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Abstract
The efficacy of PD-1/PD-L1 targeted therapies in addition to anti-CTLA-4 solidifies immunotherapy as a modality to add to
the anticancer arsenal. Despite raising the bar of clinical efficacy, immunologically targeted agents raise new challenges to
conventional drug development paradigms by highlighting the limited relevance of assessing standard pharmacokinetics
(PK) and pharmacodynamics (PD). Specifically, systemic and intratumoral immune effects have not consistently correlated
with standard relationships between systemic dose, toxicity, and efficacy for cytotoxic therapies. Hence, PK and PD
paradigms remain inadequate to guide the selection of doses and schedules, both starting and recommended Phase 2
for immunotherapies. The promise of harnessing the immune response against cancer must also be considered in light of
unique and potentially serious toxicities. Refining immune endpoints to better inform clinical trial design represents a
high priority challenge. The Cancer Immunotherapy Trials Network investigators review the immunodynamic effects of
specific classes of immunotherapeutic agents to focus immune assessment modalities and sites, both systemic and
importantly intratumoral, which are critical to the success of the rapidly growing field of immuno-oncology.
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Background
Immunotherapy has begun to revolutionize cancer treatment, by introducing therapies that target not the tumor,
but the host immune system, therapies that possess unique
adverse event profiles, and therapies that might cure many
types of cancer. The paradigms of drug development, similarly, are in a time of change. Because immune-targeted
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agents (ITAs) act against tumors by modulating immune
cells instead of tumor cells, they do not demonstrate the
conventional correlative relationship between toxicity and
efficacy. The impact of their unique and diverse mechanisms of action on both drug development and clinical trial
design is significant and requires a redefinition of the
norms for charting adverse events, antitumor response, and
efficacy (Table 1). To encapsulate this shift in paradigm,
immunodynamics has been coined as a way to evaluate the
impact of a drug or therapy on the immune system.
One of the first examples of how immunodynamics plays
out in clinical trials emerged in the study of ipilimumab for
advanced melanoma. In March 2011, the US Food and
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Table 1 Immunoprognostic and Immunotherapeutic Areas
Prognostic
Immunoscore
Therapeutic
Conventional Therapies
Chemotherapy
Radiation therapy
ITAs - Passive
Cellular Therapy
Adoptive T and NK cells
CAR T cells
ITAs - Active & Specific
Monoclonal Antibodies
Tumor-targeting
Immune-targeting, including checkpoint inhibitors
Vaccines
In situ Vaccines
Cell-based Vaccines
Dendritic cell–based Vaccines
Non–cell-based Vaccines
ITAs - Active & Nonspecific
Cytokines
IDO Inhibitors
CAR chimeric antigen receptor, ITA immune-targeted agent,
IDO indoleamine-2,3-dioxygenase

Drug Administration (FDA) approved ipilimumab, an antibody against cytotoxic T-lymphocyte-associated protein 4
(anti-CTLA-4), and marked the first, approved, immune
checkpoint modulator that significantly improved survival
in patients with advanced melanoma. However, ipilimumab
also resulted in unique and previously unobserved,
immune-related adverse events (irAEs) as well as transient
periods of tumor flare or pseudoprogression that preceded
clinical response [1]. In addition, nivolumab and pembrolizumab, which block programmed cell death protein 1 (PD1) and were approved in 2014 in Japan and the United
States, demonstrated divergent cycle lengths and raised unanticipated questions about the optimal dosing for immunotherapy. For example, is a single dose level and
schedule length optimal for maximal clinical benefit with
immunotherapy or do distinct properties, inherent to the
checkpoint or the antibody, determine customized schedules and regimens? Before we had an understanding of
immunodynamics, in 2009, the clinical development of an
agonistic antibody against CD137, 4-1BB, was halted due to
severe, potentially immune-related hepatotoxicity. In light
of the insights gained from the approvals of ipilimumab,
nivolumab, and pembrolizumab, perhaps the 4-1BB trial
was halted prematurely.
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In addition, identifying a maximum tolerated dose
(MTD) might prove less relevant in selecting the recommended Phase 2 dose of an ITA. At this writing, determining the minimum effective dose, the maximum effective
dose, and the maximum administered dose seems more
relevant. Small molecules achieve tumor reduction by directly targeting cancer cells, and increasing the dose of small
molecules is often associated with increasing both the efficacy and toxicity. In this scenario, MTD is often achieved
in Phase I trials and helps define what dose should be used
for Phase II trials. Immune-targeted agents (ITAs) achieve
tumor regression by directly targeting immune cell types
not cancer cells. ITAs often do not achieve an MTD since
efficacy and toxicity according to dose do not correlate. In
these cases, the MAD, which is based on a pre-specified
dose range in accordance with Pharmacokinetic data, helps
define the Phase II recommended dose. With extensive preclinical models of CTLA-4, PD-1, and 4-1BB therapies, we
are faced with these clinical questions and limitations not
due to a lack of immunologic hypotheses, but rather due to
a lack of adequate assessment of the immune effects in clinical trials. For example, the toxicity profile of ipilimimumab
is predictable by its mechanism of action of inhibiting a
regulatory component of the immune response, which results in irAEs (e.g., rash, diarrhea, colitis, hypophysitis) from
hyperstimulation or overactivation of the immune response
in non–tumor tissue. However, the ability of ipilimumab to
deplete CTLA-4–expressing regulatory T cells (Tregs)
intratumorally and in organs of toxicity is unknown. In
addition, PD-1 blockade augments the effector phase of the
cluster of differentiation 8 glycoprotein (CD8) T-cell response and increases interferon gamma (IFN-γ) production
in patients responding to therapy, but the degree of increased IFN-γ production by PD-1–expressing effector
CD8 T cells in PD-L1–positive tumors after 2-week nivolumab vs. 3-week pembrolizumab dosing is unknown. Similarly, 4-1BB agonism directly and indirectly augments CD8
T cells and Th1 response by gene expression in the
peripheral blood of patients on urelumab therapy, but the
variability by site (i.e., intratumoral vs. intrahepatic) agonism of 4-1BB–positive CD8 T cells after urelumab is
unknown.
Therefore, to successfully navigate endpoints in toxicity,
efficacy, and dose selection, assessing the mechanisms of
action of ITAs in clinical trials is more important than for
any prior therapeutic strategy. Despite well-established
guidelines on the measurement of pharmacokinetics and
pharmacodynamics, no such framework has been established for the effect of therapies on the immune response,
or immunodynamics. To improve immunotherapy drug development, the investigators of the Cancer Immunotherapy
Trials Network (CITN) have reviewed immunodynamic assays based on the class of ITA being investigated. To
organize immune endpoints, we begin with a discussion of
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immune markers that have prognostic relevance and that
should be considered when assessing patient’s tumorimmune characteristics, specifically the immunoscore. We
then present the immunodynamic endpoints organized by
therapies (including conventional therapies) that have
immune effects (including chemotherapy and radiation
therapy), followed by passive and active immunotherapy
agents. Passive immunotherapies include cellular therapies,
such as adoptive T, natural killer (NK), and chimeric antigen receptor (CAR) T cells. Active immunotherapies
include specific targeted agents, such as monoclonal antibodies—both tumor-targeting and immune-targeting (e.g.,
checkpoint inhibitors)—and vaccines, including in situ vaccination and non–cell-based and cell-based (e.g., dendritic
cell–based) vaccines. Finally, we discuss active immunotherapies that are nonspecific and may augment the immune response in combination or as monotherapies in a
generalized fashion, such as cytokines and indoleamine-2,3dioxygenase (IDO) inhibitors (Table 2).

Immunodynamics
Prognostic, immunoscore
Bernard A. Fox

ITAs, by definition, modulate the immune response
with systemic and local effects. Assessment of the peripheral blood, may be, but is not always, reflective of
the changes within the tumor. Though serial tumor
biopsies are therefore of fundamental value in monitoring the effects of novel ITAs, the baseline tumor
sample may also portend prognostic significance, as
the tumor-immune infiltrate has long been associated
with improved outcomes. In 2006, Galon and colleagues, using digital imaging and image quantification
software [2], reported a strong and highly significant
correlation in colon cancer between increased survival
and the presence of immune cell densities (CD3+, CD8
+
, Granzyme B+, CD45RO+ cells) at the invasive margin and center of the tumor. A subsequent study further substantiated these findings in a larger cohort
and correlated strong infiltration with disease-free,
disease-specific, and overall survival [3]. Importantly,
objective assessment of T-cell infiltrates (CD8+ and
CD45RO+ cells), or the immune score was a significantly better prognostic biomarker than tumor-nodemetastasis (TNM) staging, recognition of the central
role immunity plays in this disease [4]. The observation that immune infiltrates are associated with improved outcomes is not limited to colon cancer. More
than 100 publications have reported associations between immune infiltrates and improved outcomes for
patients with at least 18 different cancer histologies
[5]. Currently the Society for Immunotherapy of
Cancer is leading an international effort to validate
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these findings in a retrospective evaluation performed
at 23 centers in 17 countries on tissues from 5000
patients [6].
If applied, determination of the immunoscore is
obtained on formalin-fixed paraffin-embedded (FFPE)
tissue that has both a portion of invasive margin and
tumor center, and the greatest degree of immune infiltrate is selected. Automated immunohistochemistry
(IHC) is performed on 2 serial sections with one slide
stained with anti-CD45RO antibody and one slide with
anti-CD8 antibody [3, 7]. As detailed in the following
sections, measurement of the immunodynamic effects
within the tumor site extend beyond assessment of the
T-cell infiltrate. The additional analysis of the immunoprofile of tumors will likely identify other prognostic
markers that may be histology dependent. For example,
tumor-infiltrating myeloid cells have been associated
with poor prognosis in some cancers [8] as well as
markers for antigen-presenting cells, B cells, Tregs, and
activation and inhibitory or suppressive molecules [9].
It is believed that the immunoprofile correlates with
the mutational status of a patient’s tumor: high mutational status would be expected to result in a strong
immunoprofile. A limitation of these assessments is the
potential heterogeneity of a given tumor, which could
alter immune infiltrates of the primary or metastatic
sites. Tumor heterogeneity is widely recognized as a
hurdle for cancer immunotherapy [10] and may limit
the current strategy for immunoprofiling on a single
specimen or biopsy due to the confounding nature of
intratumor heterogeneity (i.e., variation within a tumor
lesion) and intertumor heterogeneity (i.e., variation between metastatic sites). An alternative approach might
be to apply novel imaging methods and reagents with
short half-lives that identify specific markers and could
provide real-time in vivo imaging of an immunoprofile
for all metastatic sites simultaneously.
As detailed in the remainder of our review, assessment
of the tumor in addition to prognostic value provides
predictive import to response to immunotherapy as exemplified by a 3- to 4-fold higher response rate to PD-1/
PD-L1 pathway targeted agents among patients with
PD-L1–positive tumors. It is anticipated that immunoprofiling of tumors will become a routine evaluation for
predictive biomarkers to guide patient selection for specific agents and combination therapies.

