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KEY POINTS

� The immune system is generally divided into 2 primary components: the innate immune
response and the highly specific but more slowly developing adaptive or acquired immune
response.

� Immune responses can be further separated by whether they are induced by exposure to
a foreign antigen (an “active” response) or if they are transferred through serum or lympho-
cytes from an immunized individual (a “passive” response).

� The ideal cancer immunotherapy agent should be able to discriminate between cancer and
normal cells (ie, specificity), be potent enough to kill a small or large numbers of tumor cells
(ie, sensitivity), and lastly, be able to prevent the recurrence of the tumor (ie, durability).

� Tumor immunology and immunotherapy is one of the most exciting and rapidly expanding
fields, with cancer immunotherapy now recognized as one of the pillars of treatment
alongside surgery, radiation, and chemotherapy.
INTRODUCTION

The term “immunity” is derived from the Latin word immunitas, which refers to the legal
protection afforded to Roman senators holding office. While the immune system is nor-
mally thought of as providing protection against infectious disease, the immune sys-
tem’s ability to recognize and eliminate cancer is the fundamental rationale for the
immunotherapy of cancer. Multiple lines of evidence support a role for the immune sys-
tem in managing cancer, including (1) spontaneous remissions in cancer patients
without treatment; (2) the presence of tumor-specific cytotoxic T-cells within tumor or
draining lymph nodes; (3) the presence of monocytic, lymphocytic, and plasmacytic
cellular infiltrates in tumors; (4) the increased incidence of some types of cancer in
immunosuppressed patients; and (5) documentation of cancer remissions with the
useof immunomodulators.1–3Withmolecular biology tools andagreater understanding
ofmechanisms toharness the immunesystem, effective tumor immunotherapy is nowa
reality. This new class of therapeutics offers a more targeted and therefore precise
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approach to the treatment of cancer. Cancer immunotherapy is now recognized as one
of the pillars of treatment alongside surgery, radiation, and chemotherapy.

Tumor Immunology

Cellular components
The immune system is generally divided into 2 primary components: the innate immune
response and the highly specific but more slowly developing adaptive or acquired im-
mune response. Innate immunity is rapidly acting but typically not very specific and in-
cludes physico-chemical barriers (eg, skin and mucosa); blood proteins such as
complement, phagocytic cells (macrophages, neutrophils, dendritic cells [DCs], and
natural killer [NK] cells); and cytokines which coordinate and regulate the cells involved
in innate immunity. Adaptive immunity is thought of as the acquired arm of immunity
that allows for exquisite specificity, an ability to remember the previous existence of
the pathogen (ie, “memory”), differentiate self from non-self, and, importantly, the abil-
ity to respondmore vigorously upon repeat exposure to the pathogen. Adaptive immu-
nity consists of T and B lymphocytes. The T cells are further divided into CD8 (cluster of
differentiation) and MHC (major histocompatibility complex) class I cytotoxic helper
T cells (CD4 & MHC class II), memory T cells, and regulatory T cells (Treg). B lympho-
cytes produce antibodies (humoral system) which may activate complement, enhance
phagocytosis of opsonized target cells, and induce antibody-dependent cellular cyto-
toxicity. B-cell responses to tumors are thought bymany investigators to be less impor-
tant than the development of T-cell mediated immunity. Still, there is little evidence to
support this notion fully.4 The innate and adaptive arms of immunity are not mutually
exclusive; they are linked by (1) the innate response’s ability to stimulate and influence
the nature of the adaptive response and (2) the sharing of effector mechanisms be-
tween innate and adaptive immune responses.
Immune responses can be further separated by whether they are induced by expo-

sure to a foreign antigen (an “active” response) or if they are transferred through serum
or lymphocytes from an immunized individual (a “passive” response). While both ap-
proaches can be extremely specific for an antigen of interest, one important difference
is the inability of passive approaches to generally confermemory. The principal compo-
nentsof theactive/adaptive immunesystemare lymphocytes, antigen-presenting cells,
and effector cells. Furthermore, responses can be subdivided bywhether they are spe-
cific for a certain antigen or a nonspecific response, whereby immunity is attempted to
be conferred by upregulating the immune system without a specific target. These def-
initions are helpful as they allow methodologies to be more completely characterized,
such as active-specific, passive-nonspecific, and so forth.

Immune surveillance
The idea that the immune system may actively prevent the development of neoplasia
is termed “cancer immunosurveillance.” Sound scientific evidence supports some as-
pects of this hypothesis5–8 including (1) interferon (IFN)-g protects mice against the
growth of tumors, (2) mice lacking IFN-g receptor were more sensitive to chemically
induced sarcomas than normal mice and were more likely to develop tumors sponta-
neously, (3) mice lacking major components of the adaptive immune response (T and
B cells) have a high rate of spontaneous tumors, and (4) mice that lack IFN-g and B/T
cells develop tumors, especially at a young age.

