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ABSTRACT
Recent advances in cancer immunotherapy have completely 
revolutionized cancer treatment strategies. Nonetheless, 
the increasing incidence of immune- related adverse events 
(irAEs) is now limiting the overall benefits of these treatments. 
irAEs are well- recognized side effects of some of the most 
effective cancer immunotherapy agents, including antibody 
blockade of the cytotoxic T- lymphocyte- associated protein 4 
and programmed death protein 1/programmed- death ligand 
1 pathways. To develop an action plan on the key elements 
needed to unravel and understand the key mechanisms 
driving irAEs, the Society for Immunotherapy for Cancer and 
the American Association for Cancer Research partnered 
to bring together research and clinical experts in cancer 
immunotherapy, autoimmunity, immune regulation, genetics 
and informatics who are investigating irAEs using animal 
models, clinical data and patient specimens to discuss current 
strategies and identify the critical next steps needed to create 
breakthroughs in our understanding of these toxicities. The 
genetic and environmental risk factors, immune cell subsets 
and other key immunological mediators and the unique 
clinical presentations of irAEs across the different organ 
systems were the foundation for identifying key opportunities 
and future directions described in this report. These include 
the pressing need for significantly improved preclinical 
model systems, broader collection of biospecimens with 
standardized collection and clinical annotation made available 
for research and integration of electronic health record and 
multiomic data with harmonized and standardized methods, 
definitions and terminologies to further our understanding of 
irAE pathogenesis. Based on these needs, this report makes a 
set of recommendations to advance our understanding of irAE 
mechanisms, which will be crucial to prevent their occurrence 
and improve their treatment.

STATE OF THE FIELD
Immune checkpoint blockade (ICB) has 
revolutionized the treatment of cancer, 
leading immunotherapy to become the 
fourth pillar of cancer therapeutics.1 ICB 
agents are monoclonal antibodies that block 

key negative regulators of T cell function, 
such as cytotoxic T- lymphocyte- associated 
protein 4 (CTLA-4), programmed death 
protein 1 (PD-1) and programmed- death 
ligand 1 (PD- L1),2 resulting in enhanced 
antitumor responses. CTLA-4, the first coin-
hibitory receptor discovered3 4 and the target 
for the first approved ICB immunotherapy,5 6 
plays a critical role in downregulating T cell 
activation and maintaining immune homeo-
stasis through cell- intrinsic signaling mech-
anisms and cell- extrinsic competition with 
CD28 for ligands.7 CTLA-4 blockade can 
alter and expand the repertoire of tumor- 
reactive or autoreactive T cells.7 Similarly, the 
PD-1:PD- L1/L2 pathway also inhibits T cell 
responses and maintains immune tolerance 
and homeostasis by reducing T cell receptor 
(TCR)/CD28 signaling, cytokine production 
and target cell lysis.8 Both CTLA-4 and PD-1 
are upregulated following T cell activation, 
but CTLA-4 and its ligands are more abun-
dant in secondary lymphoid organs while 
PD-1 ligand distribution across a diverse set of 
hematopoietic and non- hematopoietic cells 
suggests more impact in peripheral tissues.7 
Of note, loss of CTLA-4 or PD-1/PD- L1 can 
accelerate autoimmunity.7

More than 10% of advanced cancer 
patients achieve true benefit from ICB,9 but 
the majority (66%–72%) will also experience 
some form of immune toxicity from these 
therapies, termed immune- related adverse 
events (irAEs).10–12 These irAEs can affect 
all organ systems (eg, skin, musculoskeletal, 
gastrointestinal, neurologic, cardiovascular, 
hepatic, endocrine) with a range of severity 
and often mirror aspects of known primary 
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autoimmune diseases (eg, rheumatoid arthritis, inflamma-
tory bowel disease and other inflammatory conditions), 
though there are also clear distinctions, and investiga-
tions are underway to understand the differences.13 Not 
surprisingly, irAEs are treated with many of the same ther-
apeutic interventions as primary autoimmune diseases, 
including glucocorticosteroids and biological agents that 
are immunosuppressive or anti- inflammatory.14

Immuno- oncology remains a rapidly developing field 
and it is estimated that there are many more coinhibitory 
pathways beyond CTLA-4 and PD-1 that could be valuable 
therapeutic targets. In fact, the future of cancer immu-
notherapy likely lies in combination therapy to increase 
antitumor responses,15 16 which will likely also drive the 
development of novel irAEs and the need for new strat-
egies to identify and mitigate these immune toxicities 
while maintaining effective antitumor immunity. Since 
treatment for irAEs may inhibit ICB- induced antitumor 
responses, uncovering the pathways that differentiate 
irAEs from antitumor immunity is key to understanding 
the underlying biology and identifying treatments that 
reduce adverse events while preserving the anticancer 
immune response.

