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Immune checkpoints are small molecules expressed by immune cells that play critical roles in maintaining immune homeostasis.
Targeting the immune checkpoints cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and programmed death 1 (PD-1) with inhibitory
antibodies has demonstrated effective and durable antitumor activity in subgroups of patients with cancer. The US Food and Drug Administration
has approved several immune checkpoint inhibitors (ICPis) for the treatment of a broad spectrum of malignancies. Endocrinopathies have emerged
as one of the most common immune-related adverse events (irAEs) of ICPi therapy. Hypophysitis, thyroid dysfunction, insulin-deficient diabetes
mellitus, and primary adrenal insufficiency have been reported as irAEs due to ICPi therapy. Hypophysitis is particularly associated with anti-CTLA-4
therapy, whereas thyroid dysfunction is particularly associated with anti-PD-1 therapy. Diabetes mellitus and primary adrenal insufficiency are rare
endocrine toxicities associated with ICPi therapy but can be life-threatening if not promptly recognized and treated. Notably, combination anti-
CTLA-4 and anti-PD-1 therapy is associated with the highest incidence of ICPi-related endocrinopathies. The precise mechanisms underlying these
endocrine irAEs remain to be elucidated. Most ICPi-related endocrinopathies occur within 12 weeks after the initiation of ICPi therapy, but several
have been reported to develop several months to years after ICPi initiation. Some ICPi-related endocrinopathies may resolve spontaneously, but
others, such as central adrenal insufficiency and primary hypothyroidism, appear to be persistent in most cases. The mainstay of management of
ICPi-related endocrinopathies is hormone replacement and symptom control. Further studies are needed to determine (i) whether high-dose

corticosteroids in the treatment of ICPi-related endocrinopathies preserves endocrine function (especially in hypophysitis), and (ii) whether the

development of ICPi-related endocrinopathies correlates with tumor response to ICPi therapy. (Endocrine Reviews 40: 17 — 65, 2019)

ver the past several years, immune checkpoint

inhibitors (ICPis) have emerged as a powerful
new tool in the treatment of cancer. These mono-
clonal antibodies (mAbs) block immune checkpoints,
unleashing T-cells to fight cancer. However, immune
checkpoints also play a key role in maintaining im-
munological self-tolerance and preventing autoim-
mune disorders, and ICPi therapy can also trigger
autoimmune adverse effects, termed immune-related
adverse events (irAEs). These irAEs can affect nu-
merous organs in the body. Most commonly, irAEs
associated with ICPi therapy involve the skin, colon,
liver, lungs, and endocrine organs; less commonly, the
kidneys, ocular system, nervous system, cardiovascular
system, musculoskeletal system, and hematologic
system may be affected (1, 2). Endocrinopathies are
among the most common irAEs associated with ICPi
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therapy and include hypophysitis, thyroid dysfunction,
insulin-deficient diabetes mellitus (DM), and primary
adrenal insufficiency (PAI) (3). Given the increasing
use of ICPi therapy in oncologic practice and the
potentially life-threatening nature of endocrinopathies
if not promptly recognized and treated, it is critical for
endocrinologists and oncologists to be aware of the
clinical manifestations, diagnosis, and management of
ICPi-related endocrinopathies.

In the first half of this review, we describe the
biological functions of immune checkpoints, focus-
ing on cytotoxic T-lymphocyte-associated protein 4
(CTLA-4) and programmed death 1 (PD-1). Blockade
of these checkpoints can induce endocrinopathies, and
we will review our current knowledge of two sources of
information that may enhance our understanding of
this association: (1) polymorphisms in major genes
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Immune checkpoints are small molecules on the surface of immune cells involved in the regulation of the immune
response; immune checkpoint inhibitors (ICPis) are antibodies that target certain immune checkpoints, such as cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4) and programmed death 1 (PD-1), resulting in T-cell activation and
antitumor activity, and have opened a new era in cancer therapy

