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The advent of novel, innovative, and effective anti-cancer immunotherapies has

engendered an era of renewed optimism among cancer specialists and their patients.

Foremost among these successful immunotherapies are monoclonal antibodies (MAbs)

which target immune checkpoint inhibitor (ICI) molecules, most prominently cytotoxic

T-lymphocyte-associated protein (CTLA-4) and programmed cell death protein-1 (PD-1)

and its major ligand, PD-L1. These immunotherapeutic agents are, however, often

associated with the occurrence of immune-mediated toxicities known as immune-related

adverse events (IRAEs). The incidence of severe toxicities increases substantially when

these agents are used together, particularly with CTLA-4 in combination with PD-1 or

PD-L1 antagonists. Accordingly, dissociating the beneficial anti-tumor therapeutic activity

of these agents from the emergence of IRAEs represents a significant challenge to

attaining the optimum efficacy of ICI-targeted immunotherapy of cancer. This situation is

compounded by an increasing awareness, possibly unsurprising, that both the beneficial

and harmful effects of ICI-targeted therapies appear to result from an over-reactive

immune system. Nevertheless, this challenge may not be insurmountable. This

contention is based on acquisition of recent insights into the role of the gut microbiome

and its products as determinants of the efficacy of ICI-targeted immunotherapy, as well

as an increasing realization of the enigmatic involvement of Th17 cells in both anti-tumor

activity and the pathogenesis of some types of IRAEs. Evidence linking the beneficial and

harmful activities of ICI-targeted immunotherapy, recent mechanistic insights focusing on

the gut microbiome and Th17 cells, as well as strategies to attenuate IRAEs in the setting

of retention of therapeutic activity, therefore represent the major thrusts of this review.

Keywords: adenosine 5-triphosphate, cytotoxic T-lymphocyte-associated protein (CTLA-4), ipilimumab, immune-

related adverse events (IRAEs), interleukin-17, microbiome, nivolumab, programmed cell death protein-1 (PD-1)

INTRODUCTION

The advent of monoclonal antibody (MAb)-based, immune checkpoint inhibitor (ICI)-targeted
immunotherapy has dramatically and successfully transformed the landscape of the treatment
of several types of advanced malignancies, particularly non-small cell lung carcinoma (NSCLC)
and melanoma (1, 2). To date, this type of immunotherapy is based almost exclusively on
the restoration of anti-tumor immunity, resulting from the blockade of one or both of
two distinct types of ICI proteins, viz., cytotoxic T-lymphocyte-associated protein-4 (CTLA-
4; also known as CD152) (3) and programmed cell death protein-1 (PD-1; CD279) (4),
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which affect different stages and mechanisms of effector T cell
activation (5, 6).

While clearly representing a watershed in the immunotherapy
of cancer, the full therapeutic potential of MAb-based ICI-
targeted immunotherapy of advanced cancer remains to be
realized. This is due to the accompanying risk of development
of a spectrum of unusual, immunotherapy-related, potentially
harmful, immunological reactions known as immune-related
adverse events (IRAEs). These reactions occur with surprisingly
high frequencies of around 30, 50, and 70–90% in patients
treated with individual PD-1 and CTLA-4 antagonists or with
combinations of these, respectively, andmay restrict the duration
and efficacy of immunotherapy (1, 2). All organ systems are
vulnerable, especially the skin, gastrointestinal system, liver and
endocrine system, while the reactions range from mild to even
fatal (1, 2).

Currently, relatively little is known about the
immunopathogenesis of MAb-based ICI therapy-associated
development of IRAEs. This represents a significant gap in
knowledge, which if successfully addressed may enhance the
anti-cancer efficacy of this type of immunotherapy. Accordingly,
the current review is focused on the following recent insights,
which may contribute to attainment of this goal: (i) pre-
existing autoimmune disease and eligibility for ICI-targeted
immunotherapy; (ii) relationships between immune restoration
and development of IRAEs; (iii) composition of the gut
microbiota as a determinant of the efficacy of ICI-targeted
immunotherapy; (iv) mechanisms underpinning ICI-MAb-
mediated immune restoration and development of IRAEs;
(v) role of adenosine 5′-triphosphate (ATP) derived from gut
commensal bacteria in promoting differentiation of Th17 cells;
(vi) the involvement of intestinal Th17 cells in the pathogenesis
of some types of IRAEs and restoration of anti-tumor immunity;
and (vii) a consideration of potential immune-based therapies
to ameliorate development of IRAEs. These sections are
preceded firstly, by a brief outline of the immunosuppressive
activities of CTLA-4 and PD-1, and, secondly, the chronology
of United States (US) Food and Drug Administration (FDA)
approval, as well as initial therapeutic applications, of several of
the earlier, prominent ICI-targeted MAbs.

CTLA-4 AND PD-1 IMMUNE CHECKPOINT
INHIBITORS

CTLA-4 is expressed constitutively on regulatory T cells (Tregs)
(5, 6). In the context of an efficiently functioning immune
system, Tregs are critically involved in maintaining a level of
immunological homeostasis necessary to prevent development
of autoimmune and auto-inflammatory diseases. If overactive,
however, excessive Treg-mediated immunosuppression may
result in attenuation of both anti-tumor and anti-infective
host defenses (5, 6). Depending on the subtype of Tregs,
immunosuppressive activity is achieved by several mechanisms
(7). These include direct interactions of CTLA-4 with the co-
stimulatory, counter-receptors, B7-1 (CD80) and B7-2 (CD86),
expressed on antigen-presenting cells (APCs), predominantly

activated dendritic cells (DCs), as well as macrophages.
This results in suppression of the antigen-presenting and
other T-cell-activating functions of these cells (5, 6). In
addition, CTLA-4 expressed on Tregs can also enable capture,
sequestration, and degradation of B7-1 and B7-2 expressed
on DCs by a process of trans-endocytosis, which also results
in attenuation of the co-stimulatory activities of APCs (6,
8). Other mechanisms include: (i) production of the broad-
spectrum, immunosuppressive cytokines, transforming growth
factor-β1 (TGF-β1) and interleukin (IL)-10 (5, 6); (ii) depletion
of antigenic peptide/MHC class II complexes on the surface
of DCs (9); and (iii) IL-10-mediated induction of alternative,
anti-inflammatory M2-like macrophages, resulting in decreased
activation of effector T cells (10). M2-like macrophages, largely
through production of TGF-β1, also potentiate the formation
of Tregs. This is achieved firstly, by protecting these cells
from apoptosis during thymic development, and, secondly, by
inducing the transition of immature Tregs into functionally
mature cells (11, 12).

Notwithstanding inducing over-activity of Tregs, several
other mechanisms exist by which CTLA-4 contributes to
suppression of anti-tumor immunity. Most importantly,
these include expression and release of CTLA-4 by tumor
cells per se (13–15), as well as release of microvesicle-
packaged CTLA-4 by mature myeloid DCs in the tumor
microenvironment (16, 17). Both of these mechanisms target
tumor-infiltrating T cells (TILs), contributing to an ongoing
cycle of sustained immunosuppression.

Unlike Tregs, surface expression of CTLA-4 by both naïve
and anti-tumor CD4+ and CD8+ effector memory T cells
only occurs following major histocompatibility complex (MHC)-
dependent activation of these cells by APCs. This happens as a
result of engagement of the T cell receptor (TCR) for specific
antigen in the setting of generation of co-stimulatory signals,
resulting from the interaction of CD28 (the IL-2-inducing
counterpart of CTLA-4) expressed on T cells with B7-1/B7-2 on
APCs (5, 6).

Like CTLA-4, PD-1 is also a member of the B7/CD28 family,
but in contrast to CTLA-4, PD-1 and its ligands, PD-L1 (CD274)
and PD-L2 (CD273), the former having the highest affinity for
PD-1, are more broadly expressed than the CTLA-4/B7 axis. In
this context, PD-1 is expressed not only by activated T cells, but
also by B cells and cells of themyeloid lineage (5). The ligand, PD-
L1, is expressed on various types of immune and non-immune
cells, including tumor cells, while PD-L2 is predominantly
expressed on APCs (5). PD-1-mediated suppression of tumor-
targeted immune mechanisms involves the interaction of this ICI
expressed on activated, anti-tumor CD4+ and CD8+ effector
T cells with PD-L1 expressed on tumor cells. Unlike CTLA-4,
which suppresses the initial priming events in T cell activation,
engagement of PD-1 inhibits the effector phase, resulting in
the failure of both T cell proliferation and production of the
immunopotentiating cytokines, IL-2, tumor necrosis factor-α
(TNF-α) and interferon (IFN)-γ, while also driving a pro-
apoptotic state (5). In addition, PD-L1-expressing DCs may also
drive the progression of naïve, PD-1-expressing CD4 Tregs to the
mature, immunosuppressive phenotype, favoring co-operative
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impairment of anti-tumor host defenses due to co-expression
of CTLA-4 and PD-1 by Tregs (5, 18, 19). As mentioned in a
later section of this review, these highly efficient Tregs appear to
drive intestinal immunosuppression via mechanisms involving
hydrolysis of adenosine-5’-triphosphate (ADP) derived from
commensal microorganisms (20–22).

The aforementioned immunosuppressive activities of CTLA-4
and PD-1 are summarized in Table 1.

IMMUNE-CHECKPOINT
INHIBITOR-TARGETED MAbs

The first MAb to receive approval by the US FDA for clinical
application in the setting of selected, advanced malignancies
was the CTLA-4-targeted agent, ipilimumab, a fully human
IgG1 MAb, approved initially for treatment of advanced
melanoma in 2011 (23, 24). A list of more recently approved
ICI MAbs is summarized in the Supplementary Table with
supporting references.

To date, the major beneficiaries of MAb-based ICI therapy
are patients with advanced melanoma (ipilimumab alone or
with a PD-1 inhibitor) and NSCLC (PD-1/ PD-L1), with these
malignancies appearing to be particularly responsive to this type
of immunotherapy and associated with durable responses in
∼25% of patients (25, 26). In this context, it is noteworthy that
single-agent administration of pembrolizumab (PD-1 antagonist)
is now recommended by the US FDA and European Medicines
Agency for the treatment of patients with advanced NSCLC who
have a PD-L1 tumor promotion score (TPS) of ≥50% (27). Even
more recently, based on the findings of the KEYNOTE-42 study,
Mok et al. proposed that the TPS recommendation in respect of
first-line administration of pembrolizumab in NSCLC be revised
to include patients with even lower TPS values (28), however
caution in this regard has been advocated by others who contend
that patients with a lower TPS score should be treated with ICIs
and chemotherapy (27).

TYPES OF IMMUNE-RELATED ADVERSE
EVENTS (IRAEs)

IRAEs associated with ICI therapy include those of
dermatological, gastrointestinal (GIT), pulmonary, hepatic,
endocrine and ocular origin, as well as less frequent immune-
toxicities such as type 1 diabetes mellitus and those of cardiac,
neurological, and hematological origin. Dermatological toxicities
can appear following the first dose of ICIs and can be ongoing.
These skin rashes are most frequently maculopapular and mild
in nature (29). Generalized pruritus and skin rash are seen
more frequently with CTLA-4-targeted therapy compared to
anti-PD-1/PDL-1-based therapy (30). In some instances, serious
skin reactions such as Stevens-Johnson syndrome and toxic
epidermal necrolysis have been described (31). Vitiligo has also
been described in a small proportion of patients undergoing
treatment with ICIs and interestingly this condition is associated
with clinical benefit and long-term survival (32).

GIT side-effects in the form of mucositis, aphthous ulcers,
gastritis, colitis, and abdominal pain may occur and the presence

of diarrhea, with blood or mucus in the stool, can be seen.

Severe complications can progress to toxic megacolon and
perforation and must be ruled out in patients showing symptoms

of peritonitis (33). In severe cases, infectious causes of diarrhea,

including Clostridium difficile infection may be evident (33).
Pneumonitis is a serious IRAE reported in patients

undergoing treatment with ICIs. Pneumonitis is more common

with PD-1 and PDL-1 blockers, however the incidence is <1%
and presents later during the treatment phase (34). Clinicians

should typically be aware of the development of immune-related

pneumonitis in a patient undergoing ICI-based therapy who
experiences new symptoms of dyspnea and/or cough. If not

managed promptly, this complication may be fatal (34).
Endocrine-associated IRAE symptoms are generally non-

specific and include fatigue, mental state changes, headaches,

and dizziness related to hypotension (35). Hypothyroidism

TABLE 1 | Immunosuppressive activities of CTLA-4 and PD-L1.

Immune checkpoint

inhibitor

Cell type Immunosuppressive activity References

CTLA-4 Tregs Interaction with CD80 and CD86 on APCs resulting in decreased antigen

presentation and T cell activation

(5, 6, 8)

CTLA-4 Tregs Production of broadly immunosuppressive TGF-β1 and IL-10 resulting in

induction of M2 macrophages which further potentiate formation of Tregs

(5, 6, 10–12)

CTLA-4 Tregs Depletion of antigenic peptide/MHCII complexes on DCs (9)

CTLA-4 Tregs Depletion of T cell-activating ATP and formation of immunosuppressive

adenosine via co-expression of CD39 and CD73

(20–22)

CTLA-4 Tumor cells Decreased antigen presentation and T cell activation (13–15)

CTLA-4 Mature myeloid DCs Release of vesicle-packaged CTLA-4 in the tumor micro-environment (16, 17)

PD-1 CD4+ and CD8+

effector T cells

Interference with tumor-targeted immune mechanisms via binding with

PD-L1 expressed on tumor cells

(5)

PD-1 DCs Interaction with PD-1 on immature Tregs promotes transition to the mature,

CTLA-4/PD-1, immunosuppressive phenotype

(5, 18, 19)

APC, antigen presenting cell; ATP, adenosine 5′-triphosphate; DC, dendritic cell; MHC, major histocompatibility complex; Treg, regulatory T cell.
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TABLE 2 | Summary of organ specific immune-related adverse events associated

with ICI treatment*.

Dermatological

• Pruritus

• Skin rash

• Stevens-Johnson syndrome

• Toxic epidermal necrolysis

• Dermatitis exfoliative

• Erythema multiforme

• Alopecia

• Vitiligo

Gastrointestinal

• Mucositis

• Diarrhea

• Aphthous ulcers

• Gastritis

• Colitis

• Necrotizing colitis

• Toxic megacolon

• Perforation

• Peritonitis

• Pancreatitis

Hepatic

• Immune-mediated hepatitis

Pulmonary

• Pneumonitis

• Sarcoid-like syndrome

• Interstitial lung disease

• Acute interstitial pneumonitis

Renal

• Nephritis, autoimmune

• Renal failure

Endocrine

• Hyperthyroidism

• Hypothyroidism

• Adrenal insufficiency

• Hypophysitis

• Type 1 diabetes mellitus

Ophthalmological

• Episcleritis

• Uveitis

• Conjunctivitis

Cardiac

• Myocarditis

Neurological

• PRES (posterior reversible encephalopathy syndrome)

• Aseptic meningitis

• Transverse myelitis

• Guillain-Barre syndrome

• Autoimmune neuropathy

• Demyelinating polyneuropathy

• Guillain-Barre

• Myasthenia gravis– like syndrome

(Continued)

TABLE 2 | Continued

Hematological

• Red cell aplasia

• Neutropenia

• Acquired hemophilia A

• Thrombocytopenia

• Hemolytic-uremic syndrome

Rheumatological

• Inflammatory arthritis

• Sicca syndrome

*IRAEs have been described in the settings of both registered and investigational CTLA-

4 and PD-1-/PD-L1-targeted MABs. Hypophysitis and colitis are most commonly, but

not exclusively, associated with ipilimumab, and pneumonitis with PD-1 inhibitors. The

incidence and severity of IRAEs increases significantly when CTLA-4- and PD-1/PD-L1-

targeted MAbs are used in combination.

is the most commonly documented endocrine abnormality,
with Addison’s disease and hypophysitis also having been
reported (35). Clinicians should screen patients for thyroid
function abnormalities, including performance of baseline
thyroid function tests. Other hormonal evaluations may be
indicated in some patients. Ophthalmological IRAEs in the form
of episcleritis, uveitis or conjunctivitis have also been described.
These abnormalities may be mild, moderate or severe (36).
Neurological IRAEs include posterior reversible encephalopathy
syndrome, aseptic meningitis, enteric neuropathy, transverse
myelitis, and Guillain-Barre syndrome (37), as well as relapses of
multiple sclerosis associated with rapid neurologic progression
and death (38).

