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Realization of the full potential of immune checkpoint inhibitor-targeted onco-
immunotherapy is largely dependent on overcoming the obstacles presented by the
resistance of some cancers, as well as on reducing the high frequency of immune-related
adverse events (IRAEs) associated with this type of immunotherapy. With the exception
of combining therapeutic monoclonal antibodies, which target different types of immune
checkpoint inhibitory molecules, progress in respect of improving therapeutic efficacy has
been somewhat limited to date. Likewise, the identification of strategies to predict and
monitor the development of IRAEs has also met with limited success due, at least in part,
to lack of insight into mechanisms of immunopathogenesis. Accordingly, considerable
effort is currently being devoted to the identification and evaluation of strategies which
address both of these concerns and it is these issues which represent the major focus of
the current review, particularly those which may be predictive of development of IRAEs.
Following an introductory section, this review briefly covers those immune checkpoint
inhibitors currently approved for clinical application, as well as more recently identified
immune checkpoint inhibitory molecules, which may serve as future therapeutic targets.
The remaining and more extensive sections represent overviews of: (i) putative strategies
which may improve the therapeutic efficacy of immune checkpoint inhibitors; (i) recent
insights into the immunopathogenesis of IRAEs, most prominently enterocolitis; and
(iiiy strategies, mostly unexplored, which may be predictive of development of IRAEs.

Keywords: iomarkers, CTLA-4, enterocolitis, interleukin-17, monoclonal antibodies, programmed cell-death-1,
T helper 17 cells

INTRODUCTION

Genetic engineering combined with other sophisticated molecular and immunological technolo-
gies has greatly enhanced the range of clinical applications and efficacy of monoclonal antibody
(MADb)-based immunotherapeutic strategies with onco-immunotherapy being possibly the most
prominent beneficiary (1, 2). Notwithstanding the refinement of cell-based immunotherapies, the
development of fully humanized and, in particular, fully human MAbs, targeted against immune
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checkpoint inhibitory molecules expressed on tumor-infiltrating
cells of the innate and adaptive immune systems, as well as their
ligands expressed on tumor cells, has transformed the promise
and practice of onco-immunotherapy (1, 2).

Fully humanized MAbs retain antigen recognition immune
complementarity-determining regions (CDRs) fused with
genetically modified V regions of human immunoglobulin
(Ig) mostly of the IgG1 and IgG4 subclasses to generate the
functional MADb (3). Fully human MAbs, which have no
murine sequences, are generated by phage display or mostly
by using transgenic mouse technology, enabling replacement
of murine Ig genes with functional human loci (3). However,
these engineered therapeutic MAbs, even some which are fully
human, may retain immunogenicity in their CDR regions,
which may be eliminated by minor (“up to two”) amino acid
substitutions in the setting of retention of bioactivity (3).
MAbs of the IgG1 and IgG4 subclasses are generally preferred
because of their relatively long half-lives of >21 days, while
the lack of complement fixation activity of IgG4 is an added
advantage. In the case of human/humanized MAbs of other
IgG subclasses, complement fixation properties are attenu-
ated by the implementation of numerous mutations in the
CH2 region of the antibody molecule, with the majority of all
therapeutic MAbs currently licensed or in development being
of the IgG1 subclass (4).

These innovations in the design and production of MAbs have
not only improved the efficacy and safety of MAb-based therapies
for various types of cancer and autoimmune disease, but as a
result of an extended elimination time they have also reduced the
frequency of administration. Nonetheless, re-directing a finely
tuned immune system to achieve therapeutic benefit remains an
intricate, albeit a challenging and exciting, science. Consequently,
despite the favorable risk:benefit of MAb-based therapy in
advanced malignant diseases, there remains an ongoing need for
careful monitoring of patients in the setting of an awareness on
the part of the attending clinician of the potential for develop-
ment of adverse immunological reactions. This concern is clearly
underscored by an earlier experience with the humanized IgG4
Mab known as TGN1412 (5).

TGN1412, also known as CD28 SuperMAB/TAB 08, promotes
antigen-independent activation and expansion of T cells via its
agonistic interaction with the co-stimulatory molecule CD28.
TGN1412 was developed primarily for the immunotherapy of
T cell primary immunodeficiency disorders, as well as B cell
chronic lymphocytic leukemia and rheumatoid arthritis (RA),
the latter because of the preferential expansion of Th2 cells and
CD4", CD25" regulatory T cells (Tregs) induced by a murine
counterpart antibody, which had demonstrated no indication of
immunological hyperreactivity during pre-clinical assessment
(5). Progression of development to phase 1 clinical evaluation
proved, however, to be calamitous. A single intravenous infu-
sion of TGN1412 administered to six young healthy adult male
volunteers resulted in an abrupt (within 90 min) systemic inflam-
matory response associated with dramatic, transient elevations in
the levels of the circulating pro-inflammatory cytokines, inter-
leukin (IL)-1p, IL-2, IL-6, IL-8, tumor necrosis factor (TNF)-a,
and interferon (IFN)-y (5). Given the lack of correlation between

the immunomodulatory activities of human/humanized and
murine CD28 targeted MAbs, these findings clearly underscore
the unpredictable outcome of therapeutic strategies based on fine
tuning of the human system. This may be of particular importance
in disease settings in which the equilibrium of the immune system
isalready perturbed due to co-existent, sub-clinical inflammatory
disorders.

Despite these concerns, the field of onco-immunotherapy
has burgeoned in very recent times due in large part to the
development of both humanized and human MAbs which
neutralize various types of immune checkpoint inhibitory
molecules. Although continuing to expand rapidly with the
development of novel MAbs targeted against an increasing
range of negative immune checkpoint molecules, many of
which are currently undergoing phase I-III clinical trials (2),
the majority of published clinical studies have evaluated the
therapeutic potential of those developed and approved at an
earlier stage, between 2011 and 2014, which target cytotoxic
T-lymphocyte-associated-4 (CTLA-4; CD152), programmed
cell-death-1 (PD-1; CD279) and its counter ligands PD-L1
(CD274) and PD-L2 (CD273). It is now well recognized that
immune checkpoint inhibitory molecules are inextricably
involved in mediating an immunosuppressive milieu which
promotes tumorigenesis and tumor progression, with the two
most studied mechanisms being those involving CTLA-4 and
PD-1 (1, 2). Over-expression of CTLA-4 by Tregs in particular
subverts T cell activation and expansion, while interaction of
PD-1 on effector T cells compromises anti-tumor cytokine
production and cytotoxicity. Blockade of CTLA-4- and PD-1-
mediated immunosuppression promotes restoration of anti-
tumor immune function, but if excessive may also pose the risk
of tissue damage and autoimmunity (1, 2).

Although the clinical response rates (tumor regression) of
these agents are relatively low, being around 20% for mono-
therapy and somewhat higher for combination therapy (6-10),
this must be balanced against the fact that treatment with these
agents is associated with durable remissions and long-term
survival in patients with metastatic malignant melanoma, non-
small cell lung cancer (NSCLC), bladder cancer, and other types
of tumor. In this new era of personalized medicine, the utilization
of biomarkers has emerged as an essential concept in patients
undergoing anti-PD-1/anti-PDL-1 therapy. In this context, it has
recently been shown that patients with metastatic NSCLC with
expression of PD-L1 on at least 50% of tumor cells, treatment
with pembrolizumab (an anti-PD-1 antibody) is associated with
considerably longer progression-free and overall survival, as well
as with fewer adverse events compared with platinum-based
chemotherapy (11).

In addition to onco-immunotherapy, there is also increasing
interest in the use of these various immunostimulatory checkpoint
MADs in the adjuvant therapy of both acute (sepsis) and chronic
infectious diseases (12-14), particularly therapy-intransigent
tuberculosis and HIV/AIDS (10, 12, 13), as well as primary and
secondary immunodeficiency disorders, and hepatitis B and C
virus-associated hepatocellular carcinoma (15).

Despite the undoubted success of, and enthusiasm for, MAb-
mediated neutralization of immune checkpoint inhibitors in the
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onco-immunotherapy of various types of advanced cancer, the
full therapeutic efficacy of these agents remains to be realized.
Notwithstanding the occurrence of common, albeit less serious
side-effects, including cough, fatigue, loss of appetite, nausea,
skin rash, and itching, it is the resistance of some cancers (8),
together with the very high frequency of sometimes serious,
immune-related adverse events (IRAEs), which represent the
most significant obstacles confronting the success of immune
checkpoint inhibitor therapy (16).

The remaining sections of this review are focused on brief
considerations of CTLA-4- and PD-1/PD-LI-targeted MAbs
currently in clinical use, as well as more recently identified nega-
tive immune checkpoint inhibitor molecules, which may serve
as future therapeutic targets. The subsequent and more extensive
sections are focused on strategies which may improve the efficacy
of anti-cancer immune checkpoint inhibitor therapy, followed by
overviews, firstly of putative mechanisms of immunopathoge-
nesis of IRAEs, most prominently CTLA-4 blockade-associated
enterocolitis and, finally, strategies, both recognized and pro-
posed, which may enable early identification of those patients
with advanced cancer who may be at highest risk for development
of IRAEs.

IMMUNE CHECKPOINT INHIBITOR MAbs
APPROVED FOR CLINICAL APPLICATION

Monoclonal antibodies currently approved for clinical applica-
tion in onco-immunotherapy include: (i) ipilimumab (the first
approved for clinical application in 2011), while tremelimumab is
in the advanced stages of clinical evaluation, both of which target
CTLA-4; (ii) the PD-1 antagonists, nivolumab, and pembroli-
zumab; and (iii) the PD-L1 inhibitors, avelumab, atezolizumab,
and durvalumab (17-22). The major characteristics and clinical
applications of these therapeutic MAbs are summarized in
Table 1.

Although these MADbs have been used individually in onco-
immunotherapy, it is combinations of MAbs, which target dif-
ferent immune checkpoint inhibitors, particularly CTLA-4 and
PD-1 using ipilimumab and nivolumab, respectively, which have
been shown to be most effective in prolonging progression-free
survival and overall response rates in patients with metastatic/
unresectable melanoma and other types of cancer. Additionally,
the use of combination therapy with immune checkpoint
inhibitors has been associated with substantial increases in the
frequency of IrAEs and treatment discontinuations (7, 9, 23, 24).

ALTERNATIVE NEGATIVE IMMUNE
CHECKPOINT MOLECULES WHICH MAY
SERVE AS TARGETS FOR
IMMUNOSTIMULATORY MAbs

In addition to CTLA-4, PD-1, PD-L1/L2, as well as indoleamine
2,3-dioxygenase produced mainly by plasmacytoid dendritic
cells and killer Ig-like receptor expressed on natural killer cells
(8), more recently identified inhibitory immune checkpoint
molecules expressed on T cells, which are potential targets for

onco-immunotherapy and which are currently undergoing early
clinical evaluation include:

o T cell Ig domain and mucin protein 3 (CD366), which appears
to interact with galectin-9, as well as several other ligands on
tumor cells (25).

« Lymphocyte activation gene-3 (CD223), which downregulates
T cell activation via interaction with major histocompatibility
class IT molecules (25).

o V-domain Ig suppressor of T cell activation, which downregu-
lates T cell proliferation and cytokine production via interac-
tion with a putative ligand(s), which remains to be identified
(26-28).