Taken together, this suggests a critical need to invest 
in translational and basic research efforts that could 
further our understanding of the spectrum of irAE 
disease presentation and associated mechanisms, and 
lead to the development of (1) rapid diagnostic tools, 
(2) biomarkers to identify patients at risk for developing 
irAEs, and (3) better targeted therapies to manage irAEs 
without impacting immunotherapy efficacy. In particular, 
there is a pressing need to identify precision treatment 
solutions that go beyond withholding ICBs and/or giving 
glucocorticosteroids and reflect the specific cancer and 
immunotoxicities experienced by the patient to optimize 
both cancer and irAE outcomes.17 18 Development of such 
targeted therapies will require studying irAEs directly in 
patients’ tissue and blood samples, as most irAE presen-
tations have yet to be faithfully recapitulated in animal 
models.19 20

The Society for Immunotherapy of Cancer and the 
American Association for Cancer Research held a joint 
workshop in Houston, TX in March 2020. The work-
shop, ‘The Cancer Biology Underlying Immunotherapy- 
Induced Autoimmunity’, discussed the biological 
mechanisms of irAEs to ICB and was coorganized by 
Lisa H. Butterfield, PhD, Elizabeth M. Jaffee, MD, and 
Arlene H. Sharpe, MD, PhD. The wide spectrum of irAE 
clinical presentations (eg, colitis, pancreatitis, hepatitis, 
myocarditis, neurotoxicities, thyroiditis, ICB- induced 
insulin dependent diabetes mellitus and lymphocytic 
hypophysitis) was discussed in detail during the meeting. 
As these clinical presentations have been thoroughly 
reviewed recently,21–28 this report focuses on summa-
rizing the critical challenges and opportunities posed by 
immunotherapy- induced irAEs and strategies that should 
be the focus of future investigations that were identified 
during the meeting.

CRITICAL QUESTIONS FOR UNDERSTANDING AND TREATING 
IMMUNOTOXICITIES
The future for cancer patient care will entail the devel-
opment of precision strategies empowering effective 
immunotherapy treatment for cancer that take into 
consideration individual intrinsic and extrinsic risk factors 
for developing irAEs and combine new and existing ther-
apeutic regimens. To increase the success of the next 
generation of immunotherapy strategies while reducing 
the negative impact of irAEs on long- term outcomes for 
patients with cancer, the workshop participants identified 
several critical questions to be addressed:

 ► What mechanisms drive the correlation of irAEs with 
antitumor responses? Can the two be delineated and 
uncoupled?

 ► What is the impact of ICB cessation or immunosup-
pression in response to irAE development?

 ► What are the intrinsic and extrinsic risk factors for 
irAEs?

 ► Can we use clinical data and models to improve 
preclinical models of irAEs following ICB to support 
improved mechanistic understanding of irAEs?

 ► How can we harmonize clinical metadata to empower 
irAE clinical model development?

 ► What types of translational research efforts are needed 
to unravel irAE biological drivers?

To answer these questions and better understand, 
prevent and treat irAEs following ICB therapy, it is essen-
tial to develop representative animal models for preclin-
ical studies, collect tissue samples and real- world clinical 
care data for clinical model development and establish 
large- scale collaborative working groups to develop and 
standardize novel data collection, translational research 
and analysis strategies. The next section frames the chal-
lenges and opportunities in the field raised by these ques-
tions and strategies to address them. Figure 1 outlines our 
overall proposed framework for tackling these questions.

Challenge: decoupling irAES from antitumor responses
A subset of irAE presentations following ICB treatment is 
associated with positive tumor outcomes. For example, the 
appearance of vitiligo and hypothyroidism, two relatively 
low severity irAEs, are associated with effective antitumor 
responses and are thought to indicate the activation of 
on- target, off- tumor immune activity.29–37 However, many 
irAEs (eg, ICB- induced diabetes and myocarditis) are 
much more severe, and improving clinical management 
of immunotoxicity remains a critical unmet need, as is 
an enhanced understanding of how irAE treatment strat-
egies impact ICB efficacy. For instance, the first line of 
treatment for irAEs is often corticosteroids.14 While the 
impact of low- dose corticosteroids is still debated, gluco-
corticosteroids present at the time of treatment initiation 
and high- dose corticosteroids may mitigate ICB therapy38 
even though they may be mandatory for management of 
life- threatening severe toxicities.14 Preclinical work exam-
ining the mechanisms underlying both tumor immunity 
and irAEs following ICB therapy, together with a deeper 
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understanding of patient responses to ICB therapy and 
biomarkers of the potential for irAE development, will 
be essential for developing targeted immunotherapy that 
maximizes the anticancer response while minimizing 
immunotoxicity.

Challenge: defining intrinsic and extrinsic mediators of irAEs
A central challenge for optimizing immunotherapy is under-
standing the intrinsic and extrinsic mediators of irAE devel-
opment and host- directed immune activation, which are key 
to ultimately distinguishing the biology associated with anti-
tumor immune responses from irAEs. Like many complex 
trait presentations such as autoimmune diseases, irAE patho-
genesis may result from multifactorial parameters, involving 
gene (intrinsic)- by- environment (extrinsic) interactions. Yet, 
little is known about the interplay of intrinsic and extrinsic 

drivers of irAEs, in part because of the lack of large, well- 
annotated cohorts of patients spanning many healthcare 
institutions, needed to properly power studies of the genetic 
and environmental drivers across the range of rare and 
more common irAEs and different cancer types (see the 
Opportunities section). However, the field of irAE biology 
can start deriving potential insights from ongoing studies of 
autoimmune diseases, cancer and rare immunodeficiency 
disorders.