Immune evasion by tumors
There are significant barriers to the generation of effective antitumor immunity by the
host. Many tumors evade surveillance mechanisms and grow in immunocompetent
hosts as easily illustrated by the overwhelming numbers of people and animals
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succumbing to cancer. There are multiple ways in which tumors evade the immune
response including (1) immunosuppressive cytokine production (eg, transforming
growth factor-beta [TGF-b] and interleukin (IL)-10),9,10 (2) impaired DC function via inac-
tivation (“anergy”) and/or poor DC maturation through changes in IL-6/IL-10/vascular
endothelial growth factor/granulocyte-macrophage colony–stimulating factor (GM-
CSF),11 (3) induction of Treg, which were initially called suppressor T cells (CD4/CD25/
CTLA-4/GITR/Foxp3 positive cells which can suppress tumor-specific CD4/CD81
Tcells),12 (4)MHC I loss throughstructural defects, changes inB2-microglobulin synthe-
sis, defects in transporter-associated antigen processing or actual MHC I gene loss (ie
allelic or locus loss), and (5) MHC I antigen presentation loss through B7-1 attenuation
(B7-1 is an important co-stimulatory molecule for CD28 mediated T-cell receptor and
MHC engagement) when the MHC system in #4 remains intact.

Nonspecific Tumor Immunotherapy

Dr William Coley, a New York surgeon in the early 1900s, noted that some cancer pa-
tients developing incidental bacterial infections survived longer than those without
infection.13 Coley developed a bacterial “vaccine” (killed cultures of Serratia marces-
cens and Streptococcus pyogenes known as “Coley’s toxins”) to treat people with
sarcomas which provided complete response rates of approximately 15%. Unfortu-
nately, high failure rates and significant side effects lead to discontinuation of this
approach. His seminal work laid the foundation for nonspecific modulation of the im-
mune response in the treatment of cancer. There are numerous nonspecific tumor
immunotherapy approaches ranging from biological response modifiers (BRMs) to re-
combinant cytokines as discussed in the following sections.

Biological response modifiers
BRMs are molecules that can modify the biological response of cells to changes in
their external environment, which in the context of cancer immunotherapy could easily
span nonspecific and specific immunotherapies. This section will be discussing
nonspecific BRMs (sometimes termed “immunopotentiators”) which are often related
to bacteria and/or viruses.
One of the earliest BRM discoveries after Coley’s toxin was the use of bacillus Calm-

ette-Guérin (BCG; interestingly, Guérin was a veterinarian). BCG is the live attenuated
strain of Mycobacterium bovis, and intravesical instillation in the urinary bladder
causes a significant local inflammatory response which results in antitumor re-
sponses.14 The use of BCG in veterinary patients was first reported by Owen and
Bostock in 1974 and has been investigated with numerous types of cancers including
urinary bladder carcinoma, osteosarcoma (OSA), lymphoma, prostatic carcinoma,
transmissible venereal tumor, mammary tumors, sarcoids, squamous cell carcinoma,
and others.2,3,15–17 LDI-100, a product containing BCG and human chorionic gonad-
otropin, was compared to vinblastine in dogs with measurable grade II or III mast cell
tumors.18 Response rates were 28.6% and 11.7%, respectively, and the LDI-100
group had significantly less neutropenia. It is particularly exciting for the field of veter-
inary cancer immunotherapy to potentially be able to use a BRM product which has
greater efficacy and less toxicity than a chemotherapy standard of care. Unfortunately,
LDI-100 is not commercially available at present.
Corynebacteriumparvum is anotherBRMwhichhasbeen investigated for anumberof

tumors in veterinarymedicine includingmelanomaandmammary carcinoma.19,20Other
bacterially derived BRMs include attenuated Salmonella typhimurium (VNP20009),
mycobacterial cell wall deoxyribonucleic acid (DNA) complexes (abstracts only at pre-
sent), and bacterial superantigens.21,22 Mycobacterial cell walls contain muramyl
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dipeptide (MDP) which can activate monocytes and tissue macrophages. Muramyl
tripeptide-phosphatidylethanolamine (MTP-PE) is an analog of MDP. When encapsu-
lated in multilamellar liposomes (L-MTP-PE), monocytes and macrophages uptake
MTP leading to activation and subsequent tumoricidal effects through induction of mul-
tiple cytokines, including IL–1a, IL-1b, IL-7, IL-8, IL-12, and tumor necrosis factor.23

L-MTP-PE has been investigated in numerous tumors in human and veterinary patients,
includingOSA, hemangiosarcoma, andmammarycarcinoma.23–27Anothermycobacte-
rial cell wall fraction agent called Immunocidin received US Department of Agriculture
(USDA) approval for intralesional use in canine mammary gland tumors. This product
was also recently investigated with intravenous use and adjuvant doxorubicin in dogs
with splenic hemangiosarcoma, but no prolongation in survival was noted compared
to historical outcomes with adjuvant doxorubicin alone.28

