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ABSTRACT

The complexity of cancer immunotherapy (CIT) demands
reliable preclinical models to successfully translate study
findings to the clinics. Non-human primates (NHPs; here
referring to rhesus and cynomolgus macaques) share
broad similarities with humans including physiology,
genetic homology, and importantly also immune cell
populations, immune regulatory mechanisms, and protein
targets for CIT. Furthermore, NHP naturally develop cancers
such as colorectal and breast cancer with an incidence,
pathology, and age pattern comparable to humans. Thus,
these tumor-bearing monkeys (TBMs) have the potential
to bridge the experimental gap between early preclinical
cancer models and patients with human cancer.

This review presents our current knowledge of NHP
immunology, the incidence and features of naturally-
occurring cancers in NHP, and recent TBM trials
investigating CIT to provide a scientific rationale for this
unique model for human cancer.

THE ROLE OF NON-HUMAN PRIMATES IN MEDICAL
RESEARCH

Research with NHPs has facilitated break-
through medical research and preserved
millions of human lives." The high level of
genetic similarity to humans coupled with
their outbred nature have made non-human
primates (NHPs) an invaluable preclinical
model. Studies of NHPs should be ethically
restricted to only the most clearly necessary
and welljustified work, and indeed this is the
case, with NHPs accounting for less than 1%
of animals in current medical research.

NHP models have proven indispensable
in fields such as neuroscience, reproductive
biology, and oncology. The greatest contri-
bution of NHP models in recent years is in
immunology, as exemplified by the study of
simian immunodeficiency virus (SIV) as an
animal model for HIV and AIDS.*

In oncology research, healthy,
free NHPs are an integral part of the drug
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development process in dose-range finding
and toxicology studies.” *

Recent studies addressing the complexity
of cancer immunotherapy (CIT) have illus-
trated key challenges,” including (1) the
development of preclinical models trans-
latable to human anticancer immunity; (2)
the assessment of CIT combinations in early-
phase clinical studies; and (3) the preven-
tion of off-target normal tissue injury. These
challenges can be addressed by the study of
NHPs with naturally occurring malignancies,
so called tumor-bearing monkeys (TBMs).

This review provides an overview on NHPs
as a uniquely useful model, mimicking
human immunology and cancer incidence,
and describes the opportunity to investigate
promising CIT drug regimens in TBMs.

NHP MODELS OF HUMAN IMMUNOLOGY

NHPs have been an indispensable resource in
the dissection of pathogenic mechanisms and
in testing vaccine efficacy to many human
pathogens, emphasizing important similar-
ities between the human and NHP immune
systems.’

Adaptive immunity

The efficacy of the T-cell response relies on
the presence of multiple major histocompati-
bility complex (MHC) alleles that can present
a large pool of peptides for potential T-cell
recognition.7 Humans have three MHC class
I'loci: human lymphocyte antigens (HLA) A,
B, and C; and three MHC class II loci: HLA-
DP, DQ, and DR and each locus can encode
multiple alleles.® Diversity within the human
MHC loci is based on amino acid differences
as well as the inheritance of specific sets of
HLA molecules from each parent with little
crossover. Rhesus macaques have two MHC
class I loci: Mamu-A and Mamu-B whereas an
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HLA-C orthologue is missing,” and three MHC class II
loci: DP, DQ, and DR.!° Unlike humans, rhesus macaques
can have several MHC class I alleles on each chromosome
and significant crossover can occur which results in an
increased haplotype diversity.

Human and NHP CD4 and CD8 T cells can be divided
into naive, central memory (CM) and effector memory
(EM) types'' and similarly delineated using CD28 and
CD95 as the primary cell surface markers."* In both
species, naive cells are defined as CD95"*CD28"*, CM
cells are defined as CD95P°CD28P*, and EM cells are
defined as CD95P”*CD28"%.

Similar to humans, NHP B cells can be identified based
on the CD20 and MHC class II expression. Furthermore,
rhesus macaque and human B cells can be divided into
naive (IgD'CD27°), unswitched memory (IgD'CD27"),
and switched memory (IgD"CD27") B-cell subsets'® and
exhibit an upregulation of CD80, CD86, and CD40 on
activation.'*

Innate immunity

Several immune cell subsets play a critical role in medi-
ating innate immune responses including dendritic
cells (DCs), natural killer (NK) cells, neutrophils and
macrophages.

Human DCs can be divided into two distinct popula-
tions: (a) myeloid, or conventional, DC (MDC) charac-
terized as CD11cP*CD123%™ and (b) plasmacytoid DC
(PDC) characterized as CD11¢™3CD123™8" 5 MDC
mainly functions to process and present antigens to naive
T cells and produce interleukin (IL)-12 on activation,
whereas, PDC produces interferon (IFN)-o in response
to viral infection. These two major DC subsets can be
identified in rhesus macaques, using the same surface
markers as for human DCs. Moreover, NHP PDC exhibits
a similar cytokine and functional response as human
PDC, including upregulated IFN-o, tumor necrosis factor
(TNF)-o,, macrophage inflammatory protein (MIP)-
1B, and CXCL10 expression on stimulation with herpes
simplex virus. Patterns of Toll-like receptor (TLR) expres-
sion in macaque and human DCs are similar, but differ
substantially from murine DCs.'® PDC from rhesus and
humans express TLR7 and TLR9 but not TLR3, TLR4,
and TLRS; both respond to TLR stimulation by upregu-
lation of CD86. Rhesus and human MDC express TLR3,
TLR4, TLR7, and TLR8 but not TLR9 and respond to TLR
agonists by upregulation of CD40 and CD86. In contrast,
murine MDC and PCD both express TLR3, TLR4, TLR7,
TLRS8, and TLR9.