Immuno-oncology treatments
Therapeutic, conventional therapies

Regulatory approval of ITAs and their development in
earlier stages of disease requires comparison to and
combination with standards of care. Therefore, determining the immunodynamic effects of chemotherapy,
radiation therapy, or immunotherapy/chemotherapy
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Table 2 Immunodynamic endpoint assessment
Immuno-prognostic
Immunotherapeutic Area

Immunodynamic Endpoint Method of Assessment

Site of Assessment

T-cell infiltrate

IHC: 1. CD8 2. CD45RO

Tumor

Immunogenic Cell Death

IHC: 1. phosphorylated eIF2α 2. nuclear HMGB1 (late apoptosis-related
marker) 3. LC3-B (autophagosome-related marker) 4. Mx1 and TLR3
(IFN signature) 5. CD8/Foxp3 or CD8/CD68 ratios

Tumor

Gene expression analyses: 1. Cxcl10 2. IFNb 3. TLR3

Tumor

Prognostic
Immunoscore
Therapeutic
Conventional Therapies
Chemotherapy

Radiation therapy

Tumor immunogenicity

Gene expression analysis: 1. Immunologic constant region (ICR)

Tumor

Radiation induced T and
NK activation

IHC: 1. MICA

Tumor

ELISPOT: 1. sMICA 2. anti-sMICA antibodies

Peripheral Blood Serum

Memory T cell response

T cell receptor (TCR) repertoire analysis

PBMCs

Quantification of adoptive
cell population

Flow cytometry–based or PCR-based assessment of unique label
in adoptive cell population

PBMCs

ITAs - Passive
Cellular Therapy
Adoptive T and NK cells

Chimeric AntigenReceptor Phenotype of adoptive cell Flow cytometry based or PCR based assessment of phenotype of
(CAR) T cells
population
adoptive cell population (see Tables 3 and 4; activation and
inhibitory markers including ICOS, 4-1BB, PD-1, PD-L1, OX-40, LAG-3,
GITR, VISTA, LIGHT)

PBMCs

Function of adoptive cell
population

Flow cytometry based (perforin, granzyme, intracellular cytokine
expression including IFN-γ), ELISPOT, in-vitro cytotoxicity (ie chromium
release) or PCR based assessment of phenotype of adoptive cell
population after antigen-specific (preferred, ie autologous tumor cells
or tumor peptide pulsed T2 cells) or nonspecific stimulation (ie CD3/
CD28, PMA, or ionomycin)

PBMCs

Toxicity

Comprehensive cytokine assessment, CRP

Peripheral Blood Serum or plasma

Target antigen expression
in tumor

IHC, multicolor IF, and/or in-situ gene expression of target
antigen of mAb on tumor (CD20, HER2, EGFR)

Tumor (primary,
metastatic and
circulating disease)

FcR polymorphism

FcR genotype (FcgRIIIA, FcgRIIA)

Peripheral blood –
Mononuclear cells
(genomic DNA)

ITAs - Active & Specific
Monoclonal Antibodies
Tumor-targeting

Phenotype and function of T cell receptor (TCR) repertoire analysis Flow cytometry based or PCR
PBMCs
immune (T and NK cell)
based assessment of phenotype of T and NK cells (see Tables 3 and 4)
response
and flow cytometry based (perforin, granzyme, intracellular cytokine
expression including IFN-γ), ELISPOT, in-vitro cytotoxicity (ie chromium
release) or PCR based assessment of phenotype T and NK cells after
antigen-specific (preferred, ie autologous tumor cells or tumor peptide
pulsed T2 cells) or nonspecific stimulation (ie CD3/CD28, PMA, or
ionomycin)
Systemic cytokine
response
Immune-targeting,
including checkpoint
inhibitors

Comprehensive cytokine assessment (IL-6, IFN-γ, IL-10) and serologic
assessment (sIL-2Rα, MCP)

Peripheral Blood Serum or plasma

Target expression in tumor IHC, multicolor IF, and/or in-situ gene expression of target on tumor
microenvironment
and stroma (CTLA-4, PD-1, PD-L1, OX-40, 4-1BB, LAG-3, GITR, CD40)

Tumor

Tumor infiltrating immune
response

IHC: 1. Quantity and phenotype of tumor-infiltrating lymphocytes
(TILs) 2. CD8 effector: CD4 regulatory T cell ratio

Tumor

Memory T cell response

T cell receptor (TCR) repertoire analysis

PBMCs
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Table 2 Immunodynamic endpoint assessment (Continued)
Clinical response

CRP, LDH, WBC, ALC, MDSCs

Peripheral Blood Serum or plasma

Toxicity

Comprehensive cytokine assessment

Peripheral Blood Serum or plasma

In-situ VaccinesCell-based
Vaccines

Target antigen expression
in tumor

IHC, multicolor IF, and/or in-situ gene expression of target vaccination
antigen on tumor (gp100, MART, Mucin)

Tumor

Dendritic Cell-based
Vaccines Non–cell-based
Vaccines

T cell response
postvaccination in tumor

IHC, multicolor IF (pre/post assessment of ratio of Treg to Teffectors
and CD1a, CD8, CD94; CD207 and HLA-DR), and/or in-situ gene
expression of intratumoral T cell population

Tumor

Quantification of T cell
response

T cell receptor (TCR) repertoire analysis Flow cytometry based or
PCR based assessment of tumor-specific T cells (dimer, tetramer,
dextramer)

PBMCs)

Phenotype of T cell
response

T cell receptor (TCR) repertoire analysis Flow cytometry based or PCR
based assessment of phenotype of tumor-specific T cells (see Table 3)

PBMCs)

Function of T cell response Flow cytometry based (perforin, granzyme, intracellular cytokine
expression including IFN-γ), ELISPOT, in-vitro cytotoxicity (ie chromium
release) or PCR based assessment of phenotype of tumor-specific T
cells after antigen-specific (preferred, ie autologous tumor cells or
tumor peptide pulsed T2 cells) or nonspecific stimulation (ie CD3/
CD28, PMA, or ionomycin)

PBMCs

Humoral response
Systemic cytokine
response

ELISPOT tumor/antigen antibody response Comprehensive
cytokine assessment (GM-CSF)

Peripheral Blood Serum or plasma

Intratumoral immune
response

IHC, multicolor IF, and/or in-situ gene expression of intratumoral
lymphocyte (T, B, and NK cell) population

Tumor

Vaccines

ITargeted AgentsActive &
Nonspecific
Cytokines

Phenotype and function of T cell receptor (TCR) repertoire analysis Flow cytometry based or PCR
PBMCs
immune(T and NK)
based assessment of phenotype of T and NK cells (see Tables 3 and 4)
response
and flow cytometry based (perforin, granzyme, intracellular cytokine
expression including IFN-γ), ELISPOT, in-vitro cytotoxicity (ie chromium
release) or PCR based assessment of phenotype T and NK cells after
antigen-specific (preferred, ie autologous tumor cells or tumor peptide
pulsed T2 cells) or nonspecific stimulation (ie CD3/CD28, PMA, or
ionomycin)

IDO Inhibitors

Systemic serologic and
cytokine response

Comprehensive cytokine assessment (IL-6, IFNγ, IL-10) and
serologic assessment (sIL-2Rα, MCP)

Peripheral Blood Serum or plasma

IDO expression in tumor

IHC and/or in-situ gene expression of IDO1

Tumor

Inhibition of IDO1 based
on Kyn/Trp ratio

Kyn/Trp level and IHC of DC maturation status (CD80, CD86)

Tumor & Peripheral
Blood - Serum or
plasma

Phenotype and function of T cell receptor (TCR) repertoire analysis Flow cytometry based or
immune (T and NK cell)
PCR based assessment of phenotype of T and NK cells (see
response
Tables 3 and 4) and flow cytometry based (perforin, granzyme,
intracellular cytokine expression including IFN-γ), ELISPOT, in-vitro
cytotoxicity (ie chromium release) or PCR based assessment of
phenotype T and NK cells after antigen-specific (preferred, ie
autologous tumor cells or tumor peptide pulsed T2 cells) or
nonspecific stimulation (ie CD3/CD28, PMA, or ionomycin)

PBMCs

ALC absolute lymphocyte count, CRP C-reactive protein, DC dendritic cell, IDO indoleamine-2,3-dioxygenase; IFN-γ interferon gamma, LDH lactate dehydrogenase,
MCP Monocyte Chemotactic Protein-1; MDSC myeloid-derived suppressor cells, PBMC peripheral blood mononuclear cells, sIL-2Rα, soluble IL-2 receptor-alpha, WBC
white blood cell count

combinations will be limited if the immunodynamic
properties of chemotherapy and radiation therapy are
not established. Recent studies suggest that both have
consequences on the immune response, further supporting the value of evaluating tumor biopsies before

and after today’s standard treatment modalities. In the
following sections we aim to bridge basic science mechanistic information from murine models and/or human
in vitro systems with supportive evidence from patients
enrolled in clinical trials.
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Chemotherapy
Guido Kroemer and Laurence Zitvogel

The antitumor activity of conventional cancer therapies is
dependent, at least in part, on the immune response. However not all therapies induce equivalent immune responses
in patients, as the manner of cell death induced may be silent, tolerogenic, or immunogenic [11, 12]. Immunogenic
cell death (ICD) inducers including radiation therapy,
anthracyclines, and oxaliplatin, as well as unconventional
cytotoxic agents (e.g., cardiac glycosides, bortezomib, crizotinib) are endowed with the capacity of stimulating premortem stress responses [13–18]. ICD [19, 20] generates an
endoplasmic reticulum (ER) stress response and the activation of the autophagy machinery, both producing a series
of damage-associated molecular pattern molecules
(DAMPs) culminating in Cxcl10 release promoting the recruitment of intratumoral Th1-Tc1 cells indispensable for
tumor control [21, 22].
Monitoring of ICD requires sampling of the tumor itself,
ideally, by an excisional biopsy, a core biopsy, or least preferable, a fine-needle aspirate. Immunodynamic monitoring
of ICD relies on recent results indicating that the ER stress
response, autophagy, and late apoptosis can all be detected
in tumor cells at diagnosis and correlate with immune infiltrates and eventually with patient survival. IHC detection of
phosphorylated eIF2α (ER stress-response related-marker)
[23], nuclear high mobility group box 1 (HMGB1; late
apoptosis-related marker) [24], and light chain 3 beta (LC3B; autophagosome-related marker) [21, 25] are feasible and
reliable on FFPE, allowing determining of a relationship between CD8 and forkhead box P3 (Foxp3) or CD8 and
CD68 ratios and response to cytotoxic compounds. As our
understanding of ICD deepens, the markers that are measured both by IHC and potentially by gene expression that
best measure the postchemotherapy immune response will
be refined.
Radiation therapy
Silvia Formenti

Combining immunotherapy with radiation therapy, similar to immunogenic chemotherapy, has demonstrated
clinical activity [26]. Radiation therapy can induce ICD
in a dose-dependent manner and enhance ICD of some
chemotherapy agents when used in concurrent regimens
[26]. In metastatic cancer, combining immunotherapy
with radiation therapy to a metastatic site can convert
into systemic responders patients who have previously
failed to respond to the same immunotherapy. In such
setting, the emergence of an abscopal response (“ab-scopus”, i.e., away from the target, outside the radiation
field) appears to be an unequivocal marker of immune
response [27]. The main rationale for combining tumor
radiation therapy with immunotherapy is to convert the
irradiated tumor into an in situ, individualized vaccine
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[28]. T-cell receptor (TCR) repertoire analysis may provide proof of successful vaccination with the emergence
of antigenic spread postradiation, detectable by demonstrating the expansion of memory T cells specific to
tumor antigens that were not recognized before radiation therapy [29].
The localized nature of radiation therapy offers a unique
opportunity to follow the evolution of the irradiated
tumor microenvironment by serial biopsies and to determine the relationship between radiation-induced changes
and the development of abscopal effects. For example, biopsies obtained after topical imiquimod treatment of basal
cell carcinoma in a randomized, placebo-controlled trial,
identified 637 genes induced by imiquimod (a toll-like
receptor-7 agonist). Four distinct pathways associated with
imiquimod-mediated tumor rejection were identified and
led to the definition of the immunologic constant of rejection (ICR) [30]. According to the ICR hypothesis, common effector pathways suggestive of an innate immune
infiltrate are upregulated in regressing tumors. A similar
signature may develop postradiation and serve as a biomarker to predict which patients will generate antitumor
immune responses sufficient to achieve abscopal effects.
A second example of the immunodynamic effects of
radiation therapy builds upon the combination with
anti-CTLA-4 antibodies [26–28, 31], which requires
CD8 T-cell expression of the immune activation marker,
NKG2D [32], expressed on NK cells. In patients, blockade of NKG2D is mediated by soluble major histocompatibility complex class I-related chain A (sMICA),
which is released by some tumors and reaches high
levels in the serum [33]. Therefore, sMICA may be the
first biomarker of combination radiation and immunotherapy [34], and as radiation therapy upregulates MICA
on the surface of tumor cells, serial biopsies of tumors
before and after radiation therapy and ipilimumab are
required to assess this immunodynamic endpoint with
increased expression of MICA [35].
Therapeutic, immune-targeted agents: passive
immunotherapy
Cellular therapy, adoptive T cells