Other immune checkpoint molecules which show early
promise as potential targets for MAb-mediated immunotherapy
include T cell immunoreceptor with Ig and ITIM domains, B and
T lymphocyte attenuator (CD272), and V-set Ig domain contain-
ing 4 (2, 8, 25, 26).

STRATEGIES WHICH MAY IMPROVE THE
THERAPEUTIC EFFICACY OF NEGATIVE
IMMUNE CHECKPOINT MOLECULE-
TARGETED IMMUNOTHERAPY

This important field of translational research is the subject of a
recent, extensive review by Greil et al. (2).

Pre-Therapy Detection of Immune
Checkpoint Inhibitory Molecules and Their
Ligands on Intra-Tumoral T Cells and
Tumor Cells

One of the most favored, but not entirely proven strategies,
involves the pre-therapy detection of expression of inhibitory
immune checkpoint molecules on intra-tumoral T cells and/or
their ligands on tumor cells (2). In the context of predictive per-
sonalized immunotherapy; it is noteworthy that the expression of
PD-L1 in a range of different types of tumor biopsies (melanoma,
NSCLG, renal cell carcinoma, colon carcinoma, bladder carci-
noma, and hematologic malignancies) is predictive of a favorable
outcome to PD-1/PD-Ll-targeted therapy (29). Alternative
predictive strategies include measurement of expression of PD-1
or CTLA-4 on circulating T cells, as well as the levels of soluble
immune checkpoint inhibitors and/or their ligands by serological
testing and/or detection of their RNA transcripts (30-34).

Augmentation of Tumor Immunogenicity

Other strategies include measurement of the tumor mutational
burden as an independent predictor of both tumor immunogenic-
ity and the response to negative immune checkpoint blockade
(2, 35). Greil et al. in their recent review also mention the poten-
tial of modulation of activated members of the apolipoprotein
B mRNA editing enzyme catalytic polypeptide-like gene family
members as a strategy to increase tumor neoantigeniticy (2). The
same authors also advocate broadening of the T cell receptor
repertoire via “therapeutic strategies aimed at reactivating or
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TABLE 1 | Currently approved immune checkpoint inhibitory monoclonal antibodies and their clinical applications in onco-immunotherapy.

Drug Immune checkpoint target

Indication

Ipilimumab?® CTLA-4

wn

Unresectable metastatic melanoma
In combination with nivolumab for unresectable or metastatic melanoma
Adjuvant therapy with stage Ill melanoma

Pembrolizumab  PD-1

roD =

o

10.

Melanoma advanced or unresectable

Metastatic NSCLC with PDL-1 expression

Metastatic NSCLC with progression on or after platinum therapy

Metastatic NSCLC in combination with pemetrexed and carboplatin, as first-line treatment of patients with
metastatic non-squamous NSCLC

Recurrent SCCHN

Classical Hodgkin’s lymphoma (cHL) for the treatment of adult and pediatric patients with refractory cHL, or
who have relapsed after three or more prior lines of therapy

Urothelial carcinoma for the treatment of patients with locally advanced or metastatic urothelial carcinoma who
are not eligible for cisplatin-containing chemotherapy

Urothelial carcinoma for the treatment of patients with locally advanced or metastatic urothelial carcinoma
who have disease progression during or following platinum-containing chemotherapy or within 12 months of
neoadjuvant or adjuvant treatment with platinum-containing chemotherapy

Microsatellite instability-high cancer (MSI-H) for the treatment of adult and pediatric patients with unresectable
or metastatic, MSI-H or mismatch-repair-deficient solid tumors that have progressed following prior treatment
and who have no satisfactory alternative treatment options, or colorectal cancer that has progressed following
treatment with a fluoropyrimidine, oxaliplatin, and irinotecan.

Gastric cancer for the treatment of patients with recurrent locally advanced or metastatic gastric or
gastroesophageal junction adenocarcinoma whose tumors express PD-L1 as determined by an FDA-approved
test, with disease progression on or after two or more prior lines of therapy including fluoropyrimidine- and
platinum-containing chemotherapy and if appropriate, HER2/neu-targeted therapy

Nivolumab PD-1

Unresectable or metastatic melanoma with progression after ipilimumab or BRAF inhibitor if BRAF V600 mutant
In combination with ipilimumab for unresectable or metastatic melanoma

NSCLC with progression on or after platinum therapy

Metastatic RCC after prior anti-angiogenic therapy

cHL: recurrent

©ONOMON

Recurrent or metastatic squamous cell carcinoma of the head and neck
Locally advanced or metastatic urothelial carcinoma

MSI-H or mismatch-repair-deficient metastatic colorectal cancer
Hepatocellular carcinoma

PDL-1

-

Atezolizumab

N

NSCLC with progression on or after platinum therapy
Urolthelial carcinoma with progression on or after platinum therapy

PDL-1

-

Durvalumab

Locally advanced or metastatic urothelial carcinoma who have disease progression during or following

platinum-containing chemotherapy
2. Locally advanced or metastatic urothelial carcinoma who have disease progression within 12 months of
neoadjuvant or adjuvant treatment with platinum-containing chemotherapy

Avelumab PDL-1 1.

carcinoma

Indicated for the treatment of adults and pediatric patients 12 years and older with metastatic Merkel cell

#Data from Ref. (17-22).

boosting the host anti-tumor immune response” to improve the
response to checkpoint inhibitors (2).

Pre-Therapy Detection of
Immunosuppressive and

Immunostimulatory Cytokines

Importantly, the efficacy of inhibitory immune checkpoint
molecule-targeted therapy may be countered by the co-existence
of alternative tumor-related immunosuppressive mechanisms.
Foremost among these is the immunosuppressive cytokine,
transforming growth factor-p (TGF-p), which aside from
negating anti-tumor host defenses, can also promote tumori-
genesis, metastasis, and chemoresistance (36). In this context, it
is noteworthy that MAb-mediated neutralization of two of the

three isoforms of TGF-p, viz. TGF-1 and TGF-f2, was found to
potentiate both vaccine and PD-1-targeted immunotherapy in a
murine model of experimental cancer therapy (37). In the clinical
context, a “dichotomized risk score” combining baseline levels of
circulating TGF-B1 and another immunosuppressive cytokine
viz. IL-10, but not TGF-p1 alone, was predictive of decreased
progression-free survival in ipilimumab-treated patients with
advanced melanoma (HR = 2.66; P = 0.035) (38). Although the
findings of this small, but under-powered study may be found to
be important in the future, the role of IL-10 and TGF-p1 in this
context will need to be confirmed in larger, adequately powered
prospective studies. In addition, while TGF-p is well recognized
as a probable key determinant of the therapeutic efficacy of
immune checkpoint inhibitors (39), adjunctive immunological
or pharmacological targeting of this cytokine must be tempered
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by an awareness of the attendant risk of cumulative immune
dysregulation. Nonetheless, prior detection of elevated levels
of circulating TGF-f may identify a sub-group of patients with
advanced metastatic cancer who may experience added benefit
from dual immune checkpoint inhibitor-/TGF-f-targeted immu-
notherapy (40, 41).

On the other hand, it has been reported that elevations in
the pre-therapy serum concentrations of the cytokines IFN-y
(P < 0.0001), IL-6 (P < 0.0007), and IL-10 (P < 0.0001) are
predictive of treatment efficacy in patients with advanced mela-
noma receiving nivolumab (42). The findings in relation to IL-10
appear, however, to contradict those described in the above in the
study reported by Tarhini et al. (38).

Alterations in the Numbers of Circulating
Leukocytes and Leukocyte Subsets,
Soluble CD25, and Lactate Dehydrogenase

As recently reviewed in detail by Manson et al., additional
biomarkers which appear to be associated with favorable
responses particularly to ipilimumab in the setting of advanced
melanoma, and possibly nivolumab therapy of NSCLC,
include: (i) higher pre-therapy circulating lymphocyte counts,
as well as rising lymphocyte counts during therapy; (ii)
elevated neutrophil:lymphocyte and platelet:lymphocyte ratios
pre-therapy; (iii) a declining neutrophil:lymphocyte ratio
during therapy; (iv) low numbers of circulating eosinophils pre-
therapy; (v) high numbers of CD16" monocytes pre-therapy;
(vi) increasing numbers of circulating CD4* T cells with
high-level expression of ICOS (inducible T cell costimulator,
a member of the CD28 family); (vii) low levels of circulating
soluble CD25, an antagonist of IL-2; and (viii) a high-baseline
level of lactate dehydrogenase (43-45).

Gene Profiling of Circulating Leukocytes
Very recently, Friedlander et al. reported on the potential utility
of a blood RNA transcript-based model targeting 169 genes to
predict the clinical response of stage IV melanoma patients to
tremelimumab in two independent studies. In the first of these,
to which treatment-naive patients (n = 210) were recruited
(“discovery data set”), a 15—gene signature was identified which
predicted both an objective clinical response and 1-year survival
after treatment (46). The genes identified were categorized as
either “predictor” (n = 9) or “enhancer,” the latter being found
to enhance the performance of the “predictors” (46). Proteins
encoded by the “predictor” genes were: cyclin-dependent
kinase 2; cyclin-dependent kinase inhibitor 2A; dipeptidyl
peptidase 4; erb-b2 receptor tyrosine kinase 2; ICOS; integrin
subunit a4; a member of the N-acetylglucosaminyltransferase
family (LARGE); NGFI-A-binding protein 2; and N-Ras
GTPase. Those in the “enhancer” category were: ADAM metal-
lopeptidase domain 17; HLA-DR a-chain; Myc transcription
factor; RHoC, a Rac sub-family GTPase; TGF-p1; and tissue
inhibitor of matrix metalloproteinase 2 (46). These findings
were validated in a second study to which advanced melanoma
patients (n = 150) who received tremelimumab after chemo-
therapy were recruited (46).

HLA Typing

Although the potential utility of HLA typing in predicting ther-
apeutic responses to immune checkpoint inhibitors is largely
unexplored, in this context a recent report by Ishida et al. is
noteworthy (47). These investigators, using a DNA-based HLA
typing procedure, albeit in a relatively small group (n = 69)
of Japanese melanoma patients, reported a statistically sig-
nificant association between positivity for the HLA-A*26 allele
and responsiveness to therapy with nivolumab (OR = 4.93,
P =0.028) (48). The authors concede, however, that in addition
to the small number of patients recruited to their study that
confirmation of their findings in different population groups
is necessary, while alluding to an earlier study in which HLA
typing had no predictive value in lung cancer patients treated
with pembrolizumab (48).

Smoking History

Smoking history may also be predictive of response to therapy.
In this context, smoking has been reported to be associated
with increased expression of PD-1 on circulating CD4* and
CD8" T cells from apparently healthy young smokers and, in
particular, HIV-infected smokers, relative to groups of matched
non-smokers, as well as with upregulated expression of CTLA-4
on CD4" T cells (49). It is therefore noteworthy that Calles et al.
recently reported detection of PD-L1 expression in KRAS-mutant
NSCLC specimens from 44, 20, and 13% of current smokers,
former smokers, and never-smokers, respectively (P = 0.03)
(50), which has been reported to correlate with a favorable
response to PD-1/PD-L1-targeted therapy (29, 51). Smoking
history, particularly current smoking, therefore appears to be a
determinant of a favorable outcome of PD-1/PD-L1 therapy in
NSCLGC, possibly related to the suppressive effects of smoking on
pulmonary immune function (52), as well as to increased tumor
mutational load and neoantigenicity mediated by smoke-derived
carcinogens.