Oncolytic viruses have also been used as nonspecific anticancer BRMs in human
and veterinary patients.29 Adenoviruses have been engineered to transcriptionally
target canine OSA cells and have been tested in vitro and in normal dogs with no major
signs of virus-associated side effects.30–32 Similarly, canine distemper virus (CDV), the
canine equivalent of human measles virus, has been used in vitro to infect canine
lymphocyte cell lines and neoplastic lymphocytes from dogs with B and T cell lym-
phoma,33 with high infectivity rates, suggesting that CDV may be investigated in the
future for the treatment of dogs with lymphoma.
Imiquimod (Aldara) is a novel BRM that is a toll-like receptor 7 agonist.34 Imiquimod

has been reported as a successful treatment for Bowen’s disease (multicentric squa-
mous cell carcinoma in situ) and other skin diseases in humans. Twelve cats with
Bowen’s-like disease were treated topically with imiquimod 5% cream and initial
and all subsequent new lesions responded in all cats.35 An additional cat (with pinnal
actinic keratoses and squamous cell carcinoma) and dog with cutaneous melanocy-
tomas have subsequently been reported to have been successfully treated with
topical imiquimod 5% cream.36,37 It, therefore, appears that imiquimod 5% cream is
well tolerated, and further studies are warranted to further examine its usefulness in
cats and dogs with other skin tumors that are not treatable through standardized
means.

Recombinant cytokines, growth factors, and hormones
A number of investigations using recombinant cytokines, growth factors, or hormones
in various fashions for human and veterinary cancer patients have been reported to
date. Many have investigated the in vitro and/or in vivo effects of the soluble cytokine
(eg, IFNs, IL-2, IL-12, IL-15, and so forth with or without suicide gene therapy),38–53

liposome encapsulation of the cytokine (eg, liposomal IL-2),39,54–57 or use of a virus,
cell, liposome-DNA complex, plasmid, or other mechanism to express or downregu-
late the cytokine (eg, recombinant poxvirus expressing IL-2).54,58–66 The European
Committee for Medicinal Products for Veterinary Use adopted a positive opinion in
March, 2013 for the veterinary product Oncept IL-2 (feline poxvirus expressing recom-
binant feline IL-2). This product also received conditional licensure from the USDA
Center for Veterinary Biologics (CVB) in 2015, but this conditional licensure lapsed
in 2020 and the product is no longer commercially available in North America.

Specific Tumor Immunotherapy

Overview
The ultimate goal for a tumor immunotherapy with a specific target is elicitation of an
antitumor immune response which results in clinical regression of a tumor and/or its
metastases. There are numerous types of specific tumor immunotherapies in phase
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I to III trials across a wide range of tumor types. Responses to cancer vaccines and
other cancer immunotherapies may take several months or more to appear due to
the slower speed of induction of the adaptive arm of the immune system as outlined
in Table 1. This has necessitated the development of an alternative and more
immunotherapeutic-based response system for human studies and this is highly likely
necessary in the future for veterinary studies.67 The ideal cancer immunotherapy agent
would be able to discriminate between cancer and normal cells (ie, specificity), be
potent enough to kill a small or large numbers of tumor cells (ie, sensitivity), and lastly,
be able to prevent the recurrence of the tumor (ie, durability).
The immune system detects tumors through specific tumor-associated antigens

(TAAs) and/or abnormal disease-associated antigens (DAAs) that are potentially
recognized by both CTLs and antibodies.68–71 TAAs and/or DAAs may be common
to a particular tumor type, be unique to an individual tumor, or may arise frommutated
gene products such as ras, p53, p21, and/or others. While unique TAAs may be more
immunogenic than the other aforementioned shared tumor antigens, they are not
practical targets because of their narrow specificity. Most shared tumor antigens
are normal cellular antigens that are overexpressed in tumors. The first group to be
identified was termed cancer testes antigens due to expression in normal testes,
but they are also found in melanomas and various other solid tumors such as the
MAGE/BAGE gene family. This article will highlight those approaches which appear
to hold particular promise in human clinical trials and many which have been tested
to date in veterinary medicine.
A variety of approaches have been taken to date to focus the immune system on the

aforementioned targets, including (1) whole cell, tumor cell lysate, and/or subunit vac-
cines (autologous or made from a patient’s own tumor tissue; allogeneic or made from
individuals within a species bearing the same type of cancer; or whole cell vaccines
from g-irradiated tumor cell lines with or without immunostimulatory cytokines),60,72–88

(2) vaccines which immunize with syngeneic and/or xenogeneic (different species than
recipient) plasmid DNA (or other strategies) designed to elicit antigen-specific humoral
and cellular immunity89–104 (to be discussed in more detail later in this article), (3) viral,
viruslike nanoparticle, and/or viral vector-based methodologies designed to be onco-
lytic and/or deliver genes encoding TAAs, telomerase, and/or immunostimulatory cyto-
kines,105–119 (4) DC or CD40-activated B-cell vaccines (which are commonly loaded or
transfected with TAAs, DNA or ribonucleic acid from TAAs, or tumor lysates)120–129 and
adoptive cell transfer (the “transfer” of specific populations of immune effector cells in
order to generate a more powerful and focused antitumor immune response; to be dis-
cussed in more detail later in this article with clinically relevant recent advances).130–132