Carl June, Michael Kalos, and Jan J Melenhorst
Recent technological advances have facilitated the application of synthetic biology to molecularly engineer T
lymphocytes by redirecting their specificity to antigens
expressed by tumor cells [36]. With this approach, T
cells obtained from patients can be manipulated to
recognize tumor cells after engineered expression of
either CAR or tumor antigen-specific TCR [37]. In both
cases, adoptive T cells may bypass immunological tolerance [38], leading to potent and durable antitumor immunity [39–41]. Considerable effort in the field is now
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focused on trying to identify immunodynamic correlates
of bioactivity and efficacy.
T cell therapy–based measures of immunodynamics
are designed to examine and quantify (1) the presence,
functionality, and phenotype of infused and persisting T
cells (Table 3), and (2) the impact of the infused cells on
patient immunobiology and the tumor microenvironment [42]. Importantly, because the therapeutic agents
are patient-specific biologic entities, it is essential that biomarker studies for engineered T cell–based approaches
also interrogate phenotypic and functional properties of
the product, as well as the potential for these cells to expand and differentiate in vivo and manifest potent and
long-term antitumor activity. Approaches to study the
identity and persistence of T cells include quantitative
polymerase chain reaction (PCR) and flow cytometry. Approaches to study the functionality and phenotype of T
cells are often based on flow-cytometric methods, with recent advances in the available assays allowing for simultaneous and sensitive evaluation of multiple markers.
Approaches to study the effect of T-cell transfer on patient
immunobiology, by necessity, are broader and typically involve evaluating the modulation of the milieu of soluble
factors (e.g., cytokines, chemokines, growth factors) with
immune-regulatory and -effector biologic functions, as
well as high-throughput transcriptomic analyses of tumor
and T cells obtained from patients.
Immunodynamics assays of T-cell therapy to date illustrate a correlation of clinical response with robust in vivo
expansion of T cells, intratumoral accumulation [43], and
long-term persistence of engineered cells, as well as strong
and transient elevation in systemic levels of proinflammatory cytokines, notably systemic interleukin 6 (IL-6) and
C-reactive protein (CRP), coincident with the peak kinetics of in vivo T-cell expansion [40, 41], as well as cytokinerelease–associated toxicity [44].
Cellular therapy, adoptive NK cells
Don Benson, Lewis Lanier, Jeffrey Miller, and Eric Vivier

NK cells are a population of innate lymphoid cells
(ILC) that provide host defense against viruses, bacteria, parasites, and fungus, as well as immune surveillance for cancer. In the peripheral blood of healthy
individuals, NK cells comprise between 10–20 % of the
lymphocyte population [45]. In humans, NK cells are
identified as CD3-, CD56+ lymphocytes [45]. The NKcell population found in peripheral blood includes immature NK cells, identified as CD3-, CD56bright, CD16lymphocytes, and mature NK cells, which are CD3-,
CD56+, CD16+. CD56 and CD16 can also be expressed
on subsets of myeloid cells in peripheral blood, which
can result in the misidentification of the CD3-, CD56-,
CD16+ NK cell. A more definitive identification of this
NK-cell subset can be obtained by costaining for CD7
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(CD3-, CD56-, CD7+, CD16+), which is expressed on all
NK cells, but not myeloid cells. NK cells express an extensive repertoire of activating and inhibitory receptors,
including KIR2DL, KIR3DL, and CD94-NKG2A receptors, which recognize human leukocyte antigen (HLA)
class I molecules as ligands and suppress NK-cell activation. Activating or coactivating receptors on NK cells
include CD16, a low-affinity receptor for immunoglobulin G (IgG) that is responsible for antibodydependent cellular cytotoxicity (ADCC); the NKG2D
receptor that recognizes stress-induced ligands MICA,
major histocompatibility complex class I-related chain
B (MICB), and the UL1-6 binding proteins (ULBP1-6,
CD226, DNAX accessory molecule-1; DNAM-1), which
recognizes CD112 and CD155; CD244 (2B4), which
recognizes CD48, and others. NK cells mediate immune
protection by release of perforin, granzymes, cytokines,
and chemokines, in particular IFN-γ. Upon activation,
NK cells can produce abundant amounts of tumor necrosis factor alpha (TNF-α), granulocyte-macrophage
colony-stimulating factor (GM-CSF), IL-10, and chemokine (C-C motif ) ligands 3 and 4 (CCL3, CCL4) [46,
47].
Based on the premise that autologous NK cell–based
therapies are limited by self-tolerance mediated by inhibitory killer-cell immunoglobulin-like receptor (KIR)
recognizing residual self–class I major histocompatibility
complex (MHC) molecules on tumors, adoptive transfer
of haploidentical NK cells with exogenous IL-2 has been
used to treat patients with acute myeloid leukemia
(AML), non-Hogdkin lymphoma, and ovarian cancer
[48–50]. IL-15 administration may be optimal for stimulating the selective expansion of NK cells and not Tregs.
Bispecific killer engagers (BIKEs), which can impart
antigen-specific selectivity to NK cells as one created
from single-chain Fv specific for CD16 and CD33
(expressed on AML targets) can trigger CD16 on NK
cells to kill primary AML and induce cytokine production [51, 52]. The standardization of methods to define
and measure NK-cell persistence, expansion, and function after adoptive therapy will facilitate the comparison
of different NK-cell products and treatment platforms.
Monitoring the immunodynamics of the NK-cell compartment should include the evaluation of both immunophenotype and function of tumor-infiltrating NK cells
(Table 4). Quantifying NK-cell subsets by multiparameter flow cytometry or CyTOF® can be useful to understand the immunophenotype of CD56bright and CD56dim
NK cells, and predict their function based on the expression of CD107a (indicating NK-cell degranulation) or
intracellular staining for cytokines, usually IFN-γ. Many
studies support the notion that NK cells may be integral
to the immune response against tumors, justifying particular attention to understand the diversity of this
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Table 3 Important human T cell receptors in cancer
immunotherapy

Table 4 Important human NK cell receptors in cancer
immunotherapy

Receptor family

Receptor family

Cluster of
Designation

Ligands

Activating
receptors
T cell receptor
complex

Cluster of
Designation

Ligand

FcγRIIIa (CD16)

CD16

Immunoglobulin G

DNAM-1

CD226

Nectin-2 (CD112), PVR
(CD155)

NKG2D

CD314

MICA, MICB, ULBPs

NKp46

CD335

Viral HA, HN

NKp30

CD337

B7-H6

2B4

CD244

CD48

CS1

CD319

CS1

NKG2C

CD158c

HLA-E

Activating receptors
CD3

MHC:peptide

CD2

CD 2

CD58

CD4

CD4

MHC class II

CD5

CD5

CD72 (?)

CD8

CD8

MHC class I

CD27

CD27

CD70

Co-receptors

Activating
receptors

KIR2DS1/2/3

CD158h,j

HLA-C2

NKp80

n/a

AICL

CD28

CD28

B7.1 (CD80), B7.2 (CD86), B7H2
(CD275)

OX40

CD134

OX40L (CD252)

KIR2DLs

CD158a,b

HLA-C1,C2

4-1-BB

CD137

CD137L

KIR3DLs

CD158,e,f,k

HLA-A,B

CD40L

CD154

CD40

NKG2A

CD159a

HLA-E

DNAM-1

CD226

PVR (CD155), PVR2 (CD112)

LIR-1

CD85j

TACI

CD267

BAFF (CD257), APRIL (CD256)

BCMA

CD269

BAFF (CD257), APRIL (CD256)

ICOS

CD278

B7H2 (CD275)

GITR

CD357

GITRL (-)

BAFFR

n/a

BAFF (CD257)

Inhibitory receptors

HLA-A,B,C
(allele-specific HLA-B and
HLA-C)

Adhesion/Trafficking
receptors
N-CAM

CD56

CD56, FGFR1

L-selectin

CD62L

GlyCAM-1, CD34, PSGL-1

Inhibitory
receptors

PEN-5/PSGL-1

CD162

Selectins

B7.1

CD80

PDL-1 (CD274), CD28, CTLA4
(CD152)

LFA-1

CD11a

ICAMs

LFA-2

CD2

CD58

CTLA4

CD152

B7.1(CD80), B7.2(CD86), B7H2
(CD275)

LFA-3

CD58

CD2
fibrinogen, C3bi, ICAM-4

CD160

HVEM (-)

αMβ2

CD11b

CD160
CD200R

CD200R

CD200

LAG-3

CD223

MHC class II, other?

2B4

CD244

CD48

LIGHT

CD258

HVEM (-)

BTLA

CD272

HVEM (-)

PDL-1

CD274

PD-1 (CD279)

PD-1

CD279

PD-L1 (CD274), PDL-2 (CD273)

TIM-3

n/a

Galectin-9 (-), other?

TIGIT

n/a

PVR (CD155), PVR2 (CD112)

VISTA (PD-1H)

n/a

B7H4 (-), other?

B7H4

n/a

Unknown

KLRG-1

n/a

E-Cadherin (CD324)

immune subset. The ideal approach to test the functionality of NK cells is to use autologous tumor to determine
ex vivo anti-tumor activity.

Therapeutic, immune-targeted agents: active immunotherapy – specific
Monoclonal antibodies, tumor-targeting

Ron Levy Tumor-directed antibodies are thought to exert
their antitumor activity through various mechanisms,
including direct killing (signalling-induced apoptosis),
complement-dependent cytotoxicity (CDC), and ADCC.
To select the optimal immunodynamic monitoring, an
awareness of the intrinsic properties of the therapeutic
antibody, including its biochemical characteristics (isotype, degree of humanization, mutations, and glycosylation/fucosylation of the Fc fragment) as well as its in vitro
mechanisms of action (apoptosis, CDC, ADCC), is required. In patients, studies have demonstrated that the
therapeutic efficacy of antitumor antibodies correlated
with Fc receptor (FcR) polymorphism in various cancers
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including lymphoma [53–56], breast cancer [57, 58], and
colorectal cancer [59]. Patients harboring FcRs with high
affinity for IgG have a better outcome after antibody therapy due to a greater capacity to mediate ADCC. Therefore, FcR polymorphisms should be characterized (at least
FcgRIIIa and FcgRIIa) in patients receiving antitumor antibodies. Tumor-directed antibodies can also generate an
adaptive immune response, as illustrated by the presence
of antitumor T cells in cancer patients after antibody therapy [60–62]. Monitoring the adaptive immune response
may be performed using tetramer analysis from the blood
and/or directly from the tumor.
Monoclonal antibodies, immune-targeting (checkpoint
inhibitors)
Michael Kalos, Ignacio Melero, Antoni Ribas, Paul C Tumeh,
and Jedd Wolchok