Although this section of the review has highlighted a range
of potential predictors of favorable responses to immune
checkpoint inhibitor therapy, the most practicable of which
are summarized in Table 2, widespread implementation of a
number of these may often be difficult due to cost and/or lack of
access of oncologists to sophisticated, molecular immunology
capability.

IMMUNE-RELATED ADVERSE REACTIONS
(IRAEs) TRIGGERED BY NEGATIVE
IMMUNE CHECKPOINT MOLECULE-
TARGETED IMMUNOTHERAPY

The development of, or worsening of existing autoimmune/
inflammatory disorders is the hallmark of immune dysregulation
secondary to MAb targeting of inhibitory immune checkpoint
molecules in patients with advanced malignant diseases. IRAEs,
are commonly encountered and potentially fatal with frequencies
of up to 70 and 90% in patients treated with PD-1/PD-L1 and
CTLA-4, respectively [reviewed in Ref. (16)]. Almost all organ
systems are vulnerable to development of IRAEs, albeit with

Frontiers in Oncology | www.frontiersin.org

March 2018 | Volume 8 | Article 80


https://www.frontiersin.org/Oncology/
https://www.frontiersin.org
https://www.frontiersin.org/oncology/archive

Anderson and Rapoport

Prediction of Adverse Immune Reactions

TABLE 2 | Measurable predictors of a favorable response to immune checkpoint
inhibitor therapy.

Predictor Reference
Expression of immune checkpoint inhibitory molecules on intra- 2,29
tumoral T cells, as well as their ligands on tumor cells

Expression of immune checkpoint inhibitory molecules on, and (80, 34)
their mRNA transcripts in, circulating T cells, as well as serological

detection of the soluble forms of these molecules

Detection of high numbers of total circulating lymphocytes and (43, 44)
CD14+ monocytes, as well as increased neutrophil:lymphocyte

and platelet:lymphocyte ratios and low numbers of eosinophils,

measured pre-therapy

Detection of increasing numbers of total lymphocytes, especially Reviewed in
CD4+/ICOS* T cells, as well as a decreasing neutrophil:lymphocyte Ref. (43)
ratio during therapy

Low levels of circulating soluble CD25 pre- and during therapy (43, 45)
High-baseline levels of lactate dehydrogenase (43)
Elevated pre-therapy serum concentrations of IFN-y/IL-6/IL-10 (42)
Whole blood gene profiling detection of a 15-gene signature (46)
comprised of “predictor” and enhancer genes

Possible associations with specific HLA alleles 47)

TABLE 3 | Severe immune-related adverse events associated with anti-CTLA-4
and anti-PD-1/-PDL-1 therapy.

Event %
Rash (general) 13.4-26.0
Rash (maculo-papular) 1.5-17.5
Pruritis 14.1-35.4
Vitiligo 74.3-11.0
Pneumonitis 0.4-7.8
Colitis 0.5-7.0
Diarrhea 4.1-9.0
Hypothyroidism 1.2-7.0
Hyperthyroidism 0.3-7.1
Adrenal insufficiency 0.2-5.5

2Reviewed in Ref. (59).

variable timing of onset and severity, according to types of organ
and immune checkpoint inhibitor. In some cases, these may only
develop following completion of immunotherapy and tend to
be most severe following administration of MAbs which target
CTLA-4 (53, 54).

There is currently a somewhat limited literature focused on
the immunopathogenesis of IRAEs, as well as on the detection
of biomarkers which may be predictive of development of IRAEs
(43, 55, 56). As mentioned earlier, IRAEs affect almost all organ
systems, most commonly “the skin (pruritus, rash, and vitiligo),
the gastrointestinal tract (GIT, enterocolitis), the liver (hepatitis),
and the endocrine system” (43), while neurological adverse
events appear to occur less frequently (57). In this context, it is
noteworthy that although they are equipped with abundant and
effective cellular immune defenses, the GIT, liver, lungs, and skin
are maintained in an immunologically quiescent, albeit vigilant
state, involving, among other mechanisms CTLA-4-expressing
Tregs (58), which may explain the vulnerability of these organs
for development of IRAEs. These adverse events in relation to
anti-CTLA-4 anti-PD-1/-PD-L1 are summarized in Table 3 (59).

IMMUNOPATHOGENESIS OF IRAEs

Interference with the homeostatic mechanisms of immunological
tolerance during administration of immune checkpoint inhibi-
tors appears to underpin the vulnerability of various organs for
development of IRAEs. These result from various immunopatho-
genetic mechanisms including:

« autoantibody-/complement-mediated

o Thl-dependent, cytokine-driven cytotoxic T cell/macro-
phage-dependent mechanisms

o Th2-dependent, cytokine-driven recruitment, and activation
of eosinophils

o T helper 17 (Th17)-dependent, cytokine-driven recruitment
and activation of neutrophils, and monocytes/macrophages

o perforin/inflammasome-driven. In this setting, perforin
derived from activated cytotoxic T cells has been reported to
activate the NLRP3 inflammasome in antigen-presenting cells,
promoting maturation of IL-1p (60)

» combinations of these.

Notwithstanding unmasking or exacerbation of pre-existent,
antibody-driven autoimmune disease, there is emerging evidence
that the majority of IRAEs triggered by immune checkpoint
inhibitor therapy appear to have a cell-mediated immunopatho-
genesis. With respect to the former, myasthenia gravis, most
commonly in cancer patients receiving the PD-1 antagonist,
nivolumab (61-63), as well as autoimmune hemolytic anemia
in those receiving either nivolumab or ipilimumab (64-67),
represent documented examples of predominantly autoantibody-
driven IRAEs. On the other hand, the immunopathogenesis of
the more commonly occurring immune checkpoint inhibitor-
therapy-associated IRAEs, such as enterocolitis in particular, as
well as dermatological manifestations, hepatitis, pneumonitis,
arthritis, and others, appears to involve T cell-driven inflam-
matory mechanisms. Although limited, the most informative
insights into pathogenesis have originated from studies on the
pathogenesis of ipilimumab-associated enterocolitis in patients
with advanced melanoma.

The frequent occurrence of enterocolitis during immune
checkpoint inhibitor therapy is hardly surprising given that
GIT has been estimated to represent up to 80% of the entire
human system, with the lamina propria containing most of the
lymphocytes (68). Although contentious (69), this magnitude
of colonization of the GIT by cells of the adaptive, as well as
the innate, immune systems underscores the fact that the gut
acts as the major portal of entry to a vast array of antigens of
both infective and non-infective origin. Aside from conferring
protection against potential pathogens, the gut also plays a major
role in conditioning the immune system to tolerate beneficial,
commensal bacterial colonists (70, 71). Together with resident
CTLA-4-expressing Tregs and other types of immune cells, such
as sub-types of dendritic cell and innate lymphoid cells, this
benign commensal microbiota contributes to maintaining the
GIT in a quiescent, albeit vigilant state (70-72).

Given the importance of CTLA-4-expressing Tregs in main-
taining immune homeostasis in the GIT, it is not surprising
that therapeutic administration of CTLA-4-targeted MAbs in
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particular would predispose to development of enterocolitis. In
this context, it is noteworthy that the clinical and histopatho-
logical presentation of immune checkpoint inhibitor-associated
colitis is somewhat comparable with that of an inflammatory
bowel disease (IBD) flare (73). This condition is believed to be
driven predominantly by Th17 cells and results in a breakdown of
tolerance to the commensal microbiota and a consequent influx
of inflammatory cells into the gastric mucosa (74-78), which is
associated with increased fecal levels of calprotectin, a biomarker
of neutrophilic inflammation (78).

Although the association of enterocolitis with immune
checkpoint inhibitor therapy in advanced, metastatic cancer is
well recognized, relatively few studies appear to have focused
on the immunopathogenesis of this condition, and its broader
implications for development of IRAEs at other anatomical sites.
As mentioned above, those of relevance in this context have
mainly focused on ipilimumab therapy of metastatic melanoma.
The first and apparently the most comprehensive of these was
an early clinical trial reported by Beck et al. in 2006 to which
137 patients with metastatic melanoma were recruited, some
of whom (n = 56) received both ipilimumab and a melanoma
vaccine (79). Forty-one patients (21%) developed colitis, 39 of
whom had histological evidence of disease. Three types of colonic
cellular infiltrate were evident viz. neutrophilic inflammation
only (41%), lymphocytic infiltration only (15%), and a combined
neutrophilic/lymphocyte infiltrate (38%) (79). The apparent
involvement of neutrophilic inflammation in the pathogenesis of
ipilimumab-associated enterocolitis is supported by the findings
of whole blood gene profiling in patients with this condition,
which demonstrated increased expression of genes encoding the
neutrophil surface activation markers, CD66a and CD177 (80).

Another early study by Maker et al,, to which 36 patients
with grade IV melanoma were recruited, investigated the
immunotherapeutic potential of ipilimumab in combination
with recombinant IL-2 (81). Of the four patients (11.1%) who
developed enterocolitis, histopathologic analysis of the colon was
performed on three patients, with T cell infiltration documented
in two of these, while analysis of the third revealed “crypt destruc-
tion, loss of goblet cells, and neutrophilic infiltrates in the crypt
epithelium” (80).

In a very recent study, Bamias et al. described the immuno-
logical features of ipilimumab-associated colitis in nine patients
with advanced melanoma (82). These authors also reported that
“endoscopic characteristics resembled IBD and histology revealed
predominance of plasmacytes or CD4* T cells” (82). Importantly,
the authors detected significant involvement of both the Th1 and
Th17 effector pathways according to upregulation of IFN-y and
IL-17A messenger RNA (increases of >10- and 5-fold, respec-
tively, P < 0.01), consistent with a T cell driven, pro-inflammatory
immunopathogenesis (82). This contention, particularly the
involvement of Th17 cell activation in the pathogenesis of CTLA-
4-targeted, and possibly other types of immune checkpoint
inhibitor immunotherapy, is supported by another study which
documented increased circulating levels of IL-17 in patients
with metastatic melanoma at 7 and 12 weeks post-initiation of
therapy (P = 0.007 and P = 0.02, respectively) (83). Additional
support is derived from the study by Tarhini et al., who reported

that elevated baseline levels of circulating IL-17 were significantly
(P = 0.02) associated with the development of enterocolitis in
ipilimumab-treated patients with advanced melanoma (38). The
involvement of T cells in driving immune checkpoint inhibitor
immunotherapy is also supported by the apparent clinical utility
of vedolizumab, an MAD which antagonizes the T cell gut homing
receptor, a4p7, in the treatment of immune checkpoint inhibitor-
induced enterocolitis (84).

