, but the
vast majority are "passenger" mutations that are
byproducts of this instability.*"" If a mutation oc-
curs within a protein-coding region of a gene, it can
result in an altered protein with a novel amino acid
sequence. This new peptide, when processed and
presented on the cell surface, is a neoantigen."""
Because neoantigens are entirely foreign to the
host's immune system, they are not subject to the
constraints of self-tolerance. Consequently, they
can be recognized by high-affinity T cells and elicit
powerful, specific anti-tumor immune responses,
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much like the response to a viral or bacterial pro-
tein.""" The discovery of neoantigens and the de-
velopment of next-generation sequencing technol-
ogies to identify them have revolutionized the field.
Since neoantigens are unique to an individual

Table 1: Classes of Tumor Antigens

patient's tumor, they form the basis of truly person-
alized cancer therapies, such as custom-designed
therapeutic vaccines and adoptive T-cell therapies
aimed at these specific targets."""

Expression
Antigen , . Pattern (Tu- Immunogen- Therapeutic
Class Origin mor vs. Nor- icity Example Relevance
mal)
Targets for
Overexpres- Expressed on HER2 (breast Off-th?-Sh?If
. Generally low therapies like
sion, re-ex- tumor cells cancer), CD20
ression, or and also on to moderate (B-cell lym- monoclonal
Tumor-Asso- P T due to central y antibodies
ciated Anti- aberrant modi- | some normal . phoma), Can-
fication of nor- cells, often at and peripheral cer-Testis An- (€9,
gens (TAAs) . ’ immune toler- . Trastuzumab)
mal "self" pro- lower lev- ance W tigens (e.g., and some can-
teins.www els.ww ' MAGE).www
cer vac-
cines."v
Somatic muta- Potentially |deal targets
tions (single- Exclusivel very high, as for personal-
nucleotidg ex ressedyon they ari r’ec— Mutated pS3, ized immuno-
Tumor:Spe- variants turzor cells; 0 nﬁzed as KRAS, or pa- therapy, in-
ey sl B "r?on—self" ang | Hent-specific cluding cus-
(TSAS) / Neo- etc.) creatir; the Eormal e- bypass im- passenger tomized MRNA
antigens ' - g v mutations.*» | vaccines and
novel protein nome."www mune toler- .
adoptive T-cell
sequences."w ance.""w
therapy.""w
2.1: The First Responders: Innate Immunity
in Cancer Control
Part Il: The Cellular Arsenal and

Mechanisms of Attack

The immune system's fight against cancer in-
volves a coordinated effort between its two major
arms: the rapid, non-specific innate immune sys-
tem and the slower, highly specific adaptive im-
mune system. The interplay between these two
branches is essential for mounting a successful
anti-tumor response."""

The innate immune system serves as the body's
immediate "gut reaction" to cellular abnormali-
ties.""" The anti-tumor response is often triggered
not by the cancer cells themselves, but by the local
disruption and stress they cause. Processes like
invasive growth and angiogenesis lead to tissue
remodeling and cell death, which in turn cause the
release of endogenous "danger signals" known as
Damage-Associated Molecular Patterns
(DAMPs).""" Key DAMPs include adenosine tri-
phosphate (ATP) released from dying cells, the
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nuclear protein High Mobility Group Box 1
(HMGB1), and the exposure of calreticulin (CALR)
on the surface of stressed cells, which serves as a
potent "eat-me" signal.""" This form of "immuno-
logically noisy" cell death, termed immunogenic
cell death (ICD), is a critical alarm that alerts the
innate immune system to the presence of a devel-
oping tumor.""¥

Several key innate cell types are summoned to this
site of danger:

e Dendritic Cells (DCs): Often described as the
sentinels of the immune system, DCs are the
master conductors of the anti-tumor response
and the critical bridge between innate and
adaptive immunity.""" Attracted by DAMPs
and inflammatory chemokines, they act as pro-
fessional antigen-presenting cells (APCs).
They engulf the debris of dead and dying tumor
cells, process the tumor-derived proteins into
peptide antigens, and, upon maturation, mi-
grate to the draining lymph nodes. There, they
present these tumor antigens to naive T cells,
initiating the highly specific adaptive immune
response."""

o Natural Killer (NK) Cells: These innate lym-
phocytes are a crucial first line of defense, ca-
pable of killing target cells without prior sensiti-
zation.""" NK cells are particularly important
for combating tumors that have employed a
common immune evasion strategy: the down-
regulation of Major Histocompatibility Complex
(MHC) class | molecules. NK cells survey other
cells for the presence of MHC-I, and its ab-
sence a state known as "missing-self" triggers
their cytotoxic activity.""" Additionally, NK cells
possess a suite of activating receptors that rec-
ognize various stress-induced ligands com-
monly expressed on the surface of trans-
formed cells.""" Upon activation, NK cells Kill
their targets directly and secrete large amounts
of interferon-gamma (IFN-y), a powerful cyto-
kine that further activates other immune cells
like macrophages and enhances antigen
presentation, thereby amplifying the overall
anti-tumor response."""

e Macrophages: These phagocytic cells are

abundant in many tumors and exhibit remark-
able plasticity, meaning their function can
change dramatically based on signals in their
environment. In the initial anti-tumor response,
IFN-y and other pro-inflammatory signals po-
larize them towards a tumoricidal M1 pheno-
type. These M1 macrophages are aggressive
killers, capable of phagocytosing tumor cells
and destroying them through the production of
reactive oxygen species (ROS) and reactive
nitrogen intermediates."""

e Other Innate Cells: A variety of other innate
immune cells, including gamma-delta (yd) T
cells, NKT cells, neutrophils, and eosinophils,
have also been shown to possess direct tumor-
icidal capabilities, contributing to the initial con-
tainment of transformed cells."""