There has been a remarkable expansion of companies offering autologous cancer
vaccines for the treatment of cancer in a variety of veterinary species. Much of that
expansion is due to limited regulatory oversight of autologous products due to the
Virus-Serum-Toxin Act instituted in 1913. While these products are typically consid-
ered safe, there are extremely limited data around efficacy.133–135 The USDA-CVB
has increased regulatory scrutiny of these products starting in 2017 with Veterinary
Services Memorandum (VSM) #800.121. In 2020, the USDA-CVB also increased reg-
ulatory scrutiny on conducting safety and efficacy studies for non-autologous cancer
immunotherapeutics with VSM #800.126.

Antibody-based therapies
Antibody (Ab) approaches for cancer immunotherapy include monoclonal antibodies
(mAbs),136–139 anti-idiotype Abs (an idiotype is an immunoglobulin sequence unique
to each B lymphocyte, and therefore Abs directed against these idiotypes are referred



Table 1
Comparison of chemotherapy and various antitumor immunotherapies

Treatment Type Mechanism of Action
Tumor-Associated Aantigens
or Target-Dependent Specificity Sensitivity Response Time Durability of Response

Chemotherapy Cytotoxicity No Poor Variable Hours–days Variable

Antitumor vaccine Immune response Yes Good Good Weeks–months Variable–long

Monoclonal antibodies Immune response Yes Good Good Weeks Variable

Checkpoint inhibitors Immune response No Low Moderate Weeks–months Long
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to as anti-idiotype),140 conjugated Abs (antibody conjugated to a toxin, chemotherapy,
radionuclide, and so forth),141 and engineered Ab “variants”142,143 such as bispecific
mAbs (can bind to 2 different targets at the same time), single-chain variable frag-
ments (often used as artificial T-cell receptors), single-chain Abs, and so forth.
Rituximab (anti-human CD20 mAb; Rituxan, Biogen & Genentech, Inc.) was the first

mAb approved by the Food and Drug Administration (FDA)144 in 1997 and as of August
2023, there are over 100 FDA-approved mAbs for the treatment of various human can-
cers. In those 251 years, a remarkably greater understanding of protein-engineering
techniques, reciprocation between the immune system and cancer cells, as well as
mechanisms of action and resistance for mAbs have allowed for therapeutic Ab devel-
opment to explode.143,145

Based on the significant improvement in remission and survival length of human pa-
tients with B-cell non-Hodgkin’s lymphoma (NHL) treated with rituximab and standard
of care multiagent chemotherapy (and the lack of rituximab binding to canine CD20),
numerous groups in veterinary medicine are in pursuit of similar caninized or felinized
anti-CD20 mAb approaches.146–154 Particular initial excitement and promise was
noted in early pilot studies with caninized anti-CD20 and CD-52 mAbs (Vet Therapeu-
tics, San Diego, CA, USA then purchased by Aratana, Inc.) for canine B-cell and T-cell
NHL, respectively. In 2015 and 2016, each product (Blontress and Tactress, respec-
tively) received USDA-CVB licensure, but subsequent unpublished studies did not
show target binding or improvement in clinical outcomes compared to standard of
care chemotherapy.155 Based on rituximab’s remarkable track record and continually
expanding list of indications (within the previously envisioned area of B-cell neoplasia
but now outside of oncology in the treatment of non-oncologic B-cell disorders), this
author looks ardently forward to the clinical development of 1E4 (and other anti-CD19/
20/21 mAbs) as well as other mAb targets for dogs, cats, and other veterinary species
afflicted with cancer and other diseases.156–161

Cancer vaccines
One particularly exciting vaccine approach targets HER-2 with an attenuated listeria
therapeutic vaccine or a DNA vaccine approach.96,162,163 The listeria methodology
was utilized by Mason and colleagues in dogs with appendicular OSA after being
treated with amputation and adjuvant carboplatin chemotherapy.164 The results
from this phase I study are particularly exciting as it translated into a median survival
time approaching 3 years. It is currently unknown how much of the therapeutic effi-
cacy is from the xenogeneic human HER-2 versus the listeria. This lyophilized product
from Aratana (“AT-014”) received USDA-CVB conditional licensure in early 2018 and
was further evaluated with a multicenter clinical safety study to potentially move the
product to full licensure. Unfortunately, vaccine-origin listeria abscesses were noted
in a handful of dogs.165,166 This zoonotic threat precipitated the removal of this
commercially available product in 2020. The original liquid version of this product
was utilized in a COTC trial (COTC026) and the results have not been published to
date.
This author developed a xenogeneic DNA vaccine program for melanoma in collab-

oration with human investigators fromMemorial Sloan-Kettering Cancer Center.167,168

