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Abstract

Immunotherapy is known to be clinically beneficial for patients with cancer and has in many cases
become the new standard of care. Because of this success, the interest in integrating nanomedicine
with cancer immunotherapy has grown to further improve clinical response and toxicity profiles.
However, unlike conventional systemic therapies, which are directly cytotoxic to tumour cells,
cancer immunotherapy relies on the host’s immune system to generate tumouricidal effects. As
such, proper design of cancer immune nanomedicine requires additional scrutiny of tumours’
intrinsic and extrinsic factors that may impact host antitumour immunity. Here, we highlight key
parameters that differentiate cancer immunotherapy from conventional cytotoxic agents, and we
discuss their implications for designing preclinical cancer immune nanomedicine studies. We
emphasize that these factors, including intratumoural genomic heterogeneity, commensal diversity,
sexual dimorphism, and biological aging, which were largely ignored in traditional cancer
nanomedicine experiments, should be carefully considered and incorporated into cancer immune
nanomedicine investigations in the proper context given their critical involvement in shaping the
body’s antitumour immune responses.

Introduction

The recent success of immune checkpoint blockers (ICBs) has established cancer
immunotherapy as the fourth pillar of cancer treatment along with surgery, radiotherapy, and
systemic chemotherapy.l:2 In many instances, cancer immunotherapy, including ICBs, has
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already replaced cytotoxic chemotherapy as a first-line agent in selected patient populations
such as those with tumours that express an elevated level of programmed death-ligand 1
(PD-L1) or with high degrees of microsatellite instability (MSI-H).34 Despite these exciting
developments, the therapeutic benefit of cancer immunotherapy is far from optimal, with
overall objective response rates for anti-PD-1 antibody monotherapy in the 25% range.> As a
result, increasing efforts are being devoted to developing new strategies that can improve the
efficacy of cancer immunotherapy, while minimizing the potential risks for immune-
mediated toxicities. The unique features of nanomaterials logically make them ideal partners
to accomplish these goals (Box 1).26:7 Whether they are used as drug carriers to delivery
immune modulating agents®-10 or modified as substrates to enhance activation of antitumour
responses, 1112 immune nanomedicine studies have exponentially grown in recent years
(Figure 1), with many promising preclinical results being reported. However, as shown in
conventional cancer nanomedicine studies, the degree of academic output in the field does
not automatically equate to translational success.!3 Cancer immune nanomedicine will face
even more challenges in terms of reproducibility and transparency than its conventional
counterpart,14-16 given the interconnected and multilayered nature of the immune system.1’
Conventional cytotoxic therapies, such as radiation and chemotherapy, largely induce
injuries to cancer cells and do not necessarily rely on the immune system as the primary
mode of action to elicit their antitumour effect.18 However, immune cells, similar to cancer
cells, can be affected by cytotoxic therapies,1® and the immune system may be suppressed as
the result of myeloid or lymphoid depletion by the cytotoxic agents.2? On the other hand,
immunotherapy produces tumouricidal responses through collective actions by components
of the host’s immune system, which itself is highly dynamic and influenced by a number of
intrinsic and extrinsic factors. This increased degree of complexity and variability can be
also observed in cancer immune nanomedicine studies, but it is rarely considered.
Acknowledging the factors that may confound experimental observations and adjusting for
potential biases stemming from differences in the host’s immunological makeup are crucial
for designing preclinical immune nanomedicine experiments that will generate meaningful
data for clinical translation. We highlight the key variables that impact antitumour responses
of cancer immunotherapy and their implications for designing preclinical cancer immune
nanomedicine experiments. Although the considerations discussed here are equally
applicable to all cancer studies beyond the nanomedicine arena, they are especially
important for cancer nanomedicine given the increased scrutiny the field has faced in recent
years and that it lags behind in adopting some of the experimental approaches recommended
here when compared to other biology disciplines.18:21 Acknowledging the factors that may
confound experimental observations and adjusting for potential biases stemming from
differences in the host’s immunological makeup are crucial for designing preclinical
immune nanomedicine experiments that will generate meaningful data for clinical
translation.