Genetic loci are some of the key intrinsic risk factors 
impacting autoimmunity, with HLA alleles being the 
strongest known factor for susceptibility. Numerous 
studies have shown that carriers of certain HLA alleles 
are at higher risk of developing specific autoimmune 
diseases.39 In addition, HLA alleles have also been 

Figure 1 Future directions for irAE research. Effective clinical modeling of irAEs will require the integration of a variety of 
data, including: (1) standardized definitions of irAEs and tools to identify them, (2) clinical data from electronic health records 
that reflect the critical components of irAEs and cancer descriptions and outcomes that have been standardized using 
common data models to support data sharing, (3) collaborative biospecimen biobanking programs with standardized operating 
procedures for tissue collection, processing and storage, and (4) high- quality, high- throughput multiomics, proteomics 
and immunophenotyping data integration strategies that provide mechanistic information. The overall clinical modeling of 
irAE disease pathogenesis efforts will require multidisciplinary clinicians and scientists and the development of modeling, 
management and analysis strategies and data collection from a large number of organizations to represent the wide range of 
irAEs, particularly rare irAEs. Clinical modeling will also require data storage technologies that support integration of clinical and 
mechanistic data while preserving participant privacy and novel machine learning strategies to derive insights about risk factors 
and biomarkers of disease that can lead to new diagnostics and therapeutics for clinical care as well as support refinement and 
development of more effective preclinical models. irAE, immune- related adverse event.
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associated with melanoma risk and response to certain 
anticancer therapies, such as high- dose interleukin-2.40–46 
For example, HLA- Cw*06, which has been associated 
with better relapse- free and overall survival, has also been 
correlated with development of psoriasis.47 Interestingly, 
a recent report has also demonstrated that polygenic risk 
for skin autoimmunity is associated with longer overall 
survival in bladder cancer treated with anti- PD- L1.48 
Lessons learned from genetic association studies in auto-
immune diseases and cancer clearly suggest that mapping 
susceptibility loci associated with the range of irAEs could 
provide important biological insights into the manifesta-
tion of irAEs.

Beyond deriving biology from complex trait genetics, 
additional insights can be derived from studying rare 
monogenic traits. For example, uniallelic germline muta-
tions in checkpoint molecules themselves have been 
implicated in irAE- like immune dysfunction, particularly 
CTLA4.49 50 Similar to CTLA4-/- mouse models, humans 
with heterozygous novel and pathological changes in 
CTLA4 DNA sequence exhibit lymphocytic organ infil-
tration and signs of autoimmunity.51 Heterozygous muta-
tions in CTLA4 result in diminished CTLA-4 expression 
and function, leading to overt immune dysregulation 
with diverse autoimmune presentations, including type 1 
diabetes and lymphoproliferative disorders. CTLA4 haplo-
insufficiency can predispose to lung and gut diseases, 
with histological evidence confirming extensive target 
tissue infiltration by lymphocytes. Bone marrow failure 
and infiltrative brain lesions have also been described 
in this setting.52 With the caveat of variable penetrance 
and a wide spectrum of expressivity, increased predis-
position to lymphoma, non- lymphoid malignancies and 
hypogammaglobulinemia are also within the clinical 
spectrum. Haploinsufficiency of CTLA4 is also linked to 
reduced Treg inhibitory function and hyperproliferation 
of effector cells with a robust alteration of T and B cell 
homeostasis. Interestingly, treatment of CTLA4 insuf-
ficiency has been successful in limited clinical settings. 
Abatacept, a fusion protein of the CTLA-4 extracellular 
domain with an antibody Fc region, has been used in 
combination with corticosteroids and mammalian target 
of rapamycin (mTOR) inhibitors to treat CNS lesions, 
lung and gut disease presentations, as well as autoim-
mune cytopenia in CTLA4- deficient patients.52–55

Given the similarities between some clinical presenta-
tions of irAEs and the phenotypes observed with these 
rare monogenic immunodeficiencies, studying the 
disease evolution and treatment of patients with such 
intrinsic predispositions to disrupted immune homeo-
stasis could offer another window of opportunity to 
further our understanding and support development 
of treatments for irAEs in patients undergoing CTLA-4 
blockade for cancer. In addition, lessons from studying 
and treating these rare immunodeficiency conditions 
have the potential to inform treatment solutions for irAE 
presentations. Such efforts will ultimately require many 
independent groups to assemble very large datasets of 

tissue samples and well- controlled and annotated clin-
ical variables (such as heterogeneity of prior treatments), 
given the breadth and depth of human variability, cancer 
variability and the general rarity of most irAEs.