Preclinical and clinical studies by our laboratory and others have shown that xenoge-
neic DNA vaccination with tyrosinase family members (eg, tyrosinase, GP100, GP75,
others) can produce immune responses resulting in tumor rejection or protection
and prolongation of survival while syngeneic vaccination with orthologous DNA does
not induce immune responses. While tyrosinase may not appear to be a preferred
target in amelanotic canine melanoma due to poor expression when assessed by
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immunohistochemistry (IHC),169 more appropriate/sensitive polymerase chain reac-
tion (PCR)–based studies and other IHC-based studies document significant tyrosi-
nase overexpression in melanotic and amelanotic melanomas across species.170–175

These studies provided the impetus for the development of a xenogeneic tyrosinase
(or similar melanosomal glycoproteins) DNA vaccine program in canine malignant mel-
anoma (CMM). Cohorts of dogs received increasing doses of xenogeneic plasmid DNA
encoding either human tyrosinase (huTyr), murine GP75 (muGP75), murine tyrosinase
(muTyr), muTyr � HuGM-CSF (both administered as plasmid DNA), or muTyr “off-
study” intramuscularly biweekly for a total of 4 vaccinations. We and collaborators
have investigated the antibody and T-cell responses in dogs vaccinated with huTyr.
Antigen-specific (huTyr) IFN-g T-cells were found along with 2-fold to 5-fold increases
in circulating antibodies to huTyr which can cross react to canine tyrosinase, suggest-
ing the breaking of tolerance.176,177 The clinical results with prolongation in survival
have been reported previously.167,168 The results of these trials demonstrate that xeno-
geneic DNA vaccination in CMM (1) is safe, (2) leads to the development of anti-
tyrosinase antibodies and T cells, (3) is potentially therapeutic, and (4) is an attractive
candidate for further evaluation in an adjuvant, minimal residual disease phase II
setting for CMM. Based on these studies a multi-institutional safety and efficacy trial
for USDA licensure in dogs with locally controlled stage II/III oral melanoma was initi-
ated in 2006 with granting of conditional licensure in 2007, which represented the first
US governmental regulatory agency approval of a vaccine to treat cancer across spe-
cies. Results of this licensure trial documented a statistically significant improvement in
survival for vaccinates versus controls and a full licensure for the huTyr-based canine
melanoma vaccine from USDA-CVB was received in December 2009 (Oncept, Merial,
Inc.).178 Recently, other investigators have reported safety and feasibility results of a
pilot study in 6 dogs with melanoma given huTyr plasmid DNA (ie, similar to Oncept),
but instead of the typical needle-free transdermal delivery, a novel tattoolike “micro-
seeding” delivery system was utilized.179

Kaser-Hotz and colleagues reported on concurrent use of Oncept and external
beam radiation as many dogs with oral malignant melanoma may not be able to un-
dergo surgery for local tumor control.180 This pilot study determined that concurrent
use was well tolerated with no unexpected toxicities. Ottnod and colleagues181 per-
formed a single-site retrospective study on 30 dogs with stage II to III oral malignant
melanoma (15 each with and without use of Oncept). They determined that those
dogs receiving Oncept did not achieve a greater progression-free survival, disease-
free interval, or median survival time than dogs that did not receive the vaccine. Con-
trary to the aforementioned prospective USDA 5-site licensure trial,178 this study had
less than 35% of cases treated surgically with margins 1 mm or more, suggesting a
significant lack of local tumor control. Furthermore, contrary to the aforementioned
prospective USDA 5-site licensure trial, the Ottnod and colleagues study, similar to
other noncontrolled retrospective studies, either had a wide variety of other treat-
ments utilized in both the nonvaccinate and vaccinate groups, had small numbers
of patients investigated, and/or the cause (in the context of local or distant disease)
of death and/or progression of disease was not reported.182–185 This author reported
at the 2016 VCS meeting the outcomes of 320 dogs with malignant melanoma treated
with Oncept across VCA oncology centers. The long-term median outcomes noted in
that study are extremely similar to those we reported from the USDA 5-site prospec-
tive licensure trial and compare highly favorably to outcomes reported with standard-
ized therapies without Oncept. Not surprisingly, the smaller poorly controlled
retrospective studies do not appear to mirror the results seen in larger and more high-
ly controlled studies.
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Human clinical trials utilizing various xenogeneic melanosomal antigens as DNA (or
peptide with adjuvant) vaccination began in 2005.186–189 To further highlight xenoge-
neic DNA vaccination as a platform to target other possible antigens for other histol-
ogies, we have completed a phase I trial of murine CD20 for dogs with B-cell
lymphoma (USDA-CVB conditionally licensed it as Canine Lymphoma Vaccine from
Merial Inc. (nowBoerhinger-IngelheimAnimal Health). This conditional licensure lapsed
in 2020 and is no longer commercially available. We have also investigated the efficacy
of local tumor control and use of xenogeneic DNA vaccination in dogs with digit malig-
nant melanoma.190 These investigations led to the development of a canine digit mela-
noma staging scheme and found an improvement in survival compared to historical
outcomes with digit amputation only. We also documented a decreased prognosis
for dogs with advanced stage disease and/or increased time from digit amputation to
the start of vaccination. Phillips and co-investigators170 have also reported the overex-
pression of tyrosinase in equine melanoma, determined the safety and optimal use of
the needle-free delivery device into the pectoral region with Oncept, and documented
antigen-specific humoral responses after vaccination in all horses.191 Oncept also ap-
pears to be safe for use in cats and in a penguin case report.192,193