The success of therapeutics that block the PD-1/PD-L1
inhibitory axis has ushered in a new era in oncology,
with these agents likely to become the backbone of cancer therapy in a wide range of cancer types. The immune
checkpoints, CTLA-4 and PD-1, are cell-surface receptors that upon binding to their ligands, trigger downstream signaling pathways that serve to inhibit T-cell
activity [63, 64]. Therapies that target PD-1 or PD-L1
have shown significant clinical activity in patients with
advanced melanoma [65–68], non–small cell lung cancer
[69–72], renal cell cancer [73–75], Hodgkin lymphoma
[76], head and neck cancers [77], and metastatic bladder
cancer [78, 79].
Leading this therapeutic class are anti-PD-1 agents
pembrolizumab (Keytruda, Merck & Co), and nivolumab
(Opdivo, Bristol-Meyers Squibb Co), which the FDA
approved for unresectable or metastatic melanoma in
September and December 2014, respectively. These
build on a previously approved immune-checkpoint inhibitor, anti-CTLA4 (Yervoy, Bristol-Meyers Squibb Co)
in 2011 for the same indication. Based on these findings
and the expectation that immunotherapy will impact all
fields of oncology, Science magazine selected cancer immunotherapy as the breakthrough of 2013 [80].
Critical to understanding how these therapeutic antibodies promote tumor rejection is both the identification of
cell types that are altered during blockade and the subsequent mechanistic analysis of how these cell types promote
or inhibit tumor regression [81]. Recent investigatory efforts have shown that these antibodies are more clinically
effective when preexisting immunity is present in tumors;
that is, when tumors have already been identified by the
immune system, functionally as a result of local levels of
IFN-γ leading to the expression of PD-L1 in the tumor and
stroma [75, 82]. Hence, approaches that determine the
density, phenotype, and location of immune cell types
within the tumor microenvironment and respective PD-L1
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expression levels represent one key approach to understanding which cell types and their discrete microenvironments promote or inhibit tumor rejection.
Platforms based on this approach include slidebased, quantitative IHC [5, 82–84] and quantitative
multiplexed IHC [85, 86] on tumor samples, as well as
assays that reveal in situ gene expression, including
transcriptomic profiles on microarrays performed
using laser captured microdissected tissue [87, 88]. As
the target of interest, PD-L1 may be expressed in the
tumor, the stroma, or both, and hence, spatiotemporal
information is required, including the invasive tumor
margin, stromal components, tumor center, and perivascular niches. As a consequence, optimization in
small samples (such as fine-needle aspirates and small
core biopsies) represent significant challenges with
this approach [65, 66]. PD-1 expression shows superior AUC values and predictive value when compared
to single agent PD-L1. Furthermore, the use of different anti-PD1 and anti-PDL1 primary antibodies and
the vast number of detection systems available and
used by different labs have made it difficult to
harmonize IHC read-outs The cellular sources of PD1 and PD-L1 must be defined and then systemically
investigated according to clinical response. Additionally, multiplexed IHC approaches can be used generate
to multiparametric, spatially resolved information and
capture spatiotemporal interdependencies that are
clinically relevant. the presence of constitutive PD-L1
expressing cancer cells without TILs present in the
tumor correlates with non-responsiveness to anti-PD1
therapy. The presence of CD68+PD-L1+ cells at the invasive margin is significantly associated with the presence of interfacing or neighbouring CD8+ and PD-1+
cells. Determining the relative presence of PD-1 on
CD8+ and CD8- cells in tumors at baseline remains
largely unknown but potentially very important in
terms of predicting response. Adding another dimension to understanding the preexisting immunity in the
tumor microenvironment is the application of TCR
next-generation sequencing based on the unambiguously identifiable TCR-β CDR3 region using genomic
DNA from tissue samples that can be used to quantify
the diversity and repertoire of the T-cell infiltrate in
tumor tissues [89].
In serum, absolute lymphocyte count, baseline eosinophil
count, CRP, lactate dehydrogenase, and white blood cell
count have been shown to correlate with improved survival
in patients receiving ipilimumab (anti-CTLA4) [90–93]. Ongoing studies are investigating the correlative relationships of
serum markers with treatment outcome to therapies that
block the PD-1/PD-L1 axis with, thus far, the tumor microenvironment expression of PD-L1 demonstrating the tightest
relationship with response.
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Vaccines, In Situ Vaccines
Josh Brody and Aurelien Marabelle

The in situ vaccination (ISV) strategy consists of intratumoral administration of immunostimulatory products to
stimulate antitumor immunity. As with other cancer vaccines, ISV presents tumor-associated antigens in an immunogenic context by using the tumor itself as an antigen
source. ISV is actually the first cancer immunotherapy
paradigm ever tested, as it has been used in clinical practice since the end of the XIXth century in Europe and in
the United States [94]. In the modern era, ISV can be performed with many types of immunostimulatory products,
including clinical-grade, live, infectious pathogens such as
Bacillus Calmette-Guerin in the treatment of cutaneous
metastatic melanoma [95] as well as its peritumoral use in
superficial bladder cancer70. Toll-like receptor 7 (TLR7)
and TLR9 agonists mimicking bacterial nucleic acid have
demonstrated their ability to generate antitumoral immunity upon direct administration to vulvar intraepithelial neoplasia [96] and low-grade lymphomas, respectively [97, 98].
ISV using vaccinia viruses genetically modified for preferential infection of cancer cells and expressing GM-CSF
have the ability to induce tumor responses and survival
benefit in patients with hepatocellular carcinoma [99], and
modified herpes virus expressing GM-CSF have generated
antitumor immune responses and prolonged disease-free
survival in patients with melanoma [100]. Importantly, besides their local, immune-mediated, antitumoral activity,
these immunostimulatory products also have the ability to
generate a systemic antitumor immune response against
distant, noninjected, tumor sites [95, 97, 99].
Vaccines, cell-based vaccines (dendritic cell–based
vaccines)
Nina Bhardwaj, Nora Disis, and Karolina Palucka

There are common immunodynamic elements to most
agents studied in cancer vaccines, including dendritic
cell (DC)–based approaches. DCs can be exploited for
vaccination against cancer through various means including (1) nontargeted peptide or protein and nucleic
acids–based vaccines captured by DCs in vivo, (2) vaccines composed of antigens directly coupled to anti-DC
antibodies, or (3) vaccines composed of ex vivo–generated DCs that are loaded with antigens. Immunodynamic investigation of cancer vaccines has demonstrated
that the absolute number of tumor-specific T cells infused or generated with immunization is critical in
obtaining a beneficial clinical outcome [101, 102]. Further, recent studies suggest that functional phenotypic
changes in immune system cells, such as the induction
of polyfunctional T cells, represent a desired endpoint
[103]. Flow cytometric–based methodologies are highly
quantitative, are reproducible, and can be standardized,
and through the use of multiple intracellular and
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extracellular markers can provide detailed information
about both the phenotype and the activation status of
the adaptive immune response elicited with immunomodulation [81]. One of the most commonly used quantitative assays in immune-oncology today is enzyme-linked
immunospot (ELISPOT) [104]. ELISPOT can enumerate
cellular immunity, is possible to standardize, but provides limited functional information [105]. ELISPOT
results are limited by lack of reproducibility and requirement for knowledge of antigens recognized or the availability of autologous tumor or tumor lysates with
significant clinical material for analysis.
One newer method that may useful is the detailed analysis of the T-cell repertoire via CDR3 spectratyping
strategies or deep sequencing with next generation sequencing technology to assess T-cell diversity [106]. The
benefit of repertoire analysis is that the method can be
quantitative and does not require an a priori knowledge
of a specific antigen or depend on T-cell stimulation ex
vivo. Repertoire analysis can be accomplished with less
than 1 mL of whole blood. While the analysis of the Tcell repertoire is not directly functional, evolution from
polyclonality to monoclonality of specific TCRs would
suggest an evolving immune response with treatment
[101]. Moreover, the development of multiple monoclonal populations could indicate the development of epitope spreading, which has been shown by multiple
groups to be predictive of beneficial clinical outcome
after cancer vaccination [107]. Unlike flow cytometry or
ELISPOT, TCR spectratyping can be applied to direct
analysis of tumors as well.
Site of monitoring the immune response postvaccination remains a critical consideration. One of the key
locations to examine immune-cancer interactions is the
tumor-draining lymph node (TDLN). It has been demonstrated that significant changes in immune-cell populations arise within TDLNs in breast cancer,
specifically in CD4+ T cells and CD1a+ DCs, and such
changes strongly correlated with clinical outcome [108,
109]. Data from the site of vaccination supports a direct
correlation with antitumor activity and tumor-specific
T-cell responses [108]. Delayed-type hypersensitivity
(DTH) skin tests have been used to assess cellmediated immunity in vivo. During a DTH, an antigen
(Ag) is introduced intradermally, and induration and
erythema at 48 to 72 h postinjection indicate a positive
reaction. Lack of a DTH response to a recall Ag is often
regarded as an evidence of anergy.
Vaccines, Non–cell-based vaccines
George Peoples and Jeff Weber

Immunodynamic monitoring of peptide-based vaccines
provides an advantage to this vaccine strategy. Given that
these peptide vaccines stimulate specific T-cell populations
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with TCRs specific for the peptide-HLA complexes, then
clonal expansion or phenotypic assays may be employed.
These assays enumerate vaccine-specific T cells by flow cytometry–based testing using peptide-specific dimer, tetramer, or dextramer reagents. Of course, these clonally
expanded T cells must also be shown to be functional in
cytokine-release or cytotoxicity-measuring assays. Additionally, peptide-based vaccines lend themselves well to
DTH monitoring, as these peptides alone are biologically
inactive and will only produce a DTH reaction if a peptidespecific cellular immune response has been induced.
Immunodynamic studies have demonstrated that vaccineelicited T cells are heterogeneous with respect to tumorkilling capacity, and only a small subset of vaccine-elicited
T cells are efficient at tumor-cell lysis [110, 111]. This is
largely due to differences in functional avidity (also known
as recognition efficiency): peptide-specific T cells indistinguishable by tetramer staining may differ by up to 1000fold in peptide requirement for target lysis [111]. Only
high-avidity cytotoxic T lymphocytes (CTLs), which may
represent 10 % or less of a vaccine-elicited response, could
lyse tumor targets [110, 111]. This can be assayed via a
flow-cytometric method for rapid assessment of recognition
efficiency and functional capacity of antigen-specific T-cell
responses [112].
Therapeutic, immune-targeted agents: active immunotherapy – nonspecific
Cytokines

Kim Lyerly and Paul Sondel Cytokine-based approaches
in cancer immunotherapy have been tested as single agents
and combined with other agents including fusion proteins
linking cytokines to other therapeutics [113], such as
monoclonal antibodies (immunocytokines) [90, 114]. Cytokines may be delivered as proteins or as more innovative
strategies such as DNA, enabling in vivo production of the
cytokine. IL-2 is the most well-investigated cytokine,
though despite extensive investigations and approximately
20 years of post-approval testing, the exact mechanism of
its antitumor benefit remains controversial. Thus efforts to
analyze in vivo immunodynamics are needed to evaluate
known, desired cellular and humoral responses as well as
potential antitumor effects [91–95].
Serological parameters after cytokine therapy include
downstream cytokines induced by IL-2 that might either
be desired or unwanted (ie, IL-6, IFN-γ, IL-10, MCP,
etc.), or molecules known to be released by IL-2 in response to activation (such as soluble IL-2 receptoralpha; Table 5) [115]. More complex functional testing
includes the “gold standard” evaluation of the patients’
circulating immune cells for their ability to actually
recognize and destroy autologous tumor cells or a cell
line derived from autologous tumor [96]. Site of
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sampling is equally critical, due to the variable systemic
effects of cytokine treatment. The parameters measured
at the tumor site should include specific tumor and immune changes before and after treatment [97–99, 116].
Noninvasive imaging strategies are just beginning to be
incorporated into these monitoring strategies, but could
be of future promise [98]. While improved clinical outcomes remain the ultimate goal, immunodynamic assessment will contribute to maximizing the potential of
this class of therapeutics, while minimizing the toxicities,
and improving the efficiency of finding those strategies
that are most effective for patients [117].
Indoleamine-2,3-dioxygenase inhibitors
Kunle Odunsi

The immunoregulatory enzyme IDO catalyzes the ratelimiting step of tryptophan (Trp) degradation along the
kynurenine (Kyn) pathway [101]. Both the reduction in
local tryptophan concentration and the production of
tryptophan metabolites contribute to the immunosuppressive effects of IDO, resulting in multiple negative effects
on T lymphocytes notably on proliferation, function, and
survival. Tryptophan deprivation also biases the differentiation of naive mouse and human CD4+ T cells toward
Foxp3-expressing regulatory T-like cells. Moreover, certain tryptophan metabolites activate the aryl hydrocarbon
receptor, which has been linked to Treg differentiation
[102, 103]. IDO is expressed by activated immune and inflammatory cells in TDLNs and in several human malignancies [118]. IDO1 has been observed to be chronically
activated in many cancers, and IDO expression and
Table 5 Important human cytokine and chemokine receptors in
cancer immunotherapy
Receptor family