In addition to enterocolitis, IRAEs commonly associated with
ipilimumab therapy include hepatitis, endocrinological, and
cutaneous disorders, which may be persistent and even fatal,
while those associated with anti-PD-1 therapies include thyroid
disease and pneumonitis in the case of nivolumab and dermatitis
in the case of pembrolizumab (85). As alluded to earlier, the
propensity to develop colitis during therapy with ipilimumab
is most probably related to suppression of the high numbers of
CTLA-4-expressing Tregs in the GIT, unleashing Th17-driven
inflammatory responses. Similar mechanisms may underpin the
immunopathogenesis of other types of ipilimumab-associated
IRAEs such as hepatitis (86) and inflammatory arthritis (87). In
addition, excessive expansion of Th17 cells in the GIT, associ-
ated with alterations in the gut microbiota, has been reported to
exacerbate autoimmune disorders occurring at distal anatomical
sites such as multiple sclerosis (88).

In the case of immune checkpoint inhibitor-associated
inflammatory arthritis, Cappelli et al. recently reported on the
occurrence of this IRAE in nine patients with various types of
advanced malignancy treated with either the combination of
ipilimumab and nivolumab (n = 7) or with nivolumab only
(n = 2) (87). Four patients receiving combination therapy also
developed colitis, which preceded the arthritis in three patients.
Serological analysis failed to reveal the presence of classical
RA-associated autoantibodies (rheumatoid factor and anti-
citrullinated peptide/protein antibodies), while synovial fluid
analysis performed on four patients revealed a predominantly
neutrophil inflammatory infiltrate (87). The authors speculated
that “the large joint involvement in most patients, along with
the reactive arthritis phenotype and coexisting colitis, suggest a
possible Th17-mediated mechanism of inflammatory arthritis”
(87). While supporting evidence for this contention exists in the
case of ipilimumab, it is noteworthy that antagonism of PD-1
has also been reported to promote Thl- and Th17-mediated
immune responses. In this context, human RA synovium and
synovial fluid have been reported to be “enriched” with PD-1-
expressing T cells, while in a murine model of experimental
arthritis, PD-1 gene knockout mice (PD-17") demonstrated
increased susceptibility for development of collagen-induced
arthritis, which was associated with increased T cell prolifera-
tion and production of IFN-y and IL-17 (89). In addition, treat-
ment of whole blood or isolated mononuclear cells from patients
with prostate cancer or melanoma with a PD-1-targeted MAb,
followed by activation of T cells, resulted in a pro-inflammatory
response characterized by enhanced production of IL-2, IL-6,
IL-17, TNF-a, and IFN-y and reduced production of the Th2
cytokines, IL-5, and IL-13 (90).

Taken together, the aforementioned findings suggest that
the immunopathogenesis of CTLA-4- and PD-1-inhibitory
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therapy-associated IRAEs is most commonly driven by Thl- and
Th17-dependent inflammatory mechanisms. This contention
is supported by the apparent plasticity of Th1/Th17 cells in the
immunopathogenesis of autoimmune disorders. For example, in
a murine model of Th17 cell-mediated experimental autoimmune
encephalomyelitis, it was observed that exposure of Th17 cells to
IL-23 resulted in the generation of dual IL-17*/IFN-y*- express-
ing T cells (91). Moreover, in a murine model of CD4* T cell
adoptive transfer-mediated colitis, this condition was found to
be associated with Th17 cell reactivity against the commensal
enteric microbiota, while disease pathogenesis resulted not only
from Th17 cell-dependent mechanisms, but also involved tran-
sitioning of Th17 cells to Thl-like cells with an IL-17-/IFN-y*
phenotype, as well as supporting the development of classical
Th1 cells (92).

Although remaining to be conclusively established, Th17 cells
in particular may have a key involvement in the pathogenesis of
immune checkpoint inhibitor-mediated IRAEs. Potential mecha-
nisms of immunopathogenesis are summarized in Figure 1.

Immunoquiescent gastrointestinal tract maintained by high levels of
CTLA-4/PD-1-expressing Tregs together with colonization by a
microbiota with an anti-inflammatory phenotype

Therapeutic administration of CTLA-4-and/or PD-1-targeted
monoclonal antibodies

Development of an immunoreactive intestinal environment
characterized by:

e | numbers and reactivity of Tregs

e | levels of IL-10 and TGF-B1

e Transition of the microbiota to an inflammatory phenotype

e Immune activation associated with increased numbers
and reactivity of Th1 and Th17 cells

e Increased production of IFN-y and IL-17

e Infiltration of inflammatory cells

Possible migration of pro-
inflammatory Th1 and Th17
cells to distal anatomical sites
and accompanying risk of
autoimmunity

Enterocolitis

FIGURE 1 | Proposed mechanism of immune checkpoint inhibitor
therapy-associated enterocolitis and its possible involvement in the
pathogenesis of adverse immune/inflammatory events at distal anatomical
sites.

BIOMARKER-BASED STRATEGIES TO
REDUCE THE RISK OF DEVELOPMENT
OF IRAEs DURING IMMUNE CHECKPOINT
INHIBITOR-TARGETED THERAPY

Two major approaches fall into this category. Firstly, as described
above, strategies that may enable the early identification of those
cancer patients who are most likely to experience greatest benefit
from immune checkpoint inhibitor-targeted therapy, which, in
turn, may enable reductions in the dose and/or duration of therapy.
Secondly, the identification of potential biomarkers measured
prior to, as well as during, the course of immunotherapy, which
may enable early recognition of those cancer patients at highest
risk for development of IRAEs. It is this second approach which
represents the major focus of the final section of this review. It
does not, however, include considerations of the possible utility
of autoantibody panels, or other current recommendations in
respect of the pre-immunotherapy work-up and subsequent
monitoring strategies in patients with advanced cancer, both of
which have been described in detail elsewhere (16, 56). Instead,
it is focused on largely unexplored strategies, some of which may
have predictive potential.

Cytokine Profiles and C-Reactive Protein
Measurement of the concentrations of circulating inflammatory
and anti-inflammatory mediators may be predictive of devel-
opment of immune checkpoint inhibitor therapy-associated
IRAEs. This contention is based on observations that increased
concentrations of circulating pro-inflammatory, as well as,
counteracting anti-inflammatory cytokines precede the onset of
clinically evident RA, most prominently in patients with sero-
positive disease (93, 94). In a study reported by Kokkonen et al.,
increases in the concentrations of IL-1p, IL-2, IL-6 and those
indicative of activation of Th1 cells, specifically IFN-y and IL-12,
together with those of a co-existent anti-inflammatory response
(IL-10 and IL-1 receptor antagonist) were found to pre-date the
onset of clinically evident RA (93). In addition, levels of IL-17
were highest in IgM-rheumatoid factor-seropositive, pre-RA
patients, declining following the onset of disease, leading the
authors to propose that the role of IL-17 is most significant
in the initiation phase of RA (93). These findings were largely
confirmed by Deane et al., who did not, however, include IL-17
in their profile of cytokines/chemokines (94). These authors also
reported that elevated levels of CRP were predictive of develop-
ment of RA (94).

Together with the findings alluded to earlier in this review that
elevated levels of IL-17 and IFN-y measured prior to, as well as
subsequent to, administration of ipilimumab are associated with
the development of enterocolitis (38, 82, 83), it is possible that
combining these two cytokines with a limited selection of addi-
tional biomarkers may enhance prediction of development of this
and other IRAEs when measured pre-therapy. Potential additional
biomarkers for inclusion in this screening panel include CRP, as
already recommended by Kostine et al. (56) and supported by the
findings of Rastogi et al. in patients with ipilimumab-associated
enterocolitis (95), together with IL-10 and TGF-f1 (38).
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In summary, a biomarker profile incorporating IL-17/IFN-y/
IL-10/TGF-p1/CRP appears to merit evaluation in the prediction
of susceptibility for development of IRAEs.

Biomarkers of Systemic Activation of
Neutrophils

The findings alluded to above of increased fecal levels of the
neutrophil-derived biomarker, calprotectin (78), albeit in IBD, as
well as elevated levels of mRNA transcripts encoding the neu-
trophil surface markers, CD66 and CD177 (80), in patients with
ipilimumab therapy-associated enterocolitis, suggests that the
presence of elevated concentrations of circulating biomarkers of
neutrophil activation may be predictive of development of IRAEs.
Although not specific for neutrophils, the primary and tertiary
granule enzymes, myeloperoxidase and matrix metalloprotein-
ase 9, respectively, as well as the soluble form of the cell surface
adhesin, L-selectin, are biomarkers which may merit evaluation
in this context, possibly complemented by flow cytometric detec-
tion of upregulated expression of surface biomarkers associated
with neutrophil activation.

Cotinine

Although smoking is a predictor of a favorable response to
PD-1 targeted immunotherapy in patients with non-small cell
lung carcinoma (29, 51), it may also be associated with suscep-
tibility for development of IRAEs. This contention is based on
four different lines of evidence. These are: (i) active smoking is
associated with increased levels of circulating and tissue levels
of IL-17 in humans (96, 97), as well as with increased numbers
of circulating levels of Th17 cells in a murine model of exposure
to cigarette smoke (98); (ii) active smoking is associated with
increased numbers and pro-inflammatory activity of circulating
neutrophils (99-101); (iii) cured tobacco contains many different
types of potentially pro-inflammatory microorganisms (102),
which may explain in part the adverse effects of smoking on the
composition of the microbiota of the GIT (103); and (iv) smok-
ing is associated with predisposition for development of various
types of autoimmune disease (104-106). Objective assessment
of exposure to cigarette smoke, and possibly consumption of
smokeless tobacco products, may therefore be predictive of
susceptibility for development of IRAEs. In this context, meas-
urement of the nicotine metabolite, cotinine, in blood or urine
may be a useful predictive strategy as levels of this biomarker
of tobacco exposure are significantly elevated in active smokers
and those exposed to sidestream smoke, as well as in users of
smokeless tobacco products (107).

GUT MICROBIOME

Alterations in the gut microbiome due to factors such as diet,
smoking, and co-existent intestinal inflammation appear to
cause decreases in the numbers of quiescent commensal micro-
organisms in the GIT, such as those belonging to the Firmicutes
and Actinobacteria families (70, 88, 103). This is likely to result in
expansion of pro-inflammatory Th17 cells, which may sensitize
the GIT to immune checkpoint inhibitors, particularly those

which target CTLA-4 as mentioned above. The likely conse-
quence is a predisposition for development of enterocolitis and
possibly other IRAEs due to the trafficking of Th17 cells to distal
anatomical sites (88). Pre- and post-therapy GIT microbiome
profiling using 16S ribosomal sequencing of fecal samples, may
therefore enable identification of patients at risk for development
of IRAEs.

MICROBIAL TRANSLOCATION

Although also largely unexplored, immune checkpoint
inhibitor-mediated dysregulation of Treg cell function and
expansion of Thl and Th17 cells in the GIT, together with the
associated transition of the gut microbiota to a more inflam-
matory milieu may favor development of microbial transloca-
tion. This process, which is common in HIV-infected patients,
occurs as a consequence of inflammation-mediated damage to
the intestinal mucosa, resulting in leakage of pro-inflammatory
microbial products into the systemic circulation (108). These
bacterial-derived agents, such as lipopolysaccharide and nucleic
acid, promote low-grade systemic inflammation, largely caused
by activation of Toll-like receptors expressed on monocytes/
macrophages (108). Microbial translocation, in turn, may pre-
dispose to development of IRAEs. Circulating biomarkers which
are associated with microbial translocation include intestinal
fatty acid-binding protein and zonulin, which are markers of
increased epithelial permeability, as well as lipopolysaccharide-
binding protein, soluble CD14 and CD163 (109-111), which
are indicative of the presence of bacterial lipopolysaccharide in
the systemic circulation. Detection of increased levels of these
biomarkers prior to and during immune checkpoint inhibitor
therapy may predict development of enterocolitis and possibly
other IRAEs.