2.2: The Specialized Force: Adaptive Im-
munity's Targeted Response

While innate immunity provides the initial contain-
ment, the power and precision required to elimi-
nate an established tumor lie with the adaptive im-
mune system, orchestrated primarily by T cells."""

T-Cell Priming and Activation

The adaptive anti-tumor response is launched in
the draining lymph nodes, where mature, antigen-
laden DCs from the tumor site interact with naive
T cells.""" This process, known as T-cell priming,
is highly specific and involves two key T-cell sub-
sets:

e CDA4+ Helper T Cells: These cells are the cen-
tral orchestrators of the adaptive response.
They are activated when their T-cell receptor
(TCR) recognizes a tumor antigen presented
by a DC on an MHC class Il molecule. Once
activated, CD4+ T cells provide essential
"help" in several ways. Critically, they "license"
DCs through the interaction of the CD40L pro-
tein on their surface with CD40 on the DC. This
licensing step super-activates the DC, making
it a much more potent stimulator of the killer T
cells."™" They also secrete a variety of

-6-

KaMoZo Biologics, LLC
Nashville, TN, USA
info@kmzbio.com


https://taylorandfrancis.com/knowledge/Medicine_and_healthcare/Immunology/Immunosurveillance/
https://taylorandfrancis.com/knowledge/Medicine_and_healthcare/Immunology/Immunosurveillance/
https://pmc.ncbi.nlm.nih.gov/articles/PMC7377219/
https://taylorandfrancis.com/knowledge/Medicine_and_healthcare/Immunology/Immunosurveillance/
https://www.numberanalytics.com/blog/tumor-immunosurveillance-guide
https://www.numberanalytics.com/blog/tumor-immunosurveillance-ultimate-guide
https://aacrjournals.org/cancerres/article/77/19/5215/622754/Roles-for-Innate-Immunity-in-Combination
https://www.thermofisher.com/us/en/home/life-science/antibodies/antibodies-learning-center/antibodies-resource-library/cell-signaling-pathways/cancer-immunoediting.html
https://pmc.ncbi.nlm.nih.gov/articles/PMC7377219/
https://www.thermofisher.com/us/en/home/life-science/antibodies/antibodies-learning-center/antibodies-resource-library/cell-signaling-pathways/cancer-immunoediting.html
https://pmc.ncbi.nlm.nih.gov/articles/PMC3041789/
https://en.wikipedia.org/wiki/Immunoediting
https://pmc.ncbi.nlm.nih.gov/articles/PMC7377219/

KaMoZo

ooooooooo

FOR EDUCATIONAL PURPOSES ONLY

cytokines that shape the nature of the immune
response, promoting the proliferation and func-
tion of other effector cells.

e CD8+ Cytotoxic T Lymphocytes (CTLs):
These are the primary executioners of the
adaptive immune system.""" Their TCRs rec-
ognize tumor antigens presented on MHC
class | molecules, which are expressed by vir-
tually all nucleated cells, including the cancer
cells themselves.""" Following activation by a
licensed DC, these naive CD8+ T cells un-
dergo massive clonal expansion, differentiate
into killer CTLs, and traffic from the lymph
node, through the bloodstream, and into the tu-
mor. The presence of these tumor-infiltrating
lymphocytes (TILs) is one of the strongest pre-
dictors of a positive prognosis in many can-
cers."™ Once inside the tumor, they hunt
down and kill any cancer cell that presents the
specific antigen they were programmed to rec-
ognize.

The Killing Mechanism in Detail

CTLs and NK cells employ sophisticated and lethal
mechanisms to eliminate their targets, primarily
through two pathways:

e Granule-Mediated Cytotoxicity: This is the
principal killing mechanism. Upon forming a
tight, organized connection with a target cell
known as an immunological synapse, the CTL
or NK cell releases the contents of its special-
ized lytic granules directly into the synaptic
cleft."™ This payload contains two key pro-
teins:

1. Perforin: This protein rapidly polymerizes
to form pores in the target cell's mem-
brane."""

2. Granzymes: The perforin pores create
channels through which a family of serine
proteases, called granzymes, can enter the
target cell's cytosol.""" Granzyme B is the
most potent of these, initiating a cascade
of programmed cell death (apoptosis) by
directly cleaving and activating key execu-
tioner proteins called caspases. It can also
trigger apoptosis via the mitochondrial

pathway by cleaving a protein named
Bid."" More recently, granzymes have
also been shown to induce other forms of
cell death, such as pyroptosis, by cleaving
proteins like gasdermin E."""