Human NK cells are identified as CD3"**CD56"* cells
and can be further stratified based on the expression of
CD16 and CD56. The majority of blood and spleen resi-
dent NK cells are CD16P*CD56"™, and are primarily cyto-
toxic. The remaining NK cells are CD16"¢¥CD56"™, and
are less focused on directly killing target cells but rather
secrete large amounts of inflammatory cytokines.'” Simi-
larly, NK cells in rhesus macaques are CD3"® and can be
divided into a major CD16"8"CD56"¢ cytolytic population

and a minor CD16"CD56P** cytokine-producing popu-
lation.'® Similar to human NK cells, all rhesus NK cell
subsets express CD2, CD11a, and NKG2A.

NK cells recognize missing and altered self through
inhibitory and activating receptors. In humans, recogni-
tion of MHC molecules is mediated by the killer inhibi-
tory receptor, a CD94/NKG2 complex. Homologues of
the human CD94/NKG2 family members have been iden-
tified in rhesus macaques, and have similar stimulatory
and inhibitory functions as their human counterparts.'?

Considerable discrepancies exist in the phenotypic
characterization of macrophages across species, anatomic
sites, and disease models, and there are conflicting reports
regarding the delineation of myeloid cell subsets.”” Char-
acterization of NHP macrophages, defined as HLA-
DR'CD11b'CD68" leukocytes, has been limited by the
availability of cross-reactive reagents and the autofluores-
cence inherent to macrophages. Macrophages vary widely
in phenotype and pro-inflammatory capacity by anatomic
location.”! This heterogeneity likely reflects responses to
the microenvironments encountered by macrophages in
each tissue.

Interestingly, human and NHP macrophages share
a primate specific evolutionary-conserved regulation
of cathelicidin antimicrobial peptide (CAMP) gene
by vitamin D response elements (VDRE).* In murine
monocytes and macrophages, TLR signaling is prin-
cipally mediated by nitric oxide.” In contrast, human
macrophages upregulate vitamin D receptor and vitamin
D-1-hydroxylase to induce CAMP production on TLR
activation. The VDRE in the CAMP promoter region is
present in humans and NHP and absent in mice, rats
and dogs, and is illustrative of the differences in immune
system regulation when comparing mice, NHPs, and
humans.*

A brief summary on the similarities and differences of
the innate and adaptive immune system and immunoreg-
ulatory mechanisms in humans and rhesus macaques can
be found in table 1.

ONCOLOGY-RELATED STUDIES IN ‘TUMOR-FREE’ NHPS
The congruencies in physiology, genetics, and immune
system make ‘tumorfree’ NHPs an essential model to
determine pharmacodynamics (PD) and pharmaco-
kinetics (PK), define dose ranges, and conduct safety
studies of common chemotherapeutics and CIT drugs.
Early NHP studies included assessment of small mole-
cule cancer therapies such as vinca alkaloids in rhesus
macaques.”* Drug halflife and clearance rates showed
strong similarities to those reported in humans demon-
strating the utility of the model. A study focusing on irino-
tecan found that despite a lower metabolic conversion in
rhesus macaques, the systemic clearance of irinotecan
and the maximum area-under-curve of its metabolite were
less different between humans and NHPs than between
humans and mice.”
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Table 1 Comparative immunology reveals widespread similarities between human and rhesus macaque immune cell

populations and regulatory mechanisms

Adaptive immunity Ref

MHC class | loci Human: HLA-A, HLA-B, HLA-C. 9
Rhesus macaque: Mamu-A and Mamu-B (no HLA-C orthologue) increased haplotype
diversity due to several MHC class | alleles on each chromosome.

MHC class Il loci Human: HLA-DP, HLA-DQ, HLA-DR. 10
Rhesus macaque: Mamu-DP, Mamu-DQ, Mamu-DR.

CD4 and CD8 T cells  Similar classification into naive (CD95-CD28*), central memory (CD95*CD28%), and 1112
effector memory (CD95*CD28") cells.

B cells Similar identification by CD20 and classification using CD27 and IgD into naive 13
(lgD*CD277), unswitched memory (IgD*CD27%), and switched memory (IgD"CD27*) B
cells.
Similar upregulation of CD80, CD86, and CD40 on activation. 14

Innate immunity

DCs Similar DC cell subsets—myeloid (CD11¢P*°CD123™) and plasmacytoid 15
(CD11c"™9CD123P™9" _with similar cytokine and functional response.

TLR on DC Similar TLR expression in PDC (TLR7/9) and MDC (TLR3/4/7/8). 16

NK cells Similar populations of a majority of cytolytic (CD16™"CD56™°) and a minority of 18
cytokine producing (CD16°“CD56P*) NK cells.
Human and rhesus NK cells express CD2, CD11a, and NKG2A and are CD3"9, 19
CD94/NKG2 complex triggers similar stimulatory and inhibitory functions. 19

Macrophages Similar classification as HLA-DR*CD11b*CD68". 21

Similar primate-exclusive regulation of cathelicidin antimicrobial peptide by vitamin D 22
response element via vitamin D receptor and vitamin D-1-hydroxylase upregulation.

DC, dendritic cells; HLA, human leukocyte antigen; MHC, major histocompatibility complex; NK, natural killer; PDC, plasmacytoid DC; TLR,

Toll-like receptor.

More specific targeting strategies followed, including
many antibodies or antibody-like drugs, for example,
the PD characterization of the colony stimulating factor
1 receptor (CSF-1R)-targeting antibody emactuzumab in
cynomolgus macaques,4 including PK/PD modeling to
determine the dosing regimen for translation to a human
phase I clinical study. Emactuzumab efficiently reduced
CSF-1RP* macrophages in the liver and the colon of the
monkeys, in line with the expected mode-of-action (MoA)
of the compound. A dose dependent reduction of dermal
macrophages in emactuzumab-treated NHPs further
supported the overall PD and MoA of emactuzumab and
influenced the design of the human biomarker strategy.

Another key example is the study of CD45 targeting
for leukemia and lymphoma therapy in cynomolgus
macaques.”® Directly radiolabeled CD45 antibodies
demonstrated higher off-target dose deposition due
to extended systemic exposure to the radioligand than
a pre-targeting approach with anti-CD45 streptavidin
fusion protein followed by radio-DOTA-biotin 48hours
later; reducing the radioligand’s time in circulation. This
study was a continuation of data generated in pig-tailed
macaques given Y90-labeled anti-CD45, which illustrated
improved dose deposition to marrow in comparison to
liver and lung.”’