Infrequently encountered IRAEs include red cell aplasia (39),
neutropenia (39), acquired hemophilia A (39), thrombocytopenia
(39), hemolytic-uremic syndrome (39), pancreatitis (40),
asymptomatic increases in serum amylase and lipase (40), renal
insufficiency with nephritis (41), arthritis and sicca syndrome
(42), myocarditis (43), and sarcoid-like syndrome (44).

These various types of IRAE are summarized in Table 2.

IMMUNE-RELATED ADVERSE EVENTS
(IRAEs) AND PRE-EXISTING
AUTOIMMUNE DISEASE

Given the key roles played by CTLA-4 and PD-1 in the
maintenance of immunological homeostasis, it is not entirely
surprising that intravenous, as opposed to direct intra-
tumoral, administration of MAbs that target these ICIs,
could pose the potential risk of generalized immune system
over-reactivity and immune-mediated toxicities. Because
of the prevailing belief that patients with advanced cancer
and co-existent autoimmune disorders were at highest
risk for development of severe IRAEs, such patients were
often excluded from access to immunotherapy-based, anti-
cancer clinical trials (45). This strategy has, however, been
challenged by the findings of a number of retrospective
studies recently reviewed by Johnson et al. (45) and Khan and
Gerber (46). The former authors state that “autoimmunity
is often exacerbated by ICI therapy, but is generally
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manageable with standard treatment algorithms and close
multidisciplinary monitoring. Further, the activity of these
agents appears to be comparable to that seen in unselected
patients” (45).

This contention is supported by the findings of a study
undertaken by Cortellini et al. (47). This retrospective
study, which covered the period September 2013–May
2018, encompassed fifteen Italian centers and a total of
751 patients with various types of cancer, predominantly
NSCLC (65.5%), melanoma (21.2%) and renal cancer (12.5%),
treated with PD-1 (pembrolizumab or nivolumab)-targeted
immunotherapy (47). Of these patients (male: female
participants = 499/252), 85 (11.3%; 48 male, 37 female)
had pre-existing autoimmune diseases (predominantly
thyroid, dermatologic, and rheumatologic disorders), of
which 17.6% of patients had clinically-active disease (47).
Following immunotherapy, the incidence of IRAEs of any
grade was found to be significantly higher when comparing
patients with and without autoimmune diseases (65.9 vs.
39.9%). Multivariate analysis revealed significant associations
of IRAEs of any grade with both clinically-active and –
quiescent autoimmune disease (P = 0.162 and P = 0.005,
respectively), as well as with female gender (P = 0.0004) and
Eastern Cooperative Oncology Group Performance Status of
<2 (P = 0.0030). However, no significant differences were
detected between the groups of patients with and without
autoimmune disorders with respect to the frequencies of
grades 3–4 IRAEs, as well as with progression-free survival
(PFS) and overall survival (OS) (47). On the basis of these
findings, the authors contend that cancer patients with pre-
existing autoimmune diseases need not be excluded from access
to immunotherapy, albeit conditional on multidisciplinary
evaluation and recommendation (47). In addition, the authors
note that “the finding of a greater incidence of IRAEs among
female patients ranks among the hot topics in gender-related
differences in immune-oncology” (47).

In cancer patients with preexisting autoimmune disorders,
including type 1 diabetes mellitus, the use of PD-1 and
PDL-1 ICI antibodies, in particular, is frequently associated
with development of mild IRAEs, which are usually easily
managed and do not require treatment discontinuation,
with a significant proportion of patients attaining clinical
responses (48–51). Although current data supports the
use of ICI-based therapy in patients with pre-existing
autoimmune disorders or type 1 diabetes mellitus, the
level of evidence in respect of this recommendation is
low. In this context, it is noteworthy that cancer patients
with pre-existing autoimmune disorders or type 1 diabetes
mellitus were excluded from all prospective registration trials
and only retrospective data is currently available in these
clinical settings.

Accordingly, these findings should be confirmed in well-

designed prospective, randomized studies with adequate end-

points. Additionally, “real world” studies may show that the
incidence of IRAEs is significantly higher than in the clinical

trial setting.

ASSOCIATION BETWEEN IMMUNE
RESTORATION AND DEVELOPMENT OF
IRAEs

In yet another somewhat surprising development, a number of
recent studies has suggested that the occurrence of clinically
manageable IRAEs may even be predictive of an effective,
immunotherapy-induced anti-tumor immune response. Five of
these studies, all retrospective analyses, mostly encompassing
patients with advanced NSCLC, analyzed the associations
between administration of anti-PD-1 targeted immunotherapy
(nivolumab or pembrolizumab), development of IRAEs and
treatment efficacy (52–56). The numbers of patients recruited to
these studies varied from 38–559 and the occurrence of IRAEs
from 36.8 to 63.0%, predominantly of grade I/II severity, with
frequencies of grade III/IV severity reported in 2/43 (52), 1/70
(53), 1/38 (54), 15/106 (55), and 50/559 (56) patients. In all five
studies, the duration of PFS was found to be significantly longer
(P = 0.016–P < 0.0001) and objective response rates (ORRs)
greater (P = 0.17–P < 0.0001) in patients who developed IRAEs
(52–56). However, no clear associations between therapeutic
efficacy and severity of IRAEs were evident, possibly reflecting
the small numbers of patients in the majority of the studies.

Several other recently published retrospective analyses,
encompassing patients with various types of advanced cancer,
have reported similar associations between development of
IRAEs and efficacy of both CTLA-4- and PD-1-directed
immunotherapy. In this context, Shafqat et al. reported that
45/157 (28.7%) patients with various types of cancer who
were treated with anti-PD-1/PD-L1 MAbs developed IRAEs,
predominantly of endocrine origin, 21 of whom were treated
with systemic corticosteroids (57). Interestingly, Cox regression
analysis revealed that patients who developed IRAEs had a lower
risk for disease progression or death [hazard ratio (HR) = 0.34;
P < 0.001)], the median PFS rates being 4.2 and 24.4 months
for those patients without and with IRAEs (57). Patients who
received corticosteroids also had a significantly improved PFS
(HR= 0.38; P = 0.03). The authors concluded that development
of an IRAE is indicative of an immune system that is responsive
to ICI-targeted immunotherapy (57).

A second study was based on a retrospective review of the
medical records of 290 patients with different types of advanced
cancer who received various types of immunotherapy (ICIMAbs,
n = 64; cytokine therapies, n = 87; cancer vaccines, n = 53;
combined therapies, n = 86, which were ICI MAb-based in 63
patients) (58). The types of ICI-targeted MAbs, cytokine-based
therapies and cancer vaccines were not, however, mentioned.
Ninety eight patients (34%) developed IRAEs, predominantly
dermatitis (n = 57); 15 of these were graded as 3/4 IRAEs, 5 of
which were treated with systemic corticosteroids. These severe
IRAEs were detected in 6, 5, 3, and 1 patients who received
ICI-targeted, cytokine-based, vaccine-based, and combination
therapies, respectively. Relative to the other patients (n = 275),
those who developed grade 3/4 IRAEs had an improved ORR
(25 vs. 6%; P = 0.034) and disease control rate (DCR, 67 vs.
21%; P = 0.001), a longer median time to progression of disease
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(30 vs. 10 weeks; P = 0.004) and a longer median OS (15 vs. 8
months; P = 0.10). Of the patients who received corticosteroids,
4/5 continued to respond (58). These findings appear to indicate
that the intensity of an IRAE may reflect the magnitude of
immune restoration.

Two studies, also from the MD Anderson Cancer Center, one
focused on patients with different types of advanced cancer and
the other specifically on melanoma, have also highlighted the
association between development of IRAEs and efficacy of ICI-
targeted immunotherapy (59, 60). The first of these involved
a retrospective review of records of patients (n = 427) with
various types of advanced cancer who had received treatment
with ICI MAbs, individually (ipilimumab, pembrolizumab,
nivolumab, atezolizumab) or in combination (ipilimumab +

nivolumab), during the period 2011–2017 (59). Of these patients,
202 (47.3%) developed one (n = 126) or more (n = 76)
IRAEs, predominantly colitis/diarrhea. The authors reported
that irrespective of immunosuppressive therapy, patients who
developed IRAEs had significantly (P < 0.01) increased duration
of OS relative to those who did not experience IRAEs. This
relationship was most evident in patients who experienced three
or more IRAEs in comparison with those who experienced
two or less (P = 0.010) (59). In addition to concluding that
“IRAEs are associated with favorable overall survival regardless
of immunosuppression,” the authors also contend that “IRAEs
involving multiple organs appeared to be beneficial for overall
survival” (59).

The second retrospective analysis reported by these
investigators covered the period 01/2010–04/2018 and was
focused on ICI-induced colitis as a predictor of survival
in metastatic melanoma (60). The study involved 346 patients
recruited from a total of 1,983 who had previously received either
CTLA-4-(n = 848) or PD-1/PD-L1-(n = 1,135)-based therapies
(60). Of these, 173 (8.7%) who had developed immunotherapy-
related colitis were matched with an equal number of control
patients without colitis to receive immunotherapy with CTLA-4-
or PD-1/PD-L1-targeted MAbs individually or in combination
(60). Again, multivariate Cox regression analysis revealed that
any grade of GIT IRAE was associated with a significantly
improved OS (HR= 0.53; P < 0.01), as well as PFS duration (HR
= 0.56; P < 0.01), which was unaffected by immunosuppressive
therapy (60).

Similar findings to those described in the preceding reports
(52–60) have also been reported by Maher et al. who conducted
an analysis of seven studies, encompassing patients (n = 1,747)
with metastatic or locally advanced urothelial cancer deemed
suitable for immunotherapy with anti-PD-1/PD-L1 MAbs (61).
The analysis was focused on the relationship between OS
and development of “related adverse events of special interest
(AESIs)” as well as “related immune-mediated adverse events”
(imAEs). The frequencies of AESIs were 64 and 34% in
responders and non-responders to immunotherapy, respectively,
while the corresponding frequencies for imAEs were 28 and
12%. Development of AESIs was significantly associated with
increased OS (HR= 0.45; 95% CI: 0.39–0.52) (61).

A post hoc analysis of a prospective study (the EORTC
1325/KEYNOTE-054 study) addressing the issue of

the relationship between IRAEs and outcome of ICI-
targeted immunotherapy of advanced melanoma, has been
communicated recently (62). This is a double-blind, placebo-
controlled trial focused on the efficacy (recurrence-free survival,
RFS) of pembrolizumab in high-risk, stage III melanoma patients
(n = 1,011, with 511 and 502 in the pembrolizomumab-treated
and placebo groups, respectively) (62). The authors of this study
detected a significantly longer RFS in the pembrolizumab-treated
group relative to the placebo, control group (HR = 0.61; 95%
CI: 0.39–0.95; P = 0.03). This was most notable after the onset
of an IRAE (HR = 0.37; 95% CI: 0.24–0.57; P = 0.028), with
frequencies of IRAEs in the pembrolizumab-treated and placebo
control groups of 37.3 and 9%, respectively (62).

The authors of all of the above reports, which are summarized
in Table 3, contend that the development of IRAEs, seemingly
manageable in the majority of cases, is indicative of an immune
system which is likely to be responsive to restoration of
anti-tumor immunity following administration of ICI-targeted
MAbs (52–60). With the exception of the study by Eggermont
et al. (62), these studies are, however, retrospective in nature,
involving different patient populations, with small numbers in
some instances, different tumor types in the same study, and
different clinical end-points. Consequently, these are of a low
level of evidence, requiring confirmation in properly designed,
adequately powered clinical trials with appropriate end-points.

It is also noteworthy that IRAEs have been associated
with sustained clinical benefit in patients requiring treatment
discontinuation due to these toxicities. The memory element of
this immune response appears to be associated with a possible
persistent, clinical benefit even following discontinuation of
treatment. Intriguingly, this effect could be observed even if a
complete response is not attained in these patients (63). However,
it is essential to note that although the development IRAEs is
associated with clinical benefit in terms of OS, some of these “off-
target” systemic effects may be persistent, or even irreversible,
compromising the quality of life of these patients.

The aforementioned findings seemingly indicate that the
critical requirements for achieving effective, ICI-targeted, anti-
tumor immunotherapy include not only raising the magnitude
of immune restoration to levels necessary to overcome the
impediment of existing immunosuppression, but also galvanizing
the immune system into apparent overdrive as evidenced by the
frequency of IRAEs affecting various organs.

C-REACTIVE PROTEIN AND
INTERLEUKIN-6 AS PREDICTORS OF
BOTH THE EFFICACY OF IMMUNE
CHECKPOINT INHIBITOR-BASED
THERAPY AND DEVELOPMENT OF IRAEs

There is considerable current interest in the identification
of systemic biomarkers which are predictive of the efficacy
of ICI-targeted immunotherapy, as well as susceptibility for
development of IRAEs. In this context, several studies have
reported on the apparent utility of measurement of serum
C-reactive protein (CRP), a surrogate for IL-6, as a strategy
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TABLE 3 | Summary of retrospective studies (n = 10) and one post hoc analysis of a prospective study describing positive associations between the efficacy of immune

checkpoint inhibitor-targeted immunotherapy and development of immune-related adverse events (IRAEs).