e Death Receptor-Mediated Cytotoxicity: In
parallel, activated CTLs and NK cells express
proteins on their surface called death ligands,
most notably Fas Ligand (FasL). When FasL
binds to its corresponding death receptor, Fas
(also known as CD95), on the surface of a tar-
get cell, it directly triggers an intracellular sig-
naling cascade that culminates in apopto-
sis. W

The method of cell death induced by these im-
mune effectors has critical downstream conse-
quences. A quiet, apoptotic death may simply re-
move a cell, but a more violent, "noisy" death such
as necrosis or pyroptosis, which are forms of im-
munogenic cell death (ICD) can profoundly amplify
the anti-tumor response. When a CTL Kkills a can-
cer cell presenting Antigen A via an ICD pathway,
the dying cell ruptures and releases not only Anti-
gen A but also a full suite of other tumor antigens
(Antigens B, C, D, etc.) along with a host of
DAMPs."™¥ This release acts as a powerful local
adjuvant, recruiting a new wave of DCs to the tu-
mor site. These newly arrived DCs can then phag-
ocytose the cellular debris, pick up this broader ar-
ray of antigens, and travel to the lymph nodes to
prime new T cells specific to Antigens B, C, and D.
This process, known as "antigenic spread" or
"epitope spreading," diversifies and broadens the
immune attack, making it much more difficult for
the tumor to escape by simply losing or downreg-
ulating a single antigen. This phenomenon pro-
vides a strong mechanistic rationale for the syner-
gistic effects observed when therapies that induce
ICD, such as certain chemotherapies, radiation, or
oncolytic viruses, are combined with immunother-
apies like checkpoint inhibitors.""" The first ther-
apy creates the antigenic fuel, and the second en-
sures the resulting immune response is fully un-
leashed.
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Part lll: The Immunoediting Saga: A
Three-Act Play

The continuous battle between the immune sys-
tem and developing cancer cells is not a single
event but a dynamic, evolving process. The mod-
ern framework of cancer immunoediting captures
this longitudinal relationship in three distinct,
though often overlapping, phases, colloquially
known as the "three E's": Elimination, Equilibrium,
and Escape."""

3.1: Act | - Elimination (The Modern View of
Immunosurveillance)

The Elimination phase represents the successful
execution of cancer immunosurveillance and is the
ideal outcome of the immune-cancer interac-
tion.""" In this initial act, the combined forces of
the innate and adaptive immune systems effec-
tively recognize and destroy nascent transformed
cells, eradicating them long before they can form
a clinically apparent tumor.""" Innate effectors like
NK cells and macrophages provide the first wave
of defense, while the subsequent adaptive re-
sponse, led by tumor-specific CTLs, delivers the
targeted, definitive blow.""" If this phase is com-
pletely successful, the immunoediting process
concludes, and the potential malignancy is
thwarted without ever progressing.""" It is widely
believed that this successful elimination occurs
countless times throughout the lifetime of a
healthy, immunocompetent individual."**

3.2: Act Il - Equilibrium (A State of Func-
tional Dormancy)

Often, the Elimination phase is not entirely suc-
cessful. Sporadic tumor cell variants may survive
the initial immune onslaught, leading the process
into the Equilibrium phase.""" This is a period of
dynamic stalemate, where the adaptive immune
system, particularly T cells, exerts sufficient pres-
sure to control the net outgrowth of the tumor but
lacks the capacity to achieve complete eradica-
tion.""" During this phase, which can last for many

years or even decades, the tumor persists in a
state of functional dormancy, remaining clinically
undetectable."""

This equilibrium is not a passive state but an active
and violent process of immune-mediated "editing."
The immune system continuously applies selec-
tive pressure, culling the most immunogenic can-
cer cells those that present recognizable antigens
most effectively. This constant pruning inadvert-
ently selects for the survival and slow proliferation
of rare tumor cell variants that have spontaneously
acquired traits allowing them to better evade im-
mune detection or destruction.""" An experimental
model using the d42m1 sarcoma cell line beauti-
fully illustrates this principle. The parental cell line
is a mixture of highly immunogenic "regressor"
clones and poorly immunogenic "progressor"
clones. When transplanted into an immunocompe-
tent mouse, the immune system efficiently elimi-
nates the regressor cells, thereby enriching the
population for the progressor variants that can
eventually grow into an escape tumor.""" The
Equilibrium phase is therefore the crucible in which
the tumor evolves, shedding its immunogenicity
and acquiring the tools it will need to eventually
break free.

3.3: Act lll - Escape (Clinical Progression)

The final act of the immunoediting saga is Escape.
This phase begins when the delicate balance of
Equilibrium is broken, allowing the tumor to re-
sume progressive, uncontrolled growth."*" This
can occur for several reasons: the tumor may ac-
quire a critical new mutation that confers a decisive
advantage, or host-related factors, such as age-
related immunosenescence or chronic infection,
may weaken the immune system's ability to main-
tain control. The tumors that emerge in this phase
are the products of extensive immune editing.
They are composed of cell variants with signifi-
cantly reduced immunogenicity and have often
evolved multiple, redundant mechanisms to ac-
tively suppress the immune response and shape
their local environment into an immunosuppres-
sive fortress.""" It is these "edited" tumors that be-
come clinically apparent and represent the
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formidable challenge faced in oncology.