Extrinsic triggers of autoimmune diseases are poorly 
understood but may derive from the infectome (some 
infections are protective, others are triggers),56 micro-
biome (increase of proinflammatory or reduction of 
anti- inflammatory bacteria)57 58 or exposome. Given 
the similarities in clinical presentations between certain 
irAEs and autoimmune diseases, it is very likely that 
several similar extrinsic triggers also contribute to irAE 
pathogenesis, which should be the focus of future efforts 
that will involve assembling large well- annotated patient 
cohorts to tackle such questions.

Of note, cancer often involves the creation of neoanti-
gens in the tumor that have varying auto- antigenicity59; 
thus, antitumor responses may increase the likelihood 
of autoimmunity and therefore of irAEs and mortality—
similar to the immune response to pathogens that triggers 
autoimmunity. In some instances, autoimmunity may be 
associated with cancer; for example, Lambert- Eaton myas-
thenic syndrome is associated with antitumor immunity 
against small- cell lung carcinoma, while systemic lupus 
erythematosus has been associated with development of 
certain cancers.60 61 Pre- existing chronic inflammation 
may also create an environment that promotes evasion 
of immune surveillance by cancer that can be reversed 
in some cases by immunotherapy.62 While we currently 
have a limited understanding of the relationship between 
cancer and autoimmunity and the role of extrinsic factors 
in driving pathogenesis, some mouse models may enable 
examination of this relationship and help shed light on 
specific mechanisms driving irAEs.63 64 For example, ICB 
exacerbates autoimmunity in non- obese diabetic (NOD) 
mice and PD-1/CTLA-4 inhibition has tissue- dependent 
impacts.

Challenge: preclinical model development
Translational biomedical research centers on the concept 
of ‘bench to bedside and back to the bench’, necessitating 
preclinical modeling designed to best mirror the clinical 
paradigm. The complexity of cancer immune responses 
highlights the need for ‘in vivo veritas’, especially given 
the increasing clinical use of ICB to treat a large range of 
cancer types and the diverse array of irAEs limiting ICB 
antitumor efficacy. The inbred laboratory mouse is the 
bedrock for both discovery and assessing efficacy of immu-
notherapeutic approaches in cancer as well as autoimmu-
nity. This is due to low cost, ease of access and biological 
reproducibility due to optimal control of all variables and 
availability of reagents. However, even considering the 
not- insignificant species immune disparities, critical ques-
tions revolve around how representative the commonly 
used tumor models are to study cancer biology, as these 
models often involve subcutaneous implantation of 
extensively cultured and rapidly growing established 
mouse tumor cell lines into very young (age- equivalent 
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to teenage human) healthy inbred mice housed under 
specific- pathogen- free (SPF) conditions. Due to rapid 
tumor growth and/or use of therapeutics not of mouse 
origin, therapeutic interventions are given for extremely 
short times and off- target effects other than cytokine- storm 
phenomena are rarely observed. The lack of fully murine 
reagents also represents a significant problem as it results 
in neutralizing responses to the xenogeneic proteins by 
the immunocompetent host, limiting the long- term appli-
cation of therapy which is often used clinically and may 
be important for the development of irAEs in the mouse 
models. This claim is further supported by the paucity of 
reports demonstrating the phenocopy of irAEs observed 
in patients in conventional mouse tumor models treated 
with ICB. However, there is appreciable literature on the 
impact of ICB in different mouse autoimmune models, 
indicating these may be valuable resources to combine 
with tumor models to tease out mechanisms and pathways 
that could then be linked with clinical presentations.65 
Finally, incorporating human modifying elements (eg, 
age, biological sex, body mass index and exposure to 
pathogens) in murine tumor immunotherapy models is 
of critical importance, given reports that both age and 
obesity can markedly impact irAE and cancer outcomes, 
both positively and negatively.66 67 In addition, the micro-
biome associated with different mouse vendors is also 
important for ICB responses, highlighting the constraints 
of using SPF mice as well as potentially affecting model 
reproducibility with different laboratories.68 All of these 
aforementioned variables likely impact autoimmune 
mouse models as well.

Xenogeneic models, including patient- derived xeno-
graft and humanized mouse models, while useful in 
assessing direct human tumor cell responses, have 
limitations when used to model complex ICB responses 
and irAEs.69 For instance, extensive species differences 
exist with regard to the effects of cytokines and adhe-
sion molecules on the host or immune cells.70–72 Addi-
tionally, human immune cells have varying capacities to 
survive or engraft in a murine host, and the impact of 
human immune cells placed or developed in the xeno-
geneic murine environment is poorly characterized. Ex 
vivo organoid models are attractive given they add the 
complexity of cellular interactions not seen with tumor 
cell lines. Nonetheless, the challenge of reproducing 
biologically meaningful immunological interactions due 
to complex culture conditions that impact both tumor 
and immune cell component survival and function 
creates significant limitations to the use of such model 
systems, which is further complicated with ICB assess-
ment. Finally, both xenogeneic modeling and ex vivo 
models also can have significant contrivances if using 
immune cells allogeneic to the tumor. Thus, while these 
models appear attractive for ICB and irAE modeling, the 
numerous immunological deviations inherent with them 
significantly limit their extrapolation potential and more 
work is needed to assess in which experimental condi-
tions these models could be most helpful for modeling.