A small subset of dogs with malignant melanoma have exon 11 KIT gene muta-
tions,194,195 and therefore the more routine use of KIT testing by PCR of CMM and
subsequent use of c-kit small-molecule inhibitors (particularly in dogs with advanced
stage disease and/or lack of response to Oncept) should be considered. Furthermore,
with somatic mutations in NRAS and PTEN being found in CMM196 similar to human
melanoma hotspot sites, these may represent logical drugable targets in the future.

The Future of Cancer Immunotherapy

Tumor immunology and immunotherapy is one of the most exciting and rapidly
expanding fields at present. Significant resources are focused on mechanisms to
simultaneously stimulate an antitumor immune response while minimizing the immu-
nosuppressive aspects of the tumor microenvironment. Similar resources are also
focused on ways to stimulate the “abscopal effect” which is derived from the Latin
“ab” (position away from) and “scopus” (mark or target). The abscopal effect is
when 1 tumor is treated locally and it causes other tumors outside the local treatment
area to regress, presumably through immune-based mechanisms.197 While this was
hypothesized with radiation by RHMole in 1953, the appreciation for this has exploded
recently with cancer immunotherapeutics.
The recent elucidation and blockade of immunosuppressive cytokines (eg, TGF-b,

IL-10 and IL-13) and/or the negative costimulatory molecule CTLA-4198,199 and PD-
1 (programmed cell death 1 or CD279),200 along with the functional characterization
of myeloid derived suppressor cells and T regulatory cells,7,201–204 have dramatically
improved cell-mediated immunity to tumors by “taking the brake” off the immune sys-
tem. Immunotherapy is unlikely to become a sole modality in the treatment of cancer
as the traditional modalities of surgery, radiation, and/or chemotherapy are extremely
likely to be used in combination with immunotherapy in the future. Like any form of
anticancer treatment, immunotherapy appears to work best in a minimal residual dis-
ease setting, suggesting its most appropriate use will be in an adjuvant setting with
local tumor therapies such as surgery and/or radiation.205 Similarly, the long-held
belief that chemotherapy (non-corticosteroid) attenuates immune responses from
cancer vaccines is beginning to be disproven through investigations on a variety of
levels.206–209

The aforementioned greatly expanded molecular understanding of the immune sys-
tem has recently translated into human cancer immunotherapeutics which confer a
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survival benefit such as the use of the checkpoint inhibitor anti-CTLA-4 Ab, ipilimumab
(Yervoy, Bristol-Myers Squibb), and the selective BRAF inhibitors, vemurafenib (Zel-
boraf, Genetech) and dabrafenib (GSK2118436, GlaxoSmithKline), in patients who are
BRAF V600 mutation positive. Currently, FDA-approved Abs directed against another
checkpoint inhibitor known as PD-1 receptor or against human PDL-1 (L 5 ligand)
such as nivolumab (Opdivo, Bristol-Myers Squibb), pembrolizumab (Keytruda, Merck),
and others have generated the most excitement due to w 20% to 30% of human pa-
tients having durable objective tumor responses.200,210 The highest objective tumor
response rates have been seen to date in patients treated with concurrent PD-1 and
CTLA-4 checkpoint inhibitors.210–212 Furthermore, pembrolizumab was given FDA
approval for unresectable or metastatic, microsatellite instability-high (MSI-H) or
mismatch repair deficient (dMMR) solid tumors that have progressed following prior
treatment.213 This is truly revolutionary as it represents the first cancer-agnostic FDA
approval and is one of the many recent FDA approvals based on single-arm studies.
There are currently over 100 different checkpoint inhibitors in development and the
immuno-oncology (IO) “pendulum” has swung from the previous primarily target-
dependent approaches to the current checkpoint inhibitor target-independent
approach. The IO pendulum over time is highly likely to come back to the middle with
a concurrent target-dependent approach (ie, vaccine or similar) alongside target-
independent checkpoint inhibitors.214,215

Very few biomarkers of response with these clinically important agents have been
found to date unfortunately, except for fecal microbiome perturbations and tumors
which generate numerous neoantigens from tumor-specific mutations.216–218 This
further highlights why pembrolizumab was given FDA approval for MSI-H or dMMR
solid tumors as these tumors “throw off” comparatively much higher numbers of neo-
antigens. A highly innovative personalized human cancer vaccine taking advantage of
this biomarker-based approach utilizes the neoantigens specific to that individual’s
cancer, as they are not present in normal tissues and are highly immunogenic.219

Another area of extreme promise in IO is adoptive cell therapy/transfer (ACT).220