Tumor type *Study

type

Type of immune

checkpoint-targeted

immunotherapy

Frequency of IRAEs **Clinical benefit parameter (median) References

OS PFS

Advanced NSCLC

(43 patients)

R PD-1-targeted

(nivolumab)

44% ***NR #6.4 vs. 1.5 months

(P = 0.01)

(52)

Advanced NSCLC

(70 patients)

R PD-1-targeted (nivolumab) 40% NR +12 vs. 3.6 months

(P value stated as

significant)

(53)

Advanced NSCLC

(38 patients)

R PD-1-targeted (nivolumab) 28.9% NR +91 vs. 41 days

(P < 0.001)

(54)

Advanced NSCLC

(559 patients)

R PD-1-targeted

(nivolumab/pembrolizumab)

41.3% 20.5 vs. 8.5

months

(P < 0.0001)

10.1 vs. 4.1 months

(P < 0.0001)

(56)

Various types of malignancy,

mostly NSCLC

(106 patients, 77 with

NSCLC)

R PD-1-targeted

(nivolumab/pembrolizumab)

37.7% NR 10 vs. 3 months

(P = 0.016)

(55)

Various types of advanced

cancer

(157 patients)

R PD-1/PD-L1-targeted

(nivolumab, pembrolizumab,

atezolizumab)

28.7% NR 24.4 vs. 4.2 months

(P < 0.001)

(57)

Various types of advanced

cancer

(290 patients)

R Various types, including

immune checkpoint

inhibitors only (n = 64) or

combined with other types

of immunotherapy (n = 63)

34% 15 vs. 8 months

(P < 0.10)

30 vs. 10 weeks

(P < 0.004)

(58)

Various types of advanced

cancer

(427 patients)

R CTLA-4- and

PD-1/PD-L1-targeted

immunotherapy individually

(ipilimumab, atezolizumab,

nivolumab, pembrolizumab),

or in combination

(ipilimumab+nivolumab)

47.3% Significantly

improved

(P < 0.001)

NR (59)

Metastatic melanoma

(346 patients; 173 with

immunotherapy-related

colitis identified from a

cohort of 1,983 patients

matched with

173 control patients)

R CTLA-4- and

PD-1/PD-L1-targeted

immunotherapy individually

and in combination

8.7% in the original

patient cohort of 1,983

Significantly

improved

(P < 0.01)

Significantly improved

(P < 0.01)

(60)

Metastatic or locally

advanced urothelial cancer

(an analysis of 7 studies

encompassing 1,747

patients)

R PD-1/PD-L1-targeted

immunotherapy

“Adverse events of

special interest (AESIs)”

reported in 64% and

34% of responders and

non-responders,

respectively

Increased (HR:

0.45; 95%CI:

0.39–0.52)

NR (61)

A post hoc analysis of a

study involving high-risk

stage III melanoma patients

(n = 1,011) recruited to a

prospective, double-blind,

placebo-controlled trial with

511 and 502 patients in the

immunotherapy and

placebo groups,

respectively

P PD-1-targeted

immunotherapy (nivolumab)

37.3 and 9% in the

nivolumab-treated and

placebo groups,

respectively

Significantly improved

recurrence free survival in

those who experienced

immunotherapy-related

IRAEs (P = 0.028)

(62)

*R, retrospective study; P, prospective study.
# IRAEs vs. IRAE-free groups.
**OS, overall survival; PFS, progression-free survival.
***NR, not reported.
+Upper limit of confidence interval not reached for the group of patients who experienced IRAEs.
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to predict responsiveness of cancer patients to ICI-targeted
immunotherapy. One of these reported that an early elevation in
CRP and/or systemic IL-6 within 7 days following administration
of PD-1/PD-L1 inhibitors (nivolumab/pembrolizumab) to 31
evaluable patients with NSCLC “was indicated to be predictive
of therapeutic efficacy” (64). This contention was based on the
finding of ORRs of 0% (n = 0/7 patients) and 46% (11/24
patients) in patients with low and increased levels of CRP and/or
IL-6, respectively (64). The corresponding median values for PFS
were 112 days vs. not reached (P = 0.069). The frequencies of
“severe (≥grade 3) adverse events” were 0% and 46% in patients
with low and high levels of IL-6, respectively (64). Limitations
of this study include its retrospective design, small number of
patients and infrequent measurement of the test biomarkers.

Two other retrospective studies involving larger patient
numbers have reported on the utility of measurement of CRP
alone (65) and in combination with IL-6 (66) prior to initiation
of ICI-based immunotherapy on the responses of cancer patients
to ICI-targeted MAbs. In the first of these, Oya et al. reported
that elevations in serum CRP of ≥10 micrograms/milliliter
(µg/mL), recorded in 60 /124 patients with advanced NSCLC
prior to administration of nivolumab, were associated with
significant reductions in median PFS (1.8 vs. 4.0 months, P <

0.01, for patients with high and low CRP values, respectively)
and OS (7.8 months vs. not reached, P < 0.01). However,
associations with IRAEs were not recorded (65). More recently,
Weber et al. analyzed both baseline and on-treatment levels of
CRP and IL-6 in stored serum patients taken from melanoma
patients who had participated in three different clinical trials
(66). These patients had been treated with either ipilimumab
or nivolumab individually, or in combination, or administered
sequentially (nivolumab followed by ipilimumab). The authors
observed that levels of CRP and IL-6 above the median values
for these biomarkers at baseline were significantly associated
with a poor response and decreased survival following therapy
with nivolumab alone (66). In the case of ipilimumab alone, as
well as combination therapy, similar findings were evident with
respect to elevated CRP at baseline (66). Interestingly, in vitro
mechanistic studies revealed that purified CRP, at concentrations
of >10 micrograms/mL, caused significant suppression of T cell
activation and proliferation (66). The authors concluded that
“CRP and IL-6 are prognostic factors for checkpoint inhibition”
(66). Although associations with IRAEs were not recorded in this
summarized version of this study, they are likely to be included
in the subsequent full publication of this congress abstract (66).

Clearly, additional studies, preferably prospective, are
required to confirm the utility of the aforementioned, as well
as other systemic biomarkers, in predicting responsiveness
to ICI-targeted immunotherapy, as well as predisposition for
development of IRAEs.

The following sections of this review are focused on possible
mechanisms driving immune restoration following initiation of
ICI-targeted immunotherapy, specifically the involvement of the
gut microbiome and its role in promoting the differentiation
of näive CD4+ T cells into mature pro-inflammatory
Th17 cells.

THE COMPOSITION OF THE GUT
MICROBIOME AS A DETERMINANT OF
THE IMMUNORESTORATIVE ACTIVITY OF
CTLA-4- AND PD-1-TARGETED
IMMUNOTHERAPY

Collectively, the extensive secondary lymphoid tissue lining the
GIT has been estimated to account for up to 70% of the
entire human immune system, making the gut mucosal immune
system the largest lymphoid organ in the body, with most
of the lymphocytes domiciled in the lamina propria (67, 68).
In the GIT, the abundant cells of the adaptive, as well as
innate, immune systems co-exist in apparent harmony with an
estimated average 3.8× 1013 commensal bacteria, located almost
exclusively in the colon (69). Sustained immune homeostasis
within the GIT therefore necessitates the maintenance of an
environment of subdued immune reactivity necessary to protect
and preserve beneficial microbial colonists. In this context,
immunological tolerance is mediated in large part by the
various subsets of CTLA-4-/PD-1-expressing Tregs. These cells
abound in the intestinal mucosa and mesenteric lymph nodes,
where their regulatory activities are augmented by other cell
types such as anti-inflammatory subsets of dendritic cells,
macrophages and innate lymphoid cells (70–74). Achieving a
balanced environment is, however, critical to ensure prevention
of excessive immunosuppression.

It is now well-accepted that in addition to their key roles in
nutrient metabolism and absorption, that intestinal commensal
microorganisms are critically involved in programming intestinal
CD4+ and CD8+ T cells to effectively perform their protective
functions, including their roles in anti-tumor immunity, an
issue which appears to impact on the efficacy of ICI-
targeted immunotherapy. This contention is supported by
an accumulating body of evidence derived from clinical
studies of cancer immunotherapy, especially those involving
ICI-targeted MAbs, as well as from pre-clinical models of
experimental tumorigenesis and infection. With respect to
clinical studies highlighting the apparent involvement of the
gut microbiota in promoting anti-tumor immunity during ICI-
targeted immunotherapy, the study by Chaput et al. published in
2017, was among the first to describe this association (75). These
researchers investigated the role of the baseline composition of
the gut microbiome of patients with metastatic melanoma (n =

26) in predicting both clinical responsiveness and development
of colitis during treatment with ipilimumab (75). They observed
that patients colonized with the genus Faecalibacterium (phylum:
Firmicutes, family: Ruminococcaceae) and other Firmicutes had
significantly longer PFS (P = 0.0039) and OS (P = 0.051),
as well as increased levels of systemic biomarkers of immune
reactivity, in comparison with poor responders who were
colonized predominantly with strains of the genus Bacteroides
(75). As alluded to in the preceding section of this review,
favorable clinical responses to ipilimumab in this study were also
associated with an increased frequency of development of IRAEs,
in this case, colitis (75).
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The emerging strength of the association between the
composition of the gutmicrobiota and the clinical responsiveness
of patients with various types of advanced cancer to innovative
immunotherapies, particularly those targeting ICIs, has been
highlighted in several recent reviews (76–81). One of these
(80), reviewed three major studies published simultaneously
in “Science” in early January 2018 (82–84). These studies
were focused on the association between different genera and
species of colonic, commensal bacteria and the responsiveness
of patients, mostly with metastatic melanoma or urothelial
carcinoma, to PD-1/PD-L1-targeted immunotherapy (82–84).

Basically, the design of all three studies was somewhat similar,
involving metagenomic analysis of the gut microbiome in
relation to immune profiling of systemic and intra-tumoral
indices of anti-tumor immunity, as well as clinical response
(PFS) (82–84). All three studies noted significant associations
between specific types of commensal organisms, anti-tumor
reactivity, and clinical response (82–84). Overall, fourteen
different bacterial genera and species were associated with
favorable responses, although some inconsistencies were
evident between studies (80). The most abundant colonic
commensals in responders to PD-1-targeted immunotherapy
detected in these studies were the genus Faecalibacterium
(Ruminococcaceae family) (82); the species Bifidobacterium
longum, Colinsella aerofaciens, and Enterococcus faecium
(83), as well as Akkermansia muciniphila (84), all obligate
anaerobes, with the exception of E. faecium, which is a
facultative anaerobe. All three teams of investigators also
demonstrated that fecal transplantation of germ-free mice
with feces from human responders (cancer patients) who
participated in the aforementioned studies, but not from
non-responders, significantly enhanced the efficacy of PD-1-
directed immunotherapy in murine models of experimental
tumorigenesis (82–84).

In another very recent experimental animal study reported
by Tanoue et al. the authors demonstrated that intestinal
colonization of germ-free mice with eleven different species of
essentially avirulent colonic bacteria, belonging predominantly
to the order Bacteroidales, elicited the “robust” induction of
IFN-γ-producing CD8+ cytotoxic T cells (85). This effect was
dependent on the participation of colonic CD103+/MHC class
Ia-expressing DCs, as well as significant increases in the numbers
of colonic CD4 Th1 and Th17 cells (85). In the case of the
induced intestinal CD8+ T cells, these cells migrated to distant
anatomical sites, such as the spleen and liver, where they elicited
protective immune responses against experimental infection with
the bacterial pathogen, Listeria monocytogenes (85).

In the same study, these authors also investigated the potential
of experimental colonization of germ-free mice with the same
eleven strains of colonic commensal bacteria to potentiate
PD-1 MAb-mediated anti-tumor immune responses in models
of experimental skin tumorigenesis (adenocarcinoma and
melanoma) (85). The authors observed that anti-tumor efficacy
was associated with increased numbers of interferon (IFN)-
γ-secreting CD8+ TILs and “was markedly more efficacious”
in this respect (increased numbers of TILs) in mice treated
with the combination of therapies, relative to the responses

of those animals that received either the bacterial preparation
or PD-1 MAbs individually (85). This type of combination
immunotherapy was not accompanied by ICI-associated colitis,
possibly due to a lower frequency of development of this IRAE
following administration of PD-1 antagonists as opposed to that
observed with MAbs that target CTLA-4 (85). The authors of
this study conceded, however, that much additional work is
necessary to characterize mechanisms of immunomodulation
elicited by their strains of colonic, commensal bacteria, as well as
realization of their biotherapeutic potential in combatting cancer
in particular, as well as infectious diseases (85).

Adding to these findings is another very recent study by Li
et al. who reported, that mice lacking the Rnf5 gene, which
encodes the RNF5 protein, ubiquitin ligase 5, involved in the
unfolded protein response (UPR), manifested a gut microbiome
strikingly distinct from that of their wild-type counterparts (86).
The microbiome of mice lacking the Rnf5 gene was “enriched”
with the commensal bacterium, Bacteroides rodentium and was
associated with immune alterations which included increased
intestinal DC recruitment and activation and expression of
inflammasome components (86). These immune alterations
were positively associated with responsiveness to experimentally-
induced melanoma, characterized by: (i) increased numbers of
TILs of both the CD4 and CD8 phenotypes; (ii) increased
reactivity of these cells, which was associated with enhanced
production of IL-2, IFN-γ and tumor necrosis factor (TNF)-
γ; and (iii) increased expression of MHC class II molecules, as
well as the co-stimulatory molecules, B7.1 and B7.2, by DCs and
tumor infiltrating macrophages (TIMs) (86). In agreement with
the findings of the aforementioned study by Tanoue et al. (85),
experimental intestinal colonization of germ-free mice with 11
bacterial strains predominant in the gut microbiome of mice
lacking the Rnf5 gene, including B. rodentium, was found to
establish anti-tumor immunity according to restriction of growth
of an experimental tumor (melanoma) (86).

In an extension of the aforementioned study, Li et al.
also analyzed the mRNA expression levels of biomarkers of
the UPR, specifically activating transcription factor 4 (ATF4),
secreted immunoglobulin heavy chain-bindng protein1 (sBiP),
and secreted X-box-binding protein 1 (sXBP1), in tumor
biopsies from melanoma patients in relation to ICI-targeted
immunotherapy (86). These experiments revealed that pre-
treatment expression levels of all three of these UPR-related
proteins were significantly (P < 0.05–P < 0.005) lower in
responders to CTLA-4-targeted immunotherapy relative to non-
responders (a total of 23 and 32 patients, respectively, attending
two different clinics) (86). The PFS rates were found to be
significantly longer in patients with low expression levels of
mRNA encoding sXBP1 and ATF4 (P < 0.0211 and P < 0.0076,
respectively). In melanoma patients who qualified for PD-1-
targeted therapy, low pre-treatment expression levels of BiP were
significantly associated with prolonged OS (P = 0.008, n = 12
patients) and disease-free survival (P < 0.021, n= 9) (86).

The association between the composition of the gut
microbiota and the anti-tumor efficacy of ICI-targeted
immunotherapy is further strengthened by the findings of
several studies, albeit with one exception (87), that prior or
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concomitant administration of antibiotics impacts negatively on
the therapeutic benefit of CTLA-4- and PD-1/PD-L1-targeted
MAbs (84, 88–90). In this context, co-administration for a period
of 14 days of a cocktail of antibiotics (ampicillin + colistin +

streptomycin) to mice housed in pathogen-free conditions and
harboring experimentally-induced tumors (sarcoma/melanoma),
resulted in significant attenuation of the anti-tumor efficacy
of PD-1-MAbs administered alone or in combination with
anti-CTLA-4 (84).

The same authors also investigated the effects of recent
administration of antibiotics (β-lactams, fluoroquinolones,
macrolides) on the anti-tumor efficacy of ICIs in two different
clinical studies (84, 88). In the first of these, encompassing
patients (n = 249) with advanced NSCLC (n = 42), renal
cell carcinoma (RCC, n = 67) or urothelial carcinoma (n =

42), administration of antibiotics (n = 67 patients), either 2
months prior to, or 1 month after, initiation of PD-1/PD-
L1-targeted ICI MAbs to the combined group of patients
resulted in significant attenuation of immunotherapy-associated
prolongation of PFS (antibiotic treated vs. untreated, 3.5 vs.
4.1 months, P = 0.017) and OS (11.5 vs. 20.6 months) (84).
The second study, also encompassed patients (n = 360) with
advanced NSCLC (n = 239) or RCC (n = 121), 48 and 16
of whom were treated with antibiotics within 30 days of
commencement of immunotherapy, respectively. Patients
with NSCLC were treated with PD-L1-based immunotherapy
alone or in combination with anti-CTLA-4-targeted therapy,
while PD1/PD-L1 MAbs were administered alone, or in
combination with antI-CTLA-4-targeted therapy or the anti-
angiogenic agent, bevacizumab, to those with RCC. In the
combined group of patients, administration of antibiotics
resulted in significant reductions in both PFS and OS relative
to those patients who did not receive antibiotics (88). In
the case of patients with NSCLC, the median PFS and OS
values (antibiotic treated vs. untreated) were 1.9 vs. 3.8
months (P <0.01) and 7.9 vs. 24.6 months (P < 0.01),
respectively. The corresponding values for patients with
RCC were 1.9 vs. 7.4 months (P < 0.01) and 17.3 vs. 30.6
months (88).