Large animal models, such as client- owned canine 
patients with spontaneous cancers or non- human 
primates, offer clear advantages with regard to being 
outbred and, in the case of canine models, having spon-
taneous cancers that can be treated with immunotherapy. 
However, these models are severely hampered by the (1) 
extreme cost, (2) recipient heterogeneity, being outbred 
with comorbidities, (3) extremely limited number of 
patients available for research purposes, (4) limited 
access to tissues, (5) lack of suitable reagents (particularly 
with ICB) compatible with large animals, and (6) limited 
occurrence of irAEs with the immunotherapies assessed 
thus far in these models. Thus, beyond directly studying 
human tissue specimens, syngeneic mouse tumor models 
in conjunction with commonly used autoimmune mouse 
models remain, for now, the best means to mechanisti-
cally study irAEs associated with the use of ICB. Neverthe-
less, it remains imperative that the community develops a 
deeper understanding of the limitations of the commonly 
used mouse tumor models and funding opportunities are 
needed to foster the development of more appropriate 
model systems.

In preclinical modeling, little attention outside of overt 
toxicity of an approach is given, with the emphasis in 
most studies being centered on the antitumor response 
that often needs to occur rapidly. Given the tremendous 
cost and challenges associated with using aged mice (eg, 
a 22- month- old mouse can cost as much as US$500 and 
obtaining sufficient aged mice from the National Insti-
tute on Aging (NIA) for therapy studies is predicated 
on having NIA funding) or in generating diet- induced 
obese mice of both genders in therapy studies (particu-
larly germane given the well- described impact of biolog-
ical sex on autoimmunity and recent reports suggesting 
an impact of gender in ICB67), there is a significant need 
to support development and availability of these resources 
to the cancer research community. There is also a need to 
develop and assess immunotherapy reagents (antibodies, 
cytokines, etc) that are of mouse origin to more properly 
mirror the clinical paradigm, allowing long- term applica-
tion that could lead to irAE manifestation. Furthermore, 
using more indolent tumors or genetically engineered 
mouse models would offer more reflective immune- tumor 
cell dynamics and therapy, but the challenge remains the 
prohibitive cost associated with using such models for 
therapy studies and assessing long- term treatment impacts 
which are often not viewed as sufficiently innovative or 
mechanistic to warrant funding. Understanding the path-
ways involved in driving and sustaining ICB- associated 
irAEs observed in the clinic and linking them with preclin-
ical models are vital for next steps. This will require large 
investments from public and private sectors given the lack 
of representative models and the costs associated with 
what are viewed as studying negative events. Such invest-
ments are urgently needed to ultimately overcome the 
irAE impediments on immunotherapy treatment efficacy.
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Opportunity: harmonizing clinical metadata and clinical model 
development
Challenges with current preclinical models and the 
need for deeper understanding of the human immune 
response to ICB present an opportunity to flip the 
research axis and translate clinical experience to bench- 
testable hypotheses. While clinical trial data provide 
a foundation for this work, trials generally involve the 
collection of a narrow set of study- focused clinical data 
and biospecimen samples over a specific window of time 
from a highly selected patient population that may not 
be representative of the broader population of people 
who will receive therapy.73–76 Thus, we need a ‘bedside- 
to- bench’ approach for clinical modeling of the devel-
opment of irAEs that includes a more representative 
patient sample and leverages a broad array of clinical and 
laboratory data, and to translate these models into the 
preclinical space to explore biological mechanisms of 
irAE development in more detail.

The adoption of electronic health record (EHR) tech-
nology in the USA77 parallels the rise of FDA- approved ICB 
strategies for cancer treatment.1 As of 2015, when many 
of the anti- PD-1/L1 antibodies were first approved for 
use, over 95% of hospitals accepting Medicare78 and 80% 
of ambulatory care settings79 had adopted EHRs to docu-
ment clinical care. Thus, almost all patients receiving ICB 
have had their treatment course documented in an EHR. 
EHR data, particularly for cancer patients who have high 
contact with healthcare systems, contains a rich source of 
longitudinal clinical observations, including those prior 
to the development of cancer, during treatment and post- 
therapy, as well as highly rigorous laboratory test results.

To capture irAEs in sufficient numbers that reflect 
the full range of presentations across a wide range of 
cancers, it is necessary to integrate data from a large 
number of healthcare organizations. Given that the 
underlying data structures of many EHR systems (even 
systems provided by the same vendor) are not always 
the same, integration and alignment of clinical data 
requires the development of ‘common data models’ 
(CDMs)—or shared data languages—for data align-
ment and exchange. With the expansion of EHR tech-
nology, a number of networks built on CDMs have been 
established. The Patient- Centered Outcomes Research 
Network (PCORnet),80 81 built on the PCORnet CDM,82 
the Accrual to Clinical Trials Network,83 built on the 
Informatics for Integrating Biology and the Bedside data 
model84 and the Observational Health Data Sciences and 
Informatics (ODHSI) Network,85 built on the Observa-
tional Medical Outcomes Partnership CDM,86 represent 
three large- scale clinical data networks including health-
care organizations across the country that have agreed 
to map their local data to a CDM to support research. 
While some organizations may participate in more 
than one network, mapping local data to a CDM and 
participating in a data- sharing network can be costly. 
Thus, the Department of Health and Human Services 
(HHS) Office of the Assistant Secretary for Planning 

and Evaluation has engaged critical federal agencies 
within HHS, including the Food and Drug Adminis-
tration, National Cancer Institute, National Library of 
Medicine and the Office of the National Coordinator 
for Health Information Technology to participate in the 
CDM Harmonization project to support data translation 
between CDMs and cross- institution sharing.87