Biomarkers reviewed in this section which may be predictive
of development of IRAEs are summarized in Table 4.

TABLE 4 | Putative strategies to predict of development of immune-related
adverse events (IRAEs) during immune checkpoint inhibitor therapy.

Putative strategy Reference

Application of a cytokine/CRP-based circulating biomarker profile
consisting of IL-17/IFN-y/IL-10/TGF-p1/CRP measured prior to
and during therapy

(38, 82, 83,
93-95)

Measurement of a limited number of circulating biomarkers
of neutrophil activation, e.g., myeloperoxidase/matrix
metalloproteinase 9/L-selectin/others

(78, 80)

Measurement of cotinine in blood or urine as an objective indicator
of tobacco usage and associated systemic inflammation and
pro-inflammatory changes in the gut microbiota, which may favor
development of IRAEs

(96-107)

Detection of alterations in the gut microbiota consistent with
the transition to a pro-inflammatory phenotype conducive to
development of IRAEs

(70, 88, 103)

Measurement of systemic biomarkers of microbial translocation
indicative of inflammation-mediated damage to the intestinal
mucosa and resultant low-grade systemic inflammation.
Biomarkers in this category include intestinal fatty acid-binding
protein, zonulin, lipopolysaccharide-binding protein, soluble CD14,
and soluble CD163

(107-111)
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CONCLUSION

Although its promise is incompletely fulfilled, immune check-
point inhibitor-based immunotherapy of cancer remains an
innovative and challenging branch of oncology which is likely
to experience significant advances in the foreseeable future.
This contention is based on the probable increase in therapeutic
options due to an expanding repertoire of therapeutic MAbs
targeting novel immune checkpoint inhibitory molecules, which
may be used as monotherapy or, more likely, in combination
therapy. Therapeutic efficacy may be further improved by the
realization of strategies which enhance tumor neoantigenicity,

REFERENCES

1. Farkona S, Diamandis EP, Blasutig IM. Cancer immunotherapy: the
beginning of the end of cancer? BMC Med (2016) 14:73. d0i:10.1186/s12916-
016-0623-5

2. Greil R, Hutterer E, Hartmann TN, Pleyer L. Reactivation of dormant
anti-tumor immunity - a clinical perspective of therapeutic immune check-
point modulation. Cell Commun Signal (2017) 15(1):5. doi:10.1186/s12964-
016-0155-9

3. Harding FA, Stickler MM, Razo ], DuBridge RB. The immunogenicity of
humanized and fully human antibodies: residual immunogenicity resides in
the CDR regions. mAbs (2010) 2(3):256-65. doi:10.4161/mabs.2.3.11641

4. Irani V, Guy AJ, Andrew D, Beeson JG, Ramsland PA, Richards JS. Molecular
properties of human IgG subclasses and their implications for designing
therapeutic monoclonal antibodies against infectious diseases. Mol Immunol
(2015) 67(2 Pt A):171-82. doi:10.1016/j.molimm.2015.03.255

5. Suntharalingam G, Perry MR, Ward S, Brett SJ, Castello-Cortes A, Brunner MD,
et al. Cytokine storm in a phase 1 trial of the anti-CD28 monoclonal antibody
TGN1412. N Engl ] Med (2006) 355(10):1018-28. doi:10.1056/NEJMo0a063842

6. Ellis PM, Vella ET, Ung YC. Immune checkpoint inhibitors for patients with
advanced non-small-cell lung cancer: a systematic review. Clin Lung Cancer
(2017) 18(5):444-59.e1. doi:10.1016/j.cllc.2017.02.001

7. Wu, ShiH, Jiang M, Qiu M, Jia K, Cao T, et al. The clinical value of combi-
nation of immune checkpoint inhibitors in cancer patients: a meta-analysis
of efficacy and safety. Int | Cancer (2017) 141(12):2562-70. doi:10.1002/
ijc.31012

8. Dempke WC, Fenchel K, Uciechowski P, Dale SP. Second- and third-
generation drugs for immune-oncology treatment—the more the better?
Eur ] Cancer (2017) 74:55-72. doi:10.1016/j.jca.2017.01.001

9. Hassel JC, Heinzerling L, Aberle J, Béhr O, Eigentler TK, Grimm MO, et al.
Combined immune checkpoint blockade (anti-PD-1/anti-CTLA-4): evalu-
ation and management of adverse drug reactions. Cancer Treat Rev (2017)
57:36-49. doi:10.1016/j.ctrv.2017.05.003

10. Iwai Y, Hamanishi J, Chamoto K, Honjo T. Cancer immunotherapies target-
ing the PD-1 signaling pathway. J Biomed Sci (2017) 24(1):26. doi:10.1186/
§12929-017-0329-9

11. Reck M, Rodriguez-Abreu D, Robinson AG, Hui R, Cs6szi T, Fulop A, et al.
Pembrolizumab versus chemotherapy for PD-L1-positive non-small-cell lung
cancer. N Engl ] Med (2016) 375(19):1823-33. doi:10.1056/NEJMoal606774

12. Patera AC, Drewry AM, Chang K, Beiter ER, Osborne D, Hotchkiss RS.
Frontline science: defects in immune function in patients with sepsis are
associated with PD-1 or PD-L1 expression and can be restored by antibodies
targeting PD-1 or PD-L1. ] Leukoc Biol (2016) 100(6):1239-54. d0i:10.1189/
jlb.4HI0616-255R

13. Rao M, Valentini D, Dodoo E, Zumla A, Maeurer M. Anti-PD-1/PD-L1
therapy for infectious diseases: learning from the cancer paradigm. Int ] Infect
Dis (2017) 56:221-8. d0i:10.1016/}.ijid.2017.01.028

14. Rasmussen TA, Anderson JL, Wightman F, Lewin SR. Cancer therapies in
HIV cure research. Curr Opin HIV AIDS (2017) 12(1):96-104. doi:10.1097/
COH.0000000000000328

15. Johnson DB, Sullivan R], Menzies AM. Immune checkpoint inhibitors in chal-
lenging populations. Cancer (2017) 123(11):1904-11. doi:10.1002/cncr.30642

together with the identification of biomarker-based approaches
predictive of favorable responses to therapy. Finally, insights
into the predominantly Th17-driven inflammatory mechanisms
implicated in the immunopathogenesis of IRAEs, mainly
ipilimumab-associated enterocolits, may enable identification of
biomarker-based strategies, albeit largely unexplored, which may
be predictive of the development of IRAEs.

AUTHOR CONTRIBUTIONS

Both authors contributed significantly to the design and content
of the manuscript.

16. Michot JM, Bigenwald C, Champiat S, Collins M, Carbonnel F, Postel-Vinay S,
et al. Immune-related adverse events with immune checkpoint blockade: a
comprehensive review. Eur ] Cancer (2016) 54:139-48.d0i:10.1016/j.ejca.2015.
11.016

17. Ipilimumab Package Insert. (2015). Available from: https://www.accessdata.
fda.gov/drugsatfda_docs/label/2015/125377s0731bl.pdf (accessed November
6,2017).

18. Pembrolizumab Package Insert. (2016). Available from: https://www.
accessdata.fda.gov/drugsatfda_docs/label/2016/125514s0121bl.pdf (accessed
November 6, 2017).

19. Nivolumab Package Insert. (2014). Available from: https://www.accessdata.
fda.gov/drugsatfda_docs/label/2014/1255541bl.pdf (accessed November 6,
2017).

20. Atezolizumab Package Insert. (2016). Available from: https://www.accessdata.
fda.gov/drugsatfda_docs/label/2016/761034s0001Ibl.pdf (accessed November
6,2017).

21. Durvalumab Package Insert. (2017). Available from: https://www.accessdata.
fda.gov/drugsatfda_docs/label/2017/761069s000Ibl.pdf (accessed November
6,2017).

22. Avelumab Package Insert. (2017). Available from: https://www.accessdata.
fda.gov/drugsatfda_docs/label/2017/761049s000Ibl.pdf (accessed November
6,2017).

23. Postow MA, Chesney J, Pavlick AC, Robert C, Grossmann K, McDermott D,
et al. Nivolumab and ipilimumab versus ipilimumab in untreated melanoma.
N Engl ] Med (2015) 372(21):2006-17. doi:10.1056/NEJMoa1414428

24. Larkin J, Chiarion-Sileni V, Gonzalez R, Grob JJ, Cowey CL, Lao CD, et al.
Combined nivolumab and ipilimumab or monotherapy in untreated mela-
noma. N Engl ] Med (2015) 373(1):23-34. doi:10.1056/NEJMoa1504030

25. Anderson AC, Joller N, Kuchroo VK. Lag-3, Tim-3, and TIGIT: co-inhibitory
receptors with specialized functions in immune regulation. Immunity (2016)
44(5):989-1004. doi:10.1016/j.immuni.2016.05.001

26. Roh],JeonY, Lee AN, Lee SM, Kim YM, Sung CO, et al. The immune check-
point molecule V-set Ig domain-containing 4 is an independent prognostic
factor for multiple myeloma. Oncotarget (2017) 8(35):58122-32. d0i:10.18632/
oncotarget.19468

27. Lines JL, Sempere LF, Wang L, Pantazi E, Mak J, O’Connell S, et al. VISTA
is an immune checkpoint molecule for human T cells. Cancer Res (2014)
74(7):1924-32. d0i:10.1158/0008-5472.CAN-13-1504

28. Prodeus A, Abdul-Wahid A, Sparkes A, Fischer NW, Cydzik M, Chiang N,
etal. VISTA.COMP—an engineered checkpoint receptor agonist that potently
suppresses T cell-mediated immune responses. JCI Insight (2017) 2(18):94308.
doi:10.1172/jci.insight.94308

29. Zhang T, Xie ], Arai S, Wang L, Shi X, Shi N, et al. The efficacy and safety
of anti-PD-1/PD-L1 antibodies for treatment of advanced or refractory
cancers: a meta-analysis. Oncotarget (2016) 7(45):73068-79. doi:10.18632/
oncotarget.12230

30. Kwek SS, Lewis J, Zhang L, Weinberg V, Greaney SK, Harzstark AL, et al.
Preexisting levels of CD4 T cells expressing PD-1 are related to overall survival
in prostate cancer patients treated with ipilimumab. Cancer Immunol Res
(2015) 3(9):1008-16. doi:10.1158/2326-6066.CIR-14-0227

31. Leung AM, Lee AF, Ozao-Choy ], Ramos RI, Hamid O, O’Day §], et al.
Clinical benefit from ipilimumab therapy in melanoma patients may be