heterogeneity and immunotherapy response

The molecular profiles of cancer cells largely determine the response to conventional
systemic therapies, such as cytotoxic and targeted agents. The importance of identifying the
genetic Achilles’ heel as a therapeutic target in cancer is nicely illustrated in the setting of
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synthetic lethality.30 For instance, tumours that harbor germline mutations in the DNA
damage response genes, such as BRCA1/2, are exquisitely sensitive to inhibitors that target
alternative repair pathways such as poly(ADP-ribose) polymerase (PARP).31 Another classic
example is the tyrosine kinase inhibitor imatinib that targets the Philadelphia chromosome
fusion product BCR-ABL in chronic myeloid leukemia.32 In both cases, a single genetic
vulnerability in cancer cells determines the activities of the therapeutic agents, leading to a
consistent clinical response profile within the subpopulation of patients who harbor the
mutations.33:34 The therapeutic responses to cancer immunotherapy, on the other hand, can
be influenced by multiple factors that are either intrinsic or extrinsic to the actual tumour,
resulting in heterogeneous clinical responses as well as therapy-related toxicity profiles.3
Therefore, molecular and cellular determinants of immunotherapy responses and toxicities
should be considered in preclinical models in order to mimic observations in humans. For
example, although high levels of tumour mutational burden (TMB), which increases the
probability of generating immunogenic neoantigens that arise from somatic mutations in the
cancer genome,3® has been found to correlate with therapy responses to immune checkpoint
blockade,37 the effectiveness of cancer immunotherapies ultimately relies on where and how
the neoantigens are presented in the tumour.38:3% The neoantigens that were clonally derived
(i.e. from mutations acquired during the early phases of tumorigenesis, which are present in
most tumour cells) are more likely to elicit antitumour T cell responses than subclonally
derived antigens (i.e. from mutations acquired during later phases of tumorigenesis, which
are only present in a subset of tumours).40 In this sense, intratumoural heterogeneity plays a
critical role in determining immunotherapy responses.#! In addition to the tumour
mutational landscape, the diversity of germline genetics also contributes to the
heterogeneous responses of cancer immunotherapy in patients.38:42 Increased diversity in the
major histocompatibility complex (MHC), which is encoded by the human leukocyte antigen
(HLA) gene, was found to be associated with increased survival in an analysis of 1,535
cancer patients treated with ICBs.38 Furthermore, patients with heterozygosity in all of the
HLA class | loci survived longer than patients with at least one homozygous HLA locus
after anti-PD1 therapy.38 These results suggest that even a small difference in the HLA
complex can profoundly affect cancer immunotherapy responses in patients. Considering
germline heterogeneity in preclinical cancer immune nanomedicine studies would benefit
from adopting multiple tumour models with distinct MHC class | haplotypes to improve the
robustness of experimental observations. Additionally, evaluating HLA class | expression in
tumour models used in immune nanomedicine studies will screen for the potential risk of

loss-of-heterozygosity in the HLA loci, which may hinder cancer immunotherapy responses.
26

Experimental design implications and challenges: In preclinical nanomedicine studies,
accounting for intratumoral molecular heterogeneity may involve carefully selecting and
validating the model systems to be used. Given the stepwise evolution of tumours in creating
a clonal hierarchy, cell lines or patient-derived xenograft (PDX) with limited passage
numbers and established in mouse models reconstituted with functional human immune
systems would minimize the emergence of de novo neoantigens that may confound
antitumour immune responses.*3 Considering the germline heterogeneity in cancer,
preclinical cancer immune nanomedicine studies would benefit from adopting multiple
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tumour models with distinct MHC class | haplotypes to improve the robustness of
experimental observations. Additionally, evaluating HLA class | expression in the tumour
models used in immune nanomedicine studies will allow for screening of the potential risk
of loss-of-heterozygosity in the HLA loci, which may hinder cancer immunotherapy
responses.38 Genetically engineered mouse models (GEMM) have also been increasingly
used in cancer nanomedicine studies.** Although these models recapitulate critical aspects
of mutant human cancers, GEMM often harbor considerably less mutational burdens than
their human tumour equivalents.*> Therefore, selecting the appropriate GEMM for a
particular immune nanomedicine study needs to be carefully considered and justified.