Cluster of
Designation

Ligands

IL-1R

CD121a

IL-1β

IL-2Rα

CD25

IL-2 (high affinity)

IL-2/15Rβγ

CD122/CD132

IL-2/15 (intermediate
affinity)

Cytokine/Chemokine
receptors

IL-7Rα

CD127

IL-7

c-KIT

CD117

stem cell factor

CCR2

CD192

MCP-1 (CCL2)

CCR5

CD195

MIP-1α, RANTES, MCP-3,
MIP5

CCR7

CD197

CCL19,CCL21

CXCR1

CD128

IL-8

CXCR3

CD183

CXCL9-11

CXCR4

CD184

CXCL2

CX3CR1

n/a

Fractalkine
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enzymatic activity correlates strongly with extent of disease and is an independent prognostic factor for reduced
overall survival in several malignancies [104, 105].
To assess the impact of IDO inhibition in human clinical
trials, a number of correlative immunodynamic endpoints
are important to develop [102]. The first is to determine
the extent to which the IDO inhibitor alters the Kyn/Trp
ratios in the serum and tumor microenvironment of treated
patients. The second is to determine immunological endpoints of treatment. Pretreatment and post-treatment biopsies should be analyzed for lymphocyte infiltration by IHC
and flow cytometric–based immunophenotyping assays.
For IHC, the most critical analyses include IDO1 expression, changes in number, distribution, and phenotype of
CD8+ and CD4+ T cells infiltrating tumor, and changes in
patterns of CD4+ FoxP3+ Treg infiltration. Flow cytometric
analyses for the effects of treatment on peripheral blood,
tumor lymphocyte numbers, and phenotype (i.e., CD8+ and
CD4+ naïve/effector/central memory subsets, Tregs, and
exhaustion markers). Finally, changes in myeloid-derived,
suppressor-cell populations can also be assessed by flow cytometry and may be an important endpoint of cytokine
treatment [106]. There is currently no widely accepted consensus on how to phenotypically and functionally define
this cell population. This represents an area of intense
investigation.

Harmonization and standardization
Michael Kalos and Jeff Weber

The past few years have seen a profound conceptual
shift in how immunodynamic studies are designed and
incorporated into clinical trial design, with an increased
appreciation for the fundamental contribution of wellexecuted correlative immune endpoints to the outcome
and interpretation of clinical trials.
Informative immunodynamic studies are defined by rationally driven breadth, emphasis on quality, and sample
collection schemes based on an appreciation for productspecific biology [119]. With regard to breadth, the major
paradigm shift has been an appreciation that, in the context
of evaluating agents with pleiotropic and complex biology,
studies driven principally or exclusively by the testing of
specific hypotheses are unlikely to generate ultimately
meaningful and mechanistic data sets. This realization, together with the parallel development of molecular, biochemical, and flow-based platforms that capture large
amounts of broad-based immune data, has precipitated a
revolution in data generation, the fruits of which are just
beginning to become apparent. With regard to quality, the
major paradigm shift has been a fundamental acceptance
that the establishment of objective quality standards is an
essential prerequisite for all but the most preliminary experimentation. Beyond the formal accreditation processes
that are in place for clinical laboratories, the issue of quality
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in correlative studies has been addressed most robustly
through consortium or multi-institutional efforts. Such effort has involved either approaches to standardize assays
[120, 121] or efforts to harmonize assays across laboratories
by defining and ultimately implementing critical platformand assay-specific variables important for quality [122, 123].
An important parallel effort has involved the development
of robust approaches to allow for the collection and analysis
of the generated data sets, perhaps best exemplified by the
MIBBI (Minimum Information for Biological and Biomedical Investigations), which provides critical conceptual and
methodological infrastructure support to this end [124].
With regard to sampling schemes, the major paradigm
shifts have involved an appreciation for the temporal kinetics and often transient nature of biomarker responses that
necessitate robust and thought-informed sampling, the development of new multiplex assay platforms with minimal
sample requirements, as well as the relevance for the need
to be able to interrogate relevant and often difficult-toaccess biologic specimens such as tumor tissue, lymphatics,
and sites of adverse events.

Conclusion
As the field of immunodynamics continues to mature, application of novel and multidimensional platforms and
sensitive assays will enhance the ability to interrogate at a
single-cell level and with unprecedented depth to determine the phenotypic and functional attributes of immune
cells, providing investigators the possibility of understanding the impact of treatment at the individual-cell level and
identify correlates of bioactivity, efficacy, and toxicity.
Despite immunotherapy’s current progress toward adoption as a standard of cancer treatment, the majority of
cancer is insensitive to or becomes resistant to immune
therapy. Only through the adoption of immunodynamic
endpoints that are clinically meaningful will immunotherapeutic mechanisms be understood to allow the selection
of the most effective front-line agents or combinations, or
second-line immune agents if and when immunotherapy
fails.
Abbreviations
ACD: acid citrate dextrose; ADCC: antibody-dependent cellular cytotoxicity;
Ag: antigen; AML: acute myeloid leukemia; anti-: antibody to, antibody
against; BIKE: Bispecific killer engager; CAR: chimeric antigen receptor (T
cells); CCD: charge-couples device; CCL3: chemokine (C-C motif) ligand 3;
CCL4: chemokine (C-C motif) ligand 4; CD8: cluster of differentiation 8
(glycoprotein); CDC: complement-dependent cytotoxicity;
cDNA: complementary DNA; CMI: cell-mediated immunity; CRP: C-reactive
protein; CTL: cytotoxic T lymphocyte; CTLA4: cytotoxic T-lymphocyteassociated protein 4; CV: coefficient of variability; CyTOF®: Cytometry by Time
of Flight; DAMP: damage-associated molecular pattern molecule;
DC: dendritic cell; DIN: the German Institute for Standardization (Deutsches
Institut für Normung); DIN EN ISO/IEC 17025:2005: general requirements for
the competence of testing and calibration laboratories; DNAM-1: DNAX
accessory molecule-1; DTH: delayed-type hypersensitivity;
EDTA: ethylenediaminetetraacetic acid; ELISA: enzyme-linked immunosorbent
assay; ELISPOT: enzyme-linked immunospot (assay); ER: endoplasmic

Kohrt et al. Journal for ImmunoTherapy of Cancer (2016) 4:15

reticulum; FACS: fluorescence-activated cell sorting; FcR: Fc receptor;
FDA: (US) Food and Drug Administration; Foxp3: forkhead box P3;
GAPDH: glyceraldehyde-3-phosphate dehydrogenase; GLP: Good Laboratory
Practice; GM-CSF: granulocyte-macrophage colony-stimulating factor;
HLA: human leukocyte antigen; HMGB1: high mobility group box 1;
ICD: immunogenic cell death; ICH: International Conference of Harmonisation
of Technical Requirements for Registration of Pharmaceuticals for Human Use;
ICR: immunologic constant of rejection; IDO: indoleamine-2,3-dioxygenase;
IEC: International Electrotechnical Commission; IFN-γ: interferon gamma;
IgG1: immunoglobulin G1; IgH: immunoglobulin H; IHC: immunohistochemistry;
IL-6: interleukin 6; ILC: innate lymphoid cells; irAE: immune-related adverse
event; IRC™: Immune Repertoire Capture™; ISO: International Organization for
Standardization; ISV: in situ vaccination; ITA: immune-targeted agent; KIR: killercell immunoglobulin-like receptor; Kyn: kynurenine; LC3-B: light chain 3 beta;
MHC: major histocompatibility complex; MIBBI: Minimum Information for
Biological and Biomedical Investigations; MICA: major histocompatibility
complex class I-related chain A; MICB: major histocompatibility complex class Irelated chain B; mRNA: messenger RNA; MTD: maximum tolerated dose;
NK: natural killer; PBMC: peripheral blood mononuclear cells; PCR: polymerase
chain reaction; PD: pharmacodynamics; PD-1: programmed cell death protein 1;
PD-L1: ligand 1 of PD-1; PK: pharmacokinetics; qPCR: quantitative polymerase
chain reaction; RNAseq: sequencing technology to sequence the repertoire of
RNA transcripts in a biologic sample; RUO: research use only; sMICA: soluble
major histocompatibility complex class I-related chain A; sMICB: soluble major
histocompatibility complex class I-related chain B; TCR: T-cell receptor;
TDLN: tumor-draining lymph node; TIL: tumor-infiltrating lymphocyte; TLR7: tolllike receptor 7; TLR9: toll-like receptor 9; TNF-α: tumor necrosis factor alpha;
TNM: tumor-node-metastasis (staging); Treg: regulatory T cell; Trp: tryptophan;
TSDR: Treg cell-specific demethylated region.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
HEK, PCT, DB, NB, JB, SF, BAF, JG, CHJ, MK, IK, TK, GK, LL, RL, HKL, HK, AM,
JMe, JMi, IM, KO, KP, GP, AR, HR, WR, TS, PS, EV, JWe, JWo, LZ, MLD, and MAC
conceived, drafted and revised the manuscript. All authors read and
approved the final manuscript.
Acknowledgments
We thank Hope J Lafferty, AM, ELS, who provided medical editing services
on behalf of the Cancer Immunotherapy Trial Network.
Author details
Division of Oncology, Stanford Cancer Institute, Stanford University Medical
Center, 269 Campus Drive, CCSR 1105, Stanford, CA 94305-5151, USA.
2
Division of Dermatology, Department of Medicine, University of California
Los Angeles, Los Angeles, CA, USA. 3Division of Hematology/Oncology, Ohio
State University, Columbus, OH, USA. 4Medicine, Hematology and Medical
Oncology, Mount Sinai Hospital, New York, NY, USA. 5Medicine, Hematology
and Medical Oncology, Mount Sinai Hospital, Ruttenberg Treatment Center,
New York, NY, USA. 6Department of Radiation Oncology, New York Weill
Cornell Medical Center, New York, NY, USA. 7SOM-Molecular Microbiology &
Immunology Department, Laboratory of Molecular and Tumor Immunology,
OHSU Cancer Institute, Portland, OR, USA. 8INSERM, Integrative Cancer
Immunology Team, Cordeliers Research Center, Paris, France. 9Perelman
School of Medicine, University of Pennsylvania, Pathology and Laboratory
Medicine, Philadelphia, PA, USA. 10Cancer Immunobiology, Eli Lilly &
Company, New York, NY, USA. 11Translational Medicine, Adaptive
Biotechnologies Corp, Seattle, WA, USA. 12Immune Monitoring, Epiontis
GmbH, Berlin, Germany. 13Faculty of Medicine, University of Paris Descartes,
Paris, France. 14Department of Microbiology and Immunology, University of
California, San Francisco, CA, USA. 15Division of Oncology, Stanford School of
Medicine, Stanford, CA, USA. 16Duke University School of Medicine, Durham,
NC, USA. 17Human Immune Monitoring Center Shared Resource, Stanford
Cancer Institute, Stanford, CA, USA. 18Léon Bérard Cancer Center, Lyon,
France. 19Product Development and Correlative Sciences, Smilow Center for
Translational Research, Philadelphia, PA, USA. 20Division of Hematology,
Experimental Therapeutics, University of Minnesota, Oncology and
Transplantation, Minneapolis, MN, USA. 21Centro de Investigacion Medica
Aplicada, Universidad de Navarra, Avda. Pamplona, Spain. 22Center for
1

Page 13 of 16

Immunotherapy, Roswell Park Cancer Institute, Buffalo, NY, USA. 23Baylor
Institute for Immunology Research, Dallas, TX, USA. 24Cancer Vaccine
Development Program, Brooke Army Medical Center, Houston, TX, USA.
25
Tumor Immunology Program Area, Jonsson Comprehensive Cancer Center,
University of California, Los Angeles, CA, USA. 26Adaptive Biotechnologies,
Seattle, WA, USA. 27Division of Immunology and Rheumatology, Department
of Medicine, Stanford University School of Medicine, Stanford, CA, USA.
28
Atreca, Inc, Redwood City, CA, USA. 29Cellular & Molecular Pathology
Graduate Program, University of Wisconsin-Madison, Madison, WI, USA.
30
Centre d’Immunologie de Marseille-Luminy, Marseille, France. 31Moffitt
Cancer Center, Tampa, FL, USA. 32Immunology Program, Memorial
Sloan-Kettering Cancer Center, New York, NY, USA. 33Institut National de la
Santé et Recherche Médicale, Institut GrustaveRoussy, Villejuif, France.
34
Tumor Vaccine Group, University of Washington, Seattle, WA, USA. 35Fred
Hutchinson Cancer Research Center, 1100 Eastlake Ave N., E3-300, PO Box
19024, Seattle, WA 98109-1023, USA.
Received: 30 September 2015 Accepted: 15 February 2016