A recent study investigating a bispecific anti-huPD-1-
huGITR-L notonly emphasized the high sequence identity
between human and cynomolgus macaque programmed
cell death protein-1 (PD-1) and glucocorticoid-induced
tumor necrosis factor receptor (GITR) but also similar
receptor numbers and expression levels in activated T
cells in peripheral blood mononuclear cells (PBMCs)
and tissues.”® Furthermore, a similar binding affinity and
signaling transduction via nuclear factor-kB was observed
accompanied by cynomolgus PBMC expansion on treat-
ment with anti-huPD-1-huGITR-L.

Another high-impact study was the testing of an
anti-CD20/CD3 T-cell dependent bispecific antibody
(BTCT4465A) in tumor-free cynomolgus macaques as
prospective treatment for B-cell malignancies.29 NHP
were exposed to different doses and application patterns,
sampled at multiple time points, and versatile statistical
models fitted to the data. PD assessment in NHP illus-
trated a decline of CD4 and CD8 T cells within 1 hour and
reappearance in the blood within 48hours. This rapid
recovery of T cell counts suggested an activation-induced
margination while B-cell depletion persisted, suggesting
T-cell-mediated killing. Ultimately, data obtained by this
NHP study allowed prospective clinical simulations of
human plasma PKs.
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Another highly relevant anticancer drug extensively
tested in macaques is trastuzumab (Herceptin) which
was administered to study toxicity on numerous organ
systems and included combinatorial regimens.” A specific
justification for NHPs in these studies is the high degree
of homology of the erbB2 receptor (HER2), the target of
trastuzumab, as demonstrated in cynomolgus macaques.
Due to the species-specific action of trastuzumab, neither
mice nor dogs could be employed—emphasizing the
need for NHPs for toxicity and pharmacologic studies.

Immune checkpoint inhibitors have changed the
paradigm of cancer therapy and drastically improved
patient outcomes for numerous cancers. Importantly,
tumor-free NHP fostered the development and approval
of agents such as PD-l-targeting pembrolizumab,*
nivolumab,%_36 dostarlimab,‘”_?’9 and cemiplimab,40
programmed death ligand-1 (PD-LIl)-targeting atezoli-
zumab,41 durvalumab,42 and avelumab,43 “ and cyto-
toxic Tlymphocytes-associated protein  4-targeting
ipilimumab® * and tremelimumab.*® These studies and
preclinical trials demonstrated similar binding affinities,
tissue distribution, and the necessity to use NHP as the
only relevant and pharmacologically responsive model.**
For example, primate-specific conserved amino acids (eg,
Arg95) in PD-L1 are crucial for binding of durvalumab
and are absent in rodents.*

In general, the increasing need for NHP studies
reflects the increasing specificity of cancer treatments.
Less-specific chemotherapeutics such as vinca alkaloids,
topoisomerase inhibitors, or anthracyclines act compa-
rably in different species. However, the future of oncology
is precision medicine aiming for disease-specific or even
patient-specific targets to eradicate malignant cells, conse-
quently demanding more complex models that can better
reflect the activity of the clinical candidate as compared
with the use of surrogates in less relevant animal models.

CANCER RISK FACTORS IN NHP

Similarities between NHPs and humans extend to almost
all aspects of anatomy, physiology, neurology, endocri-
nology, immunology and age-related disease. Macaques
are the most commonly used long-lived primates in
biomedical research?” with approximately 70,000 rhesus
macaques living in the USA. Rhesus macaques age at
roughly three times the rate of humans, and a significant
increase in cancer incidence can be observed in animals
above 20 years of age, similar to humans 60+ yearsold.*’
Neoplasia was involved in more than half of all deaths in
rhesus macaques older than 26 years. Thus, while cancer
is a lowfrequency disease, it can be found reliably in
aging populations of NHPs, providing an opportunity to
study its natural history and treatment.

Immune competence

The reduced ability to resist infectious disease in the
elderly human population is well-known.* Over 90% of
influenza-associated deaths in the USA occur in persons

aged 65+ years,” and the incidence of severe sepsis
increases over 100-fold in persons 85+ years old compared
with children.”” Over 80% of the COVID-19-associated
deaths in Italy, Spain, and Japan occurred in humans 70+
yearsold.”' This age-related reduction in immune compe-
tence in humans™ is similarly found in NHPs as illustrated
by a comparable loss of naive CD4 and CD8 T cells and
a concomitant accumulation of memory T cells, limiting
the T-cell repertoire.®”® Elderly NHPs also have a reduced
immune response to influenza vaccination™ and a poorer
CD8 T cell and B-cell response on vaccination with modi-
fied vaccinia strain Ankara.” Temporally, the increase in
tumor frequency coincides with reduced immune compe-
tence in aging NHPs, resembling the situation in patients
with human cancer.

Viral infection
NHPs are similar to humans in their susceptibility to
virus-induced neoplasms. For example, Kaposi’s sarcoma-
associated herpesvirus which is common in patients with
immune-deprived HIV, also termed HHVS, has a rela-
tive in the form of rhesus rhadinovirus (RRV).%® RRV is
associated with a mesenchymal malignancy termed retro-
peritoneal fibromatosis, resembling Kaposi’s sarcoma in
SIV-infected rhesus macaques.57

Additionally, oncogenic Epstein-Barr virus (EBV)
has an analogous rhesus lymphocryptovirus (rhLCV).”
rhLLCV has a high degree of homology with human EBV,
encoding for an identical viral gene repertoire, and paral-
lels EBV-associated disease including B-cell lymphomas
and hairy leukoplakia in SIV-infected macaques.™
Furthermore, the T-cell specific and humoral response to
EBV in human and rhLCV in rhesus macaques share simi-
larities, illustrating the potential for studies on EBV and
EBV-associated malignancies in rhesus macaques.