The existence of a potentially long-lasting Equilib-
rium phase challenges the traditional, binary view
of cancer as a disease that must be completely
eradicated to be controlled. It suggests a model
where cancer can be managed as a chronic con-
dition by the host's own immune system. This re-
alization has profound implications. Therapeuti-
cally, it suggests that a viable goal for immunother-
apy may not always be a complete cure, but rather
the re-establishment of a durable equilibrium, po-
tentially achieved with less toxic, long-term im-
munomodulatory strategies. Biologically, it raises
fascinating questions about the prevalence of oc-
cult, dormant cancers in the general population. If
such states are common, it forces a re-evaluation
of early detection and the very definition of cancer,
posing the complex dilemma of whether to aggres-
sively treat a detected equilibrium-phase tumor or
to adopt a "watchful waiting" approach, lest the in-
tervention itself disrupt a stable balance.

Part IV: The Great Escape: How Can-
cer Fights Back

The transition from Equilibrium to Escape is driven
by the tumor's acquisition of a diverse array of
mechanisms to subvert immune recognition and
attack. These strategies, honed under the selec-
tive pressure of the immune system, can be
broadly grouped into three categories: hiding from
the immune system, actively disarming the attack-
ers, and building an immunosuppressive fortress
in the tumor microenvironment (TME). These
mechanisms are the primary targets of modern im-
munotherapies.""%

4.1: Hiding from the Inmune System: Loss
of Recognition

The most fundamental way for a cancer cell to

evade an immune attack is to become invisible to

it.

e Antigen Loss: This is the most direct escape
route. If a clone of tumor cells loses expression

of the specific neoantigen that the dominant
CTL response is targeting, those cells will no
longer be recognized and will be free to prolif-
erate.""" This is a classic example of immuno-
editing leading to the selection of "antigen-loss
variants."

e Defects in the Antigen Presentation Ma-
chinery (APM): A tumor cell can retain its an-
tigens but still avoid T-cell recognition by disa-
bling the molecular machinery required to pre-
sent them. The MHC class | pathway is a fre-
quent target. Mutations or epigenetic silencing
of genes encoding the MHC-| proteins them-
selves are common.""" A particularly well-doc-
umented mechanism is the acquisition of loss-
of-function mutations in the gene for beta-2 mi-
croglobulin (B2M). B2M is a protein that is ab-
solutely required for the proper folding, stabil-
ity, and transport of MHC class | molecules to
the cell surface. Without functional B2M, the
cell becomes effectively invisible to CTLs, and
this is a known mechanism of both primary and
acquired resistance to immunotherapy."""
Similarly, downregulation of the Transporter
associated with Antigen Processing (TAP) pro-
tein, which pumps peptides from the cytosol
into the endoplasmic reticulum for loading onto
MHC-I molecules, can also cripple antigen
presentation."""

4.2: Disarming the Attackers: Active Immu-
nosuppression

Edited tumors do not just hide; they actively fight
back by co-opting physiological pathways de-
signed to regulate immune responses.

e Upregulation of Immune Checkpoint Path-
ways: The immune system has intrinsic
"brakes" or checkpoints to prevent excessive
inflammation and autoimmunity. Cancer cells
have learned to hijack these checkpoints to
shut down anti-tumor T cells."""

o The PD-1/PD-L1 Axis: Chronically stimu-
lated T cells, like those found in the TME,
upregulate the expression of the inhibitory
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receptor Programmed cell death protein 1
(PD-1). Many tumors, in turn, upregulate its
ligand, PD-L1. This upregulation is often a
direct response to the IFN-y being secreted
by the attacking T cells themselves, a dy-
namic process known as "adaptive re-
sistance".""" When PD-L1 on the tumor
cell binds to PD-1 on the T cell, it delivers
a powerful inhibitory signal that induces a
state of functional paralysis or "exhaustion"
in the T cell, rendering it unable to kill."""

o The CTLA-4 Pathway: Cytotoxic T-Lym-
phocyte-Associated protein 4 (CTLA-4) is
another critical inhibitory receptor ex-
pressed on T cells. It functions primarily
during the initial T-cell priming phase in the
lymph nodes by outcompeting the key co-
stimulatory receptor, CD28, for binding to
its ligands on APCs. Engagement of CTLA-
4 effectively dampens T-cell activation
from the very beginning."""

o Emerging Checkpoints: A host of other
inhibitory receptors, including T-cell immu-
noglobulin and mucin domain-3 (TIM-3),
Lymphocyte-activation gene 3 (LAG-3),
TIGIT, and VISTA, are also expressed on
exhausted T cells in the TME and contrib-
ute to their dysfunction. These have be-
come attractive targets for the next gener-
ation of checkpoint inhibitor therapies."""