Immune-related adverse events (irAEs) are common complications of ICPi therapy, and endocrinopathies are among the most
common irAEs; these include hypophysitis, thyroid dysfunction, insulin-deficient diabetes mellitus, and PAI

Specific endocrinopathies appear to be more common with specific ICPis; hypophysitis is relatively more common with anti-
CTLA-4 agents such as ipilimumab, whereas thyroid dysfunction is relatively more common with anti-PD-1 agents such as
nivolumab and pembrolizumab, and combining these agents appears to further increase the risk of ICPi-related endocrinopathies

Hypophysitis, or inflammation of the pituitary gland, is one of the most common ICPi-related endocrinopathies and is
mainly associated with anti-CTLA-4 therapy; it can cause headache and fatigue, can result in temporary or permanent
deficiencies in one or more pituitary hormones, and can manifest as pituitary enlargement on imaging, and is managed
with hormone replacement and supportive care

Thyroid dysfunction is also one of the most common ICPi-related endocrinopathies and is mainly associated with anti-PD-1
therapy and combination anti-PD-1 and anti-CTLA-4 therapy; it can present as hypothyroidism or transient thyrotoxicosis
followed by hypothyroidism, symptoms are typically nonspecific and mild, and management includes beta-blockers as
needed for symptomatic thyrotoxicosis and thyroid hormone replacement with levothyroxine for hypothyroidism

Insulin-deficient diabetes mellitus and PAI are infrequent ICPi-related endocrinopathies but can result in life-threatening
diabetic ketoacidosis or adrenal crisis, respectively, without prompt diagnosis and proper management

The time to onset of ICPi-related endocrinopathies generally ranges from weeks to months after the initial dose of ICPi
therapy; further studies are needed to determine (i) whether high-dose corticosteroids in the treatment of ICPi-related
endocrinopathies preserve endocrine function, and (ii) whether the development of ICPi-related endocrinopathies

correlates with tumor response to ICPi therapy

involved in these immune checkpoints that are
associated with autoimmune endocrinopathies, and
(2) autoimmune phenotypes that occur after the
deletion or blockade of immune checkpoints in
animal studies. In the second half of this Review,

Biological Functions of Immune Checkpoints

Immune checkpoints are small molecules present on the
cell surface of T-lymphocytes (4). These small molecules
play critical roles in maintaining immune homeostasis and
self-tolerance and modulating the duration and amplitude
of physiological immune responses. Some immune
checkpoints, such as CD28, ICOS, CD137, OX40, and
CD27, mediate stimulatory signals to enhance T-cell ac-
tivity. Others, such as CI'LA-4, PD-1, LAG3, TIMs, and
BTLA, mediate inhibitory signals to blunt T-cell activity (4).
In this section, we will review the biological profiles of two
immune checkpoints, CTLA-4 and PD-1. Several mAbs
targeting CI'LA-4, PD-1, and PD-L1 (a ligand of PD-1)
have been approved by the US Food and Drug Admin-
istration (FDA) for the treatment of advanced malignancies.
These antibodies are associated with endocrine toxicities.

CTLA-4

CTLA-4 is a glycoprotein expressed by both CD4+ and
CD8+ T-cells (Box 1). The CTLA-4 gene was identified
in 1987 by screening mouse cytolytic T-cell-derived
cDNA libraries (5), and the transcript of this gene was
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we will describe the pathophysiology, clinical
manifestations, diagnosis, and management of
ICPi-related  endocrinopathies, specifically hypo-
physitis, thyroid dysfunction, insulin-deficient DM,
and PAL