Similar findings have been reported in two other recent
studies. The first of these was undertaken in patients with
advanced NSCLC (n = 109) who received antibiotics (n = 20)
either 1 month before, or within 1 month, of initiation of anti-
PD-1-based therapy (89). Again, administration of antibiotics
resulted in significant shortening of both PFS and OS, with
respective median values (antibiotic treated vs. untreated) of 3.73
vs. 9.63 months, P < 0.0001 and 6.07 vs. 21.87 months, P =

0.004 (89). The second study involved patients with advanced
melanoma (n = 74), ten of whom received antibiotics within 30
days of administration of anti-PD-1- and/or anti-CTLA-4 MAb-
targeted therapies (90). In this study, the respective median PFS
and OS values (antibiotic treated vs. untreated) were 2.4 vs. 7.3
months (P = 0.01) and 10.7 vs. 18.3 months (P = 0.17) (90).

Although the findings of the aforementioned studies are
clearly consistent with an association between the composition
of the gut microbiome and responsiveness to ICI MAb-
based anti-cancer therapy and possibly development of IRAEs,

they should, however, be confirmed in appropriately designed
prospective clinical studies. In our opinion, studies of this nature
should be undertaken together with companion translational
studies focused on identifying the mechanisms underpinning
these associations.

POTENTIAL MECHANISMS
UNDERPINNING IMMUNE RESTORATION
AND THE DEVELOPMENT OF IRAEs
DURING IMMUNE CHECKPOINT
INHIBITOR-TARGETED THERAPY

Although T cell-mediated immune mechanisms appear to
predominate, particularly decreased Tregs and other types of
immunosuppressive cells, the immunopathogenesis of a number
of IRAEs is likely to be multifactorial, a contention which is
based on the range of autoinflammatory/autoimmune disorders
precipitated or exacerbated by ICI-based immunotherapy. This
may be most evident in the case of PD-1-targeted therapy,
given the broader level of expression this ICI relative to that
of CTLA-4, which encompasses various cell types of both
the adaptive and innate immune systems. In the case of the
former, these include B cell/autoantibody/complement-driven
mechanisms, which may underpin development or exacerbation
of existing of autoimmune disorders such as myasthenia
gravis (91–93), autoimmune hemolytic anemia (94–97), and
type 1 diabetes mellitus (98). With respect to mechanisms
involving cells of the innate immune system such as DCs,
monocytes/macrophages and granulocytes, as well as structural
cells, including fibroblasts and epithelial cells, activation of the
NLRP3 (NOD-like receptor family pyrin domain containing 3)
inflammasome may contribute to the pathogenesis of IRAEs.
In this setting, activation of the NLRP3 inflammasome may
occur as a consequence of release of alarmins/danger-associated
molecular patterns (DAMPS), such as high-mobility group
box 1 protein (HMGB1), from dead and dying tissue cells
(99). In addition, perforins released by activated cytotoxic
T cells and natural killer (NK) cells have been reported to
activate the NLRP3 inflammasome in DCs and presumably
other cell types (100). These mechanisms involving the NLRP3
inflammasome may also impact on the type and severity
of IRAEs.

Notwithstanding the types of mechanism underpinning
immunpathogenesis, the preceding sections of this review
have highlighted two emerging aspects of ICI MAb-mediated
anti-cancer therapy and development of IRAEs. These are
firstly, that the beneficial anti-tumor activity and associated
development of IRAEs appear to share a common origin,
consistent with an overall, as opposed to selective, enhancement
of immune reactivity (101). This contention is supported by
findings that administration of ipilimumab or PD-1-targeted
MAbs to patients with advanced melanoma is accompanied
by rapid diversification of the T cell repertoire (102–104),
described by the authors of one of these studies as being
“both detrimental and beneficial for patients with cancer”
(102). Secondly, following ICI MAb-mediated targeting
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of CTLA4-/PD-1-expressing Tregs, effective recovery of
anti-tumor immunity, and possibly development of IRAEs,
appears to be dependent on a gut microbiota populated with
commensal microorganisms conducive to immune system
re-programming (75–86, 88–90).

Although the intricacies of immune system recovery
following administration of CTLA-4- and PD-1-targeted MAbs,
individually or in combination, remain to be fully elucidated, it
seems likely that the differentiation and expansion of gut mucosal
Th17 cells, which are strongly influenced by components of the
gut microbiota (24), play a prominent role in the pathogenesis
of some types of IRAEs and possibly the anti-tumor effects of
these agents. This contention, which represents the focus of the
remaining sections of this review, is based on several lines of
evidence as follows:

• Th17 cells originating in the gut migrate to distant anatomical
sites where they have been implicated in the pathogenesis
of various autoimmune and auto-inflammatory disorders
in both the experimental and clinical settings, including
colitis, multiple sclerosis, and rheumatoid arthritis (24,
105–107). This may be exacerbated by the phenomenon
of T cell plasticity, which, depending on the DC and
cytokine environment, enables Th17 cells to acquire a dual
Th1/Th17 phenotype, resulting in co-expression of IL-17, and
IFN-γ (108);

• patients with metastatic melanoma treated with
tremelimumab (CTLA-4-targeted MAb), either alone
or in combination with other types of immunotherapy,
demonstrated increased numbers of circulating Th17 cells,
measured as IL-17A-secreting CD4+ T cells following
activation in vitro (109). Expansion of these cells was
associated with an increased frequency of inflammatory and
autoimmune toxicities (colitis, hypophysitis) (109);

• the intestinal lamina propria of germ-free mice is populated
extensively by Tregs, with few Th17 cells, which are normally
“selectively and constitutively” present in the lamina propria
of wild-type animals (110, 111);

• introduction into the gut lumen of germ-free mice of a
cocktail of pathogen-free, gut commensal bacteria, containing
members of the Cytophaga-Flavobacter-Bacteroides phylum,
was found to induce the differentiation of Th17 cells in
the mucosa of the small intestine (111); similar effects
were observed following experimental intestinal colonization
of germ-free mice with symbiont bacterial species isolated
from human gut, particularly the species, Bifidobacterium
adolescentis (112);

• rectal or systemic administration of adenosine 5′-triphosphate
(ATP), which is produced in high concentrations by
gut commensal bacteria, but is present in relatively low
concentrations in the intestinal lumen of germ-free mice,
drives the differentiation of lamina propria Th17 cells,
which is associated with exacerbation of T cell-mediated
colitis (110). Mechanisms by which intestinal, microbial-
derived ATP modulates gut immune homeostasis and
differentiation of Th17 cells are explored further in the
following section.

ROLE OF ATP DERIVED FROM RESIDENT
COMMENSAL BACTERIA IN PROMOTING
DIFFERENTIATION OF INTESTINAL Th17
CELLS

As mentioned above, the intestinal lumen contains high levels
of ATP released from trillions of gut-colonizing, commensal
bacteria, estimated to encompass around 1,000 different species
(113). Microbial-derived ATP, in turn, appears to play a key
role in creating a cytokine environment conducive to promoting
the differentiation of naïve CD4T cells into mature, pro-
inflammatory Th17 cells (110, 113). This transition is dependent
on the interaction of ATP with a unique subset of lamina propria
DCs of the phenotype CD70 (high), CD11c (low) (85), which
are also known as DC17 cells (114). The profile of cytokines
secreted by these cells, namely IL-1β, IL-6, IL-23, together with
the expression of the α5/β8 integrin, which promotes activation
of latent pro-TGF-β1, drives the differentiation of näive CD4T
cells into Th17 cells (110, 114). ATP-mediated activation of Th17
cell-inducing DC cell subsets, has also been reported to occur in
the skin (114) and visceral adipose tissue (115), driving psoriasis
and obesity-induced inflammation, respectively.

The mechanisms involved in ATP-mediated secretion of
pro-inflammatory cytokines appear to involve interaction of
this purine nucleotide with the purinergic P2X7 receptor. This
receptor is an extracellular, ATP-gated channel expressed on
immature DC subsets, which promotes the migration of these
cells, as well as their maturation into the DC17 phenotype,
driving Th17 cell polarization (110, 114–116). As mentioned
above, this is achieved via the synthesis of pro-inflammatory
cytokines (115), as well as by activation of the NLRP3
inflammasome, resulting in generation of functional IL-1β (116).

In the quiescent colon, ATP-driven differentiation of Th17
cells may, however, be counteracted by intestinal Tregs. In
addition to the various immunosuppressive activities of Tregs
mentioned earlier, these cells have also been implicated in
regulating ATP-driven immune and inflammatory responses. In
this context, subsets of both murine and human Foxp3+ Tregs
have been reported to express CD39, an ATP hydrolyzing enzyme
(nucleoside triphosphate diphosphohydrolase-1), which depletes
ATP via conversion to adenosine monophosphate (AMP)
(20–22). In addition to depletion of ATP, augmentation of
the immunosuppressive activity of CD39-expressing Tregs
is achieved via co-expression of a second nucleotidase
viz. CD73 (ecto-5′-nucleotidase), which converts AMP
to immunosuppressive adenosine (20–22). In this setting,
adenosine, via interaction with adenylyl cyclase-coupled A2A
receptors expressed on cells of both the innate and adaptive
immune systems, triggers intracellular synthesis of broadly
immunosuppressive adenosine 3′,5′-cyclic monophosphate
(cyclic AMP).

Although plausible, the relevance of these Treg-mediated,
ATP-targeted mechanisms in maintaining gut immune
homeostasis in humans remains to be established, as does
the possible role of CTLA-4/PD-1-targeted immune checkpoint
inhibition in negating these mechanisms of immunosuppression.
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Clearly, other bacterial-derived pro-inflammatory agents such
as nucleic acids and cell-wall components, are also likely to accrue
following attenuation of Treg-mediated immunosuppression
during ICI-targeted immunotherapy. These are also potential

FIGURE 1 | Administration of CTLA-4- and/or PD-1-targeted monoclonal

antibodies (MAbs) attenuates the immunosuppressive activity of intestinal

Tregs. Relief from Treg-mediated immunosuppression enables immune

recognition of colonic commensal bacteria, particularly filamentous anaerobes,

with resultant release of pro-inflammatory bacterial components, particularly

ATP and nucleic acids/cell wall components, which interact with P2X7

receptors and pattern recognition receptors (PRRs), respectively expressed on

immature DC17 cells. This, in turn, results in activation of these cells, creating

a cytokine environment conducive to the differentiation of naïve CD4+ T cells

into pro-inflammatory Th17 cells. These cells are implicated in the

pathogenesis of some types of immune-related adverse events (IRAEs), but

have divergent effects on anti-tumor immunity.

contributors to the activation of intestinal DCs via interaction
with pattern recognition receptors (PRRs), driving differentiation
and activation of Th17 cells.

On the basis of the evidence presented in this section of the
review, a possible scenario whereby ICIs drive the differentiation
of intestinal Th17 cells with resultant susceptibility for
development of some types of IRAEs is shown in Figure 1.

Th17 CELLS AND ANTI-TUMOR IMMUNITY

Notwithstanding the probable involvement of Th17 cells in
the immunopathogenesis of some types of IRAEs, the role of
these cells in promoting effective anti-tumor immunity does,
however, remain somewhat contentious. In this context, earlier
studies based on murine models of experimental tumorigenesis
(cutaneous and lung melanoma) appeared to be supportive of
a protective role for Th17 cells in anti-tumor host defenses
(117, 118). Although not appearing to possess direct anti-tumor
activity, Th17 cells in the tumor microenvironment were found
to promote the influx of monocytes/macrophages, DCs, NK cells
and effector, memory CD4+ and CD8+ T cells via secretion
of the chemokines CCL2 and CCL20 (117, 118). In addition,
to recruiting CD8+ cytotoxic T cells, Th17 cells also promoted
activation and expansion of these cells (117, 118). Other potential
mechanisms of Th17 cell-mediated anti-tumor immunity include
T cell plasticity with resultant acquisition by Th17 cells of the
dual Th1/Th17 phenotype and production of cytotoxic T cell-
activating IFN-γ (108).

It is now apparent, however, that Th17 cells play divergent
roles in the immunpathogenesis of cancer, promoting both anti-
tumor immunity and tumorigenesis (119, 120). With respect to
pro-tumorigenic activity, IL-17A, which is produced not only by
Th17 cells, but also by tumor cells per se (119), has been identified
as a major offender. In this context, IL-17A has been found
to promote tumor cell growth and proliferation, angiogenesis
via production of vascular endothelial growth factor (VEGF) by
tumor cells, as well as invasion and metastasis via production
of matrix metalloproteinase-9 by tumor cells and other cell
types (119, 121, 122). The potential threat to the clinical efficacy
of immunotherapy posed by generation of excessive levels of
IL-17A in the tumor microenvironment, both preceding and
during anti-cancer chemotherapy, has been demonstrated in the
clinical settings of the estrogen receptor-negative and triple-
negative/basal-like subtypes of breast cancer (123, 124), thyroid
cancer (125) and colorectal cancer (126). In the case of the
latter type of malignancy, co-administration of anti-IL-17A/IL-
17AR MAbs has been proposed as a potential adjuvant strategy
to sustain the efficacy of MAb-based anti-VEGF therapy in
metastatic disease (127).

Additional evidence implicating the involvement of IL-
17A in tumorigenesis has also been derived from murine
models of experimental colon cancer. In one study, deletion
of the genes encoding either IL-17A or its receptor (IL-17AR)
was found to confer protection against tumor promotion
and progression, while combining administration of an
anti-IL-17A MAb together with chemotherapy was found to
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enhance therapeutic efficacy (128). Similar findings have also
been reported in genetically engineered mice harboring
KRAS (Kirsten rat sarcoma viral oncogene homolog)
mutation–positive NSCLC co-expressing IL-17A, which
resulted in augmentation of neutrophil infiltration and tumor
progression, as well as decreased efficacy of PD-1-targeted
immunotherapy (129).

To date, however, we are not aware of completed clinical
trials which have focused on the administration of MAbs
targeting either IL17A or its receptor as a potential strategy to
enhance the efficacy of anti-tumor chemotherapy and/or ICI-
based immunotherapy.

IMMUNE-BASED STRATEGIES TO
OPTIMIZE IMMUNE CHECKPOINT
INHIBITOR-BASED THERAPY

According to the findings of their recently published survey
based on cancer patients treated with ICI-targeted MAbs in
the US during the period 25 March 2011–17 August 2018,
Haslam and Prasad reported that six of these agents were
approved for treatment of fourteen different malignancies (see
Supplementary Table for registered indications for ICI-based
cancer therapy) (130). The authors estimated that the percentage
of cancer patients responsive to ICI-targeted MAbs was 0.14%
in 2011 when ipilimumab was approved for treatment of
unresectable or metastatic melanoma, increasing to 5.86% by
2015. The overall percentage of responders was estimated to
reach 12.46% in 2018 (130), which is lower than that reported
in studies cited in earlier sections of this review. The “indications
that contributed most to the response estimate included NSCLC
(7.09%), renal cell carcinoma (1.02%), and melanoma (0.92%).”
Response to therapy was “based on the best available response
rate (FDA drug label) for that indication,” which may account in
part for the lower than expected response rate (130). Although
the response rates were relatively low, most responders attained
durable responses and had significant clinical benefit. Haslam
& Prasad concluded that the estimated percentages of patients
potentially eligible for ICI treatment and their responses to
this type of therapy, are superior to the reported estimates for
agents approved for genome-driven oncotherapy. However, at
an estimated cost of 7 billion dollars, the percentage of patients
who benefit from these treatments remains modest (130) and
therefore future research should investigate the use of predictive
biomarkers to maximize the benefit of immunotherapy among
cancer patients undergoing these treatments (130).