Secretion of Immunosuppressive Mole-

cules: Tumors can secrete a cocktail of cyto-

kines and enzymes that directly impair immune
function. Key examples include Transforming

Growth Factor-beta (TGF-), which inhibits T-

cell proliferation and effector function and pro-

motes their exclusion from the tumor core, and

Interleukin-10 (IL-10), another potent immuno-

suppressive cytokine.""" Tumors can also ex-

press the enzyme Indoleamine 2,3-dioxygen-
ase (IDO), which catabolizes the essential
amino acid tryptophan. The depletion of trypto-

phan in the local TME effectively starves T

cells and halts their activity."""

Building an Immunosuppressive

Fortress: The Tumor Microenvironment
(TME)

A tumor is not just a mass of cancer cells; it is a
complex, dynamic ecosystem known as the tumor
microenvironment (TME). This environment, which
includes stromal cells, blood vessels, extracellular
matrix, and a diverse infiltrate of immune cells, is
actively sculpted by the tumor to create a pro-
foundly immunosuppressive and pro-tumorigenic
niche."""

Recruitment of Suppressive Inmune Cells:
Tumors secrete specific chemokines to recruit
and foster the expansion of immunosuppres-
sive immune cell populations.

o Myeloid-Derived Suppressor Cells
(MDSCs): This heterogeneous population
of immature myeloid cells is a major cellu-
lar component of the immunosuppressive
TME. MDSCs are powerful inhibitors of
both innate and adaptive immunity, sup-
pressing T-cell and NK-cell function
through multiple mechanisms, including
the production of ROS and the depletion of
the amino acid arginine via the enzyme ar-
ginase.""" Their presence in the blood and
tumor correlates with poor prognosis and
resistance to immunotherapy."""

o Regulatory T cells (Tregs): While essen-
tial for preventing autoimmunity in healthy
tissues, Tregs are often recruited in large
numbers to the TME, where they potently
suppress the activity of anti-tumor effector
T cells."""

o M2-Polarized Tumor-Associated Macro-
phages (TAMs): While M1 macrophages
are tumoricidal, tumors secrete factors like
IL-4 and IL-10 that polarize macrophages
toward an M2 phenotype. These M2 TAMs
suppress adaptive immunity and actively
promote tumor growth, angiogenesis, and
metastasis."""

Cancer-Associated Fibroblasts (CAFs):

These are activated stromal cells that become

major architects of the TME.""" They contrib-

ute to immune evasion in multiple ways: they
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secrete an array of immunosuppressive cyto-
kines and growth factors; they deposit dense
extracellular matrix proteins that form a physi-
cal barrier, preventing T cells from physically
reaching the cancer cells; and they engage in
metabolic reprogramming that helps fuel the
tumor.™""

Metabolic Warfare: The TME is a metaboli-
cally hostile environment. Due to rapid prolifer-
ation and poor vasculature, it is often hypoxic
(low oxygen) and acidic. Cancer cells fre-
quently exhibit a metabolic shift known as the
"Warburg effect," where they favor glycolysis

even in the presence of oxygen. This leads to
the production and secretion of massive
amounts of lactate, which acidifies the
TME.""" This acidic, lactate-rich environment
is directly toxic to effector T cells, impairing
their proliferation, cytokine production, and cy-
totoxic function. Furthermore, the tumor's vo-
racious appetite for glucose and other nutrients
effectively starves infiltrating T cells, creating a
state of metabolic competition that the tumor is
poised to win."""

Table 2: Major Mechanisms of Tumor Immune Evasion

Evasion Strategy Cat-
egory

Specific Mechanism

Key Molecular/Cellular
Players

Consequence for Im-
mune Response

Antigen loss or down-

T-cell ignorance (cannot

Reduced Antigenicity e Neoantigens, TAAs N
Impaired Antigen Mutations or silencin Vel RO (e
> , g 9 MHC Class |, B2M, TAP is present but not dis-

Presentation of APM components

played)

Upregulation of Inhibi-
tory Checkpoints

Expression of inhibitory
ligands on tumor/stro-
mal cells

PD-L1, CTLA-4 ligands
(CD80/86)

T-cell anergy and ex-
haustion (T-cell is
turned off)

Secretion of Suppres-
sive Factors

Release of inhibitory cy-
tokines and enzymes

TGF-B, IL-10, IDO,
VEGF

Inhibition of T-cell prolif-
eration, function, and
trafficking

Recruitment of Sup-
pressive Cells

Accumulation of inhibi-
tory immune cells in the
TME

MDSCs, Tregs, M2
Macrophages, CAFs

Active suppression of
effector T cells; physical
exclusion

Metabolic Reprogram-
ming

Creation of a nutrient-
poor, acidic environ-
ment

Lactate, low glucose,
low arginine

Impaired T-cell metabo-
lism and function ("star-
vation")

The detailed understanding of the complex inter-
play between cancer and the immune system has
Part V: Clinical Frontiers: Harness- | catalyzed a revolution in oncology, leading to the
ing the Immune System to Treat Can- | development of immunotherapies that are trans-
cer forming patient outcomes. These therapies are de-
signed to counteract the specific evasion
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mechanisms employed by tumors, effectively re-
engaging the patient's own immune system to fight
the disease."""