References
1. Hodi FS, O’Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen JB, et al.
Improved survival with ipilimumab in patients with metastatic melanoma. N
Engl J Med. 2010;363(8):711–23. doi:10.1056/NEJMoa1003466.
2. Galon J, Costes A, Sanchez-Cabo F, Kirilovsky A, Mlecnik B, Lagorce-Pages C, et al.
Type, density, and location of immune cells within human colorectal tumors
predict clinical outcome. Science (New York, NY). 2006;313(5795):1960–4.
doi:10.1126/science.1129139.
3. Mlecnik B, Tosolini M, Kirilovsky A, Berger A, Bindea G, Meatchi T, et al.
Histopathologic-based prognostic factors of colorectal cancers are
associated with the state of the local immune reaction. J Clin Oncol Off J
Am Soc Clin Oncol. 2011;29(6):610–8. doi:10.1200/jco.2010.30.5425.
4. Broussard EK, Disis ML. TNM staging in colorectal cancer: T is for T cell and
M is for memory. J Clin Oncol Off J Am Soc Clin Oncol. 2011;29(6):601–3.
doi:10.1200/jco.2010.32.9078.
5. Fridman WH, Pages F, Sautes-Fridman C, Galon J. The immune contexture
in human tumours: impact on clinical outcome. Nat Rev Cancer. 2012;12(4):
298–306. doi:10.1038/nrc3245.
6. Galon J, Pages F, Marincola FM, Angell HK, Thurin M, Lugli A, et al. Cancer
classification using the Immunoscore: a worldwide task force. J Transl Med.
2012;10:205. doi:10.1186/1479-5876-10-205.
7. Galon J, Mlecnik B, Bindea G, Angell HK, Berger A, Lagorce C, et al. Towards
the introduction of the ‘Immunoscore’ in the classification of malignant
tumours. J Pathol. 2014;232(2):199–209. doi:10.1002/path.4287.
8. DeNardo DG, Brennan DJ, Rexhepaj E, Ruffell B, Shiao SL, Madden SF, et al.
Leukocyte complexity predicts breast cancer survival and functionally
regulates response to chemotherapy. Cancer Discovery. 2011;1(1):54–67. doi:
10.1158/2159-8274.cd-10-0028.
9. Ascierto PA, Capone M, Urba WJ, Bifulco CB, Botti G, Lugli A, et al. The
additional facet of immunoscore: immunoprofiling as a possible predictive
tool for cancer treatment. J Transl Med. 2013;11:54.
doi:10.1186/1479-5876-11-54.
10. Fox BA, Schendel DJ, Butterfield LH, Aamdal S, Allison JP, Ascierto PA, et al.
Defining the critical hurdles in cancer immunotherapy. J Transl Med. 2011;9:
214. doi:10.1186/1479-5876-9-214.
11. Green DR, Ferguson T, Zitvogel L, Kroemer G. Immunogenic and
tolerogenic cell death. Nature Reviews Immunol. 2009;9(5):353–63.
doi:10.1038/nri2545.
12. Zitvogel L, Casares N, Pequignot MO, Chaput N, Albert ML, Kroemer G.
Immune response against dying tumor cells. Adv Immunol. 2004;84:131–79.
doi:10.1016/s0065-2776(04)84004-5.
13. Zitvogel L, Kepp O, Kroemer G. Immune parameters affecting the efficacy of
chemotherapeutic regimens. Nat Rev Clin Oncol. 2011;8(3):151–60. doi:10.
1038/nrclinonc.2010.223.
14. Casares N, Pequignot MO, Tesniere A, Ghiringhelli F, Roux S, Chaput N, et al.
Caspase-dependent immunogenicity of doxorubicin-induced tumor cell
death. J Exp Med. 2005;202(12):1691–701.
doi:10.1084/jem.20050915.
15. Menger L, Vacchelli E, Adjemian S, Martins I, Ma Y, Shen S, et al. Cardiac
glycosides exert anticancer effects by inducing immunogenic cell death. Sci
Transl Med. 2012;4(143):143ra99. doi:10.1126/scitranslmed.3003807.

Kohrt et al. Journal for ImmunoTherapy of Cancer (2016) 4:15

16. Panaretakis T, Kepp O, Brockmeier U, Tesniere A, Bjorklund AC, Chapman DC,
et al. Mechanisms of pre-apoptotic calreticulin exposure in immunogenic cell
death. EMBO J. 2009;28(5):578–90. doi:10.1038/emboj.2009.1.
17. Ma Y, Aymeric L, Locher C, Mattarollo SR, Delahaye NF, Pereira P, et al.
Contribution of IL-17-producing gamma delta T cells to the efficacy of
anticancer chemotherapy. J Exp Med. 2011;208(3):491–503.
doi:10.1084/jem.20100269.
18. Ghiringhelli F, Apetoh L, Tesniere A, Aymeric L, Ma Y, Ortiz C, et al.
Activation of the NLRP3 inflammasome in dendritic cells induces IL-1betadependent adaptive immunity against tumors. Nature Med. 2009;15(10):
1170–8. doi:10.1038/nm.2028.
19. Albert ML, Sauter B, Bhardwaj N. Dendritic cells acquire antigen from
apoptotic cells and induce class I-restricted CTLs. Nature. 1998;
392(6671):86–9. doi:10.1038/32183.
20. Thompson CB. Apoptosis in the pathogenesis and treatment of disease.
Science (New York, NY). 1995;267(5203):1456–62.
21. Michaud M, Martins I, Sukkurwala AQ, Adjemian S, Ma Y, Pellegatti P, et al.
Autophagy-dependent anticancer immune responses induced by
chemotherapeutic agents in mice. Science (New York, NY). 2011;334(6062):
1573–7. doi:10.1126/science.1208347.
22. Tesniere A, Schlemmer F, Boige V, Kepp O, Martins I, Ghiringhelli F, et al.
Immunogenic death of colon cancer cells treated with oxaliplatin.
Oncogene. 2010;29(4):482–91. doi:10.1038/onc.2009.356.
23. Senovilla L, Galluzzi L, Marino G, Vitale I, Castedo M, Kroemer G.
Immunosurveillance against cancer-associated hyperploidy. Oncotarget. 2012;
3(11):1270–1.
24. Yamazaki T, Hannani D, Poirier-Colame V, Ladoire S, Locher C, Sistigu A, et al.
Defective immunogenic cell death of HMGB1-deficient tumors: compensatory
therapy with TLR4 agonists. Cell Death Differ. 2014;21(1):69–78.
doi:10.1038/cdd.2013.72.
25. Ladoire S, Chaba K, Martins I, Sukkurwala AQ, Adjemian S, Michaud M, et al.
Immunohistochemical detection of cytoplasmic LC3 puncta in human
cancer specimens. Autophagy. 2012;8(8):1175–84.
doi:10.4161/auto.20353.
26. Golden EB, Frances D, Pellicciotta I, Demaria S, Helen Barcellos-Hoff M,
Formenti SC. Radiation fosters dose-dependent and chemotherapy-induced
immunogenic cell death. Oncoimmunol. 2014;3:e28518.
doi:10.4161/onci.28518.
27. Postow MA, Callahan MK, Barker CA, Yamada Y, Yuan J, Kitano S, et al.
Immunologic correlates of the abscopal effect in a patient with melanoma.
N Engl J Med. 2012;366(10):925–31. doi:10.1056/NEJMoa1112824.
28. Formenti SC, Demaria S. Combining radiotherapy and cancer
immunotherapy: a paradigm shift. J Natl Cancer Inst. 2013;105(4):256–65.
doi:10.1093/jnci/djs629.
29. Gulley JL, Arlen PM, Bastian A, Morin S, Marte J, Beetham P, et al.
Combining a recombinant cancer vaccine with standard definitive
radiotherapy in patients with localized prostate cancer. Clin Cancer Res.
2005;11(9):3353–62. doi:10.1158/1078-0432.ccr-04-2062.
30. Wang E, Worschech A, Marincola FM. The immunologic constant of
rejection. Trends in Immunol. 2008;29(6):256–62. doi:10.1016/j.it.2008.03.002.
31. Golden EB, Demaria S, Schiff PB, Chachoua A, Formenti SC. An
abscopal response to radiation and ipilimumab in a patient with
metastatic non-small cell lung cancer. Cancer Immunol Res. 2013;1(6):
365–72. doi:10.1158/2326-6066.cir-13-0115.
32. Ruocco MG, Pilones KA, Kawashima N, Cammer M, Huang J, Babb JS,
et al. Suppressing T cell motility induced by anti-CTLA-4 monotherapy
improves antitumor effects. J Clin Invest. 2012;122(10):3718–30.
doi:10.1172/jci61931.
33. Groh V, Wu J, Yee C, Spies T. Tumour-derived soluble MIC ligands impair
expression of NKG2D and T-cell activation. Nature. 2002;419(6908):734–8.
doi:10.1038/nature01112.
34. Jinushi M, Hodi FS, Dranoff G. Therapy-induced antibodies to MHC class I
chain-related protein A antagonize immune suppression and stimulate
antitumor cytotoxicity. Proc Natl Acad Sci U S A. 2006;103(24):9190–5.
doi:10.1073/pnas.0603503103.
35. Gasser S, Orsulic S, Brown EJ, Raulet DH. The DNA damage pathway
regulates innate immune system ligands of the NKG2D receptor. Nature.
2005;436(7054):1186–90. doi:10.1038/nature03884.
36. Kalos M, June CH. Adoptive T cell transfer for cancer immunotherapy in the
era of synthetic biology. Immunity. 2013;39(1):49–60. doi:10.1016/j.immuni.
2013.07.002.