Notwithstanding identification of reliable biomarkers
predictive of responses to ICI-based cancer therapy, these
findings again highlight the importance of identifying
strategies to improve the efficacy of ICI MAb-based anti-
tumor immunotherapy in the setting of minimizing the
occurrence of IRAEs. Despite the considerable magnitude
of this challenge, the aforementioned emerging insights into
both the mechanisms and obstacles underpinning successful
ICI MAb-mediated immunorestoration, have identified
potential strategies to achieve this goal. These are distinct

from immunosuppressive strategies currently used to control
IRAEs, including administration of corticosteroids or MAbs
such as infliximab or vedolizumab, and are summarized as
follows (131).

Combination Therapy
This strategy involves combining ICI MAb-based
immunotherapy with agents that induce immunogenic cell
death, such as certain chemotherapeutic agents and or radiation
therapy, to intensify localized anti-tumor immune responses.
Many clinical trials addressing these strategies are currently
in progress (132, 133). The results of one such trial, the
TONIC trial, have been published recently (133). This was an
adaptive, non-comparative phase 2 trial involving patients (n
= 66) with metastatic triple-negative breast cancer, a type of
malignancy which is poorly responsive to PD-1/PD-L1-targeted
immunotherapy. Patients were randomized to receive either no
induction (n = 12), or induction for 2 weeks with low-doses of
various inducers of immunogenic cell death viz., irradiation of
a single lesion (n = 12), cisplatin (n = 13), cyclophosphamide
(n = 12), or doxorubicin (n = 17), followed by treatment with
nivolumab (134). The authors observed that the most favorable
overall response rates to nivolumabwere evident in those patients
who had been induced with low-dose doxorubicin in particular,
as well as cisplatin, and were associated with transition to a more
immunoreactive tumor microenvironment. While conceding
various limitations associated with their study, particularly
the necessity for stringent validation, the authors contend that
their findings provide support for combination immunotherapy
not only in breast cancer, but also in the broader context
(134). This contention is supported by the findings of a recent
randomized, stage 3 prospective study, which showed that the
combination of atezolizumab plus nab-paclitaxel was associated
with a prolongation of PFS “among patients with metastatic
triple-negative breast cancer in both the intention-to-treat
population and the PD-L1–positive subgroup” (135).

With respect to development of IRAEs in the setting of ICI-
based immunotherapy together with chemotherapeutic agents,
this type of combination therapy does not appear to be associated
with an increased incidence of IRAEs. This contention is based
on the findings of the KEYNOTE-189 clinical trial, a phase III
clinical study which enrolled 616 patients with advanced non-
squamous NSCLC and randomized patients in a 2:1 ratio to
receive chemotherapy, consisting of cisplatin or carboplatin with
pemetrexed with or without pembrolizumab (136). At a median
follow-up of 10.5 months, the addition of pembrolizumab
to chemotherapy resulted in improved OS rates relative to
chemotherapy alone (69 vs. 49 percent). Grade 3 IRAEs or higher
occurred in 67.2 and 65.8% of patients in the pembrolizumab-
combination and the placebo-combination groups, respectively.
In this large study phase III study, the combination of ICI
and platinum-based chemotherapy was not associated with an
unexpectedly high incidence of IRAEs (136).

Manipulation of the Gut Microbiome
Tanoue et al. as described above (85), albeit using murine
models of experimental skin tumorigenesis in germ-free mice,
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reported that intestinal colonization with a cocktail of 11 different
avirulent commensal bacteria caused significant augmentation
of PD-1 MAb-mediated anti-tumor activity (85). Importantly,
this was associated with infiltration and expansion of IFN-γ-
producing CD8+ cytotoxic TILs in the absence of colitis (85).
However, given the potential risk of infection with multidrug-
resistant pathogens associated with fecal transplantation, this
strategy clearly requires caution and refinement.

Pharmacological Alteration of the
Phenotype and Functionality of Th17 Cells
This strategy, which admittedly is based on promising data
derived from preclinical studies, is based on a study byMajchrzak
et al. (137). These authors reported that murine ICOS (inducible
T cell co-stimulator)-induced Th17 cells transitioned to a low
IL-17A-secreting phenotype following treatment with inhibitors
of phosphatidylinostitol 3-kinase δ (idelalisib) and β-catenin
(indomethacin) (137). Adoptive transfer of these cells resulted
in augmentation of anti-tumor activity in a murine model of
experimental tumorigenesis (137).

Potential Utility of IL-17A-Targeted
Monoclonal Antibodies
Given the apparent association of Th17 cells and IL-17A with
some types of IRAEs, co-administration of IL-17A/IL17AR
MAbs together with ICI-targeted MAbs may not only enhance
anti-tumor immunity, but also attenuate or prevent the
development of IRAEs. In this context, MAbs targeting IL-
17A (ixekizumab, secukinumab) or its receptor (brodalumab)
are currently used in the immunotherapy of various types of
autoinflammatory/autoimmune diseases, including ankylosing
spondylitis, inflammatory bowel disease, multiple sclerosis,
psoriasis, psoriatic arthritis, and rheumatoid arthritis (138). To
our knowledge, however, and as mentioned above, there are
no published clinical trials focused on the possible utility of
IL-17A/IL-17AR-targeted MAbs in either the immunotherapy
of human cancers, or as a strategy to counter development of
IRAEs during ICI-based therapy. There are, however, two case
reports which have documented the utility of administration of
the IL-17A-targeted MAb, secukinumab, in causing resolution
of pembrolizumab-associated, severe psoriasiform dermatologic
toxicity in one patient with metastatic colon cancer (139) and
a second with metastatic melanoma (140). Clearly, additional
studies are necessary to confirm these findings in larger cohorts
of cancer patients receiving different types of ICI-targeted MAbs
associated with a broader spectrum of IRAEs. Attention to safety
issues, particularly increased susceptibility for development of
microbial infection, is also a priority.

Potential Utility of IL-1β-Targeted
Monoclonal Antibodies
A potential alternative strategy to that based on IL-17A-targeted
monoclonal antibodies involves targeting cytokines that drive
Th17 maturation/differentiation, specifically IL-1β, IL-6, and
IL-23. In this context, it is noteworthy that administration of
the IL-1β-targeted MAb, canakinumab, to patients (n= 10,061)

with atherosclerosis, who had experienced a prior myocardial
infarction and had no previously diagnosed cancer, was
associated with significant (P = 0.034–P < 0.0001), dose-related
reductions in the subsequent incidence of lung cancer (141,
142). These findings have led to initiation of the CANOPY
program encompassing three phase III clinical trials (143). These
are: (i) the CANOPY-A trial (“Study of Efficacy and Safety of
Canakinumab as Adjuvant Therapy in Adult Subjects with Stages
AJCC/UICC v. II-IIIA (T>5 cm N2) Completely Resected Non-
small Cell Lung Cancer”; NCT03447769) (144); (ii) CANOPY−1
(“Study of Efficacy and Safety of Pembrolizumab Plus Platinum-
based Doublet Chemotherapy With or Without Canakinumab
in Previously Untreated Locally Advanced or Metastatic Non-
squamous Squamous NSCLC Subjects”; NCT03631199) (145);
and (iii) CANOPY-2 (“Phase III Study Evaluating Efficacy and
Safety of Canakinumab in CombinationWith Docetaxel in Adult
Subjects With Non-small Cell Lung Cancers as a Second or Third
Line Therapy”; NCT03626545 (146). Although primarily focused
on the therapeutic efficacy of canakinumab with and without
different types of chemotherapy in patients with NSCLC, the
outcome of the CANOPY Program clinical trials, specifically
CANOPY-1, will also be of interest with respect to the incidence
of IRAEs. In this context, it is noteworthy that targeting of
pro-inflammatory cytokines, including, not only IL-1β and IL-
17A, but also IL-6, IL-12, IL-23 and TNF-α, as a strategy in the
management of different types of refractory ICI-related toxicities,
has also recently been advocated by Martins et al. (147).

Irrespective of the therapeutic potential of the aforementioned
strategies aimed at optimizing ICI-based immunotherapy, much
additional research in both the experimental and clinical settings
needs to be undertaken.

CONCLUSIONS

Increasing awareness of the apparent overactivity of the immune
system during administration of ICI-targeted MAbs as the
cause of both the beneficial and harmful effects of this type
of immunotherapy has underscored not only the importance,
but also the difficulty, of formulating potential strategies to
dissociate these activities. Although corticosteroids and other
immunosuppressive agents are useful in the management of
IRAEs, this must be counterbalanced against the risk of
opportunistic infections, including tuberculosis, as well as
attenuation of the beneficial immunorestorative effects of ICI-
targeted therapy. Alternative strategies which may subdue
IRAEs in the setting of retention of anti-tumor activity are,
however, mostly in the pre-clinical stages of evaluation. A
notable exception, currently in the advanced stages of clinical
evaluation, is the strategy of combining ICI-targeted MAbs with
inducers of immunogenic cell death (chemotherapeutic agents
and/or radiotherapy), which may intensify localized anti-tumor
responses. Promising strategies currently in the pre-clinical or
early clinical phases of evaluation include administration of gut
microbiota-based biopharmaceuticals and modulating the pro-
inflammatory activities of Th17 cells via MAb-based targeting of
IL-17A or its receptor.

Frontiers in Immunology | www.frontiersin.org 14 September 2019 | Volume 10 | Article 2254

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Anderson et al. Pathogenesis of Immunotherapy-Related Adverse Events

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and
intellectual contribution to the work, and approved it
for publication.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2019.02254/full#supplementary-material

REFERENCES

1. Postow MA, Sidlow R, Hellmann MD. Immune-related adverse events

associated with immune checkpoint blockade.N Engl J Med. (2018) 378:158–

68. doi: 10.1056/NEJMra1703481

2. Trinh S, Le A, Gowani S, La-Beck NM. Management of immune-related

adverse events associated with immune checkpoint inhibitor therapy: a

minireview of current clinical guidelines. Asia Pac J Oncol Nurs. (2019)

6:154–60. doi: 10.4103/apjon.apjon_3_19

3. Leach DR, Krummel MF, Allison JP. Enhancement of antitumor

immunity by CTLA-4 blockade. Science. (1996) 271:1734–6.

doi: 10.1126/science.271.5256.1734

4. Ishida Y, Agata Y, Shibahara K, Honjo T. Induced expression of PD-1, a novel

member of the immunoglobulin gene superfamily, upon programmed cell

death. EMBO J. (1992) 11:3887–95. doi: 10.1002/j.1460-2075.1992.tb05481.x

5. Buchbinder EI, Desai A. CTLA-4 and PD-1 pathways: similarities,

differences, and implications of their inhibition. Am J Clin Oncol. (2016)

39:98–106. doi: 10.1097/COC.0000000000000239

6. Rowshanravan B, Halliday N, Sansom DM. CTLA-4: a

moving target in immunotherapy. Blood. (2018) 131:58–67.

doi: 10.1182/blood-2017-06-741033

7. Jørgensen N, Persson G, Hviid TVF. The tolerogenic function of

regulatory T cells in pregnancy and cancer. Front Immunol. (2019) 10:911.

doi: 10.3389/fimmu.2019.00911

8. Qureshi OS, Zheng Y, Nakamura K, Attridge K, Manzotti C, Schmidt

EM, et al. Trans-endocytosis of CD80 and CD86: a molecular basis

for the cell-extrinsic function of CTLA-4. Science. (2011) 332:600–3.

doi: 10.1126/science.1202947

9. Akkaya B, Oya Y, Akkaya M, Al Souz J, Holstein AH, Kamenyeva O,

et al. Regulatory T cells mediate specific suppression by depleting peptide-

MHC class II from dendritic cells. Nat Immunol. (2019) 20:218–31.

doi: 10.1038/s41590-018-0280-2

10. Romano M, Fanelli G, Tan N, Nova-Lamperti E, McGregor R, Lechler RI,

et al. Expanded regulatory T cells induce alternatively activated monocytes

with a reduced capacity to expand T helper-17 cells. Front Immunol. (2018)

9:1625. doi: 10.3389/fimmu.2018.01625

11. Schmidt A, Zhang XM, Joshi RN, Iqbal S, Wahlund C, Gabrielsson S,

et al. Human macrophages induce CD4+Foxp3+ regulatory T cells via

binding and re-release of TGF-β. Immunol Cell Biol. (2016) 94:747–62.

doi: 10.1038/icb.2016.34

12. Zheng SG. The critical role of TGF-β1 in the development of induced

Foxp3+ regulatory T cells. Int J Clin Exp Med. (2008) 1:192–202.

13. Yu GT, Bu LL, Zhao YY, Mao L, Deng WW, Wu TF, et al. CTLA4 blockade

reduces immature myeloid cells in head and neck squamous cell carcinoma.

Oncoimmunology. (2016) 5:e1151594. doi: 10.1080/2162402X.2016.1151594

14. Chen X, ShaoQ, Hao S, Zhao Z,Wang Y, Guo X, et al. CTLA-4 positive breast

cancer cells suppress dendritic cells maturation and function. Oncotarget.

(2017) 8:13703–15. doi: 10.18632/oncotarget.14626

15. Kassardjian A, Shintaku PI, Moatamed NA. Expression of immune

checkpoint regulators, cytotoxic T lymphocyte antigen 4 (CTLA-4) and

programmed death-ligand 1 (PD-L1), in female breast carcinomas. PLoS

ONE. (2018) 13:e0195958. doi: 10.1371/journal.pone.0195958

16. Halpert MM, Konduri V, Liang D, Chen Y, Wing JB, Paust S, et al. Dendritic

cell-secreted cytotoxic T-lymphocyte-associated protein-4 regulates the T-

cell response by downmodulating bystander surface B7. Stem Cells Dev.

(2016) 25:774–87. doi: 10.1089/scd.2016.0009

17. Halpert M, Vasquez-Perez J, Konduri V, Chen Y, Liang D, Levitt JM, et al.

Regulation and in vivo function of dendritic cell CTLA-4. J Immunol. (2018)

200(Suppl 1):109.11.