5.1: Releasing the Brakes: Inmune Check-
point Inhibitors (ICls)

Immune checkpoint inhibitors are monoclonal an-
tibodies that function by blocking the inhibitory sig-
naling pathways that tumors exploit to suppress T-
cell activity.”"" By "releasing the brakes" on the
immune system, these drugs allow T cells to rec-
ognize and attack cancer cells more effectively."""

e Mechanism of Action: The two most promi-
nent checkpoint targets are CTLA-4 and PD-1.
o Anti-CTLA-4 antibodies (e.g., ipili-
mumab) primarily act at the T-cell priming
stage in the lymph nodes. By blocking
CTLA-4, they prevent the dampening of the
initial T-cell activation, leading to a broader
and more robust generation of tumor-reac-
tive T cells.""¥

o Anti-PD-1 antibodies (e.g., nivolumab,
pembrolizumab) and anti-PD-L1 antibod-
ies (e.g., atezolizumab) primarily work
within the tumor microenvironment. They
disrupt the interaction between PD-1 on ex-
hausted T cells and PD-L1 on tumor cells,
thereby reinvigorating these functionally
paralyzed T cells and restoring their ability
to kill cancer cells."""

e Clinical Impact and Biomarkers: ICIs have
achieved remarkable and durable responses in
a subset of patients across a wide range of
cancers, including melanoma, non-small cell
lung cancer (NSCLC), and renal cell carci-
noma.""" However, a significant portion of pa-
tients do not respond. This has driven an in-
tense search for predictive biomarkers. Key bi-
omarkers currently in use or under investiga-
tion include the expression level of PD-L1 on
tumor or immune cells, the Tumor Mutational
Burden (TMB), which serves as a surrogate for
the neoantigen load, and the status of DNA
mismatch repair (MMR) or microsatellite insta-
bility (MSI). Tumors that are MMR-deficient

(dMMR) or have high MSI (MSI-H) accumulate
a very high number of mutations, generate
more neoantigens, and are thus often highly
responsive to ICI therapy regardless of cancer
type.""""

5.2: Engineering the Soldiers: Adoptive
Cell Therapy (ACT)

Adoptive cell therapy is a form of personalized im-
munotherapy that involves harvesting a patient's T
cells, manipulating them in the laboratory to en-
hance their anti-tumor activity, expanding them to
vast numbers, and then re-infusing them into the
patient as a potent "living drug"."""

e Tumor-Infiltrating Lymphocyte (TIL) Ther-
apy: This is the original form of ACT. It involves
surgically resecting a tumor, isolating the T
cells that have naturally infiltrated it (the TILs),
selecting for those with the highest tumor reac-
tivity, expanding them to billions of cells ex
vivo, and then infusing them back into the pa-
tient, often after a lymphodepleting chemother-
apy regimen that makes space for the new
cells."""

e Chimeric Antigen Receptor (CAR) T-Cell
Therapy: This is a more sophisticated ap-
proach that involves genetically engineering a
patient's T cells to express a synthetic recep-
tor, the CAR.""" The extracellular portion of
the CAR is typically derived from an antibody
fragment that can recognize a specific antigen
on the surface of tumor cells (e.g., CD19 on B
cells). The intracellular portion contains signal-
ing domains that activate the T cell upon anti-
gen binding. This powerful technology allows
the engineered T cells to recognize and Kill
cancer cells directly, without the need for MHC
presentation. CAR-T therapy has produced un-
precedented rates of complete remission in pa-
tients with relapsed or refractory hematologic
malignancies like B-cell acute lymphoblastic
leukemia (B-ALL) and lymphoma."""

Next-Generation

5.3: Emerging and

-12 -

KaMoZo Biologics, LLC
Nashville, TN, USA
info@kmzbio.com


https://www.cancer.gov/about-cancer/treatment/types/immunotherapy
https://www.cancer.gov/about-cancer/treatment/types/immunotherapy
https://www.numberanalytics.com/blog/tumor-immunosurveillance-guide
https://www.numberanalytics.com/blog/tumor-immunosurveillance-ultimate-guide
https://cancer.stonybrookmedicine.edu/diagnosis-treatment/Immunotherapy
https://www.cancer.gov/about-cancer/treatment/types/immunotherapy
https://pmc.ncbi.nlm.nih.gov/articles/PMC7425302/
https://www.numberanalytics.com/blog/tumor-immunosurveillance-guide
https://www.cancer.gov/about-cancer/treatment/types/immunotherapy
https://cancer.stonybrookmedicine.edu/diagnosis-treatment/Immunotherapy
https://www.cancer.gov/about-cancer/treatment/types/immunotherapy

KaMoZo

ooooooooo

FOR EDUCATIONAL PURPOSES ONLY

Immunotherapies

The field of immuno-oncology is rapidly advancing
beyond ICIs and first-generation ACT, with several
innovative strategies showing great promise.