Human papilloma virus (HPV) is a highly relevant
risk factor for cervical, anal, vulvar, and head and neck
cancer in humans.” Vaccinating rhesus macaques with
a DNA vaccine encoding a fusion protein of HPV1S8
EV6/EV760 or an inexpensive trivalent HPV16/18/58
vaccine produced in Escherichia coli’" both produced
successful immunization as determined by the emer-
gence of neutralizing antibodies. Replication incompe-
tent HPV16 pseudovirions with a red fluorescent protein
(RFP) reporter system were successfully used in rhesus
macaques for visualization of the traumatic effect of Pap
smear collection as an infection enhancing factor as well
as iota-carrageenan as a potential HPV microbicide.”
Interestingly, an oncogenic rhesus specific papilloma-
virus, RhPV-1, was identified in a monkey with penile
carcinoma in a breeding colony.”® Seventy-one per cent
of his mating partners (22/31) had clinical, histopatho-
logical, or molecular evidence of infection. The lesions
included warty, dysplastic lesions and/or acetowhitening
in 35% (11/31) of his mating partners, and two cervical
carcinomas. This finding of sexual transmissibility and
the oncogenic potential of RhPV-1 is similar to high-risk
HPVs in humans. Corroborating results were generated
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in cynomolgus macaques where cervical intraepithelial
neoplasia was associated with papillomavirus infection.**
Notably, the most prevalent type, RhPV-d, is phylogeneti-
cally related to oncogenic HPV16 and was transferred via
cervical cytobrush samples, resulting in new infections
in 4/12 animals. Moreover, within 18 weeks 1/4 infected
animals developed abnormal cytology and histology. In
addition to captive colonies, papillomavirus DNA was
also found in 75.2% (88/117) of wild rhesus macaques
roaming the Kam Shan Country Park in Hong Kong.”
Phylogenetic analysis demonstrated the parallel evolution
of papillomaviruses in monkeys and similar disease mech-
anisms and affected body sites. Cynomolgus macaque-
associated MfPV3 degrades host p53 by virally-encoded
E6 protein, as does HPV16. Moreover, alpha papilloma-
viruses detected in the cervicovaginal region of NHPs
and humans include 9 (HPV16), o7 (HPV18) and ol2
(MfPV3) species,” demonstrating close evolutionary
parallels and providing a promising tool to investigate
HPV persistence and carcinogenesis in an animal model.

Inherited genetic mutations

Recent studies demonstrated elevated rates of colorectal
cancer (CRC) in related rhesus macaques®” * resembling
the autosomal dominant inheritance of human heredi-
tary non-polyposis colorectal cancer (HNPCC).* ™ These
tumors frequently lacked expression of MLHI or PMS2,
two key proteins of DNA mismatch repair (MMR). In addi-
tion to a similar histopathology, sequencing revealed dele-
tions in the MLH1 promoter region, de novo stop codons
in MLH1, and deleterious missense mutations in MSH6
leading to a microsatellite-instable phenotype, closely
resembling human HNPCC. Moreover, these heritable
CRC cases could be traced back to three founding males
with some exonic non-synonymous single nucleotide
polymorphisms (SNPs) resembling those described in
patients with human Lynch syndrome.”"

There are still a broad variety of human inherited
risk factors which are not yet described in NHPs, such
as BRCA1/2 mutations. The number of fully sequenced
NHPs is still relatively low, and these translationally-
relevant mutations may yet emerge in cross-institutional
initiatives such as the Macaque Genotype and Phenotype
resource (nGAP) developed and maintained at the Oregon
National Primate Research Center’® " which links pheno-
types observed in large, pedigreed rhesus colonies by
DNA sequencing to detect naturally occurring genetic
variations.

Transgenic or gene-edited NHP models have been
successfully employed to model neurological disease
including Parkinson’s disease, Huntington’s disease, or
Rett syndrome.74 Similarly, cancer-promoting genetic
variants detected in the NHP population could be inten-
tionally introduced and propagated by selective breeding.
Both approaches bear a great potential for research on
cancer therapy and particularly cancer prevention but
would come with substantial ethical concerns, as well
as practical concerns for the long-term commitment to

study such animals. Needless to say, a thorough and dili-
gent ethical evaluation including comprehensive ethics
boards would need to precede the establishment of such
a model for heritable cancer. We consider the induction
of cancer in NHPs to be both ethically and practically
questionable. However, the treatment of animals with
naturally-occurring disease provides a benefit to both the
science of cancer treatment, and to the animal.

CANCER INCIDENCE IN NHPS

Reports on malignancies in rhesus macaques range
from case reports75_78 to studies including full breeding
colonies investigating a total of 2660 individuals.'” * ™
Drawing epidemiologic conclusions from current liter-
ature reports is difficult and restricted to studies with
larger animal numbers in combination with a particular
focus on cancer diagnosis. Other issues to consider when
evaluating cancer incidence and prevalence rates in
rhesus macaques include euthanasia before geriatric age,
transfer of animals, and reporting bias due to low suspi-
cion of cancer.”” In contrast, factors positively affecting
cancer diagnosis could be a closer clinical surveillance
than certain human populations and the higher like-
lihood of a full postmortem examination and tissue
biobanking on death. As a result, both underdiagnosis or
overdiagnosis could occur in comparison to the human
situation.

The most common reported malignancy in men is lung
cancer, which is closely linked to smoking; this risk factor
is absent in NHP. About 50% of all malignancies in rhesus
macaques are gastrointestinal malignancies with ileo-
cecal/colonic adenocarcinomas as most frequent types
(see figure 1).47 " In humans of both sexes, CRC is the
third most common cancer accounting for 9.96% of new
cancer cases and 10.1% of the reported cancers deaths,
making it second in terms of absolute cancer death
tolls.*”*! Differences in cancer incidence between rhesus
macaques and humans likely reflects a combination of
genetic risk and relative risk factor exposures.*’

High incidence rates for CRC in humans are seen in
countries with a high Human Development Index (HDI).
Reduced CRC incidence rate in low HDI countries may
be due to a more restricted diet with less processed foods,
higher physical activity, underdiagnosis, and reduced
life expectancy. Similar patterns of a reduced incidence
of CRC, breast cancer (BC), and other malignancies
are present in rhesus macaque colonies where diet and
behavior commonly more closely resemble the natural
environment, where cancer diagnostics are limited, and
lifespan observation to geriatric age is uncommon.