18. Wang L, Pino-Lagos K, de Vries VC, Guleria I, Sayegh MH, Noelle RJ.

Programmed death 1 ligand signaling regulates the generation of adaptive

Foxp3+CD4+ regulatory T cells. Proc Natl Acad Sci USA. (2008) 105:9331–6.

doi: 10.1073/pnas.0710441105

19. Francisco LM, Salinas VH, Brown KE, Vanguri VK, Freeman GJ,

Kuchroo VK, et al. PD-L1 regulates the development, maintenance, and

function of induced regulatory T cells. J Exp Med. (2009) 206:3015–29.

doi: 10.1084/jem.20090847

20. Deaglio S, Dwyer KM, Gao W, Friedman D, Usheva A, Erat A, et al.

Adenosine generation catalyzed by CD39 and CD73 expressed on regulatory

T cells mediates immune suppression. J Exp Med. (2007) 204:1257.

doi: 10.1084/jem.20062512

21. Schuler PJ, Saze Z, Hong CS, Muller L, Gillespie DG, Cheng D, et al. Human

CD4+ CD39+ regulatory T cells produce adenosine upon co-expression of

surface CD73 or contact with CD73+ exosomes or CD73+ cells. Clin Exp

Immunol. (2014) 177:531–43. doi: 10.1111/cei.12354

22. Borsellino G, Kleinewietfeld M, Di Mitri D, Sternjak A, Diamantini A,

Giometto R, et al. Expression of ectonucleotidase CD39 by Foxp3+ Treg

cells: hydrolysis of extracellular ATP and immune suppression. Blood. (2007)

110:1225–32. doi: 10.1182/blood-2006-12-064527

23. Hargadon KM, Johnson CE, Williams CJ. Immune checkpoint

blockade therapy for cancer: an overview of FDA-approved immune

checkpoint inhibitors. Int Immunopharmacol. (2018) 62:29–39.

doi: 10.1016/j.intimp.2018.06.001

24. Anderson R, Rapoport BL. Immune dysregulation in cancer patients

undergoing immune checkpoint inhibitor treatment and potential

predictive strategies for future clinical practice. Front Oncol. (2018)

8:80. doi: 10.3389/fonc.2018.00080

25. Haanen JB. Immunotherapy of melanoma. EJC Suppl. (2013) 11:97–105.

doi: 10.1016/j.ejcsup.2013.07.013

26. Rapoport BL, Anderson R. Realizing the clinical potential of immunogenic

cell death in cancer chemotherapy and radiotherapy. Int J Mol Sci. (2019)

20:E959. doi: 10.3390/ijms20040959

27. Smit EF, de Langen AJ. Pembrolizumab for all PD-L1-positive NSCLC.

Lancet. (2019) 393:1776–8. doi: 10.1016/S0140-6736(18)32559-5

28. Mok TSK, Wu YL, Kudaba I, Kowalski DM, Cho BC, Turna HZ, et al.

Pembrolizumab versus chemotherapy for previously untreated, PD-L1-

expressing, locally advanced or metastatic non-small-cell lung cancer

(KEYNOTE-042): a randomised, open-label, controlled, phase 3 trial. Lancet.

(2019) 393:1819–30. doi: 10.1016/S0140-6736(18)32409-7

29. Sibaud V. Dermatologic reactions to immune checkpoint inhibitors: skin

toxicities and immunotherapy. Am J Clin Dermatol. (2018) 19:345–61.

doi: 10.1007/s40257-017-0336-3

30. Villadolid J, Amin A. Immune checkpoint inhibitors in clinical practice:

update on management of immune-related toxicities. Transl Lung Cancer

Res. (2015) 4:560–75. doi: 10.3978/j.issn.2218-6751.2015.06.06

31. Weber JS, Kähler KC, Hauschild A. Management of immune-related adverse

events and kinetics of response with ipilimumab. J Clin Oncol. (2012)

30:2691–7. doi: 10.1200/JCO.2012.41.6750

32. Hua C, Boussemart L, Mateus C, Routier E, Boutros C, Cazenave H, et al.

Association of vitiligo with tumor response in patients with metastatic

melanoma treated with pembrolizumab. JAMA Dermatol. (2016) 152:45–51.

doi: 10.1001/jamadermatol.2015.2707

33. 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) 25:3017–30. doi: 10.1007/s00520-017-3802-9

34. Possick JD. Pulmonary toxicities from checkpoint immunotherapy

for malignancy. Clin Chest Med. (2017) 38:223–32.

doi: 10.1016/j.ccm.2016.12.012

Frontiers in Immunology | www.frontiersin.org 15 September 2019 | Volume 10 | Article 2254

https://www.frontiersin.org/articles/10.3389/fimmu.2019.02254/full#supplementary-material
https://doi.org/10.1056/NEJMra1703481
https://doi.org/10.4103/apjon.apjon_3_19
https://doi.org/10.1126/science.271.5256.1734
https://doi.org/10.1002/j.1460-2075.1992.tb05481.x
https://doi.org/10.1097/COC.0000000000000239
https://doi.org/10.1182/blood-2017-06-741033
https://doi.org/10.3389/fimmu.2019.00911
https://doi.org/10.1126/science.1202947
https://doi.org/10.1038/s41590-018-0280-2
https://doi.org/10.3389/fimmu.2018.01625
https://doi.org/10.1038/icb.2016.34
https://doi.org/10.1080/2162402X.2016.1151594
https://doi.org/10.18632/oncotarget.14626
https://doi.org/10.1371/journal.pone.0195958
https://doi.org/10.1089/scd.2016.0009
https://doi.org/10.1073/pnas.0710441105
https://doi.org/10.1084/jem.20090847
https://doi.org/10.1084/jem.20062512
https://doi.org/10.1111/cei.12354
https://doi.org/10.1182/blood-2006-12-064527
https://doi.org/10.1016/j.intimp.2018.06.001
https://doi.org/10.3389/fonc.2018.00080
https://doi.org/10.1016/j.ejcsup.2013.07.013
https://doi.org/10.3390/ijms20040959
https://doi.org/10.1016/S0140-6736(18)32559-5
https://doi.org/10.1016/S0140-6736(18)32409-7
https://doi.org/10.1007/s40257-017-0336-3
https://doi.org/10.3978/j.issn.2218-6751.2015.06.06
https://doi.org/10.1200/JCO.2012.41.6750
https://doi.org/10.1001/jamadermatol.2015.2707
https://doi.org/10.1007/s00520-017-3802-9
https://doi.org/10.1016/j.ccm.2016.12.012
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Anderson et al. Pathogenesis of Immunotherapy-Related Adverse Events

35. Sznol M, Postow MA, Davies MJ, Pavlick AC, Plimack ER, Shaheen M,

et al. Endocrine-related adverse events associated with immune checkpoint

blockade and expert insights on their management. Cancer Treat Rev. (2017)

58:70–6. doi: 10.1016/j.ctrv.2017.06.002

36. Antoun J, Titah C, Cochereau I. Ocular and orbital side-effects of

checkpoint inhibitors: a review article. Curr Opin Oncol. (2016) 28:288–94.

doi: 10.1097/CCO.0000000000000296

37. Touat M, Talmasov D, Ricard D, Psimaras D. Neurological toxicities

associated with immune-checkpoint inhibitors. Curr Opin Neurol. (2017)

30:659–68. doi: 10.1097/WCO.0000000000000503

38. Garcia CR, Jayswal R, Adams V, Anthony LB, Villano JL. Multiple sclerosis

outcomes after cancer immunotherapy. Clin Transl Oncol. (2019) 21:1336–

42. doi: 10.1007/s12094-019-02060-8

39. Delanoy N, Michot JM, Comont T, Kramkimel N, Lazarovici J, Dupont R,

et al. Haematological immune-related adverse events induced by anti-PD-

1 or anti-PD-L1 immunotherapy: a descriptive observational study. Lancet

Haematol. (2019) 6:e48–57. doi: 10.1016/S2352-3026(18)30175-3

40. Ikeuchi K, Okuma Y, Tabata T. Immune-related pancreatitis secondary to

nivolumab in a patient with recurrent lung adenocarcinoma: a case report.

Lung Cancer. (2016) 99:148–50. doi: 10.1016/j.lungcan.2016.07.001

41. Murakami N, Motwani S, Riella LV. Renal complications of

immune checkpoint blockade. Curr Probl Cancer. (2017) 41:100–10.

doi: 10.1016/j.currproblcancer.2016.12.004

42. Cappelli LC, Gutierrez AK, Baer AN, Albayda J, Manno RL, Haque

U, et al. Inflammatory arthritis and sicca syndrome induced by

nivolumab and ipilimumab. Ann Rheum Dis. (2017) 76:43–50.

doi: 10.1136/annrheumdis-2016-209595

43. Tajiri K, Ieda M. Cardiac complications in immune checkpoint inhibition

therapy. Front Cardiovasc Med. (2019) 6:3. doi: 10.3389/fcvm.2019.00003

44. Firwana B, Ravilla R, Raval M, Hutchins L, Mahmoud F. Sarcoidosis-like

syndrome and lymphadenopathy due to checkpoint inhibitors. J Oncol

Pharm Pract. (2017) 23:620–4. doi: 10.1177/1078155216667635

45. Johnson DB, Beckermann KE, Wang DY. Immune checkpoint inhibitor

therapy in patients with autoimmune disease. Oncology. (2018) 32:190–4.

46. Khan S, Gerber DE. Autoimmunity, checkpoint inhibitor therapy and

immune-related adverse events: a review. Semin Cancer Biol. (2019).

doi: 10.1016/j.semcancer.2019.06.012. [Epub ahead of print].

47. Cortellini A, Buti S, Santini D, Perrone F, Giusti R, Tiseo M,

et al. Clinical outcomes of patients with advanced cancer and pre-

existing autoimmune diseases treated with anti-programmed death-1

immunotherapy: a real-world transverse study. Oncologist. (2019)

24:e327–37. doi: 10.1634/theoncologist.2018-0618

48. Tison A, Quéré G, Misery L, Funck-Brentano E, Danlos FX, Routier E, et al.

Safety and efficacy of immune checkpoint inhibitors in patients with cancer

and preexisting autoimmune disease: a nationwide multicenter cohort study.

Arthritis Rheumatol. (2019). doi: 10.1136/annrheumdis-2018-eular.5840.

[Epub ahead of print].

49. Gutzmer R, Koop A, Meier F, Hassel JC, Terheyden P, Zimmer L,

et al. Programmed cell death protein-1 (PD-1) inhibitor therapy in

patients with advanced melanoma and preexisting autoimmunity or

ipilimumab-triggered autoimmunity. Eur J Cancer. (2017) 75:24–32.

doi: 10.1016/j.ejca.2016.12.038

50. Menzies AM, Johnson DB, Ramanujam S, Atkinson VG, Wong ANM,

Park JJ, et al. Anti-PD-1 therapy in patients with advanced melanoma and

preexisting autoimmune disorders or major toxicity with ipilimumab. Ann

Oncol. (2017) 28:368–76. doi: 10.1093/annonc/mdw443

51. Richter MD, Pinkston O, Kottschade LA, Finnes HD, Markovic SN,

Thanarajasingam U. Brief Report: cancer immunotherapy in patients

with preexisting rheumatic disease: the Mayo Clinic experience. Arthritis

Rheumatol. (2018) 70:356–60. doi: 10.1002/art.40397

52. Teraoka S, Fujimoto D, Morimoto T, Kawachi H, Ito M, Sato Y, et al.

Early immune-related adverse events and association with outcome in

advanced non-small cell lung cancer patients treated with nivolumab:

a prospective cohort study. J Thorac Oncol. (2017) 12:1798–805.

doi: 10.1016/j.jtho.2017.08.022

53. Toi Y, Sugawara S, Kawashima Y, Aiba T, Kawana S, Saito R, et al. Association

of immune-related adverse events with clinical benefit in patients with

advanced non-small-cell lung cancer treated with nivolumab. Oncologist.

(2018) 23:1358–65. doi: 10.1634/theoncologist.2017-0384

54. Sato K, Akamatsu H, Murakami E, Sasaki S, Kanai K, Hayata A, et al.

Correlation between immune-related adverse events and efficacy in non-

small cell lung cancer treated with nivolumab. Lung Cancer. (2018) 115:71–4.

doi: 10.1016/j.lungcan.2017.11.019

55. Rogado J, Sánchez-Torres JM, Romero-Laorden N, Ballesteros AI, Pacheco-

Barcia V, Ramos-Leví A, et al. Immune-related adverse events predict the

therapeutic efficacy of anti-PD-1 antibodies in cancer patients. Eur J Cancer.

(2019) 109:21–7. doi: 10.1016/j.ejca.2018.10.014

56. Cortellini A, Chiari R, Ricciuti B, Metro G, Perrone F, Tiseo M, et al.

Correlations between the immune-related adverse events spectrum and

efficacy of anti-PD1 immunotherapy in NSCLC patients. Clin Lung Cancer.

(2019) 20:237–47.e1. doi: 10.1016/j.cllc.2019.02.006

57. Shafqat H, Gourdin T, Sion A. Immune-related adverse events

are linked with improved progression-free survival in patients

receiving anti-PD-1/PD-L1 therapy. Semin Oncol. (2018) 45:156–63.

doi: 10.1053/j.seminoncol.2018.07.003

58. Fujii T, Colen RR, Bilen MA, Hess KR, Hajjar J, Suarez-Almazor ME,

et al. Incidence of immune-related adverse events and its association with

treatment outcomes: the MD Anderson Cancer Center experience. Invest

New Drugs. (2018) 36:638–46. doi: 10.1007/s10637-017-0534-0

59. Abu-Sbeih H, Tang T, Ali FS, Johnson DH, Qiao W, Diab A, et al. The

impact of immune checkpoint inhibitor-related adverse events and their

immunosuppressive treatment on patients’ outcomes. J Immunother Precis

Oncol. (2018) 1:7–18. doi: 10.4103/JIPO.JIPO_12_18

60. Abu-Sbeih H, Ali FS, Qiao W, Lu Y, Patel S, Diab A, et al. Immune

checkpoint inhibitor-induced colitis as a predictor of survival in

metastatic melanoma. Cancer Immunol Immunother. (2019) 68:553–61.

doi: 10.1007/s00262-019-02303-1

61. Maher VE, Fernandes LL, Weinstock C, Tang S, Agarwal S, Brave M, et al.

Analysis of the association between adverse events and outcome in patients

receiving a programmed death protein 1 or programmed death ligand 1

antibody. J Clin Oncol. (2019). doi: 10.1200/JCO.19.00318. [Epub ahead of

print].

62. Eggermont AMM, Kicinski M, Blank CU, Mandalà M, Long GV, Atkinson

V, et al. Prognostic and predictive value of an immune-related adverse

event among stage III melanoma patients included in the EORTC

1325/KEYNOTE-054 pembrolizumab versus placebo trial. J Clin Oncol.

(2019) 37(15_suppl):2517. doi: 10.1200/JCO.2019.37.15_suppl.2517

63. Martini DJ, Hamieh L, McKay RR, Harshman LC, Brandao R, Norton

CK, et al. Durable clinical benefit in metastatic renal cell carcinoma

patients who discontinue PD-1/PD-L1 therapy for immune-related adverse

events. Cancer Immunol Res. (2018) 6:402–8. doi: 10.1158/2326-6066.CIR-

17-0220

64. Ozawa Y, Amano Y, Kanata K, Hasegwa H, Matsui T, Kakutani T, et al.

Impact of early inflammatory cytokine elevation after commencement of

PD-1 inhibitors to predict efficacy in patients with non-small cell lung cancer.