One type of ACT is CAR-T (chimeric antigen receptor-T cells). Other cell types can
be utilized with CAR; for example, if using NK cells, then this would be termed
CAR-NK. The cells are harvested from a patient and then genetically engineered to
express a CAR on their cell surface with expansion in vitro before being reinfused
back into the patient.221 This CAR is specifically designed to recognize a specific
TAA with a domain responsible for activating the T-cell when the CAR-T binds its
TAA. The latest generations of CAR-T are engineered to contain important costimula-
tory domains that further enhance the immune response against the cancer cell con-
taining the TAA. In 2017, an expert panel of the FDA called ODAC (Oncologic Drugs
Advisory Committee) unanimously (10–0) recommended approval of CTL019 (tisagen-
lecleucel), an investigational CAR-T therapy utilizing CD19 as its CAR of choice for pa-
tients with B-cell acute lymphoblastic leukemia. Many CAR-T studies have found
greater than 80% to 90% objective tumor responses, but side effects, including death
can occur and relapses, can be frequent.221,222 Furthermore, CAR-Ts are currently
difficult to make and carry a high cost of goods to produce, making for a treacherous,
but not impossible, commercial development path in veterinary medicine. One
intriguing approach to reduce costs is to use an allogeneic CAR, especially CAR-
NK, but significant logistical hurdles are also ahead due to activity and possible immu-
nogenicity concerns.223

An additional form of ACT that has garnered significant interest in veterinary
oncology utilizes an autologous patient tumor-based vaccination strategy followed
by apheresis and ex-vivo T-cell expansion, which is then infused back into the patient
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with IL-2. This program is from Elias Animal Health and is called Elias Cancer Immu-
notherapy (ECI). In a pilot study of 14 dogs with appendicular OSA, ECI was performed
after limb amputation.224 The side effects were considered mild and typically grade 1
or 2. Themedian disease-free interval was 213 days with a median survival of 415 days
and 5 dogs survived greater than 2 years. These pilot data are extremely exciting as it
appears to be superior to historical outcomes with adjuvant carboplatin.225–229 At this
time (August 2023), we are eagerly awaiting the results of a larger USDA licensure trial
in dogs with OSA treated with limb amputation followed by randomization to carbopla-
tin versus ECI.
Checkpoints, checkpoint inhibitors, and other adoptive cell transfer technologies like

CAR-T and others are also starting to be better understood and pursued in veterinary
diseases.130,230–274 Furthermore, the exciting race to develop commercial veterinary
specific IO therapeutics like checkpoint inhibitors and CAR-T is currently ongoing
with a handful of animal health companies. At the time of writing (August 2023), we
anticipate in late 2023 the commercial release of gilvetmab, a caninized anti-PD-
1 USDA conditionally licensed monoclonal antibody from Merck Animal Health. As
these therapeutics reduce immune tolerance and more easily generate specific anti-
tumor immune responses in patients, pathologic autoimmunity was predicted and is
now being seen clinically in human patients as a side effect.211,275,276

An intriguing new area of IO utilizes high-intensity focused ultrasound (HIFU) or other
hyperthermia modalities. These trigger the release of damage-associated molecular
patterns and improve immune cell infiltration into tumors with an increase in NK and
CD81 T cells. Early results in mice and people suggest improved response rates
with HIFU and checkpoint inhibitors compared to either alone, similar to radiation
and checkpoint inhibitors.250,277–279 This highly likely goes beyond simply turning an
IO “cold” tumor into an IO “hot” tumor and the aforementioned neo-epitope creation
by these modalities. This author ardently looks forward to further HIFU and combina-
torial study strategies in veterinary oncology.280–284

In summary, the future looks extremely bright for immunotherapy. Similarly, the vet-
erinary oncology profession is uniquely able to greatly contribute to the many ad-
vances to come in this field. Unfortunately, what works in a mouse will often not
reflect the outcome in human cancer patients. Therefore, comparative immunotherapy
studies utilizing veterinary patients may be able to better “bridge” murine and human
studies. To this end, a large number of cancers in dogs and cats appear to be remark-
ably stronger models for counterpart human tumors than presently available murine
model systems.196,285–295 This is likely due to a variety of reasons including, but not
limited to, extreme similarities in the biology of the tumors (eg, chemoresistance,
radioresistance, sharing metastatic phenotypes and site selectivity, and so forth),
spontaneous syngeneic cancer (vs typically an induced and/or xenogeneic cancer
in murine models), and finally that the dogs and cats that are spontaneously devel-
oping these tumors are outbred, immune-competent, and live in the same environ-
ment that humans do. This author ardently looks forward to the time when cancer
immunotherapy plays the same significant role in the treatment and/or prevention of
cancers in veterinary patients like it currently does in human cancers.
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280. Castelló CM, de Carvalho MT, Bakuzis AF, et al. Local tumour nanoparticle ther-
mal therapy: A promising immunomodulatory treatment for canine cancer. Vet
Comp Oncol 2022;20:752–66.