Therapeutic Cancer Vaccines: Unlike
prophylactic vaccines that prevent disease,
therapeutic vaccines aim to treat existing can-
cer by stimulating a patient's immune system
to recognize and attack tumor cells."** While
early attempts had limited success, the field
has been revitalized by new technologies.

o Sipuleucel-T (Provenge): Approved by
the FDA for metastatic castration-resistant
prostate cancer, this is an autologous den-
dritic cell vaccine. It involves isolating a pa-
tient's own APCs, activating them ex vivo
with a fusion protein of prostatic acid phos-
phatase (a TAA) and GM-CSF, and re-in-
fusing them to stimulate a T-cell re-
sponse."""

o Personalized Neoantigen Vaccines:
Representing the cutting edge of vaccine
technology, these are custom-made for
each patient. The process involves se-
quencing a patient's tumor and normal
DNA to identify unique neoantigens. These
neoantigen sequences are then used to
manufacture a personalized vaccine, often
using an mRNA platform, which instructs
the patient's cells to produce the neoanti-
gens, thereby priming a highly specific T-
cell attack against their own cancer.""¥
Several clinical trials are underway for var-
ious cancers, including prostate cancer."""

Oncolytic Virotherapy: This strategy employs

naturally occurring or genetically modified vi-

ruses that are engineered to selectively infect

and replicate within cancer cells while sparing
normal cells.""" The viral replication leads to
direct lysis (bursting) of the cancer cell, a pro-
cess called oncolysis. This oncolysis is a highly

immunogenic form of cell death, releasing a

flood of tumor antigens and DAMPs into the

TME. This effectively acts as an

in situ vaccine, turning an immunologically

"cold," non-inflamed tumor into a "hot" one,
thereby triggering a robust, systemic anti-tu-
mor immune response.*""

o Talimogene laherparepvec (T-VEC, Im-
lygic): This is an FDA-approved oncolytic
virus for the treatment of advanced mela-
noma. It is a modified herpes simplex virus-
1 engineered to be less pathogenic and to
express the immune-stimulating cytokine
GM-CSF."w

o Next-Generation Viruses: Newer onco-
lytic viruses, such as RP1, are being tested
in clinical trials, often in combination with
ICls, and have shown the ability to shrink
both injected and distant, non-injected tu-
mors, demonstrating a powerful systemic
immune effect."""

e Bispecific Antibodies (BsAbs): These are
antibodies that have been engineered to have
two different antigen-binding sites in a single
molecule.”™ A major and highly successful
class are the T-cell engagers. One arm of the
BsAb binds to an antigen on the surface of a
cancer cell (e.g., CD20 on lymphoma cells or
BCMA on myeloma cells), while the other arm
binds to the CD3 protein on the surface of a T
cell. This physically bridges the killer T cell to
the cancer cell, forcing the formation of an im-
munological synapse and triggering a potent,
targeted cytotoxic attack, irrespective of the T
cell's original specificity.”" A wave of these
therapies, including blinatumomab, teclis-
tamab, and glofitamab, have recently gained
FDA approval for various hematologic malig-
nancies, showing impressive efficacy."""

5.4: Overcoming the Hurdles: Resistance
and Future Directions

Despite the transformative success of immuno-

therapy, significant challenges remain. Many pa-

tients do not respond (primary resistance), and

others who initially respond may later relapse (ac-

quired resistance)."""

e Mechanisms of Immunotherapy Re-
sistance: The mechanisms underlying
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resistance are complex and multifaceted, but
they often involve the same pathways that tu-
mors use for natural immune escape. These
include the loss of target neoantigens, muta-
tions in the antigen presentation machinery
(e.g., B2M), or mutations in key signaling path-
ways like the IFN-gamma pathway, which ren-
der the tumor insensitive to T-cell attack."""
Tumors can also develop resistance by upreg-
ulating alternative checkpoint pathways or by
further fortifying the immunosuppressive TME.
The Gut Microbiome: A Key Modulator of
Response: One of the most exciting and rap-
idly developing areas in immuno-oncology is
the recognition of the gut microbiome's pro-
found impact on systemic immunity and patient
responses to ICls.""" The specific composition
of a patient's gut bacteria can strongly influ-
ence treatment outcomes.""" Landmark stud-
ies have shown that patients who respond well
to ICls have a different microbiome composi-
tion than non-responders, with enrichment of
beneficial species like Akkermansia mucini-
phila, Bifidobacterium, and Faecalibacte-
rium.™" The proposed mechanisms involve
microbial products and metabolites, such as
short-chain fatty acids (e.g., butyrate, formate)
and bacterial components (e.g., lipopolysac-
charide), that can enter the circulation and

systemically "tune" the host immune system,
enhancing DC function and T-cell priming."""
This discovery has opened a new therapeutic
frontier, with clinical trials actively investigating
interventions like fecal microbiota transplanta-
tion (FMT), probiotics, and specific dietary
changes (e.g., high-fiber diets) as strategies to
modulate the microbiome and overcome im-
munotherapy resistance."""