The impact of commensal microbiota on antitumour immunity

Traditional cancer nanomedicine studies have focused on examining tumours’ intrinsic
characteristics such as tissue origin, location, stage, and to a lesser extent, molecular and
genetic classification in order to achieve optimal therapeutic outcomes.346 For cancer
immune nanomedicine research, increasing evidence has indicated that host factors
including microbiota may influence response to therapy.4”:48 Hundreds of trillions of
microbes populate living organisms and account for most cellular and genomic content -
profoundly influencing host physiology.#° A large proportion of these microbes reside in the
gastrointestinal system and they constantly interact with host immune cells in the gut-
associated lymphoid tissue and draining mesenteric lymph nodes, thus shaping overall host
immunity (Figure 2A).50 Some of the earliest data in human cohorts that suggested that gut
microbes may impact responses to immunotherapy was from the hematopoietic transplant
literature. These studies showed that patients with higher microbial diversity in the gut lived
longer after being treated with stem cell transplant for acute myelogenous leukemia.>! Later
pre-clinical studies showed differential responses to immune checkpoint blockade depending
on the gut’s microbiota composition,*8:52 setting the stage for additional studies in human
cohorts. Since then, multiple studies have shown a potential role for the gut microbiome in
modulating responses to immune checkpoint blockade across different cancer types in
patients.47:53:54 |n these studies, patients who responded to immunotherapy (specifically
immune checkpoint blockade) had higher microbial diversity within the gut than patients
who failed to respond to treatment, as well as different types of bacterial taxa (eg,
Bifidobacteria, Akkermansia, and Faecalibacterid). These genera are known to be involved
in enhancing responses to immune checkpoint blockade and were also validated in
preclinical models, where gut microbiota modulation enhanced responses to immune
checkpoint blockade.®® Importantly, differences were noted across cohorts with regard to
specific bacterial taxa associated with different responses; functional aspects of microbes are
probably far more important than their phylogeny.>8 In addition to influencing treatment
efficacy, the gut microbiome also affects the nature and severity of treatment-induced
toxicities caused by cancer immunotherapy (Figure 2B). Studies in patients with melanoma
treated with 1CBs showed that gut colonization by certain bacteria is associated with
protective effects against immune-induced colitis.>”-58 Numerous factors impact the gut
microbiome and should be carefully taken into consideration, including diet and medication
use among others.59 Interestingly, microbes within the tumour itself may also influence
response to therapy,59-61 further revealing the complexity of host-microbe and tumour-
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microbe interactions, and their effect on patient outcomes. For example, lung microbiota
composition is different in patients with lung cancer from that of healthy controls.52 Lung
microbiota can potentially influence cancer initiation and progression, and also
immunotherapy responses.5% Most intratumoral bacteria are intracellular and exist in both
cancer and immune cells.54 These bacteria are notably involved in cancer metabolism and
are correlated to treatment response to immune checkpoint inhibitors.54

Another consideration is whether microbiome affects cancer immune nanomedicine in a
similar way as it does to immune checkpoint blockers. Whiles some nanomaterials can be
designed to target bacteria-secreted products to enhance cancer immunotherapy, others,
including silver nanoparticles, maybe toxic to bacteria.2:66 Therefore, nanomaterials maybe
designed to directly interact with commensal bacteria to modulate inflammatory responses.
67 For example, a hyaluronic acid-bilirubin nanodrug was found to accumulate in the
inflamed colonic epithelium and modulate gut microbiota to restore diverse commensal
repertoires and homeostasis in acute colitis.58 Alternatively, nanomaterials can be designed
to avoid colonized tissues or to target specific cells to deliver immune modulating agents to
minimize systemic exposures.®® These results further highlight the potential interactions
between commensal microbiota and cancer immune nanomedicine, determining
nanomedicine’s therapeutic response and toxicity profiles, especially to be delivered orally
or by inhalation,’%"1 two routes that provide direct access to colonized mucosal surfaces.

Experimental design implications and challenges.: Because of the complex relationship
between immunotherapy and microbiome, preclinical models to study cancer immune
nanomedicine and immunotherapies need to take into consideration how the animals are
housed (germ-free versus specific pathogen-free environment), other strains they are co-
housed with, and what diet they are on. These factors may all contribute to the commensal
repertoire, and, hence, to the therapeutic responses of the animals (Figure 2). One study
recently showed that implanting laboratory-raised mouse embryos into wild mice can
produce offspring with systemic immune phenotype, and also bacterial, viral, and fungal
microbiomes that more closely resemble those of wild-caught animals and more accurately
predict human immunotherapy responses than laboratory mice.”2 Although these studies are
still in the early developmental stages, these mouse strains will become easier to access and
will provide powerful tools to study cancer immune nanomedicine responses that will more
closely reflect those of patients. In addition, designing new nanomedicine strategies should
take nano-bacteria interactions into consideration. By avoiding or targeting specific taxa that
maybe beneficial or detrimental in mounting an antitumour immune response, nanomedicine
can potentially be made more effective to in producing desired therapeutic effects.
Ultimately, a deeper understanding of the complex relationship between nanomaterials and
microbiome in the context of antitumour immunity will be crucial for predicting cancer
immune nanomedicine responses and toxicity profiles.