Page 14 of 16

37. Melenhorst JJ, Levine BL. Innovation and opportunity for chimeric antigen
receptor targeted T cells. Cytotherapy. 2013;15(9):1046–53. doi:10.1016/j.jcyt.
2013.02.007.
38. Ruella M, Kalos M. Adoptive immunotherapy for cancer. Immunol Rev. 2014;
257(1):14–38. doi:10.1111/imr.12136.
39. Kalos M, Levine BL, Porter DL, Katz S, Grupp SA, Bagg A, et al. T cells with
chimeric antigen receptors have potent antitumor effects and can establish
memory in patients with advanced leukemia. Sci Transl Med. 2011;3(95):
95ra73. doi:10.1126/scitranslmed.3002842.
40. Porter DL, Levine BL, Kalos M, Bagg A, June CH. Chimeric antigen receptormodified T cells in chronic lymphoid leukemia. N Engl J Med. 2011;365(8):
725–33. doi:10.1056/NEJMoa1103849.
41. Grupp SA, Kalos M, Barrett D, Aplenc R, Porter DL, Rheingold SR, et al.
Chimeric antigen receptor-modified T cells for acute lymphoid leukemia. N
Engl J Med. 2013;368(16):1509–18. doi:10.1056/NEJMoa1215134.
42. Kalos M. Biomarkers in T cell therapy clinical trials. J Transl Med. 2011;9:138.
doi:10.1186/1479-5876-9-138.
43. Beatty GL, Haas AR, Maus MV, Torigian DA, Soulen MC, Plesa G, et al.
Mesothelin-specific chimeric antigen receptor mRNA-engineered T cells
induce anti-tumor activity in solid malignancies. Cancer Immunol Res. 2014;
2(2):112–20. doi:10.1158/2326-6066.cir-13-0170.
44. Davila ML, Riviere I, Wang X, Bartido S, Park J, Curran K, et al. Efficacy and
toxicity management of 19-28z CAR T cell therapy in B cell acute
lymphoblastic leukemia. Sci Transl Med. 2014;6(224):224ra25. doi:10.1126/
scitranslmed.3008226.
45. Caligiuri MA. Human natural killer cells. Blood. 2008;112(3):461–9. doi:10.
1182/blood-2007-09-077438.
46. Vivier E, Raulet DH, Moretta A, Caligiuri MA, Zitvogel L, Lanier LL, et al.
Innate or adaptive immunity? The example of natural killer cells. Science
(New York, NY). 2011;331(6013):44–9. doi:10.1126/science.1198687.
47. Vivier E, Ugolini S, Blaise D, Chabannon C, Brossay L. Targeting natural killer
cells and natural killer T cells in cancer. Nat Rev Immunol. 2012;12(4):239–52.
doi:10.1038/nri3174.
48. Miller JS, Soignier Y, Panoskaltsis-Mortari A, McNearney SA, Yun GH, Fautsch
SK, et al. Successful adoptive transfer and in vivo expansion of human
haploidentical NK cells in patients with cancer. Blood. 2005;105(8):3051–7.
doi:10.1182/blood-2004-07-2974.
49. Geller MA, Cooley S, Judson PL, Ghebre R, Carson LF, Argenta PA, et al. A
phase II study of allogeneic natural killer cell therapy to treat patients with
recurrent ovarian and breast cancer. Cytotherapy. 2011;13(1):98–107.
doi:10.3109/14653249.2010.515582.
50. Bachanova V, Burns LJ, McKenna DH, Curtsinger J, Panoskaltsis-Mortari A,
Lindgren BR, et al. Allogeneic natural killer cells for refractory lymphoma. Cancer
Immunol Immunother. 2010;59(11):1739–44. doi:10.1007/s00262-010-0896-z.
51. Wiernik A, Foley B, Zhang B, Verneris MR, Warlick E, Gleason MK, et al.
Targeting natural killer cells to acute myeloid leukemia in vitro with a CD16
x 33 bispecific killer cell engager and ADAM17 inhibition. Clin Cancer Res.
2013;19(14):3844–55. doi:10.1158/1078-0432.ccr-13-0505.
52. Gleason MK, Ross JA, Warlick ED, Lund TC, Verneris MR, Wiernik A, et al.
CD16xCD33 bispecific killer cell engager (BiKE) activates NK cells against
primary MDS and MDSC CD33+ targets. Blood. 2014;123(19):3016–26. doi:10.
1182/blood-2013-10-533398.
53. Cartron G, Dacheux L, Salles G, Solal-Celigny P, Bardos P, Colombat P, et al.
Therapeutic activity of humanized anti-CD20 monoclonal antibody and
polymorphism in IgG Fc receptor FcgammaRIIIa gene. Blood. 2002;99(3):754–8.
54. Cornec D, Tempescul A, Querellou S, Hutin P, Pers JO, Jamin C, et al.
Identification of patients with indolent B cell lymphoma sensitive to
rituximab monotherapy. Ann Hematol. 2012;91(5):715–21.
doi:10.1007/s00277-011-1369-y.
55. Treon SP, Hansen M, Branagan AR, Verselis S, Emmanouilides C, Kimby E,
et al. Polymorphisms in FcgammaRIIIA (CD16) receptor expression are
associated with clinical response to rituximab in Waldenstrom’s
macroglobulinemia. J Clin Oncol Off J Am Soc Clin Oncol. 2005;23(3):
474–81. doi:10.1200/jco.2005.06.059.
56. Weng WK, Levy R. Two immunoglobulin G fragment C receptor
polymorphisms independently predict response to rituximab in patients
with follicular lymphoma. J Clin Oncol Off J Am Soc Clin Oncol. 2003;21(21):
3940–7. doi:10.1200/jco.2003.05.013.
57. Musolino A, Naldi N, Bortesi B, Pezzuolo D, Capelletti M, Missale G, et al.
Immunoglobulin G fragment C receptor polymorphisms and clinical efficacy
of trastuzumab-based therapy in patients with HER-2/neu-positive

Kohrt et al. Journal for ImmunoTherapy of Cancer (2016) 4:15

58.

59.

60.

61.

62.

63.
64.
65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

metastatic breast cancer. J Clin Oncol Off J Am Soc Clin Oncol. 2008;26(11):
1789–96. doi:10.1200/jco.2007.14.8957.
Tamura K, Shimizu C, Hojo T, Akashi-Tanaka S, Kinoshita T, Yonemori K, et al.
FcgammaR2A and 3A polymorphisms predict clinical outcome of
trastuzumab in both neoadjuvant and metastatic settings in patients with
HER2-positive breast cancer. Ann Oncol. 2011;22(6):1302–7. doi:10.1093/
annonc/mdq585.
Bibeau F, Lopez-Crapez E, Di Fiore F, Thezenas S, Ychou M, Blanchard F, et
al. Impact of Fc{gamma}RIIa-Fc{gamma}RIIIa polymorphisms and KRAS
mutations on the clinical outcome of patients with metastatic colorectal
cancer treated with cetuximab plus irinotecan. J Clin Oncol Off J Am Soc
Clin Oncol. 2009;27(7):1122–9. doi:10.1200/jco.2008.18.0463.
Hilchey SP, Hyrien O, Mosmann TR, Livingstone AM, Friedberg JW, Young F,
et al. Rituximab immunotherapy results in the induction of a lymphoma
idiotype-specific T-cell response in patients with follicular lymphoma:
support for a “vaccinal effect” of rituximab. Blood. 2009;113(16):3809–12. doi:
10.1182/blood-2008-10-185280.
Kohrt HE, Colevas AD, Houot R, Weiskopf K, Goldstein MJ, Lund P, et al.
Targeting CD137 enhances the efficacy of cetuximab. J Clin Invest. 2014;
124(6):2668–82. doi:10.1172/jci73014.
Srivastava RM, Lee SC, Andrade Filho PA, Lord CA, Jie HB, Davidson HC, et al.
Cetuximab-activated natural killer and dendritic cells collaborate to trigger
tumor antigen-specific T-cell immunity in head and neck cancer patients. Clin
Cancer Res. 2013;19(7):1858–72. doi:10.1158/1078-0432.ccr-12-2426.
Wolchok JD, Chan TA. Cancer: Antitumour immunity gets a boost. Nature.
2014;515(7528):496–8. doi:10.1038/515496a.
Pardoll DM. The blockade of immune checkpoints in cancer
immunotherapy. Nat Rev Cancer. 2012;12(4):252–64. doi:10.1038/nrc3239.
Brahmer JR, Tykodi SS, Chow LQ, Hwu WJ, Topalian SL, Hwu P, et al. Safety
and activity of anti-PD-L1 antibody in patients with advanced cancer. N
Engl J Med. 2012;366(26):2455–65. doi:10.1056/NEJMoa1200694.
Hamid O, Robert C, Daud A, Hodi FS, Hwu WJ, Kefford R, et al. Safety and
tumor responses with lambrolizumab (anti-PD-1) in melanoma. N Engl J
Med. 2013;369(2):134–44. doi:10.1056/NEJMoa1305133.
Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF, et
al. Safety, activity, and immune correlates of anti-PD-1 antibody in cancer. N
Engl J Med. 2012;366(26):2443–54. doi:10.1056/NEJMoa1200690.
Hodi FS, Sznol M, Kluger HM, McDermott DF, Carvajal RD, Lawrence DP,
et al. Long-term survival of ipilimumab-naive patients (pts) with
advanced melanoma (MEL) treated with nivolumab (anti-PD-1, BMS936558, ONO-4538) in a phase I trial. J Clin Oncol Off J Am Soc Clin
Oncol. 2014;32(5s):9002.
Topalian Z, Niklasson GA, Granqvist CG, Osterlund L. Spectroscopic study of the
photofixation of SO2 on anatase TiO2 thin films and their oleophobic
properties. ACS Appl Mater Interfaces. 2012;4(2):672–9. doi:10.1021/am201253y.
Harvey BP, Gee RJ, Haberman AM, Shlomchik MJ, Mamula MJ. Antigen
presentation and transfer between B cells and macrophages. Eur J
Immunol. 2007;37(7):1739–51. doi:10.1002/eji.200636452.
Garon EB, Balmanoukian A, Hamid O, Hui R, Gandhi L, Leighl N, et al. MK3475 monotherapy for previously treated non-small cell lung cancer
(NSCLC): Preliminary safety and clinical activity. Clin Cancer Res. 2014;20:A20.
Gettinger SN, Shepherd FA, Antonia SJ, Brahmer JR, Chow LQ, Juergens RA,
et al. First-line nivolumab (anti-PD-1; BMS-936558, ONO-4538) monotherapy
in advanced NSCLC: Safety, efficacy, and correlation of outcomes with PDL1 status. J Clinical Invest. 2014;32(5s):8024.
Amin A, Plimack ER, Infante JR, Ernstoff MS, Rini BI, McDermott DF, et al.
Nivolumab (anti-PD-1; BMS-936558, ONO-4538) in combination with
sunitinib or pazopanib in patients (pts) with metastatic renal cell carcinoma
(mRCC). J Clin Oncol Off J Am Soc Clin Oncol. 2014;32(5s):5010.
Motzer RJ, Rini BI, McDermott DF, Redman BG, Kuzel T, Harrison MR, et al.
Nivolumab for metastatic renal cell carcinoma (mRCC): Results of a
randomized, dose-ranging phase II trial. J Clin Oncol Off J Am Soc Clin
Oncol. 2014;32(5s):5009.
Herbst RS, Soria JC, Kowanetz M, Fine GD, Hamid O, Gordon MS, et al.
Predictive correlates of response to the anti-PD-L1 antibody MPDL3280A in
cancer patients. Nature. 2014;515(7528):563–7. doi:10.1038/nature14011.
Ansell SM, Lesokhin AM, Borrello I, Halwani A, Scott EC, Gutierrez M, et al.
PD-1 blockade with nivolumab in relapsed or refractory Hodgkin’s
lymphoma. N Engl JMed. 2015;372(4):311–9. doi:10.1056/NEJMoa1411087.
Seiwert TY, Burtness B, Weiss J, Gluck I, Eder JP, Pai SI, et al. A phase Ib
study of MK-3475 in patients with human papillomavirus (HPV)-associated

Page 15 of 16

78.

79.

80.
81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.
92.

93.

94.
95.
96.

97.