The large- scale CDMs are early in their lifespans and 
development has focused on the most commonly used 
clinical concepts, such as patient demographics and 
vitals, general diagnoses, medications ordered, labora-
tory results and procedures performed. More complex 
concepts, particularly those that are domain- specific or 
primarily documented in the free- text clinical notes, are 
often unrepresented. Thus, to support irAE research, it 
is necessary to create and integrate specialized terminol-
ogies (such as the International Classification of Diseases 
for Oncology) to describe concepts critical to oncology, 
immunotherapy and irAEs—such as cancer morphology, 
stage and disease progression and immunological 
milieu—into these CDMs. Also critical is to have standard-
ized definitions of individual irAEs such that they can be 
documented using the established clinical terminologies 
or consistently inferred from standard clinical data. Since 
the most complex clinical concepts related to under-
standing cancer care and irAE development are often 
only present in clinical notes, it will also be necessary to 
develop natural text mining tools that can rapidly and 
accurately convert clinical text in medical records into 
machine- interpretable concepts that can then be shared 
across organizations engaged in irAE research.

Large bodies of clinical data without tissue- based 
insights limit many investigations to the realm of correla-
tion and association. For bedside- based mechanistic 
studies aiming to elucidate the underlying biology of 
irAEs, clinical information must be linked to tissue 
samples. Cancer patients, in addition to having significant 
clinical documentation, also have frequent laboratory 
tests that are an opportunity for minimally invasive collec-
tion of supplementary biospecimens that can be used to 
explore the physiological mechanisms of irAEs. Similar 
to the development of clinical data sharing networks, 
significant activities are underway nationally to develop 
strategies for integrating primary research data derived 
from biospecimens and biobanks associated with clinical 
data. The Electronic Medical Records and Genomics 
(eMERGE) Network,88 89 funded by the National Human 
Genome Research Institute, is a national consortium of 
academic medical centers that have integrated their local 
biospecimen- derived genomic data with their EHR data 
to perform genomic studies based on disease- specific 
cohorts identified through medical record informa-
tion. The All of Us Research Program,90 building on the 
successful strategies of eMERGE, is collecting data and 
biospecimens from over 1 million people, in large part by 
leveraging health care- providing organizations to recruit 
participants who will share their medical records as well 
as tissue samples.
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Opportunity: expanding clinical and translational models with 
biobank data
To understand and study the immune mechanisms of 
irAEs, access to patients’ blood and tissue specimens 
are key. Collection of fresh biospecimens is challenging, 
particularly in a way that supports asking functional 
immune questions as opposed to molecular questions 
that can be asked of fixed cells. To obtain reproduc-
ible data, biospecimens collected under standardized 
conditions are needed, as are assays that are conducted 
in a way that conforms to the spirit of CLIA rules (accu-
rate, precise, reproducible).91 92 Humans can have high 
variability in immune cell numbers and activity, but 
biomarkers pointing toward mechanisms can still be 
identified, for example, target tissue- associated autoan-
tibodies, like GAD-65 (glutamic acid decarboxylase) for 
type 1 diabetes mellitus (T1DM). Functional tests can 
yield greater insights than more descriptive phenotypic 
readouts.93–95 The Autoimmune Events Resulting from 
Systemic Modulation by Immunotherapy (AEROSMITH) 
Biobank is in development by the Parker Institute for 
Cancer Immunotherapy, JDRF and the Helmsley Trust. 
This biorepository will include blood and stool speci-
mens from >1000 patients with cancer pretreatment and 
on- treatment receiving standard of care ICB to identify 
biomarkers of irAEs.96 The collection has been developed 
specifically to interrogate mechanisms using genetic, 
molecular, cellular and soluble protein data generated 
from blood combined with clinical assays and medical 
record data. This biorepository and other similar tissue 
banks will provide an important resource for future 
research questions.

In addition to a call to action to develop consensus 
definitions with comprehensive nomenclature for irAEs, 
a call to standardize biospecimen collection across insti-
tutions is critical. While samples biobanked for ‘omics’ 
analyses, such as those collected by the All of Us Research 
Program,90 will be important for cancer immunotherapy 
and irAE research to help define biomarkers and predic-
tors of immunotherapy response and toxicity, ultimately 
biospecimens collected throughout the course of cancer 
therapy and at the time of the irAE will be critical to 
better define mechanisms and identify drivers of irAEs 
that could be therapeutically targeted.