Sex bias in immunotherapy response and nano-bio interaction

Sex disparities in cancer epidemiology are well established and include profound differences
in the incidence, mortality, treatment response, and genomic profiles of non-reproductive
organ cancers.’3:74 Although hormonal and tumour-intrinsic factors can result in sex-specific
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developmental and therapeutic responses of a particular tumour to chemotherapeutic agents,
75 recent studies have suggested that clinical responses to cancer immunotherapies also show
a strong sex bias. A meta-analysis of twenty randomized immunotherapy trials with over
11,000 patients found that immune checkpoint inhibitors were more effective in male than in
female patients.”® The study is retrospective in nature and, therefore, carries the usual
shortcomings of inherent bias, heterogeneity across different studies, and lack of patient
level data. Nevertheless, this is the first population-level study that supports sex as an
independent variable in determining cancer immunotherapy responses in patients.”® In fact,
sexual dimorphism has long been observed in both innate and adaptive antitumour responses
by the body’s immune system.””:78 In traditional nanomedicine studies, however, sex as a
biological variable has largely been ignored. Studies are now beginning to explore the
potential differences of nanomaterial interactions with cells or tissue derived from opposite
sexes.”® Human amniotic stem cells from age-matched female donors showed a greater
ability to engulf nanoparticles than their male counterparts. In contrast, salivary gland
fibroblast from male donors can uptake nanoparticles more effectively than those from
female donors.”® Despite being largely correlative in nature, the study found that male and
female-derived cells secrete different soluble factors and exhibit structural cytoskeletal
differences that may have contributed to the nanoparticle uptake profiles.”® Sex differences
in nanoparticle clearance have also been observed in humans. A pharmacokinetic analysis in
patients with either solid tumors or Kaposi’s sarcoma treated with pegylated liposomal
doxorubicin found that female patients had faster plasma clearance than male patients.80 The
reasons behind such difference are unclear, but the authors speculated that the effect of sex
hormones such as testosterone and estrogen on immune cell function may have played a
role.89 Although nanoparticle uptake by immune cell populations under the influence of sex
hormones has not been evaluated, a recent study showed that estrogen stimulation can
enhance gold nanoparticles uptake by breast cancer cells that express the estrogen receptor.
81 Therefore, these results suggest that differences in hormonal signaling, transcriptional
regulation, or the combination of both affect the interaction of cells from opposite sexes with
nanomaterials,

Experimental design implications and challenges.: Because sexual dimorphism is observed in
both immunotherapy and nanomedicine responses, cancer immune nanomedicine studies
should include sex as a biological variable, especially when designing preclinical
experiments. At the basic level, tumour cells should be implanted into animals of the same
sex as those whose source cells were originally derived from to minimize immune responses
from sex-specific antigens. This requirement would also apply to immunocompromised
mouse strains (i.e. athymic nude, SCID, and NSG) implanted with human cancers because
immune cells other than those derived from the lymphoid lineage may also exhibit a sex-
biased response.82 The inclusion of both animal sexes or justification for selecting a single
sex in experiments that investigate reproductive cancers would improve study rigor and
reproducibility.83 However, matching the sex of tumours with that of the hosts may create
potential challenges. Commonly used syngeneic murine models of non-reproductive cancers
currently include non-small-cell lung cancer cell lines, Lewis lung carcinoma (LLC),
LKR13, 393P, and 344SQ, which are all derived from male inbred C57BL/6 or 129S mice.
In contrast, melanoma cell lines B16 and Cloudman S91 are derived from male C57BL/6
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and female DBA mice, respectively. Therefore, more female mouse cancer models are
needed to fully evaluate the effectiveness of cancer immunotherapy and nanomedicine in
different sexes. GEMM can more effectively overcome the issue of sex-biased responses
than syngeneic models and help to solve some of the problems surrounding sex-matched
tumours with their respective hosts. Nevertheless, as mentioned earlier, GEMM has its own
limitations in terms of modeling cancer immunotherapy responses. Alternatively,
sophisticated humanized mouse models carrying PDX tumours may provide the most
clinically relevant characterization of treatment responses, but are also more costly and
technically challenging.84 Therefore, selecting suitable models for a particular nanomedicine
study for cancer immunotherapy should be evaluated according to what preclinical questions
are being asked, available resources, and potential clinical relevance of expected
experimental outcomes.