Frontiers in Oncology | www.frontiersin.org

March 2018 | Volume 8 | Article 80


https://www.frontiersin.org/Oncology/
https://www.frontiersin.org
https://www.frontiersin.org/oncology/archive
https://doi.org/10.1186/s12916-
016-0623-5
https://doi.org/10.1186/s12916-
016-0623-5
https://doi.org/10.1186/s12964-
016-0155-9
https://doi.org/10.1186/s12964-
016-0155-9
https://doi.org/10.4161/mabs.2.3.11641
https://doi.org/10.1016/j.molimm.2015.03.255
https://doi.org/10.1056/NEJMoa063842
https://doi.org/10.1016/j.cllc.2017.02.001
https://doi.org/10.1002/ijc.31012
https://doi.org/10.1002/ijc.31012
https://doi.org/10.1016/j.ejca.2017.01.001
https://doi.org/10.1016/j.ctrv.2017.05.003
https://doi.org/10.1186/s12929-017-0329-9
https://doi.org/10.1186/s12929-017-0329-9
https://doi.org/10.1056/NEJMoa1606774
https://doi.org/10.1189/jlb.4HI0616-255R
https://doi.org/10.1189/jlb.4HI0616-255R
https://doi.org/10.1016/j.ijid.2017.01.028
https://doi.org/10.1097/COH.0000000000000328
https://doi.org/10.1097/COH.0000000000000328
https://doi.org/10.1002/cncr.30642
https://doi.org/10.1016/j.ejca.2015.
11.016
https://doi.org/10.1016/j.ejca.2015.
11.016
https://www.accessdata.fda.gov/drugsatfda_docs/label/2015/125377s073lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2015/125377s073lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2016/125514s012lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2016/125514s012lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2014/125554lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2014/125554lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2016/761034s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2016/761034s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/761069s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/761069s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/761049s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/761049s000lbl.pdf
https://doi.org/10.1056/NEJMoa1414428
https://doi.org/10.1056/NEJMoa1504030
https://doi.org/10.1016/j.immuni.2016.05.001
https://doi.org/10.18632/oncotarget.19468
https://doi.org/10.18632/oncotarget.19468
https://doi.org/10.1158/0008-5472.CAN-13-1504
https://doi.org/10.1172/jci.insight.94308
https://doi.org/10.18632/oncotarget.12230
https://doi.org/10.18632/oncotarget.12230
https://doi.org/10.1158/2326-6066.CIR-14-0227

Anderson and Rapoport

Prediction of Adverse Immune Reactions

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

associated with serum CTLA4 levels. Front Oncol (2014) 4:110. doi:10.3389/
fonc.2014.00110

Zhang J, Gao J, Li Y, Nie ], Dai L, Hu W, et al. Circulating PD-L1 in NSCLC
patients and the correlation between the level of PD-L1 expression and
the clinical characteristics. Thorac Cancer (2015) 6(4):534-8. doi:10.1111/
1759-7714.12247

Anantharaman A, Friedlander TW, Lu D, Krupa R, Premasekharan G, Hough J,
et al. Programmed death-ligand (PD-L1) characterization of circulating tumor
cells (CTCs) and white blood cells (WBCs) in muscle invasive and metastatic
bladder cancer patients. J Clin Oncol (2016) 34(2_suppl):446. doi:10.1200/
j€0.2016.34.2_suppl.446

Mellert HS, Jackson L, Pestano GA. PDLI test to assess the dynamic range
of mRNA expression from platelet enriched plasma in patients with NSCLC.
J Clin Oncol (2017) 35(15_suppl). doi:10.1200/JCO.2017.35.15_suppl.e23063
Chalmers ZR, Connelly CFE, Fabrizio D, Gay L, Ali SM, Ennis R, et al. Analysis
of 100,000 human cancer genomes reveals the landscape of tumor mutational
burden. Genome Med (2017) 9(1):34. doi:10.1186/s13073-017-0424-2

Colak S, Ten Dijke P. Targeting TGF-p signaling in cancer. Trends Cancer
(2017) 3(1):56-71. doi:10.1016/j.trecan.2016.11.008

Santarpia M, Gonzalez-Cao M, Viteri S, Karachaliou N, Altavilla G, Rosell R.
Programmed cell death protein-1/programmed cell death ligand-1 pathway
inhibition and predictive biomarkers: understanding transforming growth
factor-beta role. Transl Lung Cancer Res (2015) 4(6):728-42. doi:10.3978/j.
issn.2218-6751

Tarhini AA, Zahoor H, Lin Y, Malhotra U, Sander C, Butterfield LH, et al.
Baseline circulating IL-17 predicts toxicity while TGF-B1 and IL-10 are
prognostic of relapse in ipilimumab neoadjuvant therapy of melanoma.
J Immunother Cancer (2015) 3:39. doi:10.1186/s40425-015-0081-1

Terabe M, Robertson FC, Clark K, De Ravin E, Bloom A, Venzon D], et al.
Blockade of only TGF-p 1 and 2 is sufficient to enhance the efficacy of vaccine
and PD-1 checkpoint blockade immunotherapy. Oncoimmunology (2017)
6(5):€1308616. doi:10.1080/2162402X.2017.1308616

Kadam S, Cleverly AL, Farmen M, Grondin J, Cox YI, Lahn M. A canonical
transforming growth factor beta-dependent signaling pathway is present
in peripheral blood cells of cancer patients with skeletal metastasis. ] Mol
Biomark Diagn (2013) 4(3):153. d0i:10.4172/2155-9929.1000153

Jeon HS, Jen J. TGF-p signaling and the role of inhibitory Smads in non-
small cell lung cancer. J Thorac Oncol (2010) 5(4):417-9. doi:10.1097/
JTO.0b013e3181ce3afd

Yamazaki N, Kiyohara Y, Uhara H, lizuka H, Uehara ], Otsuka E et al.
Cytokine biomarkers to predict antitumor responses to nivolumab suggested
in a phase 2 study for advanced melanoma. Cancer Sci (2017) 108(5):1022-31.
doi:10.1111/cas.13226

Manson G, Norwood ], Marabelle A, Kohrt H, Houot R. Biomarkers associated
with checkpoint inhibitors. Ann Oncol (2016) 27(7):1199-206. doi:10.1093/
annonc/mdw181

Diem S, Schmid S, Krapt M, Flatz L, Born D, Jochum W, et al. Neutrophil-to-
lymphocyte ratio (NLR) and platelet-to-lymphocyte ratio (PLR) as prognostic
markers in patients with non-small cell lung cancer (NSCLC) treated with
nivolumab. Lung Cancer (2017) 111:176-81. doi:10.1016/j.lungcan.2017.
07.024

Hannani D, Vétizou M, Enot D, Rusakiewicz S, Chaput N, Klatzmann D, et al.
Anticancer immunotherapy by CTLA-4 blockade: obligatory contribution
of IL-2 receptors and negative prognostic impact of soluble CD25. Cell Res
(2015) 25(2):208-24. d0i:10.1038/cr.2015.3

Friedlander P, Wassmann K, Christenfeld AM, Fisher D, Kyi C, Kirkwood JM,
etal. Whole-blood RNA transcript-based models can predict clinical response
in two large independent clinical studies of patients with advanced melanoma
treated with the checkpoint inhibitor, tremelimumab. ] Immunother Cancer
(2017) 5(1):67. doi:10.1186/s40425-017-0272-z

Ishida Y, Otsuka A, Tanaka H, Levesque MP, Dummer R, Kabashima K. HLA-
A*26 is correlated with response to nivolumab in Japanese melanoma patients.
J Invest Dermatol (2017) 137(11):2443-4. doi:10.1016/j.jid.2017.06.023

Rizvi NA, Hellmann MD, Snyder A, Kvistborg P, Makarov V, Havel JJ, et al. Cancer
immunology. Mutational landscape determines sensitivity to PD-1 blockade
in non-small cell lung cancer. Science (2015) 348(6230):124-8. doi:10.1126/
science.aaal348

Valiathan R, Miguez M]J, Patel B, Arheart KL, Asthana D. Tobacco smoking
increases immune activation and impairs T-cell function in HIV infected

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

patients on antiretrovirals: a cross-sectional pilot study. PLoS One (2014)
9(5):€97698. doi:10.1371/journal.pone.0097698

Calles A, Liao X, Sholl LM, Rodig SJ, Freeman GJ, Butaney M, et al. Expression
of PD-1 and its ligands, PD-L1 and PD-L2, in smokers and never smokers with
KRAS-mutant lung cancer. ] Thorac Oncol (2015) 10:1726-35. doi:10.1097/
JT0.0000000000000687

Shen M, Ren X. Highlights on immune checkpoint inhibitors in non-small
cell lung cancer. Tumor Biol (2017) 39(3):1010428317695013. doi:10.1177/
1010428317695013

Feldman C, Anderson R. Cigarette smoking and mechanisms of susceptibility
to infections of the respiratory tract and other organ systems. J Infect (2013)
67(3):169-84. doi:10.1016/.jinf.2013.05.004

Webb P, Rice TW, Cooksley T. Problem-based review: immune-mediated
complications of “checkpoint inhibitors” for the acute physician. Acute Med
(2017) 16(1):21-4.

Chen TW, Razak AR, Bedard PL, Siu LL, Hansen AR. A systematic review
of immune-related adverse event reporting in clinical trials of immune
checkpoint inhibitors. Ann Oncol (2015) 26(9):1824-9. doi:10.1093/annonc/
mdv182

Kourie HR, Paesmans M, Klastersky J. Biomarkers for adverse events associ-
ated with immune checkpoint inhibitors. Biomark Med (2016) 10(10):1029-31.
doi:10.2217/bmm-2016-0211

Kostine M, Chiche L, Lazaro E, Halfon P, Charpin C, Arniaud D, et al.
Opportunistic autoimmunity secondary to cancer immunotherapy (OASI):
an emerging challenge. Rev Med Interne (2017) 38(8):513-25. d0i:10.1016/j.
revmed.2017.01.004

Cuzzubbo S, Javeri F, Tissier M, Roumi A, Barlog C, Doridam J, et al.
Neurological adverse events associated with immune checkpoint inhibitors:
review of the literature. Eur J Cancer (2017) 73:1-8. doi:10.1016/j.ejca.
2016.12.001

Rudd CE. CTLA-4 co-receptor impacts on the function of Treg and
CD8* T-cell subsets. Eur ] Immunol (2009) 39(3):687-90. doi:10.1002/eji.
200939261

Rapoport BL, van Eeden R, Sibaud V, Epstein JB, Klastersky J, Aapro M, et al.
Supportive care for patients undergoing immunotherapy. Support Care Cancer
(2017). doi:10.1007/500520-017-3802-9

Yao Y, Chen S, Cao M, Fan X, Yang T, Huang Y, et al. Antigen-specific CD8*
T cell feedback activates NLRP3 inflammasome in antigen-presenting cells
through perforin. Nat Commun (2017) 8:15402. doi:10.1038/ncomms15402
Shirai T, Sano T, Kamijo E Saito N, Miyake T, Kodaira M, et al. Acetylcholine
receptor binding antibody-associated myasthenia gravis and rhabdomyolysis
induced by nivolumab in a patient with melanoma. Jpn J Clin Oncol (2016)
46(1):86-8. doi:10.1093/jjco/hyv158

Kimura T, Fukushima S, Miyashita A, Aoi ], Jinnin M, Kosaka T, et al.
Myasthenic crisis and polymyositis induced by one dose of nivolumab. Cancer
Sci (2016) 107(7):1055-8. doi:10.1111/cas.12961

Chang E, Sabichi AL, Sada YH. Myasthenia gravis after nivolumab therapy for
squamous cell carcinoma of the bladder. J Immunother (2017) 40(3):114-6.
doi:10.1097/CJ1.0000000000000161

Kong BY, Micklethwaite KP, Swaminathan S, Kefford RE Carlino MS.
Autoimmune haemolytic anemia induced by anti-PD-1 therapy in met-
astatic melanoma. Melanoma Res (2016) 26(2):202-4. do0i:10.1097/CMR.
0000000000000232

Palla AR, Kennedy D, Mosharraf H, Doll D. Autoimmune haemolytic anemia
as a complication of nivolumab therapy. Case Rep Oncol (2016) 9(3):691-7.
doi:10.1159/000452296

Tardy MP, Gastaud L, Boscagli A, Peyrade E Gallamini A, Thyss A.
Autoimmune haemolytic anemia after nivolumab treatment in Hodgkin lym-
phoma responsive to immunosuppressive treatment. A case report. Hematol
Oncol (2017) 35(4):875-7. d0i:10.1002/hon.2338

Cooling LL, Sherbeck J, Mowers JC, Hugan SL. Development of red blood
cell autoantibodies following treatment with checkpoint inhibitors: a new
class of anti-neoplastic, immunotherapeutic agents associated with immune
dysregulation. Immunohematology (2017) 33(1):15-21.