In women, breast and cervix cancer dominate the
ranking; these tumor types are increased by reproductive
and hormonal factors including earlier age of menarche,
later age at first birth and lower parity® but also phys-
ical inactivity, excessive body weight, and smoking.*
These factors potentially also influence and explain the
reported lower incidence rate of BC in rhesus macaques.
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and malignancies in a rhesus macaque cohort of 2660 individuals.* Lung, breast, colorectal, and prostate cancer are the
most common malignancies in humans. In rhesus macaques, colorectal adenocarcinoma is the most observed neoplasm and
malignancy. The second most frequent neoplasm in rhesus macaques is benign uterine leiomyoma. The second most frequent

malignancy in rhesus macaques is breast cancer.

Additionally, most reported neoplasms in rhesus
macaques tend to be found at death, as exemplified by
the Wisconsin survey in which only 14/217 TBMs were
diagnosed on biopsy.47 In contrast, elderly humans do not
regularly undergo extensive autopsy on death and thus
many of these lesions identified in the abovementioned
rhesus macaque cohort would not be identified in human
patients.

In the framework of the Primate Cancer Initiative at
Wake Forest University, we have evaluated 40 NHP cancer
candidates over the past decade; 25 were diagnosed with
naturally occurring cancers, with referral numbers steadily
increasing. These NHPs originate from our network of
close collaborators throughout the USA, allowing us to
concentrate our cross-institutional efforts on becoming a
center of excellence for cancer research and therapy.

As a result of our efforts, we have recruited primarily
rhesus macaques with CRC and BC for preclinical trials
assessing CIT drug candidates.®*® Hence, we will focus
on these two malignancies in more detail.

CRC in NHPs

Typical clinical signs of CRC in rhesus macaques include
progressive weight loss, palpable abdominal mass, inter-
mittent diarrhea, hypoproteinemia, fecal occult blood,
and microcytic anemia.’ T Suspected cases require
diagnostic confirmation by ultrasound, CT, positron
emission tomography, or laparotomy to exclude other
gastrointestinal diseases such as diverticulitis. Histology
generally reveals right-sided, mucinous adenocarcinoma,
with dense, constrictive stroma. Precancerous lesions and
polyps are not a reported feature of CRC in macaques.”
Metastasis to local lymph nodes, cases of miliary perito-
neal carcinomatosis, or distant metastasis to spleen, lung,
or spine are described in rhesus macaques but liver metas-
tasis are not as frequently observed as in patients with
human CRC.*

As mentioned above, Lynch-syndrome-like loss of
MLHI due to germline mutations is described for rhesus
macaques and accompanied by an increased incidence
of MMR deficient (MMRd) CRC.%"® These familial cases
in NHP demonstrate the role of MMRd and its parallels

to human HNPCC cases. In contrast, mice with constitu-
tive knockdown of MLH1 or MSH2 as models for MMRd
do not develop CRC, but predominantly develop T-cell
lymphomas.87

Moreover, MMRd and microsatellite instability suggest
a broad range of tumor mutational burden (TMB) and
neoantigens. TMB is an established positive response
predictor for immune checkpoint blockade.*®® Pembroli-
zumab received Food and Drug Administration-approval
in 2020 as first-line and single-agent checkpoint inhibitor
against MMRd highly-advanced CRC" and promising
data was recently obtained in a phase II trial assessing
dostarlimab in MMRd, locally advanced rectal cancer.”!
Similar patterns of MMRd CRC in NHPs might extend
our understanding of the underlying processes in CRC,
and the basis for observed responses to treatment.

BC in NHPs

BC has a predicted lifetime incidence of about 6% in
female macaques compared with approximately 13% in
American women.” %% NHP are seldom maintained for
their entire potential life span, limiting BC detection.
Moreover, multiparity, ovariectomy, as well as a generally
lower rate of obesity may contribute to lower BC in NHP.*

Humans and macaques share similar mammary gland
anatomy, physiology, and comparable patterns of devel-
opment, regression, and sex steroid receptor expres-
sion.” Sex hormones including estrogen, progesterone,
luteinizing hormone, and follicle stimulating hormone
exhibit a similar pattern in women as in cynomolgus and
rhesus macaques.”

Breast neoplasms diagnosed in macaques resemble
those seen in humans, including precursor lesions such
as atypical hyperplasia; ductal carcinoma in situ; and
invasive ductal carcinomas. Moreover, metastasis of high-
grade lesions to the axillary lymph nodes, lung, chest
wall, and other sites has been documented.” Notably, the
full range of hormone receptor (progesterone receptor
and estrogen receptor) and HER2 receptor positivity is
observed in rhesus macaque BCs by immunohistochem-
istry (IHC)™ resulting in similar molecular subtypes
including predominantly Luminal A (HR+/HER2-),
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lower numbers of Luminal B (HR+/HER2+), HER2
(HR~-/HER2+), and a small proportion of triple-negative
cancers (HR-/HER2-) as described in patients with
human BC.”®** In addition, TP53 positive BC is reported
in rhesus macaques suggesting non-synonymous TP53
mutggtions as observed in 20-35% of sporadic human
BC.

A typical DNA repair deficiency associated with hered-
itary BC in humans and putative driver for high TMB is
homologous recombination repair deficiency by hetero-
zygous loss-of-function mutations in BRCA1 or BRCA2.
While extensive studies were conducted to compare
BRCAI and BRCA2 in primate species and their respec-
tive evolution,” there is no detailed knowledge on their
potential involvement in heritable BC in NHPs at present.