The effect of immunosenescence on antitumour immunity

The human body undergoes significant changes as it ages and the immune system is no
exception.85 Aging leads to many changes in the immune system, diminishing the capacity
of the body to fight off infection or malignant transformation (Figure 3).85 Aging of the
immune system, called “immunosenescence”, is a complex process with underlying
mechanisms that are not fully understood. Although aging-associated increases in cancer
incidence and impaired immune surveillance are well established,86-87 the relationship
between immunosenescence and effectiveness of cancer immunotherapy is unclear. A recent
study found that aged mice with triple-negative breast cancer exhibited significantly lower
responses to both anti-PD-1 and anti-CTLA4 therapies than young animals.88 Further
analysis revealed that aged mice had a reduced ability to produce interferons and to cross-
present antigens, both essential for generating antitumour T cell immune responses. When
aged mice were treated with an agonist for stimulator of interferon genes (STING), a crucial
activator of type | interferon signaling, the effectiveness of immune checkpoint inhibitors
was restored in these animals.88 How aging limits the ability of host cells to produce type |
interferons remains unclear. However, classical immunology studies have shown that aged
mice experience increased endoplasmic reticulum (ER) stress, which in the setting of
microbial infections, enhances the expression of autophagy-related gene 9 (Atg9a), an
inhibitor of STING.8990 |t is therefore, plausible that similar inhibitory effect also exists
during tumorigenesis in aged host. Interestingly, the effect of aging on cancer
immunotherapy response did not appear to be uniformly repressive across different tumours.
In both melanoma and non-small cell lung cancer patients, advanced age was found to
correlate with an increased response to anti-PD-1 and anti-PD-L1 therapies.192 Genetically
identical tumours implanted in aged mice (52 weeks old) had a drastically higher response to
anti-PD1 treatment than young mice (8 weeks old) that harbored the same tumour.91 While
the effect of biological aging has been previously studied in the context of nanomedicine
pharmacokinetics,8993 age is not typically included as an independent variable in preclinical
nanomedicine experimental designs. This omission may lead to an increased number of false
positive results from preclinical cancer immune nanomedicine experiments that cannot be
reproduced in humans, largely because mice commonly used in these studies are around 6-8
weeks old, which is equivalent to about 11.5 years old in humans.?* Aside from cancers that
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occur in children and adolescents, most human malignancies do not present at such a young
age and tend to occur in those aged 50 and over,%® marking the beginning of reproductive
senescence. In mice, reproductive decline does not occur until at least 10-15 months of age.
96 Therefore, the chronological mismatch between age of the host and age at which tumours
emerge in preclinical models for cancer immune nanomedicine experiments could
potentially confound the perceived treatment responses, as well as toxicities and their
relevance in the clinic.

Experimental design implications and challenges. To demonstrate the efficacy of
nanomedicine across different age groups, ideally, both young and old animals should be
included in preclinical experiments. However, addressing heterochronocity is not trivial and
can be technically challenging. Publicly accessible repositories how provide common aged
mouse strains for both sexes (https://www.jax.org/jax-mice-and-services/find-and-order-jax-
mice/most-popular-jax-mice-strains/aged-b6). However, they are significantly more
expensive, putting additional economical strains on investigators. Although rodents are by
far the most commonly used animal model for cancer and nanomedicine research, models
with shorter life-spans such as nematodes have been used to investigate the effects of aging
on nanomaterial toxicity,%” immune responses,®8 and host-microbiome interactions on
cancer therapy response.9® These organisms may be appropriate in specific scenarios to
answer questions related to innate immune responses such as toll-like receptor (TLR)
activation190 of cancer immune nanomedicine in a more appropriate chronological context.
Alternatively, mouse models with accelerated aging phenotypes are available for researching
many diseases, 191 but whether these models can be applied to cancer immunotherapy and
nanomedicine still needs to be tested. Importantly, the biological age of an organism can be
influenced by multiple external factors including diet, environmental exposure, and genetics,
confounding cancer immune nanomedicine responses in preclinical models. Accounting for
all these risk factors experimentally is difficult but should be considered when possible
during the initial study design phases.