Vighi G, Marcucci F, Sensi L, Di Cara G, Frati E. Allergy and the gastroin-
testinal system. Clin Exp Immunol (2008) 153(Suppl 1):3-6. doi:10.1111/j.
1365-2249.2008.03713.x

Ganusov VV, de Boer R]. Do most lymphocytes in humans really reside in the
gut? Trends Immunol (2007) 28(12):514-8. doi:10.1016/}.it.2007.08.009

Frontiers in Oncology | www.frontiersin.org

March 2018 | Volume 8 | Article 80


https://www.frontiersin.org/Oncology/
https://www.frontiersin.org
https://www.frontiersin.org/oncology/archive
https://doi.org/10.3389/fonc.2014.00110
https://doi.org/10.3389/fonc.2014.00110
https://doi.org/10.1111/
1759-7714.12247
https://doi.org/10.1111/
1759-7714.12247
https://doi.org/10.1200/jco.2016.34.2_suppl.446
https://doi.org/10.1200/jco.2016.34.2_suppl.446
https://doi.org/10.1200/JCO.2017.35.15_suppl.e23063
https://doi.org/10.1186/s13073-017-0424-2
https://doi.org/10.1016/j.trecan.2016.11.008
https://doi.org/10.3978/j.issn.2218-6751
https://doi.org/10.3978/j.issn.2218-6751
https://doi.org/10.1186/s40425-015-0081-1
https://doi.org/10.1080/2162402X.2017.1308616
https://doi.org/10.4172/2155-9929.1000153
https://doi.org/10.1097/JTO.0b013e3181ce3afd
https://doi.org/10.1097/JTO.0b013e3181ce3afd
https://doi.org/10.1111/cas.13226
https://doi.org/10.1093/annonc/mdw181
https://doi.org/10.1093/annonc/mdw181
https://doi.org/10.1016/j.lungcan.2017.
07.024
https://doi.org/10.1016/j.lungcan.2017.
07.024
https://doi.org/10.1038/cr.2015.3
https://doi.org/10.1186/s40425-017-0272-z
https://doi.org/10.1016/j.jid.2017.06.023
https://doi.org/10.1126/
science.aaa1348
https://doi.org/10.1126/
science.aaa1348
https://doi.org/10.1371/journal.pone.0097698
https://doi.org/10.1097/JTO.0000000000000687
https://doi.org/10.1097/JTO.0000000000000687
https://doi.org/10.1177/
1010428317695013
https://doi.org/10.1177/
1010428317695013
https://doi.org/10.1016/j.jinf.2013.05.004
https://doi.org/10.1093/annonc/mdv182
https://doi.org/10.1093/annonc/mdv182
https://doi.org/10.2217/bmm-2016-0211
https://doi.org/10.1016/j.revmed.2017.01.004
https://doi.org/10.1016/j.revmed.2017.01.004
https://doi.org/10.1016/j.ejca.
2016.12.001
https://doi.org/10.1016/j.ejca.
2016.12.001
https://doi.org/10.1002/eji.200939261
https://doi.org/10.1002/eji.200939261
https://doi.org/10.1007/s00520-017-3802-9
https://doi.org/10.1038/ncomms15402
https://doi.org/10.1093/jjco/hyv158
https://doi.org/10.1111/cas.12961
https://doi.org/10.1097/CJI.0000000000000161
https://doi.org/10.1097/CMR.
0000000000000232
https://doi.org/10.1097/CMR.
0000000000000232
https://doi.org/10.1159/000452296
https://doi.org/10.1002/hon.2338
https://doi.org/10.1111/j.
1365-2249.2008.03713.x
https://doi.org/10.1111/j.
1365-2249.2008.03713.x
https://doi.org/10.1016/j.it.2007.08.009

Anderson and Rapoport

Prediction of Adverse Immune Reactions

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Wu HJ, Wu E. The role of gut microbiota in immune homeostasis and autoim-
munity. Gut Microbes (2012) 3(1):4-14. doi:10.4161/gmic.19320

Hepworth MR, Fung TC, Masur SH, Kelsen JR, McConnell FM, Dubrot ],
etal. Group 3 innate lymphoid cells mediate intestinal selection of commensal
bacteria-specific CD4* T cells. Science (2015) 348(6238):1031-5. doi:10.1126/
science.aaa4812

Harrison OJ, Powrie FM. Regulatory T cells and immune tolerance in the
intestine. Cold Spring Harb Perspect Biol (2013) 5(7):a018341. doi:10.1101/
cshperspect.a018341

Prieux-Klotz C, Dior M, Damotte D, Dreanic J, Brieau B, Brezault C, et al.
Immune checkpoint inhibitor-induced colitis: diagnosis and management.
Target Oncol (2017) 12:301-8. d0i:10.1007/s11523-017-0495-4

Davies JM, Abreu MT. The innate immune system and inflammatory bowel
disease. Scand ] Gastroenterol (2015) 50(1):24-33. d0i:10.3109/00365521.20
14.966321

Owaga E, Hsieh RH, Mugendi B, Masuku S, Shih CK, Chang JS. Th17 cells
as potential probiotic therapeutic targets in inflammatory bowel diseases. Int
J Mol Sci (2015) 16(9):20841-58. doi:10.3390/ijms160920841

Nirula A, Nilsen J, Klekotka P, Kricorian G, Erondu N, Towne JE, et al. Effect
of IL-17 receptor A blockade with brodalumab in inflammatory diseases.
Rheumatology (2016) 55(Suppl 2):ii43-55. doi:10.1093/rheumatology/
kew346

Verstockt B, Van Assche G, Vermeire S, Ferrante M. Biological therapy target-
ing the IL-23/IL-17 axis in inflammatory bowel disease. Expert Opin Biol Ther
(2017) 17(1):31-47. d0i:10.1080/14712598.2017.1258399

Berman D, Parker SM, Siegel J, Chasalow SC, Weber ], Galbraith S, et al.
Blockade of cytotoxic T-lymphocyte antigen-4 by ipilimumab results in dys-
regulation of gastrointestinal immunity in patients with advanced melanoma.
Cancer Immun (2010) 10:11.

Beck KE, Blansfield JA, Tran KQ, Feldman AL, Hughes MS, Royal RE, et al.
Enterocolitis in patients with cancer after antibody blockade of cytotoxic
T-lymphocyte-associated antigen 4. JClin Oncol (2006) 24(15):2283-9.
doi:10.1200/JC0O.2005.04.5716

Shahabi V, Berman D, Chasalow SD, Wang L, Tsuchihashi Z, Hu B, et al. Gene
expression profiling of whole blood in ipilimumab-treated patients for iden-
tification of potential biomarkers of immune-related gastrointestinal adverse
events. J Transl Med (2013) 11:75. doi:10.1186/1479-5876-11-75

Maker AV, Phan GQ, Attia P, Yang JC, Sherry RM, Topalian SL, et al. Tumor
regression and autoimmunity in patients treated with cytotoxic T lymphocyte-
associated antigen 4 blockade and interleukin 2: a phase I/II study. Ann Surg
Oncol (2005) 12(12):1005-16. doi:10.1245/AS0.2005.03.536

Bamias G, Delladetsima I, Perdiki M, Siakavellas SI, Goukos D, Papatheodoridis GV,
et al. Immunological characteristics of colitis associated with anti-CTLA-4
antibody therapy. Cancer Invest (2017) 35(7):443-55. doi:10.1080/07357907.
2017.1324032

Callahan MK, Yang A, Tandon S, Xu Y, Subudhi SK, Roman RA, et al.
Evaluation of serum IL-17 levels during ipilimumab therapy: correlation with
colitis. J Clin Immunol (2011) 29(Suppl 15):2505. doi:10.1200/jc0.2011.29.15_
suppl.2505

Bergqvist V, Hertervig E, Gedeon P, Kopljar M, Griph H, Kinhult S, et al.
Vedolizumab treatment for immune checkpoint inhibitor-induced entero-
colitis. Cancer Immunol Immunother (2017) 66(5):581-92. doi:10.1007/
500262-017-1962-6

Abdel-Wahab N, Shah M, Suarez-Almazor ME. Adverse events associated
with immune checkpoint blockade in patients with cancer: a systematic
review of case reports. PLoS One (2016) 11(7):e0160221. doi:10.1371/journal.
pone.0160221

Zhang H, Bernuzzi F, Lleo A, Ma X, Invernizzi P. Therapeutic potential of
IL-17-mediated signaling pathway in autoimmune liver diseases. Mediators
Inflamm (2015) 2015:436450. doi:10.1155/2015/436450

Cappelli LC, Gutierrez AK, Baer AN, Albayda J, Manno RL, Haque U, et al.
Inflammatory arthritis and sicca syndrome induced by nivolumab and ipili-
mumab. Ann Rheum Dis (2017) 76(1):43-50. doi:10.1136/annrheumdis-2016-
209595

Cosorich I, Dalla-Costa G, Sorini C, Ferrarese R, Messina MJ, Dolpady J, et al.
High frequency of intestinal Tu17 cells correlates with microbiota alterations
and disease activity in multiple sclerosis. Sci Adv (2017) 3(7):e1700492.
doi:10.1126/sciadv.1700492