A brief summary on the comparative oncology in
between rhesus macaques and humans addressing
cancers in general and CRC and BC in particular can be
found in table 2.

INTERVENTIONAL CIT STUDIES IN TBMS

General considerations and benefits

TBMs provide a study population of treatmentnaive
patients of a comparable life stage, with naturally-
occurring tumors, and an unaltered immune status,
fostering and accelerating the application of first-line CIT
agents. Translation from preclinical experiments to clin-
ical phase I studies in humans currently relies on recruit-
ment of patients with late-stage cancer who have usually
undergone multiple cycles of one or more treatment regi-
mens and/or have recurring treatmentresistant clones.
Ethical concerns in human trials influence the study
design and require combination studies of the prospec-
tive agent with the standard-of-care regimen in cases
with good to intermediate clinical prognosis,97 % limitin
single-agent studies to cases with a poor prognosis.” "

Altruistic participation of patients with cancer is a
crucial keystone of clinical research and has fostered a
multitude of advancements but may not mimic the clin-
ical situation of untreated patients in which first-line CIT
approaches proved beneficial.” '” '** Certain established
and emerging CITs can potentially shift from a late-stage
salvage therapy to an approved and promising first-line
treatment option, fostered by preceding TBM trials.

Needless to say, NHP trials demand nothing less than
the gold standards in care, animal welfare, treatment,
and study design to follow the principle of the 3 Rs'”
meticulously and cause as little discomfort as necessary
to generate as much translational data and benefits from
this animal model as feasible.

Ongoing efforts by the Primate Cancer Initiative at
Wake Forest University, the only program in the USA
particularly dedicated to this field, aim to facilitate this
model by broad collaborations to recruit NHPs with
suspected cancers for prospective treatment studies.
Using this approach, the timing of spontaneous cancer
cases, the exact cancer location, or the histologic subtype

cannot be controlled as in induced or grafted animal
models; rather, a screening and recruitment approach
is needed. Another key factor for TBM studies is the
requirement for specialized veterinary staff and a close
affiliation to core resources providing imaging and estab-
lished NHP-specific IHC and flow cytometry procedures
for follow-up biomarker analysis. In addition to improved
clinical imaging, an array of NHP-specific assays has been
established to provide the same biomarker and tumor
characterization pipelines in TBM trials as in their human
counterparts (see figure 2). Moreover, a repository of
tissues and body fluids at numerous time points and at
necropsy is made available to the scientific community on
request.

Previous CIT studies in TBM: drug candidates, imaging, and
biomarkers

The earliest studies on CIT in TBM focused on fibroblast
activation protein o (FAP) which is a dimeric Type II
transmembrane glycoprotein with proteolytic activity.'”®
FAP is scarce in normal, healthy adult tissues but is highly
expressed on the surface of cancer-associated fibroblasts
in >90% human epithelial malignancies.107 The high and
restricted expression on reactive stroma in the tumor
microenvironment makes FAP a promising target for
tumor treatment, particularly for FAP-targeted bispecific
antibodies.® ** 1%

In mouse tumor models, FAP expression does not
always reflect the expression pattern observed in human
patients. In contrast, FAP expression observed in TBM
better mimics the situation in humans and is particularly
abundant in CRC. De facto, extensive FAP expression has
been observed in TBM in the tumor-adjacent stroma (and
to a lesser extent in lymphoid fibroreticular cells within
adjacent lymph nodes), but not in tumor cell nests,** a
typical expression pattern observed in human tumors.'”
Additionally, in both humanized mice and immune
competent mouse models, FAP is expressed by murine
(and not human) fibroblasts, which consequently requires
the employment of murine surrogate FAP-targeted bispe-
cific antibodies to perform murine in vivo studies. On the
other hand, FAP-targeted bispecific antibodies employed
in TBMs are the same as the compounds later employed
in human patients (eg, FAP-4-1BBL), making the use of
murine surrogates unnecessary and clearly indicating
that TBMs are an ideal animal model for translational
research on FAP-targeted CIT compounds.

So far, three FAP-targeted CIT compounds have been
tested in TBMs: FAP-IL2v, FAP-4-1BBL and FAP-TAgo (as
illustrated in figure ?)A).gs’85 Of note, the low number of
patients (n=1-4) in each of the TBM studies conducted
to date emphasizes the limited, but translational, ‘proof
of concept’ nature of the obtained data and observations.

FAP-IL2v

Simlukafusp alfa (FAP-IL2v, RO6874281/RG7461) is
an immunocytokine targeting FAP and bearing an IL-2
variant with retained affinity for IL-2 R}y and abolished
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Table 2 Comparative oncology reveals widespread similarities in cancer development and pathology in between human and

rhesus macaques

Cancer in rhesus macaques

Ref

Age
Immune competence

Viral infections

Inherited mutations

Colorectal cancer

Prevalence

Symptoms

Location

Precancerous lesions

Progression and metastatic
spread

Mismatch repair deficiency

Breast cancer
Lifetime incidence

Histology
Sex hormones
Histopathology

Progression and metastatic
spread

Similar increase in cancer incidence in aging/geriatric population.

Similar reports of declining immune competence and TCR repertoire with age,
resembling the immune situation in aging patients with human cancer.

Rhesus rhadinovirus in SIV-infected rhesus macaques is similarly associated
with mesenchymal malignancies as Kaposi’s sarcoma-associated herpesvirus in
HIV-infected humans.

Epstein-Barr virus homologue rhesus lymphocryptovirus is associated with B-
cell ymphomas and hairy leukoplakia in SIV-infected macaques.

Papilloma virus is present in wild rhesus macaques (88/117) and is sexually
transmitted in breeding colonies.

HPV analog RhPV-1 is associated with penile carcinoma, dysplastic lesions,
acetowhitening (35%), and two cervical carcinomas in a breeding colony (n=31,
transmission rate 71%).