The disparity in treatment response and toxicity

The kinetics of immunotherapy responses have a larger degree of inter-individual
heterogeneity than conventional cancer therapies. The delayed response of cancer
immunotherapy warrants longer follow-up periods in both preclinical and clinical immune
nanomedicine studies than conventional cytotoxic agents.102 Unlike the linear trajectory of
therapy responses to cytotoxic agents, patients treated with cancer immunotherapy may
present with interval radiographical evidence of disease progression from a baseline that is
not documented by subsequent scans.1%3 This unique phenomenon, termed
“pseudoprogression”, was reported to occur in between 1 and 10% of all patients, depending
on the tumour type and immunotherapeutic agents used (Figure 4).194 The mechanistic basis
for pseudoprogression remains a matter of debate, but has been hypothesized to be a result
of local microenvironment remodeling, including increased infiltration of T cells caused by
inflammatory reactions rather than tumour cell proliferation.1%5 Whether a similar incidence
of pseudoprogression occurs in mice is currently unclear. Nevertheless, heterogeneous
responses of cancer immunotherapy should be considered when estimating sample size to
ensure sufficient statistical power with a longer follow-up period needed to identify true
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responders in preclinical immune nanomedicine studies. ldeally, pathology confirmation,
which uses standardized scoring criteria, should accompany imaging and caliper
measurements to provide unbiased assessment of treatment response.196 Establishing
acceptable endpoints as well as standardized evaluation criteria will greatly improve the
reproducibility and transparency of cancer immune nanomedicine studies, allowing results
to be compared across experiments and unifying preclinical standards to facilitate clinical
translation.

Besides treatment response, the toxicity of immunotherapy also indicates significant
variation among patients and the patterns are very different from traditional cytotoxic
therapies. All cancer treatments including cancer immunotherapy may cause side effects.107
However, onset, duration, intensity, and types of cancer immunotherapy-related adverse
events (irAE) differ drastically from the adverse effects of cytotoxic agents.197 Several
immunological, environmental, and lifestyle-related factors were found to be associated with
the incidence of irAE.57:108.109 |ncluding nanomaterials in cancer immunotherapy regimens
adds another layer of complexity to the toxicity equation, given the potential toxic effects of
nanomaterials on the immune system.110.111 At the same time, stimulating the immune
system by cancer immunotherapy may also change its interaction with nanomaterials,
resulting in potential toxicity profiles that are different from those observed with either
treatment alone. Therefore, traditional assessments of nanomedicine toxicity will probably
be insufficient to fully characterize potential adverse effects from cancer immune
nanomedicine and need to be expanded. For example, liver and renal markers and blood cell
counts, and also physiological parameters, such as animal body weight loss, have commonly
been used as indicators of treatment toxicity in most preclinical cancer nanomedicine
studies.112 However, these methods do not account for the disparity in organ distribution,
kinetics of cytotoxic therapy, and immunotherapy-related AE (Figure 4). Finally, how
incorporating nanomaterials into cancer immunotherapy affects the toxicity profile of the
latter is also largely unknown. Traditional cytotoxic cancer nanomedicine focuses on the
targeted delivery of therapeutic agents to the desired tissues or tumours. As such, its toxicity
profile is often local and tends to occur at sites where the nanomaterials have more highly
accumulated, typically the liver and spleen.113 Cancer immune nanomedicine, however, may
generate toxicities that are systemic in nature as a result of inflammatory cytokine release or
non-specific recognition of self-antigens by activated T cells that target peripheral tissues.114
Therefore, cancer immune nanomedicine may have a toxicity profile that inherits the worst
of both worlds, where the nanomaterials themselves induce hepatic and splenic toxicity,
while their immune stimulating effect produces adverse reactions in distant organs, such as
the colonic epithelium or skin. Carefully assessing multiple tissues, organs, and organ
systems is critical to accurately account for the potential side effects of cancer immune
nanomedicine treatment.