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Raptopoulou AP, Bertsias G, Makrygiannakis D, Verginis P, Kritikos I, Tzardi M,
et al. The programmed death 1/programmed death ligand 1 inhibitory
pathway is up-regulated in rheumatoid synovium and regulates peripheral
T cell responses in human and murine arthritis. Arthritis Rheum (2010)
62(7):1870-80. doi:10.1002/art.27500
Dulos J, Carven GJ, van Boxtel S]J, Evers S, Driessen-Engels L], Hobo W, et al.
PD-1 blockade augments Thl and Th17 and suppresses Th2 responses in
peripheral blood from patients with prostate and advanced melanoma can-
cer. ] Immunother (2012) 335(2):169-78. d0i:10.1097/CJ1.0b013e318247a4e7
Duhen R, Glatigny S, Arbelaez CA, Blair TC, Oukka M, Bettelli E.
Pathogenicity of IFN-y-producing Th17 cells is independent of T-bet.
J Immunol (2013) 190(9):4478-82. d0i:10.4049/jimmunol.1203172
Harbour SN, Maynard CL, Zindl CL, Schoeb TR, Weaver CT. Th17 cells give
rise to Thl cells that are required for the pathogenesis of colitis. Proc Natl
Acad Sci US A (2015) 112(22):7061-6. doi:10.1073/pnas.1415675112
Kokkonen H, Soderstrom I, Rocklév J, Hallmans G, Lejon K, Dahlqvist SR.
Up-regulation of cytokines and chemokines predates the onset of rheumatoid
arthritis. Arthritis Rheum (2010) 62(2):383-91. doi:10.1002/art.27186
Deane KD, O’Donnell CI, Hueber W, Majka DS, Lazar AA, Derber LA, et al.
The number of elevated cytokines/chemokines in pre-clinical seropositive
rheumatoid arthritis predicts time to diagnosis in an age-dependent manner.
Arthritis Rheum (2010) 62(11):3161-72. doi:10.1002/art.27638
Rastogi P, Sultan M, Charabaty AJ, Atkins MB, Mattar MC. Ipilimumab associ-
ated colitis: an IpiColitis case series at MedStar Georgetown University Hospital.
World ] Gastroenterol (2015) 21(14):4373-8. doi:10.3748/wjg.v21.e14.4373
Al-Ghurabi BH. Impact of smoking on the IL-1f, IL-8, IL-10, IL-17 and
TNF-a production in chronic periodontitis patients. J Asian Sci Res (2013)
3(5):462-70.
Huang CC, Wang CH, Fu CH, Huang CC, Chang PH, Chen YW, et al.
Association between cigarette smoking and interleukin-17A expression in
nasal tissues of patients with chronic rhinosinusitis and asthma. Medicine
(2016) 95(47):e5432. doi:10.1097/MD.0000000000005432
Duan MC, Zhong XN, Tang HJ, Huang Y. [Effect of cigarette smoke exposure
on the interleukin-17-producing CD4+ T helper lymphocyte in mice with
emphysema]. Zhonghua Wei Sheng Wu Xue He Mian Yi Xue Za Zhi (Chin
] Microbiol Immunol) (2011) 31:678-84. [Article in Chinese]. doi:10.3760/
cma.j.issn.0254-5101.2011.08.002
Richards GA, Theron AJ, van der Merwe CA, Anderson R. Spirometric
abnormalities in young smokers correlate with increased chemilumines-
cence responses of activated blood phagocytes. Am Rev Respir Dis (1989)
139(1):181-7. doi:10.1164/ajrccm/139.1.181
van Eeden SE Hogg JC. The response of human bone marrow to chronic
cigarette smoking. Eur Respir ] (2000) 15(5):915-21. doi:10.1034/j.1399-
3003.2000.15e18.x
Loke WM, Lam KM, Chong WL, Chew SE, Quek AM, Lim ECh, et al.
Products of 5-lipoxygenase and myeloperoxidase activitivies are increased in
young male cigarette smokers. Free Radic Res (2012) 46(10):1230-7. doi:10.
3109/10715762.2012.701291
Sapkota AR, Berger S, Vogel TM. Human pathogens abundant in the bacte-
rial metagenome of cigarettes. Environ Health Perspect (2010) 118(3):351-6.
doi:10.1289/ehp.0901201
Biedermann L, Zeitz ], Mwinyi ], Sutter-Minder E, Rehman A, Ott SJ, et al.
Smoking cessation induces profound changes in the composition of the
intestinal microbiota in humans. PLoS One (2013) 8(3):€59260. doi:10.1371/
journal.pone.0059260
Costenbader KH, Karlson EW. Cigarette smoking and autoimmune dis-
ease: what can we learn from epidemiology. Lupus (2006) 15(11):737-45.
doi:10.1177/0961203306069344
Harel-Meir M, Sherer Y, Shoenfeld Y. Tobacco smoking and autoimmune
rheumatic diseases. Nat Clin Pract Rheumatol (2007) 3(12):707-15.
doi:10.1038/ncprheum0655
Anderson R, Meyer PW, Ally MM, Tikly M. Smoking and air pollution as
pro-inflammatory triggers for the development of rheumatoid arthritis.
Nicotine Tob Res (2016) 18(7):1556-65. doi:10.1093/ntr/ntw030
Govind N, Ally MM, Tikly M, Anderson R, Hodkinson B, Meyer PW.
Pitfalls in the assessment of smoking status detected in a cohort of South
African RA patients. Rheumatol Int (2016) 36(10):1365-9. doi:10.1007/
$00296-016-3527-y

Frontiers in Oncology | www.frontiersin.org

March 2018 | Volume 8 | Article 80


https://www.frontiersin.org/Oncology/
https://www.frontiersin.org
https://www.frontiersin.org/oncology/archive
https://doi.org/10.4161/gmic.19320
https://doi.org/10.1126/science.aaa4812
https://doi.org/10.1126/science.aaa4812
https://doi.org/10.1101/cshperspect.a018341
https://doi.org/10.1101/cshperspect.a018341
https://doi.org/10.1007/s11523-017-0495-4
https://doi.org/10.3109/00365521.2014.966321
https://doi.org/10.3109/00365521.2014.966321
https://doi.org/10.3390/ijms160920841
https://doi.org/10.1093/rheumatology/kew346
https://doi.org/10.1093/rheumatology/kew346
https://doi.org/10.1080/14712598.2017.1258399
https://doi.org/10.1200/JCO.2005.04.5716
https://doi.org/10.1186/1479-
5876-11-75
https://doi.org/10.1245/ASO.2005.03.536
https://doi.org/10.1080/07357907.2017.1324032
https://doi.org/10.1080/07357907.2017.1324032
https://doi.org/10.1200/jco.2011.29.15_
suppl.2505
https://doi.org/10.1200/jco.2011.29.15_
suppl.2505
https://doi.org/10.1007/s00262-017-1962-6
https://doi.org/10.1007/s00262-017-1962-6
https://doi.org/10.1371/journal.pone.0160221
https://doi.org/10.1371/journal.pone.0160221
https://doi.org/10.1155/2015/436450
https://doi.org/10.1136/annrheumdis-2016-
209595
https://doi.org/10.1136/annrheumdis-2016-
209595
https://doi.org/10.1126/sciadv.1700492
https://doi.org/10.1002/art.27500
https://doi.org/10.1097/CJI.0b013e318247a4e7
https://doi.org/10.4049/jimmunol.1203172
https://doi.org/10.1073/pnas.1415675112
https://doi.org/10.1002/art.27186
https://doi.org/10.1002/art.27638
https://doi.org/10.3748/wjg.v21.e14.4373
https://doi.org/10.1097/MD.0000000000005432
https://doi.org/10.3760/cma.j.issn.0254-5101.2011.08.002
https://doi.org/10.3760/cma.j.issn.0254-5101.2011.08.002
https://doi.org/10.1164/ajrccm/139.1.181
https://doi.org/10.1034/j.1399-
3003.2000.15e18.x
https://doi.org/10.1034/j.1399-
3003.2000.15e18.x
https://doi.org/10.3109/10715762.2012.701291
https://doi.org/10.3109/10715762.2012.701291
https://doi.org/10.1289/ehp.0901201
https://doi.org/10.1371/journal.pone.0059260
https://doi.org/10.1371/journal.pone.0059260
https://doi.org/10.1177/0961203306069344
https://doi.org/10.1038/ncprheum0655
https://doi.org/10.1093/ntr/ntw030
https://doi.org/10.1007/s00296-016-3527-y
https://doi.org/10.1007/s00296-016-3527-y

Anderson and Rapoport

Prediction of Adverse Immune Reactions

108.

109.

110.

111

Marchetti G, Tincati C, Silvestri G. Microbial translocation in the patho-
genesis of HIV infection and AIDS. Clin Microbiol Rev (2013) 26(1):2-18.
doi:10.1128/CMR.00050-12

Guerrant RL, Leite AM, Pinkerton R, Medeiros PH, Cavalcante PA, DeBoer M,
et al. Biomarkers of environmental enteropathy, inflammation, stunting,
and impaired growth in children in Northeast Brazil. PLoS One (2016)
11(9):e0158772. doi:10.1371/journal.pone.0158772

Stevens BR, Goel R, Seungbum K, Richards EM, Holbert RC, Pepine CJ,
et al. Increased human intestinal barrier permeability plasma biomarkers
zonulin and FABP2 correlated with plasma LPS and altered gut microbiome
in anxiety or depression. Gut (2017). doi:10.1136/gutnhl-2017-314759
Knudsen TB, Ertner G, Petersen J, Moller HJ, Moestrup SK, Eugen-Olsen J,
et al. Plasma soluble CD163 level independently predicts all-cause

mortality in HIV-1-infected individuals. J Infect Dis (2016) 214(8):1198-204.
doi:10.1093/infdis/jiw263

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2018 Anderson and Rapoport. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use, distribu-
tion or reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

13

March 2018 | Volume 8 | Article 80


https://www.frontiersin.org/Oncology/
https://www.frontiersin.org
https://www.frontiersin.org/oncology/archive
https://doi.org/10.1128/CMR.00050-12
https://doi.org/10.1371/journal.pone.0158772
https://doi.org/10.1136/gutnhl-2017-314759
https://doi.org/10.1093/infdis/jiw263
https://creativecommons.org/licenses/by/4.0/

	Immune Dysregulation in Cancer Patients Undergoing Immune Checkpoint Inhibitor Treatment and Potential Predictive Strategies for Future Clinical Practice
	Introduction
	Immune Checkpoint Inhibitor MAbs Approved for Clinical Application
	Alternative Negative Immune Checkpoint Molecules Which May Serve as Targets for Immunostimulatory MAbs
	Strategies Which May Improve the Therapeutic Efficacy of Negative Immune Checkpoint Molecule-Targeted Immunotherapy
	Pre-Therapy Detection of Immune Checkpoint Inhibitory Molecules and Their Ligands on Intra-Tumoral T Cells and Tumor Cells
	Augmentation of Tumor Immunogenicity
	Pre-Therapy Detection of Immunosuppressive and Immunostimulatory Cytokines
	Alterations in the Numbers of Circulating Leukocytes and Leukocyte Subsets, Soluble CD25, and Lactate Dehydrogenase
	Gene Profiling of Circulating Leukocytes
	HLA Typing
	Smoking History

	Immune-Related Adverse Reactions (IRAEs) Triggered by Negative Immune Checkpoint Molecule-Targeted Immunotherapy
	Immunopathogenesis of IRAEs
	Biomarker-Based Strategies to Reduce the Risk of Development of IRAEs During Immune Checkpoint Inhibitor-Targeted Therapy
	Cytokine Profiles and C-Reactive Protein
	Biomarkers of Systemic Activation of Neutrophils
	Cotinine

	Gut Microbiome
	Microbial Translocation
	Conclusion
	Author Contributions
	References