Med Oncol. (2019) 36:33. doi: 10.1007/s12032-019-1255-3

65. Oya Y, Yoshida T, Kuroda H, Mikubo M, Kondo C, Shimizu J, et al.

Predictive clinical parameters for the response of nivolumab in pretreated

advanced non-small-cell lung cancer. Oncotarget. (2017) 8:103117–28.

doi: 10.18632/oncotarget.21602

66. Weber JS, Tang H, Hippeli L, Qian M, Wind-Rotolo M, Larkin JMG, et al.

Serum IL-6 and CRP as prognostic factors in melanoma patients receiving

single agent and combination checkpoint inhibition. Abstract presented at

the 2019 ASCO Annual Meeting. J Clin Oncol. (2019) 37(15 Suppl):100.

doi: 10.1200/JCO.2019.37.15_suppl.100

67. Vighi G, Marcucci F, Sensi L, Di Cara G, Frati F. Allergy and

the gastrointestinal system. Clin Exp Immunol. (2008) 153:3–6.

doi: 10.1111/j.1365-2249.2008.03713.x

68. Mizrahi M, Ilan Y. The gut mucosa as a site for induction

of regulatory T-cells. Curr Pharm Des. (2009) 15:1191–202.

doi: 10.2174/138161209787846784

69. Sender R, Fuchs S, Milo R. Revised estimates for the number of

human and bacteria cells in the body. PLoS Biol. (2016) 14:e1002533.

doi: 10.1371/journal.pbio.1002533

Frontiers in Immunology | www.frontiersin.org 16 September 2019 | Volume 10 | Article 2254

https://doi.org/10.1016/j.ctrv.2017.06.002
https://doi.org/10.1097/CCO.0000000000000296
https://doi.org/10.1097/WCO.0000000000000503
https://doi.org/10.1007/s12094-019-02060-8
https://doi.org/10.1016/S2352-3026(18)30175-3
https://doi.org/10.1016/j.lungcan.2016.07.001
https://doi.org/10.1016/j.currproblcancer.2016.12.004
https://doi.org/10.1136/annrheumdis-2016-209595
https://doi.org/10.3389/fcvm.2019.00003
https://doi.org/10.1177/1078155216667635
https://doi.org/10.1016/j.semcancer.2019.06.012
https://doi.org/10.1634/theoncologist.2018-0618
https://doi.org/10.1136/annrheumdis-2018-eular.5840
https://doi.org/10.1016/j.ejca.2016.12.038
https://doi.org/10.1093/annonc/mdw443
https://doi.org/10.1002/art.40397
https://doi.org/10.1016/j.jtho.2017.08.022
https://doi.org/10.1634/theoncologist.2017-0384
https://doi.org/10.1016/j.lungcan.2017.11.019
https://doi.org/10.1016/j.ejca.2018.10.014
https://doi.org/10.1016/j.cllc.2019.02.006
https://doi.org/10.1053/j.seminoncol.2018.07.003
https://doi.org/10.1007/s10637-017-0534-0
https://doi.org/10.4103/JIPO.JIPO_12_18
https://doi.org/10.1007/s00262-019-02303-1
https://doi.org/10.1200/JCO.19.00318
https://doi.org/10.1200/JCO.2019.37.15_suppl.2517
https://doi.org/10.1158/2326-6066.CIR-17-0220
https://doi.org/10.1007/s12032-019-1255-3
https://doi.org/10.18632/oncotarget.21602
https://doi.org/10.1200/JCO.2019.37.15_suppl.100
https://doi.org/10.1111/j.1365-2249.2008.03713.x
https://doi.org/10.2174/138161209787846784
https://doi.org/10.1371/journal.pbio.1002533
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Anderson et al. Pathogenesis of Immunotherapy-Related Adverse Events

70. Izcue A, Coombes J, Powrie F. Regulatory lymphocytes and

intestinal inflammation. Annu Rev Immunol. (2009) 27:313–38.

doi: 10.1146/annurev.immunol.021908.132657

71. Wu HJ, Wu E. The role of gut microbiota in immune homeostasis and

autoimmunity. Gut Microbes. (2012) 3:4–14. doi: 10.4161/gmic.19320

72. Harrison OJ, Powrie FM. Regulatory T cells and immune tolerance

in the intestine. Cold Spring Harb Perspect Biol. (2013) 5:a018341.

doi: 10.1101/cshperspect.a018341

73. Hepworth MR, Fung TC, Masur SH, Kelsen JR, McConnell FM, Dubrot J,

et al. Immune tolerance. Group 3 innate lymphoid cells mediate intestinal

selection of commensal bacteria-specific CD4+ T cells. Science. (2015)

348:1031–5. doi: 10.1126/science.aaa4812

74. Sharma A, Rudra D. Emerging functions of regulatory T cells in tissue

homeostasis. Front Immunol. (2018) 9:883. doi: 10.3389/fimmu.2018.00883

75. Chaput N, Lepage P, Coutzac C, Soularue E, Le Roux K, Monot C, et al.

Baseline gut microbiota predicts clinical response and colitis in metastatic

melanoma patients treated with ipilimumab. Ann Oncol. (2017) 28:1368–79.

doi: 10.1093/annonc/mdx108

76. Elkrief A, Derosa L, Zitvogel L, Kroemer G, Routy B. The intimate

relationship between gut microbiota and cancer immunotherapy. Gut

Microbes. (2019) 10:424–8. doi: 10.1080/19490976.2018.1527167

77. Routy B, Gopalakrishnan V, Daillère R, Zitvogel L, Wargo JA, Kroemer

G. The gut microbiota influences anticancer immunosurveillance

and general health. Nat Rev Clin Oncol. (2018) 15:382–96.

doi: 10.1038/s41571-018-0006-2

78. Gong J, Chehrazi-Raffle A, Placencio-Hickok V, Guan M, Hendifar A,

Salgia R. The gut microbiome and response to immune checkpoint

inhibitors: preclinical and clinical strategies. Clin Transl Med. (2019) 8:9.

doi: 10.1186/s40169-019-0225-x

79. LiW,Deng Y, ChuQ, Zhang P. Gutmicrobiome and cancer immunotherapy.

Cancer Lett. (2019) 447:41–7. doi: 10.1016/j.canlet.2019.01.015

80. Derosa L, Routy B, Kroemer G, Zitvogel L. The intestinal microbiota

determines the clinical efficacy of immune checkpoint blockers

targeting PD-1/PD-L1. Oncoimmunology. (2018) 7:e1434468.

doi: 10.1080/2162402X.2018.1434468

81. Fessler J, Matson V, Gajewski TF. Exploring the emerging role of the

microbiome in cancer immunotherapy. J Immunother Cancer. (2019) 7:108.

doi: 10.1186/s40425-019-0574-4

82. Gopalakrishnan V, Spencer CN, Nezi L, Reuben A, Andrews MC,

Karpinets TV, et al. Gut microbiome modulates response to anti-PD-

1 immunotherapy in melanoma patients. Science. (2018) 359:97–103.

doi: 10.1126/science.aan4236

83. Matson V, Fessler J, Bao R, Chongsuwat T, Zha Y, Alegre ML, et al. The

commensal microbiome is associated with anti-PD-1 efficacy in metastatic

melanoma patients. Science. (2018) 359:104–8. doi: 10.1126/science.aao3290

84. Routy B, Le Chatelier E, Derosa L, Duong CPM, Alou MT, Daillère R, et al.

Gut microbiome influences efficacy of PD-1-based immunotherapy against

epithelial tumors. Science. (2018) 359:91–7. doi: 10.1126/science.aan3706

85. Tanoue T, Morita S, Plichta DR, Skelly AN, Suda W, Sugiura Y, et al.

A defined commensal consortium elicits CD8T cells and anti-cancer

immunity. Nature. (2019) 565:600–5. doi: 10.1038/s41586-019-0878-z

86. Li Y1, Tinoco R, Elmén L, Segota I, Xian Y, Fujita Y, et al. Gut microbiota

dependent anti-tumor immunity restricts melanoma growth in Rnf5-/- mice.

Nat Commun. (2019) 10:1492. doi: 10.1038/s41467-019-09525-y

87. Kaderbhai C, Richard C, Fumet JD, Aarnink A, Foucher P, Coudert B,

et al. Antibiotic use does not appear to influence response to nivolumab.

Anticancer Res. (2017) 37:3195–200. doi: 10.21873/anticanres.11680

88. Derosa L, Hellmann MD, Spaziano M, Halpenny D, Fidelle M, Rizvi H,

et al. Negative association of antibiotics on clinical activity of immune

checkpoint inhibitors in patients with advanced renal cell and non-small-

cell lung cancer. Ann Oncol. (2018) 29:1437–44. doi: 10.1093/annonc/

mdy103

89. Zhao S, Gao G, Li W, Li X, Zhao C, Jiang T, et al. Antibiotics are associated

with attenuated efficacy of anti-PD-1/PD-L1 therapies in Chinese patients

with advanced non-small cell lung cancer. Lung Cancer. (2019) 130:10–7.

doi: 10.1016/j.lungcan.2019.01.017

90. Elkrief A, El Raichani L, Richard C, Messaoudene M, Belkaid W, Malo J,

et al. Antibiotics are associated with decreased progression-free survival of

advanced melanoma patients treated with immune checkpoint inhibitors.

Oncoimmunology. (2019) 8:e1568812. doi: 10.1080/2162402X.2019.1568812

91. Shirai T, Sano T, Kamijo F, 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)

46:86–8. doi: 10.1093/jjco/hyv158

92. Kimura T, Fukushima S, Miyashita A, Aoi J, Jinnin M, Kosaka T, et al.

Myasthenic crisis and polymyositis induced by one dose of nivolumab.

Cancer Sci. (2016) 107:1055–8. doi: 10.1111/cas.12961

93. Chang E, Sabichi AL, Sada YH. Myasthenia gravis after nivolumab therapy

for squamous cell carcinoma of the bladder. J Immunother. (2017) 40:114–6.

doi: 10.1097/CJI.0000000000000161

94. Kong BY, Micklethwaite KP, Swaminathan S, Kefford RF, Carlino

MS. Autoimmune hemolytic anemia induced by anti-PD-1

therapy in metastatic melanoma. Melanoma Res. (2016) 26:202–4.

doi: 10.1097/CMR.0000000000000232

95. Palla AR, Kennedy D, Mosharraf H, Doll D. Autoimmune hemolytic anemia

as a complication of nivolumab therapy. Case Rep Oncol. (2016) 9:691–7.

doi: 10.1159/000452296

96. Tardy MP, Gastaud L, Boscagli A, Peyrade F, Gallamini A, Thyss A.

Autoimmune hemolytic anemia after nivolumab treatment in Hodgkin

lymphoma responsive to immunosuppressive treatment. A case report.

Hematol Oncol. (2017) 35:875–7. doi: 10.1002/hon.2338

97. 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) 33:15–21.

98. Usui Y, Udagawa H, Matsumoto S, Imai K, Ohashi K, Ishibashi M, et al.

Association of serum anti-GAD antibody and HLA haplotypes with type 1

diabetes mellitus triggered by nivolumab in patients with non-small cell lung

cancer. J Thorac Oncol. (2017) 12:e41–3. doi: 10.1016/j.jtho.2016.12.015

99. Yang D, Han Z, Oppenheim JJ. Alarmins and immunity. Immunol Rev.

(2017) 280:41–56. doi: 10.1111/imr.12577

100. 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

101. Vajaitu C, Draghici CC, Solomon I, Lisievici CV, Popa AV, LupuM, et al. The

central role of inflammation associated with checkpoint inhibitor treatments.

J Immunol Res. (2018) 2018:4625472. doi: 10.1155/2018/4625472

102. Oh DY, Cham J, Zhang L, Fong G, Kwek SS, Klinger M, et al. Immune

toxicities elicted by CTLA-4 blockade in cancer patients are associated with

early diversification of the T-cell repertoire. Cancer Res. (2017) 77:1322–30.

doi: 10.1158/0008-5472.CAN-16-2324

103. Hogan SA, Courtier A, Cheng PF, Jaberg-Bentele NF, Goldinger SM, Manuel

M, et al. Peripheral blood TCR repertoire profiling may facilitate patient

stratification for immunotherapy against melanoma. Cancer Immunol Res.

(2019) 7:77–85. doi: 10.1158/2326-6066.CIR-18-0136

104. Arakawa A, Vollmer S, Tietze J, Galinski A, Heppt MV, Bürdek M, et al.

Clonality of CD4+ blood T cells predicts longer survival with CTLA4 or

PD-1 checkpoint inhibition in advanced melanoma. Front Immunol. (2019)

10:1336. doi: 10.3389/fimmu.2019.01336

105. Yang J, Sundrud MS, Skepner J, Yamagata T. Targeting Th17 cells

in autoimmune diseases. Trends Pharmacol Sci. (2014) 35:493–500.

doi: 10.1016/j.tips.2014.07.006

106. Cosorich I, Dalla-Costa G, Sorini C, Ferrarese R,MessinaMJ, Dolpady J, et al.

High frequency of intestinal TH17 cells correlates withmicrobiota alterations

and disease activity in multiple sclerosis. Sci Adv. (2017) 3:e1700492.

doi: 10.1126/sciadv.1700492

107. Yasuda K, Takeuchi Y, Hirota K. The pathogenicity of Th17 cells

in autoimmune diseases. Semin Immunopathol. (2019) 41:283–97.

doi: 10.1007/s00281-019-00733-8

108. Chen Y, Chauhan SK, Shao C, Omoto M, Inomata T, Dana R.

Interferon-γ-expressing Th17 cells are required for development of

severe ocular surface autoimmunity. J Immunol. (2017) 199:1163–9.

doi: 10.4049/jimmunol.1602144

109. von Euw E, Chodon T, Attar N, Jalil J, Koya RC, Comin-Anduix B, et al.

CTLA4 blockade increases Th17 cells in patients with metastatic melanoma.

J Transl Med. (2009) 7:35. doi: 10.1186/1479-5876-7-35

Frontiers in Immunology | www.frontiersin.org 17 September 2019 | Volume 10 | Article 2254

https://doi.org/10.1146/annurev.immunol.021908.132657
https://doi.org/10.4161/gmic.19320
https://doi.org/10.1101/cshperspect.a018341
https://doi.org/10.1126/science.aaa4812
https://doi.org/10.3389/fimmu.2018.00883
https://doi.org/10.1093/annonc/mdx108
https://doi.org/10.1080/19490976.2018.1527167
https://doi.org/10.1038/s41571-018-0006-2
https://doi.org/10.1186/s40169-019-0225-x
https://doi.org/10.1016/j.canlet.2019.01.015
https://doi.org/10.1080/2162402X.2018.1434468
https://doi.org/10.1186/s40425-019-0574-4
https://doi.org/10.1126/science.aan4236
https://doi.org/10.1126/science.aao3290
https://doi.org/10.1126/science.aan3706
https://doi.org/10.1038/s41586-019-0878-z
https://doi.org/10.1038/s41467-019-09525-y
https://doi.org/10.21873/anticanres.11680
https://doi.org/10.1093/annonc/mdy103
https://doi.org/10.1016/j.lungcan.2019.01.017
https://doi.org/10.1080/2162402X.2019.1568812
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/10.1159/000452296
https://doi.org/10.1002/hon.2338
https://doi.org/10.1016/j.jtho.2016.12.015
https://doi.org/10.1111/imr.12577
https://doi.org/10.1038/ncomms15402
https://doi.org/10.1155/2018/4625472
https://doi.org/10.1158/0008-5472.CAN-16-2324
https://doi.org/10.1158/2326-6066.CIR-18-0136
https://doi.org/10.3389/fimmu.2019.01336
https://doi.org/10.1016/j.tips.2014.07.006
https://doi.org/10.1126/sciadv.1700492
https://doi.org/10.1007/s00281-019-00733-8
https://doi.org/10.4049/jimmunol.1602144
https://doi.org/10.1186/1479-5876-7-35
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Anderson et al. Pathogenesis of Immunotherapy-Related Adverse Events

110. Atarashi K, Nishimura J, Shima T, Umesaki Y, Yamamoto M, Onoue M,

et al. ATP drives lamina propria TH17 cell differentiation. Nature. (2008)

455:808–12. doi: 10.1038/nature07240

111. Ivanov II, Frutos Rde L, Manel N, Yoshinaga K, Rifkin DB, Sartor RB, et al.

Specific microbiota direct the differentiation of IL-17-producing T-helper

cells in the mucosa of the small intestine. Cell Host Microbe. (2008) 4:337–49.

doi: 10.1016/j.chom.2008.09.009

112. Tan TG, Sefik E, Geva-Zatorsky N, Kua L, Naskar D, Teng F, et al. Identifying

species of symbiont bacteria from the human gut that, alone, can induce

intestinal Th17 cells in mice. Proc Natl Acad Sci USA. (2016) 113:E8141–50.

doi: 10.1073/pnas.1617460113

113. Tanoue T, Umesaki Y, Honda K. Immune responses to gut microbiota-

commensals and pathogens. Gut Microbes. (2010) 1:224–33.

doi: 10.4161/gmic.1.4.12613

114. Killeen ME, Ferris L, Kupetsky EA, Falo L Jr, Mathers AR. Signaling through

purinergic receptors for ATP induces human cutaneous innate and adaptive

Th17 responses: implications in the pathogenesis of psoriasis. J Immunol.