While early irAE translational work focused on biospe-
cimens collected during a very specific window of time in 
the midst of ICB efficacy trials, it was not standard practice 
to collect tissue/blood at time of the development or reso-
lution of irAEs. We need to develop and implement stan-
dardized biospecimen biobanking procedures to enable 
the collection and sharing of a range of biospecimens 
(eg, irAE- affected tissue biopsies, blood, plasma, serum, 
stool and body fluids such as urine and cerebral spinal 
fluid). Integrating specimen collection within routine 
clinical care with the patient’s appropriate informed 
consent is preferred.97 This practice supports specimen 
collection prior to ICB treatment and at the time of irAE 
diagnosis before the initiation of immunosuppression 

treatment to mitigate irAEs, in addition to reducing the 
need for higher risk ‘research- only’ biopsies. Moreover, 
the establishment of rapid autopsy programs represents 
another important source of biospecimens, especially for 
organ systems that are challenging to biopsy (eg, brain, 
pancreas, heart). It also offers an opportunity to sample 
multiple tissues from the same individual simultaneously, 
enabling study of the immune response across different 
organs and tumors that ultimately led to the patient’s 
demise, and provides a glimpse of the level of baseline 
inflammation in any particular organ after ICB.

Opportunity: tailored clinical data collection and translational 
efforts
Effective clinical sample collection and biobanking 
requires an effective and reproducible framework. The 
Massachusetts General Hospital has pioneered imple-
mentation of an immunotoxicity service that maximizes 
patient care, clinical sample collection and translational 
research efforts.98 99 This service has developed and imple-
mented a framework for understanding irAEs and ulti-
mately providing better care for patients with cancer, that 
is based on six critical elements, including: (1) creating 
an infrastructure and expert knowledge for rapid iden-
tification of patients presenting with irAEs; (2) aligning 
experts across divisions of medical specialties to develop 
best practices for clinical care and optimal disease pheno-
typing; (3) developing a platform for oncologists, medi-
cine subspecialists and scientists to connect regularly; (4) 
establishing infrastructure for sample collection in clinical 
settings and identifying champions to spearhead sample 
collection and standardized biobanking; (5) collecting 
the highest yield tissue samples at clinically relevant time 
points; and (6) accessing and leveraging the most optimal 
and cutting- edge technologies and big data integrative 
analysis frameworks to test biological hypotheses. These 
six key elements are further illustrated below.

First, the Severe Immunotherapy Complication (SIC) 
service comprises over 51 clinicians and researchers across 
6 Departments (i.e., medicine, dermatology, neurology, 
pathology, radiology, ophthalmology) and 10 Divisions of 
Medicine (i.e., hematology/oncology, gastroenterology, 
pulmonology, cardiology, palliative care, allergy/immu-
nology, infectious disease, endocrinology, rheumatology, 
nephrology), who work together to study and deeply 
characterize phenotypically these irAE clinical presen-
tations,100–107 with the ultimate goal of developing more 
optimal treatment solutions for patients with cancer. 
Second, the MGH SIC service organizes a bi- weekly multi-
disciplinary irAE clinical case conference, which serves 
as a platform for clinician subspecialists, oncologists and 
scientists to actively connect and brainstorm about new 
innovative approaches and solutions. Third, by leveraging 
the SIC Service for irAE patient identification, the MGH 
team has collected biospecimens from over 300 patients 
across a range of irAEs prior to any administration of 
immunosuppressive agents to treat the irAEs. Fourth, 
they also collect samples serially to dynamically map key 
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cellular and secreted factors tracking with irAEs’ evolu-
tion and resolution. Finally, the team has optimized and 
customized different protocols to process blood, serum 
and tissue specimens to enable a range of downstream 
immunophenotyping, functional experiments, micros-
copy, secreted factor analyses and molecular profiling, 
including single- cell RNA sequencing with paired TCR 
and BCR sequencing of tissue and paired blood samples 
to map culprit cell populations and signaling pathways 
involved in driving and sustaining irAEs. Integration of 
these different types of measurements with accurate clin-
ical data and phenotyping will enable identification of 
key drivers of irAE pathogenesis to support the develop-
ment of new diagnostic tools and therapeutic targets. In 
addition, such integrative bench- to- bedside translational 
efforts will ultimately allow leveraging the results from 
big- data integrative analyses to inform the design and 
target selection of the next generation of clinical trials 
aiming at mitigating irAEs while maintaining antitumor 
immunity.

Access to tissue where the irAE and inflammation 
unfold is key to understanding pathogenesis, while anal-
ysis of paired blood collected together with the irAE tissue 
enables mapping and identifying potential circulating 
biomarkers. Ultimately, well- clinically annotated patient 
phenotypes and access to irAE tissue, coupled with the 
use of cutting- edge ‘multiomics’, proteomics, immuno-
phenotyping and microscopy strategies, will allow for 
identification of underlying irAE mechanisms driving 
pathogenesis, along with therapeutic target candidates 
that could lead to further study in preclinical and human 
models. Partnerships between clinical teams, transla-
tional researchers that are using systems biology and 
‘multiomics’ strategies and bioinformaticians, such as 
those pioneered at the Massachusetts General Hospital,98 
will provide lessons learned to optimize sample collec-
tion, leverage translational research and analysis frame-
works, and sharing of biospecimens and patient metadata 
for clinical and irAE mechanism research.