281. Ryu MO, Lee SH, Ahn JO, et al. Treatment of solid tumors in dogs using veter-
inary high-intensity focused ultrasound: A retrospective clinical study. Vet J
2018;234:126–9.

282. Horise Y, Maeda M, Konishi Y, et al. Sonodynamic Therapy With Anticancer Mi-
celles and High-Intensity Focused Ultrasound in Treatment of Canine Cancer.
Front Pharmacol 2019;10:545.

283. Carroll J, Coutermarsh-Ott S, Klahn SL, et al. High intensity focused ultrasound
for the treatment of solid tumors: a pilot study in canine cancer patients. Int J
Hyperther 2022;39:855–64.

284. Ashar H, Singh A, Kishore D, et al. Enabling Chemo-Immunotherapy with HIFU
in Canine Cancer Patients. Ann Biomed Eng 2023. https://doi.org/10.1007/
s10439-023-03194-1.

285. LeBlanc AK, Breen M, Choyke P, et al. Perspectives from man’s best friend: Na-
tional Academy of Medicine’s Workshop on Comparative Oncology. Sci Transl
Med 2016;8:324ps325.

286. Khanna C, Lindblad-Toh K, Vail D, et al. The dog as a cancer model. Nat Bio-
technol 2006;24:1065–6.

http://refhub.elsevier.com/S0195-5616(23)00170-5/sref270
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref270
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref271
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref271
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref271
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref272
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref272
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref272
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref273
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref273
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref273
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref274
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref274
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref275
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref275
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref276
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref276
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref276
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref277
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref277
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref277
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref277
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref278
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref278
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref278
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref278
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref279
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref279
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref279
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref280
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref280
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref280
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref281
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref281
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref281
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref282
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref282
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref282
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref283
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref283
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref283
https://doi.org/10.1007/s10439-023-03194-1
https://doi.org/10.1007/s10439-023-03194-1
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref285
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref285
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref285
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref286
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref286


Bergman468
287. Khanna C, London C, Vail D, et al. Guiding the optimal translation of new cancer
treatments from canine to human cancer patients. Clin Cancer Res 2009;15:
5671–7.

288. Paoloni M, Khanna C. Translation of new cancer treatments from pet dogs to hu-
mans. Nat Rev Cancer 2008;8:147–56.

289. Gordon I, Paoloni M, Mazcko C, et al. The Comparative Oncology Trials Con-
sortium: using spontaneously occurring cancers in dogs to inform the cancer
drug development pathway. PLoS Med 2009;6:e1000161.

290. Ranieri G, Gadaleta CD, Patruno R, et al. A model of study for human cancer:
Spontaneous occurring tumors in dogs. Biological features and translation for
new anticancer therapies. Crit Rev Oncol Hematol 2013;88:187–97.

291. Angstadt AY, Thayanithy V, Subramanian S, et al. A genome-wide approach to
comparative oncology: high-resolution oligonucleotide aCGH of canine and hu-
man osteosarcoma pinpoints shared microaberrations. Cancer Genet 2012;205:
572–87.

292. LeBlanc AK, Mazcko C, Brown DE, et al. Creation of an NCI comparative brain
tumor consortium: informing the translation of new knowledge from canine to hu-
man brain tumor patients. Neuro Oncol 2016;18:1209–18.

293. Seelig DM, Avery AC, Ehrhart EJ, et al. The Comparative Diagnostic Features of
Canine and Human Lymphoma. Vet Sci 2016;3.

294. Fulkerson CM, Dhawan D, Ratliff TL, et al. Naturally Occurring Canine Invasive
Urinary Bladder Cancer: A Complementary Animal Model to Improve the Suc-
cess Rate in Human Clinical Trials of New Cancer Drugs. Int J Genomics
2017;2017:6589529.

295. Von Rueden SK, Fan TM. Cancer-Immunity Cycle and Therapeutic Interven-
tions- Opportunities for Including Pet Dogs With Cancer. Front Oncol 2021;11:
773420.

http://refhub.elsevier.com/S0195-5616(23)00170-5/sref287
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref287
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref287
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref288
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref288
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref289
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref289
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref289
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref290
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref290
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref290
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref291
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref291
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref291
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref291
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref292
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref292
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref292
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref293
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref293
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref294
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref294
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref294
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref294
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref295
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref295
http://refhub.elsevier.com/S0195-5616(23)00170-5/sref295

	Cancer Immunotherapy
	Key points
	Introduction
	Tumor Immunology
	Cellular components
	Immune surveillance
	Immune evasion by tumors

	Nonspecific Tumor Immunotherapy
	Biological response modifiers
	Recombinant cytokines, growth factors, and hormones

	Specific Tumor Immunotherapy
	Overview
	Antibody-based therapies
	Cancer vaccines

	The Future of Cancer Immunotherapy

	References