In addition to the differences in systemic organ involvement, irAE onset and duration are
also distinct from those of cytotoxic therapy. Based on clinical evidence, gastrointestinal,
hepatic, dermatological, and pulmonary toxicities often manifest first, and endocrine and
renal pathologies appear later107.115.116 (Figure 4). However, while most irAEs manifest
acutely, delayed dermatological and endocrine toxicities may still occur.11> As such, longer
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monitoring may be indicated in cancer nanomedicine studies to account for late emerging
toxic effects.

Experimental design implications and challenges. To take into account of the highly
heterogeneous immunotherapy treatment and toxicity responses, adequate sample size and
monitoring and/or follow up period are essential needed. Justification of sample size and
power calculations should be clearly specified. Due to the heterogeneous treatment response,
individual tumor growth curve in addition to summarized data should be provided.
Additionally, since toxicity profiles of traditional cytotoxic anomedicine differ significantly
from that of immune nanomedicine, modifications to the classical approach to monitor
toxicity profiles are needed to fully grasp the scope of potential adverse effects from the
latter. Depending on the particular immunotherapeutic agents that were used or the specific
immunological processes that were targeted, additional evaluations in cancer immune
nanomedicine studies may include measuring pituitary, thyroid, and/or adrenal hormones, 117
examining skin for signs of dermatitis, 118 and confirming radiographical/tissue for
pneumonitis.119 In many instances, tissue examination for inflammatory pathologies such as
hepatitis and colitis maybe needed to definitely rule in or rule out the presence of irAEs, as
well as the toxicity grade associated if present. To accomplish this task, standardized
histological assessment and toxicity grading system should be followed which often will
benefit from centralized pathology review. Adaptation of such practice which is common in
the immune-oncology field will greatly promote the standardization of immune
nanomedicine toxicity assessment. It is worth noting that our current understanding irAE
largely derived from patients treated with immunotherapeutic agents. Whether these clinical
scenarios can be accurately modeled in preclinical models is unclear because, as mentioned
earlier, immunotherapy treatment and toxicity responses are multifactorial in nature and,
thus, highly variable. More sophisticated mouse models are becoming available to mimic
some of the clinical presentations of irAE.108:109.120 AJthough mouse models remains by far
the most valuable system to study cancer immune nanomedicine, larger mammals, such as
dogs and non-human primates, which has been used extensively in preclinical testing in
traditional pharmacological studies, may be more representative in determining the
therapeutic and toxicity responses from treatments. Adopting these models provides a new
avenue to accurately assess potential complications associated with cancer immune
nanomedicine that would improve its translational relevance. However, due to the
significantly higher cost associated with these animals, they are more likely to be reserved
for late stage studies prior to human trials.

Perspective and outlook

Although cancer immunotherapy has revolutionized the way we treat oncologic patients,
much remains unknown about its long-term effects and the best preclinical systems to study
its responses. The immune system is highly complex, dynamic, and constantly evolving
depending on the influence of intrinsic and external factors. As our understanding of cancer
immune evasion, immune surveillance, and the precise mechanisms of action of cancer
immunotherapy continue to advance, additional parameters that dictate cancer
immunotherapy treatment responses will probably be uncovered. This will create additional
challenges but also new opportunities to develop combinational strategies aimed at
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improving the effectiveness of cancer immunotherapies, including nanomedicine. Bringing
additional unknowns to a field that has more questions than answers will inevitably add
more unpredictability. At the same time, nanomedicine researchers and cancer
immunologists will be able to ask new questions about the effect of the immune system and
the way it interacts with nanomaterials. Despite having received little attention over the
years, the immunopharmacological aspect of cancer nanomedicine is highly relevant in the
immuno-oncology era. Given the paucity of data, studying the effects of immune processes
on cancer immune nanomedicine responses is both timely and important to the field as it
strives for successful clinical translation. By highlighting some of the players from a non-
exhaustive list of variables that may influence outcomes of cancer immune nanomedicine
studies, our goal is to promote awareness, encourage active investigations to fully
understand their effects, and advocate the consideration and/or incorporation of these
parameters during the early stages of experimental design.
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Box 1: Examples of cancer immune nanomedicine