98.

and non-HPV–associated head and neck (H/N) cancer. J Clin Oncol Off J Am
Soc Clin Oncol. 2014;32(5s):6011.
Segal NH, Antonia SJ, Brahmer JR, Maio M, Blake-Haskins A, Li XN, et al.
Preliminary data from a multi-arm expansion study of MEDI4736, an antiPD-L1 antibody. J Clin Oncol Off J Am Soc Clin Oncol. 2014;32(5s):3002.
Powles T, Eder JP, Fine GD, Braiteh FS, Loriot Y, Cruz C, et al. MPDL3280A
(anti-PD-L1) treatment leads to clinical activity in metastatic bladder cancer.
Nature. 2014;515(7528):558–62. doi:10.1038/nature13904.
Couzin-Frankel J. Breakthrough of the year 2013. Cancer immunotherapy. Science
(New York, NY). 2013;342(6165):1432–3. doi:10.1126/science.342.6165.1432.
Riley JL. Combination checkpoint blockade–taking melanoma
immunotherapy to the next level. N Engl J Med. 2013;369(2):187–9.
doi:10.1056/NEJMe1305484.
Tumeh PC, Harview CL, Yearley JH, Shintaku IP, Taylor EJ, Robert L, et al. PD1 blockade induces responses by inhibiting adaptive immune resistance.
Nature. 2014;515(7528):568–71. doi:10.1038/nature13954.
Galon J, Angell HK, Bedognetti D, Marincola FM. The continuum of cancer
immunosurveillance: prognostic, predictive, and mechanistic signatures.
Immunity. 2013;39(1):11–26. doi:10.1016/j.immuni.2013.07.008.
Ogino S, Galon J, Fuchs CS, Dranoff G. Cancer immunology–analysis of host
and tumor factors for personalized medicine. Nat Rev Clin Oncol. 2011;8(12):
711–9. doi:10.1038/nrclinonc.2011.122.
Bindea G, Mlecnik B, Tosolini M, Kirilovsky A, Waldner M, Obenauf AC, et al.
Spatiotemporal dynamics of intratumoral immune cells reveal the immune
landscape in human cancer. Immunity. 2013;39(4):782–95. doi:10.1016/j.
immuni.2013.10.003.
Stack EC, Wang C, Roman KA, Hoyt CC. Multiplexed immunohistochemistry,
imaging, and quantitation: a review, with an assessment of Tyramide signal
amplification, multispectral imaging and multiplex analysis. Methods (San
Diego, Calif). 2014;70(1):46–58. doi:10.1016/j.ymeth.2014.08.016.
Bedognetti D, Wang E, Sertoli MR, Marincola FM. Gene-expression profiling
in vaccine therapy and immunotherapy for cancer. Expert Rev Vaccines.
2010;9(6):555–65. doi:10.1586/erv.10.55.
Gajewski TF, Fuertes M, Spaapen R, Zheng Y, Kline J. Molecular profiling to
identify relevant immune resistance mechanisms in the tumor
microenvironment. Curr Opin Immunol. 2011;23(2):286–92. doi:10.1016/j.coi.
2010.11.013.
Robins H. Immunosequencing: applications of immune repertoire deep
sequencing. Curr Opin Immunol. 2013;25(5):646–52. doi:10.1016/j.coi.2013.
09.017.
Delyon J, Mateus C, Lefeuvre D, Lanoy E, Zitvogel L, Chaput N, et al. Experience in
daily practice with ipilimumab for the treatment of patients with metastatic
melanoma: an early increase in lymphocyte and eosinophil counts is associated
with improved survival. Ann Oncol. 2013;24(6):1697–703.
doi:10.1093/annonc/mdt027.
Naidoo J, Page DB, Wolchok JD. Immune modulation for cancer therapy. Br
J Cancer. 2014;111(12):2214–9. doi:10.1038/bjc.2014.348.
Ku GY, Yuan J, Page DB, Schroeder SE, Panageas KS, Carvajal RD, et al.
Single-institution experience with ipilimumab in advanced melanoma
patients in the compassionate use setting: lymphocyte count after 2 doses
correlates with survival. Cancer. 2010;116(7):1767–75. doi:10.1002/cncr.24951.
Postow MA, Yuan J, Panageas KS, Bogatch K, Callahan MK, Cheng M, et al.
Evaluation of the absolute lymphocyte count as a biomarker for
melanoma patients treated with the commercially available dose of
ipilimumab (3 mg/kg). J Clin Oncol Off J Am Soc Clin Oncol. 2012;
30(Suppl):8575.
Marabelle A, Kohrt H, Caux C, Levy R. Intratumoral immunization: a new
paradigm for cancer therapy. Clin Cancer Res. 2014;20:1747.
Bast Jr RC, Zbar B, Borsos T, Rapp HJ. BCG and cancer. N Engl J Med. 1974;
290(26):1458–69. doi:10.1056/nejm197406272902605.
van Seters M, van Beurden M, ten Kate FJ, Beckmann I, Ewing PC, Eijkemans
MJ, et al. Treatment of vulvar intraepithelial neoplasia with topical imiquimod.
N Engl J Med. 2008;358(14):1465–73. doi:10.1056/NEJMoa072685.
Brody JD, Ai WZ, Czerwinski DK, Torchia JA, Levy M, Advani RH, et al. In situ
vaccination with a TLR9 agonist induces systemic lymphoma regression: a
phase I/II study. J Clin Oncol Off J Am Soc Clin Oncol. 2010;28(28):4324–32.
doi:10.1200/jco.2010.28.9793.
Kim YH, Gratzinger D, Harrison C, Brody JD, Czerwinski DK, Ai WZ, et al. In
situ vaccination against mycosis fungoides by intratumoral injection of a
TLR9 agonist combined with radiation: a phase 1/2 study. Blood. 2012;
119(2):355–63. doi:10.1182/blood-2011-05-355222.

Kohrt et al. Journal for ImmunoTherapy of Cancer (2016) 4:15

99. Heo J, Reid T, Ruo L, Breitbach CJ, Rose S, Bloomston M, et al. Randomized
dose-finding clinical trial of oncolytic immunotherapeutic vaccinia JX-594 in
liver cancer. Nature Med. 2013;19(3):329–36. doi:10.1038/nm.3089.
100. Andtbacka RHI, Collichio FA, Amatruda T, Senzer NN, Chesney J, Delman KA,
Spitler LE, Puzanov I, Doleman S, Ye Y, Vanderwalde AM, Coffin R, Kaufman
H. OPTiM: A randomized phase III trial of talimogene laherparepvec (T-VEC)
versus subcutaneous (SC) granulocyte-macrophage colony-stimulating
factor (GMCSF) for the treatment (tx) of unresected stage IIIB/C and IV
melanoma. J Clin Oncol. 2013;31:abstr LBA9008.
101. Disis ML, Dang Y, Coveler AL, Marzbani E, Kou ZC, Childs JS, et al. HER-2/neu
vaccine-primed autologous T-cell infusions for the treatment of advanced
stage HER-2/neu expressing cancers. Cancer Immunol Immunother. 2014;
63(2):101–9. doi:10.1007/s00262-013-1489-4.
102. Gulley JL, Arlen PM, Madan RA, Tsang KY, Pazdur MP, Skarupa L, et al.
Immunologic and prognostic factors associated with overall survival
employing a poxviral-based PSA vaccine in metastatic castrate-resistant
prostate cancer. Cancer Immunol Immunother. 2010;59(5):663–74.
doi:10.1007/s00262-009-0782-8.
103. Yuan J, Gnjatic S, Li H, Powel S, Gallardo HF, Ritter E, et al. CTLA-4 blockade
enhances polyfunctional NY-ESO-1 specific T cell responses in metastatic
melanoma patients with clinical benefit. Proc Natl Acad Sci U S A. 2008;
105(51):20410–5. doi:10.1073/pnas.0810114105.
104. Slota M, Lim JB, Dang Y, Disis ML. ELISpot for measuring human
immune responses to vaccines. Expert Rev Vaccines. 2011;10(3):299–306.
doi:10.1586/erv.10.169.
105. Moodie Z, Price L, Janetzki S, Britten CM. Response determination criteria for
ELISPOT: toward a standard that can be applied across laboratories. Methods
Molecular Biol (Clifton, NJ). 2012;792:185–96. doi:10.1007/978-1-61779-325-7_15.
106. Mori A, Deola S, Xumerle L, Mijatovic V, Malerba G, Monsurro V. Next
generation sequencing: new tools in immunology and hematology. Blood
Res. 2013;48(4):242–9. doi:10.5045/br.2013.48.4.242.
107. Butterfield LH, Ribas A, Dissette VB, Amarnani SN, Vu HT, Oseguera D, et al.
Determinant spreading associated with clinical response in dendritic cell-based
immunotherapy for malignant melanoma. Clin Cancer Res. 2003;9(3):998–1008.
108. Kohrt HE, Nouri N, Nowels K, Johnson D, Holmes S, Lee PP. Profile of
immune cells in axillary lymph nodes predicts disease-free survival in breast
cancer. PLoS Med. 2005;2(9):e284. doi:10.1371/journal.pmed.0020284.
109. Chang AY, Bhattacharya N, Mu J, Setiadi AF, Carcamo-Cavazos V, Lee GH, et
al. Spatial organization of dendritic cells within tumor draining lymph nodes
impacts clinical outcome in breast cancer patients. J Transl Med. 2013;11:
242. doi:10.1186/1479-5876-11-242.
110. Rubio V, Stuge TB, Singh N, Betts MR, Weber JS, Roederer M, et al. Ex vivo
identification, isolation and analysis of tumor-cytolytic T cells. Nature Med.
2003;9(11):1377–82. doi:10.1038/nm942.
111. Stuge TB, Holmes SP, Saharan S, Tuettenberg A, Roederer M, Weber JS, et al.
Diversity and recognition efficiency of T cell responses to cancer. PLoS Med.
2004;1(2):e28. doi:10.1371/journal.pmed.0010028.
112. Kohrt HE, Shu CT, Stuge TB, Holmes SP, Weber J, Lee PP. Rapid assessment
of recognition efficiency and functional capacity of antigen-specific T-cell
responses. J Immunother (Hagerstown, Md : 1997). 2005;28(4):297–305.
113. Emerson RO, Sherwood AM, Rieder MJ, Guenthoer J, Williamson DW,
Carlson CS, et al. High-throughput sequencing of T-cell receptors reveals a
homogeneous repertoire of tumour-infiltrating lymphocytes in ovarian
cancer. J Pathol. 2013;231(4):433–40. doi:10.1002/path.4260.
114. Gerlinger M, Quezada SA, Peggs KS, Furness AJ, Fisher R, Marafioti T, et al.
Ultra-deep T cell receptor sequencing reveals the complexity and
intratumour heterogeneity of T cell clones in renal cell carcinomas. J Pathol.
2013;231(4):424–32. doi:10.1002/path.4284.
115. Lamm DL, Blumenstein BA, Crawford ED, Montie JE, Scardino P, Grossman
HB, et al. A randomized trial of intravesical doxorubicin and immunotherapy
with bacille Calmette-Guerin for transitional-cell carcinoma of the bladder. N
Engl J Med. 1991;325(17):1205–9. doi:10.1056/nejm199110243251703.
116. Vacchelli E, Eggermont A, Sautes-Fridman C, Galon J, Zitvogel L, Kroemer G,
et al. Trial watch: Oncolytic viruses for cancer therapy. Oncoimmunol. 2013;
2(6):e24612. doi:10.4161/onci.24612.
117. Goins WF, Huang S, Cohen JB, Glorioso JC. Engineering HSV-1 vectors for
gene therapy. Methods Molecular Biol (Clifton, NJ). 2014;1144:63–79. doi:10.
1007/978-1-4939-0428-0_5.
118. Maecker HT, Moon J, Bhatia S, Ghanekar SA, Maino VC, Payne JK, et al.
Impact of cryopreservation on tetramer, cytokine flow cytometry, and
ELISPOT. BMC Immunol. 2005;6:17. doi:10.1186/1471-2172-6-17.

Page 16 of 16

119. Kalos M. An integrative paradigm to impart quality to correlative science. J
Transl Med. 2010;8:26. doi:10.1186/1479-5876-8-26.
120. Maecker HT, McCoy JP, Nussenblatt R. Standardizing immunophenotyping
for the Human Immunology Project. Nat Rev Immunol. 2012;12(3):191–200.
doi:10.1038/nri3158.
121. Keustermans GC, Hoeks SB, Meerding JM, Prakken BJ, de Jager W. Cytokine
assays: an assessment of the preparation and treatment of blood and tissue
samples. Methods (San Diego, Calif). 2013;61(1):10–7. doi:10.1016/j.ymeth.
2013.04.005.
122. van der Burg SH, Kalos M, Gouttefangeas C, Janetzki S, Ottensmeier C, Welters
MJ, et al. Harmonization of immune biomarker assays for clinical studies. Sci
Transl Med. 2011;3(108):108ps44. doi:10.1126/scitranslmed.3002785.
123. Maecker HT, McCoy Jr JP, Amos M, Elliott J, Gaigalas A, Wang L, et al. A
model for harmonizing flow cytometry in clinical trials. Nature Immunol.
2010;11(11):975–8. doi:10.1038/ni1110-975.
124. Taylor CF, Field D, Sansone SA, Aerts J, Apweiler R, Ashburner M, et al.
Promoting coherent minimum reporting guidelines for biological and
biomedical investigations: the MIBBI project. Nature Biotechnol. 2008;26(8):
889–96. doi:10.1038/nbt.1411.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