Opportunity: multidisciplinary and multiorganization 
collaboration
Beyond local institutional multidisciplinary efforts,97 
large national biobanking and translational efforts are 
also essential, particularly for rare cancers and irAEs. 
Similar to the CDMs needed for effectively sharing, 
aligning and integrating clinical data across institu-
tions, the development of standardized operating proce-
dures for sample collection from each organ subtype is 
required,108 and specific cryopreservation approaches are 
needed for a range of downstream measurements. These 
gold- standard procedures should be consensus driven 
and disseminated publicly so that consortia of universi-
ties, academic medical centers and community hospitals 
can bank biospecimens paired with key clinical data in a 
uniform way and pool resources to empower larger and 
more comprehensive translational research efforts, which 

are essential to study some of the rarest (eg, T1DM) and 
most fatal irAEs (eg, myocarditis with myasthenia).

There are already numerous ongoing national and 
international biobanking efforts, such as the aforemen-
tioned ‘AEROSMITH’ project,96 the Predictive Markers 
of Immune- related Adverse Events in Patients Treated 
with Immune Stimulatory Drugs study109 and the 
National Cancer Institute (NCI)- Alliance A151804,110 a 
multi- institutional study open at sites across the National 
Clinical Trial Network that has established a national 
biorepository to advance studies of irAEs. This alliance 
is committed to making biospecimens and data avail-
able to investigators following future submission and 
approval of proposals. While the logistics of standard-
izing sample collection across multiple sites will remain 
more challenging than single institutional efforts (such 
as for analyzing freshly collected tissue specimens from 
irAE lesions), these multi- institutional efforts are crit-
ical to empower the discovery and validation of the 
next generation of irAE predictors and biomarkers that 
promise to significantly impact the care of patients with 
cancer treated with ICB. These important biobanking 
efforts, clinical annotation and in- depth biospecimen 
studies using cutting- edge experimental and analysis 
frameworks are promising strategies for solving the 
underpinnings of irAEs. However, these endeavors 
remain costly and there is a pressing need for more 
funding to support collaborative efforts and sustain new 
and ongoing efforts.

Currently, primary research data from clinically 
derived biospecimens lives outside the clinical data 
space. Informatics technologies that ensure accurate 
linkage between datasets while protecting patient privacy 
will be critical to derive insights from the clinical and 
research data, and to connect these data with other 
valuable sources of information—such as healthcare 
claims data, data from wearable devices, environmental 
exposure data and patient reported outcomes.111 112 In 
addition, data storage and management solutions that 
support rapid input, processing and validation of large 
scale multi- dimensional data and that are extensible to 
include new data and concepts, such as the Parker Insti-
tute for Cancer Immunotherapy’s CANcer Data and 
Evidence Library platform113 and the National Heart 
Lung and Blood Institute’s BioData Catalyst114 that 
provides access to the Trans- Omics for Precision Medi-
cine Program,115 will be essential for supporting rapid 
and replicable data analysis. Finally, deriving insights 
from data of this complexity will require intersection of 
the data with modern machine learning strategies that 
can leverage large scale, multi- dimensional datasets and 
provide interpretable results that can be further inves-
tigated by primary and translational research teams to 
improve preclinical models of irAEs, help design the 
next generation of clinical trials and enhance precision 
medicine strategies for clinical care.
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CONCLUSIONS
Taken together, there are three core areas that will be 
essential to drive irAE research forward:

 ► Developing strategies to integrate and share clinical 
and research data sets at a national scale to support 
irAE surveillance and development of biomarkers for 
irAEs.

 ► Integrating biobanks with detailed clinical data and 
the development of biospecimen collection standard 
operating procedures supporting minimally invasive 
and disruptive collection of biospecimens (tissue, 
blood, body fluid) during routine care and at time of 
autopsy.

 ► Leveraging insights from clinical and high- throughput 
‘multi- omics’ data to develop preclinical models that 
more accurately model irAEs following immuno-
therapy and to help guide and prioritize the ther-
apeutic target candidates to be assessed in the next 
generation of clinical trials.

The development of robust models to understand the 
etiology and progression of irAEs following cancer immu-
notherapy based on real- world clinical information inte-
grated with primary research data will require creation 
of novel large- scale data resources, analysis strategies 
and effective interpretation of results. These investiga-
tions will require a multidisciplinary team of informati-
cists, data scientists, clinical subspecialists, oncologists, 
basic science and translational researchers and patients, 
along with multiorganizational collaborations that span 
healthcare systems, federal research agencies, commer-
cial partners, academic researchers and patient advocacy 
groups. These partnerships, which will require substantial 
funding, will enable effective strategies for collection and 
sharing of clinical data and biospecimens, development 
of novel analysis strategies and implementation of critical 
findings into clinical practice.
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