Rhesus equivalent of HNPCC/Lynch syndrome is linked to germline MLH1
promoter deletion, de novo stop codon in MLH1, and deleterious missense
mutations in MSH6.

No description of BRCA1/2 involvement in NHP yet, potentially due to the
limited germline/phenotype information.

Neoplasia of the gastrointestinal system is the most commonly diagnosed in

rhesus macaques with adenocarcinoma of the large intestines as most prevalent

tumor.

Similar clinical signs as in humans including weight loss, intermittent diarrhea,
hypoproteinemia, fecal occult blood, and microcytic anemia.

Humans: Throughout the ascending/transverse/descending/sigmoid colon and
rectum.
Rhesus macaques: Mostly right-sided (ileocecal junction, ascending colon).

Humans: Colonic polyps are well established as precancerous lesions.
Rhesus macaques: Polyps are not reported and CRC usually infiltrates within
colonic wall.

Humans: Metastatic spread is common in late stages and a major factor for
CRC mortality, frequently to liver and other distant organs such as lung.
Rhesus macaques: Constriction of the colonic lumen by the primary lesion
and blocking passage is the major cause for a humane endpoint in rhesus
macaques, treatment resistant anemia (iron/B,, supplement) can be frequently
observed, local lymph node metastasis, distant metastatic spread (eg, bone/
spine), and abdominal carcinomatosis (eg, omentum, uterus, stomach,
pancreas) is observed in certain cases.

MMRd in rhesus CRCs results in microsatellite instability as reported in human
CRCs.

Six per cent in female macaques compared with 13% in American women
(note: under-reporting and difference in risk factor exposure in macaques).
Similar mammary gland anatomy, development patterns, regression, and sex
steroid receptor expression.

Similar patterns of estrogen, progesterone, luteinizing hormone, and follicle
stimulation hormone in human, cynomolgus, and rhesus macaques.

Similar range of atypical hyperplasia, DCIS, and invasive ductal carcinomas
reported.

Similar progression and metastatic spread to axillary lymph nodes, lung, and
chest wall can be observed in rhesus macaques and humans.

47
6 52 53

56 57

58

63-65

63

67 68

47

47757778

79

86

67 68

76 92 93

94

95

76

47 76

Continued
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Table 2 Continued

Cancer in rhesus macaques

Ref

Receptor expression in BC

Subtypes described in humans are similarly observed in rhesus macaques incl.

76 94

Luminal A (HR+/HER2-), HER2 (HR-/HER2+), and triple-negative BC (HR—/

HER2-).

BC, breast cancer; CRC, colorectal cancer; DCIS, ductal carcinoma in situ; HER2, human epidermal growth factor receptor 2; HNPCC,
hereditary non-polyposis colorectal cancer ; HPV, human papilloma virus; NHP, non-human primates ; RhPV, rhesus specific papillomavirus;

SIV, simian immunodeficiency virus; TCR, T cell receptor.

binding to IL-2Ra.* FAP expression in tumor stroma of a
HER2" BC-bearing rhesus macaque was confirmed by IHC
and 3x fluorodeoxyglucose (FDG)-avid lesions identified
by PET scans. Based on postmortem histology, 2/3 FDG-
avid lesions were confirmed as tumor nodules while the
remaining FDG-avid axillary lymph node was most likely
active due to an inflammatory response. The monkey
was given 0.5mg/kg of FAP-IL2v and tracer amounts of
89Zr-labeled FAP-IL2v intravenously with PET demon-
strating selective accumulation in all three lesions iden-
tified by FDG-PET scans within 67hours and 154hours
(see figure 3B). Furthermore, an immune cell infiltration
was observably induced in tumor biopsies obtained 3 days
post FAP-IL2v administration.

FAP-4-1BBL

FAP-4-1BBL is a bispecific antibody-like fusion protein
that simultaneously targets FAP and 4-1BB, a member of
the tumor necrosis factor receptor super family (TNFRSF)
transiently expressed on activated T cells.** To confirm
the intended MoA and elucidate the systemic distribu-
tion in a translatable animal model, a rhesus macaque
(male, 21 years old, 8.5kg) with spontaneous CRC at

. ~
Imaging
¢ ultrasound
* CT (+/- contrast-enhanced (oral, i.v.))
* 18F-FDG PET/CT
«  8Zr-labelled antibodies
(drug distribution, tumor-homing)

L

-
Histology
FFPE or cryosectioned tissues
Immunohistochemistry
* Tumor-specific
*CRC: MLH1, MSH2, MSH6, PMS2

the ileocecal junction was recruited for this study (see
figure 3C,D). The monkey was given 0.5mg/kg FAP-4—
1-BBL mixed with tracer amounts of 89Zr-labeled FAP-4—
1-BBL (165MBq) intravenously and PET scans recorded
after 48hours and 120hours. Importantly, persistent
tissue accumulation within the rhesus CRC was observed
initially at the 48 hours time point and increased towards
the 120 hours time point. These NHP results paved the
way for a phase I clinical study''” """ and a separate clin-
ical imaging substudy.''? Importantly, the data initially
obtained in the TBM, emphasizing tumor-specific uptake
and the expected biodistribution pattern of *Zr- FAP-
4-1-BBL, could be recapitulated in the human clinical
setting.112

FAP-TAgo

Another combined imaging/biomarker study in TBM
investigated a second FAP-targeted TNFRSF agonist,
termed FAP-TAgo.” Two BC-bearing rhesus monkeys (1x
triple-negative, I1x Luminal A) were first pre-immunized
with a diphtheria/pertussis/tetanus vaccine, and
then exposed to a single administration of FAP-TAgo
(100mg/kg, intravenous). In both TBMs, we detected

Flow Cytometry
PBMCs, bone marrow aspirates,
dissoc. tumor and LNs
* B/T cell panel
+ T cell phenotype panel
* T cell function panel

( Molecular Pathology

DNA/RNA from macrodissected FFPE
sections, ELISA, spatial profiling
Assays

* RT-gPCR (mRNA, DNA methylation)

*BC: ER, PR, HER2
*Immune activation

Rhesus macaque (Macaca mulatta)
with naturally occurring cancer
frequently colorectal & breast cancer

* RNAseq
* DNAseq (WES, WGS)

*CD3/4/8/20, FoxP3, GZMB, PD-1
* Target/Response marker
*Ki67, cleaved Caspase 3, FAP

* NanoString nCounter/GeoMx DSP
¢ Cytokine Profiling
* Microsatellite Instability (PCR)

(.