Future Directions: The future of cancer im-
munotherapy lies in overcoming resistance
and expanding its benefits to more patients.
This will undoubtedly involve the rational de-
sign of combination therapies that target multi-
ple, non-redundant escape pathways simulta-
neously (e.g., combining an oncolytic virus to
induce inflammation with an ICI to release the
brakes). It will also require the development of
more sophisticated cell therapies, such as
CAR-T cells targeting multiple antigens, to
combat tumor heterogeneity in solid tumors.
Finally, the ultimate goal is a move toward true
precision immuno-oncology, where treatment
decisions are guided by a comprehensive,
multiomic analysis of not only the tumor's ge-
netic and molecular features but also the pa-
tient's unique immune landscape and microbi-
ome composition.

Table 3: Overview of Major Cancer Immunotherapy Modalities

Therapy Type Mechanism of Action

Key Drug/Product Ex-
amples

Primary Cancer Types

Blocks T-cell inhibitory
signals (e.g., PD-1,
CTLA-4) to restore anti-
tumor activity.www

Immune Checkpoint
Inhibitors (ICls)

Pembrolizumab (Key-
truda), Nivolumab
(Opdivo), Ipilimumab
(Yervoy)

Melanoma, Lung Can-
cer, Renal Cancer,
Bladder Cancer, etc.

Patient's T cells are ge-
netically engineered to
express a synthetic re-
ceptor (CAR) that rec-
ognizes a tumor anti-
gen_WWW

CAR T-Cell Therapy

Tisagenlecleucel (Kym-
riah), Axicabtagene ci-
loleucel (Yescarta)

B-cell Acute Lympho-
blastic Leukemia (ALL),
Lymphoma, Multiple
Myeloma
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Engineered antibody
physically bridges a T

Bispecific T-cell En- cell (via CD3) to a can-

Blinatumomab (Blin-

cyto), Teclistamab ALL, Multiple Myeloma,

cell death and a sys-
temic immune re-
sponse.Www

gagers cer cell (via a tumor an- (Tecvayli), Glofitamab Lymphoma
tigen), forcing a cyto- (Columvi)
toxic interaction.www
Genetically modified vi-
rus selectively infects
and lyses cancer cells, Talimogene la-
Oncolytic Virotherapy inducing immunogenic herparepvec (T-VEC, Melanoma

Imlygic)

Vaccine (often mRNA-
based) created from a
patient's unique tumor
mutations to stimulate a
highly specific T-cell re-
sponse.""W

Personalized Neoanti-
gen Vaccines

Solid tumors (e.g., Mel-
anoma, Lung, Colorec-
tal)

Investigational (various)

Conclusions

The relationship between the immune system and
newly transformed cancer cells is a remarkably
complex and dynamic saga of co-evolution. What
began as the simple concept of "immunosurveil-
lance" a vigilant guard eliminating aberrant cells
has matured into the nuanced paradigm of "cancer
immunoediting." This modern framework recog-
nizes a three-act play: the initial Elimination of im-
munogenic tumor cells, a prolonged state of Equi-
librium where immune pressure controls and
sculpts a dormant tumor, and the ultimate Escape
of edited, non-immunogenic cancer variants that
can grow into clinical disease.

The ability of the immune system to fight cancer is
predicated on its capacity to recognize tumor anti-
gens, with highly immunogenic, mutation-derived
neoantigens representing the most promising tar-
gets. The fight itself is waged by a coordinated
army of innate cells, such as NK cells and dendritic
cells, and adaptive effectors, most notably the
CD8+ cytotoxic T lymphocytes, which deploy

precise and lethal mechanisms like the perforin-
granzyme pathway to destroy their targets.
However, the tumors that manifest clinically are
the victors of this battle, having evolved a sophis-
ticated arsenal of escape mechanisms. They learn
to hide by shedding antigens or disabling their
presentation machinery. They disarm attackers by
upregulating immune checkpoints like PD-L1. And
they build an immunosuppressive fortress the tu-
mor microenvironment staffed by inhibitory cells
like MDSCs and CAFs and characterized by a met-
abolically hostile landscape.

The elucidation of these fundamental principles
has directly fueled the current revolution in cancer
immunotherapy. Checkpoint inhibitors release the
brakes on exhausted T cells, adoptive cell thera-
pies provide engineered soldiers for the fight, and
emerging strategies like oncolytic viruses and per-
sonalized vaccines aim to turn "cold" tumors "hot"
by generating a new wave of anti-tumor immunity.
Yet, resistance remains a formidable challenge,
driven by the tumor's relentless genetic instability
and the complex interplay of host factors, including
the newly appreciated role of the gut microbiome
in modulating therapeutic responses.
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The path forward in immuno-oncology is clear, al-
beit challenging. It requires moving beyond mono-
therapies toward rational combinations that target
multiple, orthogonal escape pathways. It demands
the development of more sophisticated cellular
and vaccine technologies to overcome tumor het-
erogeneity and the immunosuppressive TME.

Ultimately, the future lies in a deeply personalized
approach, one that integrates genomic, tran-
scriptomic, and immunological data from both the
tumor and the host to tailor the most effective im-
mune-based strategies for each individual patient,
turning the tide in the long and intricate war against
cancer.
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