Immunotherapy has increasingly becoming the standard-of-care for treating multiple
types of human cancers in both locally advanced and metastatic settings. However,
despite its successes, the overall patient response rate to immunotherapy remains
suboptimal and the effort to increase therapeutic efficacy by combining multiple
immunotherapeutic agents often leads to higher toxicities.22 To this end, nanomaterials
may serve as a scaffold or carrier to combine multiple agents or therapeutic modalities to
simultaneously tackle multiple immune regulatory pathways with reduced side effect
profile. The unique features of nanomaterial make it a powerful platform for
immunotherapy.2:621 First, nanoparticles can be designed as a carrier for
immunotherapeutic agents to achieve cancer or organ specific delivery. For example,
nanoparticles carrying immune modulating agents or tumour antigens can be designed to
home to tumours or lymphoid organs that facilitate T cell priming.2® Similarly, the
release profiles of the nanoparticles can be modified to deliver antibodies to modulate the
tumour microenvironment as an adjuvant therapy following surgery.24 Secondly,
nanoparticles themselves may serve as an adjuvant for cancer vaccine or facilitate the
presentation of tumor antigens to induce antitumour response. Viral-like nanoparticles
can be engineered to prime the tumor microenvironment and induce antitumoral immune
response,® while polymetric and lipoprotein-based nanoparticles can be designed to target
antigen presentation pathways including the innate immune sensor, stimulator of
interferon genes (STING), to enhance T cell antitumour immunity.25-26 Further,
nanoparticles may serve as substrates to physically and functionally facilitate the
interactions between cancer and immune cells. In this case, nanoparticles conjugated with
anti-HER2 antibody and the “eat me” molecule calreticulin induced the phagocytotic
uptake of HER2" cancer cells by macrophages and increase the presentation of cancer-
specific antigen to prime T cells.2’ Finally, nanomedicine offers a platform for
multimodality therapy by integrating photothermal, photodynamic and radiotherapy?28.29
to produce synergistic antitumoral immune responses
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Figure 1: Increasing number of publications and total citations of cancer immune nanomedicine

studies over theyears.

Search performed in Web of Science using the following criteria: Topic= (“cancer” AND
“immune” AND “nano”) OR (“cancer” AND “immune” AND “exosome”) OR (*“cancer”
AND “immune” AND “liposome™) OR (“cancer” AND “immunotherapy” AND “nano”)
OR (“cancer” AND “immunotherapy” AND “exosome”) OR (“cancer” AND

“immunotherapy” AND “liposome”). Only original research articles were included.
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Figure 2: Gut microbiota influences responses and toxicities of cancer immunother apy.
a. The mouse gut commensal microbiota is influenced by multiple internal and external

factors. Non-modifiable internal factors include animal age, sex, and genetic makeup.
Modifiable external factors include diet, exercise, stress, environmental exposures, and
medication (antibiotics) use. b) Mice housed in different pathogen-free conditions may show
profoundly different responses to immune checkpoint blockade (ICB). Similarly, the
abundance of specific microbial flora is associated with a protective effect on immune-

induced adverse events.
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Figure 3: Age-related changesin theimmune system.
Human aging is associated with many changes in the immune system. In the bone marrow,

hematopoietic cells begin to shift from lymphoid toward myeloid lineages. Naive T cell
numbers continue to drop while more mature cells begin to rise. More inflammatory
cytokines are produced, increasing the risk of auto-antigen responses. Antigen processing
and presentation are diminished in dendritic cells, resulting in decreased T cell proliferation
and effort molecule expression. NK cell = natural killer cell; DC = dendritic cell; TLR =
Toll-like receptor; TCR =T cell receptor; Treg = regulatory T cells; PGE2 = prostaglandin
E2.
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Figure 4: Toxicity and treatment response profiles of cancer immune- and cytotoxic therapies.
Upper panel: As shown here radiographically through computed tomography images,

tumours that respond to cytotoxic therapy follow a linear regression path. For cancer
immunotherapy, however, up to 10% of the patients may experience pseudoprogression,
which is defined as radiographical evidence of disease progression without actual pathology
confirmation, followed by subsequent regression on imaging. ICB = immune checkpoint
blockade. Lower panel: Immune-mediated adverse events (irAE) from cancer
immunotherapy such as immune checkpoint inhibitors often involve organs that are
susceptible to inflammation-mediated pathologies including liver, lung, skin, gut, and
endocrine organs. On the other hand, common organs involved in cytotoxic agent-mediated
side effects include bone marrow, peripheral nerves, liver, kidney, and gut. The Kinetics of
immune-related AE also differs from that of cytotoxic agents, with most onset occurring
several weeks after treatment starts.
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