Figure 2 Diagnostics, biomarkers, and assays currently employed in TBMs. A multitude of methods can be used to diagnose
cancer in TBM, classify the suspicious lesion, and follow-up treatment response. This includes versatile imaging methods,
tumor-specific Immunohistochemistry panels, molecular pathological tests, as well as the follow-up of the immunological
response in the tumor bed, lymph nodes, and peripheral blood by flow cytometry (created with BioRender). BC, breast
cancer; CRC, colorectal cancer; DNAseq, DNA sequencing; ER, estrogen receptor; FAP, fibroblast activation protein; FDG,
fluorodeoxyglucose; FFPE, formalin fixed paraffin embedded; i.v., intravenous; LNs, lymph nodes; mRNA, messenger RNA;
PBMCs, peripheral blood mononuclear cells; PD-1, programmed cell death protein-1; PET, positron emission tomography; PR,
progesterone receptor; RNAseq, RNA sequencing; RT-gPCR, real time quantitative polymerase chain reaction; TBM, tumor-
bearing monkey; WES, whole exome sequencing; WGS, whole genome sequencing.
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Figure 3 Preclinical studies on CIT agents performed in TBM. (A) Several novel bispecifics were tested in TBM and confirmed
tumor-homing of the CIT agent as shown in (B) for FAP-IL2v (lesions highlighted by arrows) in a BC-bearing rhesus-macaques.
(C) tumor-homing was also demonstrated for FAP-4—1-BBL (lesion highlighted by an arrow) in a CRC-bearing rhesus macaque
and (D) the tissue distribution over time determined. (E) Diphtheria/pertussis/tetanus vaccination in combination with FAP-TAgo
induced an expansion of tumorous CD4* memory T cells in BC-bearing rhesus macaques and a strong expansion of peripheral
target-positive (F) CD4" T cells and (G) Ki67*CD4" T cells. (H) a strong radiographic response was observed in BC2 with no
nodules regrowing >12months later. BC1 had lung metastases at the time of treatment which responded initially (not shown)
but reached her humane endpoint soon after. (lllustrations adapted from83'85). ADA, anti-drug antibody; BC, breast cancer; CIT,
cancer immunotherapy; CRC, colorectal cancer; FAP, fibroblast activation protein; FDG, fluorodeoxyglucose; LNs, lymph nodes;
PD, pharmacodynamics; PK, pharmacokinetics; RheMac, rhesus macaques; SUV, standardized uptake value; TBM, tumor-
bearing monkey; TNBC, triple-negative breast cancer.

the induction of the TNFRSF agonist in the periphery the tumor of both TBMs after FAP-TAgo treatment which

as well as a strong systemic immune activation. This most importantly resulted in extensive tumor regression
increase in target-positive CD4" and Ki67°CD4" T cells in both TBM (figure 3H). These results are even more
was exclusive for TBM and only marginally observed in impressive, when considering that FAP-TAgo was adminis-
the healthy control animals (figure 3E-G). Consistently, tered only once. Hence, these observations validated the
the induction of CD4" memory T cells was observed in applied pre-immunization strategy to induce the TNFRSF
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protein expression in T cells and confirmed the target
to be pursued in the clinical setting. The investigation
of FAP-TAgo in TBM and the resulting data analysis is
currently being finalized with a novel successor trial.

Potential for expansion of TBM studies

The National Institutes of Health (NIH) in 2018 reported
that there are over 100,000 nonhuman primates in the
USA of which approximately 2/3 are rhesus macaques and
15% are cynomolgus macaques,'” '* and this number
has generally increased over time. Within this total there
are substantial aging populations, supported by the NIH
through the National Primate Research Centers and
other funding sources. Existing inter-institutional collab-
orations''” could provide a blueprint for development of
a national Primate Cancer Network. We believe there is
the potential nationwide to study over 100 NHPs per year
with malignancies, primarily colorectal, breast and cervix,
and substantially more if an effort were made to detect
precancerous lesions of the cervix and vagina. Optimal
development of this underused aspect of naturally-
occurring disease in NHPs would require funding for
establishment of a collaborative network enabling diag-
nostic screening, and support for local or referral-based
treatment of patients with NHP cancer at academic
medical centers or primate research centers with appro-
priate expertize and facilities in veterinary medicine,
pathology, comparative oncology, and imaging.

CONCLUSION

Tumor-bearing NHPs are emerging as a valuable trans-
lational model to test CIT agents. The assessment of
drug candidates in TBMs mimics the analysis performed
in human oncology patients since tumor targeting,
biodistribution, PK and PD activity, immunogenicity,
intratumoral metabolic activity and tumor regression
can all be similarly investigated in TBMs. Because of
the shared target protein expression patterns between
humans and rhesus macaques, TBMs are well-suited to
preclinically test biomarkers and efficacy of for example,
FAP-targeting agents. Multiple institutes are invested in
overcoming current challenges of this model including
(1) limited population genomics (mGAP); (2) limited
molecular characterization of NHP cancers (retransla-
tion of human cancer characterization pipelines); and
(3) the limited number of NHP patients due to undiag-
nosed disease (improved imaging and cancer screening
by liquid biopsy/cell-free DNA). We consider TBMs as
an outstanding and increasingly relevant opportunity
and model for the early generation of biomarker insights
including proof-of-mechanism for CIT drug candidates,
in small but very informative ‘signal-seeking’ experi-
ments. Consequently, we anticipate that testing CIT
compounds in TBMs could be of high predictability for
clinical behavior in the human oncology setting.
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