(2013) 190:4324–36. doi: 10.4049/jimmunol.1202045

115. Pandolfi JB, Ferraro AA, Sananez I, Gancedo MC, Baz P, Billordo

LA, et al. ATP-induced inflammation drives tissue-resident Th17 cells

in metabolically unhealthy obesity. J Immunol. (2016) 196:3287–96.

doi: 10.4049/jimmunol.1502506

116. Deng J, Yu X, Wang PH. Inflammasome activation and Th17 responses.

Mol Immunol. (2019) 107:142–64. doi: 10.1016/j.molimm.2018.

12.024

117. Martin-Orozco N, Muranski P, Chung Y, Yang XO, Yamazaki T, Lu S, et al.

T helper 17 cells promote cytotoxic T cell activation in tumor immunity.

Immunity. (2009) 31:787–98. doi: 10.1016/j.immuni.2009.09.014

118. Ankathatti Munegowda M, Deng Y, Mulligan SJ, Xiang J. Th17 and Th17-

stimulated CD8+ T cells play a distinct role in Th17-induced preventive

and therapeutic antitumor immunity. Cancer Immunol Immunother. (2011)

60:1473–84. doi: 10.1007/s00262-011-1054-y

119. Qian X, Chen H, Wu X, Hu L, Huang Q, Jin Y. Interleukin-

17 acts as double-edged sword in anti-tumor immunity and

tumorigenesis. Cytokine. (2017) 89:34–44. doi: 10.1016/j.cyto.2015.

09.011

120. Knochelmann HM, Dwyer CJ, Bailey SR, Amaya SM, Elston DM,

Mazza-McCrann JM, et al. When worlds collide: Th17 and Treg cells

in cancer and autoimmunity. Cell Mol Immunol. (2018) 15:458–69.

doi: 10.1038/s41423-018-0004-4

121. Pan B, Shen J, Cao J, Zhou Y, Shang L, Jin S, et al. Interleukin-17

promotes angiogenesis by stimulating VEGF production of cancer cells via

the STAT3/GIV signaling pathway in non-small-cell lung cancer. Sci Rep.

(2015) 5:16053. doi: 10.1038/srep16053

122. Xu B, Guenther JF, Pociask DA, Wang Y, Kolls JK, You Z, et al.

Promotion of lung tumor growth by interleukin-17. Am J Physiol

Lung Cell Mol Physiol. (2014) 307:L497–508. doi: 10.1152/ajplung.

00125.2014

123. Cochaud S, Giustiniani J, Thomas C, Laprevotte E, Garbar C, Savoye

AM, et al. IL-17A is produced by breast cancer TILs and promotes

chemoresistance and proliferation through ERK1/2. Sci Rep. (2013) 3:3456.

doi: 10.1038/srep03456

124. Fabre JAS, Giustinniani J, Garbar C, Merrouche Y, Antonicelli F, Bensussan

A. The interleukin-17 family of cytokines in breast cancer. Int J Mol Sci.

(2018) 19:E3880. doi: 10.3390/ijms19123880

125. Carvalho DFG, Zanetti BR, Miranda L, Hassumi-Fukasawa MK, Miranda-

Camargo F, Crispim JCO, et al. High IL-17 expression is associated with

an unfavorable prognosis in thyroid cancer. Oncol Lett. (2017) 13:1925–31.

doi: 10.3892/ol.2017.5638

126. Sui G, Qiu Y, Yu H, Kong Q, Zhen B. Interleukin-17 promotes the

development of cisplatin resistance in colorectal cancer. Oncol Lett. (2019)

17:944–50. doi: 10.3892/ol.2018.9645

127. Ibrahim S, Girault A, Ohresser M, Lereclus E, Paintaud G, Lecomte

T, et al. Monoclonal antibodies targeting the IL-17/IL-17RA axis: an

opportunity to improve the efficiency of anti-VEGF therapy in fighting

metastatic colorectal cancer? Clin Colorectal Cancer. (2018) 17:e109–13.

doi: 10.1016/j.clcc.2017.10.003

128. Wang K. Targeting IL-17 for cancer-associated inflammation and immunity.

J Immunol. (2017) 198(1 Supplement):66.5.

129. Akbay EA, Koyama S, Liu Y, Dries R, Bufe LE, SilkesM, et al. Interleukin-17A

promotes lung tumor progression through neutrophil attraction to tumor

sites and mediating resistance to PD-1 blockade. J Thorac Oncol. (2017)

12:1268–79. doi: 10.1016/j.jtho.2017.04.017

130. Haslam A, Prasad V. Estimation of the percentage of US patients with cancer

who are eligible for and respond to checkpoint inhibitor immunotherapy

drugs. JAMA Netw Open. (2019) 2:e192535. doi: 10.1001/jamanetworkopen.

2019.2535

131. Abu-Sbeih H, Ali FS, Wang X, Mallepally N, Chen E, Altan M, et al.

Early introduction of selective immunosuppressive therapy associated with

favorable clinical outcomes in patients with immune checkpoint inhibitor-

induced colitis. J Immunother Cancer. (2019) 7:93. doi: 10.1186/s40425-019-

0577-1

132. Garg AD, More S, Rufo N, Mece O, Sassano ML, Agostinis P, et al. Trial

watch: Immunogenic cell death induction by anticancer chemotherapeutics.

Oncoimmunology. (2017) 6:e1386829. doi: 10.1080/2162402X.2017.1386829

133. Walle T, Martinez Monge R, Cerwenka A, Ajona D, Melero I, Lecanda

F. Radiation effects on antitumor immune responses: current perspectives

and challenges. Ther Adv Med Oncol. (2018) 10:1758834017742575.

doi: 10.1177/1758834017742575

134. Voorwerk L, Slagter M, Horlings HM, Sikorska K, van de Vijver KK, de

Maaker M, et al. Immune induction strategies in metastatic triple-negative

breast cancer to enhance the sensitivity to PD-1 blockade: the TONIC trial.

Nat Med. (2019) 25:920–8. doi: 10.1038/s41591-019-0432-4

135. Schmid P, Adams S, Rugo HS, Schneeweiss A, Barrios CH, Iwata H, et al.

Atezolizumab and nab-paclitaxel in advanced triple-negative breast cancer.

N Engl J Med. (2018) 379:2108–21. doi: 10.1056/NEJMoa1809615

136. Gandhi L, Rodríguez-Abreu D, Gadgeel S, Esteban E, Felip E, De Angelis F,

et al. Pembrolizumab plus chemotherapy in metastatic non-small-cell lung

cancer. N Engl J Med. (2018) 378:2078–92. doi: 10.1056/NEJMoa1801005

137. Majchrzak K, Nelson MH, Bowers JS, Bailey SR, Wyatt MM, Wrangle JM,

et al. β-catenin and PI3Kδ inhibition expands precursor Th17 cells with

heightened stemness and antitumor activity. JCI Insight. (2017) 2:e90547.

doi: 10.1172/jci.insight.90547

138. Lai Y, Dong C. Therapeutic antibodies that target inflammatory

cytokines in autoimmune diseases. Int Immunol. (2016) 28:181–8.

doi: 10.1093/intimm/dxv063

139. Esfahani K,MillerWH Jr. Reversal of autoimmune toxicity and loss of tumor

response by interleukin-17 blockade. N Engl J Med. (2017) 376:1989–91.

doi: 10.1056/NEJMc1703047

140. Johnson D, Patel AB, Uemura MI, Trinh VA, Jackson N,

Zobniw CM, et al. IL17A blockade successfully treated

psoriasiform dermatologic toxicity from immunotherapy. Cancer

Immunol Res. (2019) 7:860–5. doi: 10.1158/2326-6066.CIR-

18-0682

141. Ridker PM, MacFadyen JG, Thuren T, Everett BM, Libby P,

Glynn RJ. Effect of interleukin-1β inhibition with canakinumab on

incident lung cancer in patients with atherosclerosis: exploratory

results from a randomised, double-blind, placebo-controlled

trial. Lancet. (2017) 390:1833–42. doi: 10.1016/S0140-6736(17)

32247-X

142. Chabner BA, Nabel CS. Canakinumab and lung cancer: intriguing, but is it

real? Oncologist. (2018) 23:637–8. doi: 10.1634/theoncologist.2018-0116

143. Paz-Ares LG, Garon EB, Ardizzoni A, Barlesi F, Cho BC, Castro G,

et al. The CANOPY program: Canakinumab in patients (pts) with

non-small cell lung cancer (NSCLC). J Clin Oncol. (2019) 37:15_Suppl.

doi: 10.1200/JCO.2019.37.15_suppl.TPS9124

144. Clinical Trials. Study of Efficacy and Safety of Canakinumab as Adjuvant

Therapy in Adult Subjects With Stages AJCC/UICC v. 8 II-IIIA and IIIB

(T>5cm N2) Completely Resected Non-small Cell Lung Cancer Acronym:

CANOPY-A (Canopy-A). NCT03447769. Available online at: https://

clinicaltrials.gov/ct2/show/NCT03447769 (accessed August 20, 2019).

145. Clinical Trials. Study of Efficacy and Safety of Pembrolizumab Plus Platinum-

based Doublet Chemotherapy With or Without Canakinumab in Previously

Untreated Locally Advanced or Metastatic Non-squamous and Squamous

Frontiers in Immunology | www.frontiersin.org 18 September 2019 | Volume 10 | Article 2254

https://doi.org/10.1038/nature07240
https://doi.org/10.1016/j.chom.2008.09.009
https://doi.org/10.1073/pnas.1617460113
https://doi.org/10.4161/gmic.1.4.12613
https://doi.org/10.4049/jimmunol.1202045
https://doi.org/10.4049/jimmunol.1502506
https://doi.org/10.1016/j.molimm.2018.12.024
https://doi.org/10.1016/j.immuni.2009.09.014
https://doi.org/10.1007/s00262-011-1054-y
https://doi.org/10.1016/j.cyto.2015.09.011
https://doi.org/10.1038/s41423-018-0004-4
https://doi.org/10.1038/srep16053
https://doi.org/10.1152/ajplung.00125.2014
https://doi.org/10.1038/srep03456
https://doi.org/10.3390/ijms19123880
https://doi.org/10.3892/ol.2017.5638
https://doi.org/10.3892/ol.2018.9645
https://doi.org/10.1016/j.clcc.2017.10.003
https://doi.org/10.1016/j.jtho.2017.04.017
https://doi.org/10.1001/jamanetworkopen.2019.2535
https://doi.org/10.1186/s40425-019-0577-1
https://doi.org/10.1080/2162402X.2017.1386829
https://doi.org/10.1177/1758834017742575
https://doi.org/10.1038/s41591-019-0432-4
https://doi.org/10.1056/NEJMoa1809615
https://doi.org/10.1056/NEJMoa1801005
https://doi.org/10.1172/jci.insight.90547
https://doi.org/10.1093/intimm/dxv063
https://doi.org/10.1056/NEJMc1703047
https://doi.org/10.1158/2326-6066.CIR-18-0682
https://doi.org/10.1016/S0140-6736(17)32247-X
https://doi.org/10.1634/theoncologist.2018-0116
https://doi.org/10.1200/JCO.2019.37.15_suppl.TPS9124
https://clinicaltrials.gov/ct2/show/NCT03447769
https://clinicaltrials.gov/ct2/show/NCT03447769
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Anderson et al. Pathogenesis of Immunotherapy-Related Adverse Events

NSCLC Subjects (CANOPY-1). NCT03631199. Available online at: https://

clinicaltrials.gov/ct2/show/NCT03631199 (accessed August 20, 2019).

146. Clinical Trials. Phase III Study Evaluating Efficacy and Safety of

Canakinumab in Combination With Docetaxel in Adult Subjects With

Non-small Cell Lung Cancers as a Second or Third Line Therapy (CANOPY-

2). NCT03626545. Available online at: https://clinicaltrials.gov/ct2/show/

NCT03626545 (accessed August 20, 2019).

147. Martins F, Sykiotis GP, Maillard M, Fraga M, Ribi C, Kuntzer T,

et al. New therapeutic perspectives to manage refractory immune

checkpoint-related toxicities. Lancet Oncol. (2019) 20:e54–64.

doi: 10.1016/S1470-2045(18)30828-3

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2019 Anderson, Theron 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(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Immunology | www.frontiersin.org 19 September 2019 | Volume 10 | Article 2254

https://clinicaltrials.gov/ct2/show/NCT03631199
https://clinicaltrials.gov/ct2/show/NCT03631199
https://clinicaltrials.gov/ct2/show/NCT03626545
https://clinicaltrials.gov/ct2/show/NCT03626545
https://doi.org/10.1016/S1470-2045(18)30828-3
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Immunopathogenesis of Immune Checkpoint Inhibitor-Related Adverse Events: Roles of the Intestinal Microbiome and Th17 Cells
	Introduction
	CTLA-4 and PD-1 Immune Checkpoint Inhibitors
	Immune-checkpoint Inhibitor-Targeted MAbs
	Types of Immune-Related Adverse Events (IRAEs)
	Immune-Related Adverse Events (IRAEs) and Pre-existing Autoimmune Disease
	Association Between Immune Restoration and Development of IRAEs
	C-reactive Protein and Interleukin-6 as Predictors of Both the Efficacy of Immune Checkpoint Inhibitor-Based Therapy and Development of IRAEs
	The Composition of the Gut Microbiome as a Determinant of the Immunorestorative Activity of CTLA-4- and PD-1-targeted Immunotherapy
	Potential Mechanisms Underpinning Immune Restoration and the Development of IRAEs During Immune Checkpoint Inhibitor-Targeted Therapy
	Role of ATP Derived From Resident Commensal Bacteria in Promoting Differentiation of Intestinal Th17 Cells
	Th17 Cells and Anti-tumor Immunity
	Immune-based Strategies to Optimize Immune Checkpoint Inhibitor-based Therapy
	Combination Therapy
	Manipulation of the Gut Microbiome
	Pharmacological Alteration of the Phenotype and Functionality of Th17 Cells
	Potential Utility of IL-17A-Targeted Monoclonal Antibodies
	Potential Utility of IL-1β-Targeted Monoclonal Antibodies

	Conclusions
	Author Contributions
	Supplementary Material
	References