found in cytotoxic T-cells (5-7). The human CTLA-4
gene was subsequently cloned and mapped (8), and the
human CTLA-4 protein shares 76% homology with the
mouse CTLA-4 protein. The human CTLA-4 gene maps
to the same chromosomal region (chromosome 2, q33-
q34) as CD28 and is structurally homologous to CD28.
Both are membrane proteins and members of the im-
munoglobulin (Ig) superfamily and are categorized as a
subgroup of membrane-bound single V domains. A
CTLA-4-immunoglobulin fusion protein (CTLA-4-Ig)
was found to bind specifically to By-transfected Chi-
nese hamster ovary cells and lymphoblastoid cells and
immunoprecipitated By from '*I-labeled cell surface
extracts of these cells (7). CD28 stimulates T-cell activity,
promoting IL-2 production, clonal expansion, anergy
avoidance, and effector function (9, 10). Initially, given the
chromosomal proximity and close structural relationship
of CTLA-4 and CD28, it was thought that these two genes
could be the result of the duplication of a common
evolutionary precursor and may share functional prop-
erties (11). However, evidence emerged that CTLA-4 and
CD28 have opposing effects on T-cell activity (12). CTLA-
4-1g inhibits immune responses in vivo. CTLA-4 binds to
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BOX 1. Key points regarding CTLA-4

e CTLA-4 is a glycoprotein that is structurally homologous to CD28.

e CTLA-4 and CD28 share the ligands CD80 and CD86.

e Unlike CD28, CTLA-4 inhibits conventional T-cell activity.

e CTLA-4 is constitutively expressed on the cell surface of regulatory T-cells (Tregs).

e CTLA-4 expression on the surface of conventional T-cells is inducible.

e CTLA-4 inhibits T-cell activation by intrinsic mechanisms, including ligand-dependent/independent inhibitory signaling, ligand
completion, and increased adhesion, and stop signal inhibition.

e CTLA-4 also inhibits T-cell activation by extrinsic mechanisms, including induction of indoleamine 2,3-dioxygenase (IDO)
through CTLA-4 ligands, induction of inhibitory cytokines through CTLA-4, restriction of ligand availability, and ligand
capture from antigen-presenting cells undergoing trans-endocytosis to remove ligands from the cell surface.

e CTLA-4 inhibits conventional T-cell activity through its signaling in Tregs.

the same ligands (CD8o and CD86) as CD28 but with a
higher binding affinity (13, 14). In contrast to CD28
binding, CTLA-4 binding results in inhibition of IL-2
production, IL-2 receptor expression, and cell cycle pro-
gression of activated T-cells and leads to abortion of T-cell
activation (15, 16). In addition, CTLA-4 blockade prevents
the induction of anergy (17). These studies suggested that
CTLA-4 plays an inhibitory role in the regulation of T-cell
activity.

The inhibitory role of CTLA-4 in T-cell responses
is further supported by animal studies. Deletion of
CTLA-4 in mice leads to fatal lymphoproliferative
disease, and these mice die by 3 to 4 weeks of age (18,
19). In contrast, CD28-deficient mice are immuno-
compromised (20). The inhibitory eftects of CTLA-4
seem to depend on the presence and availability of its
ligands, CD8o and CD86. Blocking CD8o and CD86
using CTLA-4-Ig prevented increased autoimmunity
in CTLA-4-deficient (CTLA-4~'7) mice (21). When
CTLA-4-Ig treatment is terminated, CTLA-4~'~
T-cells become activated and lymphoproliferative
disease recurs. The coordination of CTLA-4 and its
ligands is further supported by crossing CTLA-4-
deficient mice with mice deficient in B7-1 (CD8o)
and By7-2 (CD86) to generate mice with a triple de-
letion of CTLA-4, CD8o, and CD86. Mice lacking
CTLA-4, CD8o, and CD86 have a normal lifespan
and do not have lymphocytic infiltrates in any organs
or increased T-cell activation (22). Mice with hap-
loinsufficiency of CTLA-4 have no obvious phenotypic
changes (19, 23). In contrast, CT'LA-4 haploinsufficiency
in humans appears to have a more profound phe-
notype. A heterozygous nonsense mutation in exon 1
of CTLA-4 in humans is related to an autosomal
dominant immune dysregulation syndrome charac-
terized by hypogammaglobulinemia, recurrent in-
fections, and multiple autoimmune clinical features
(24). Additionally, heterozygous germline mutations
of CTLA-4 in six patients from four unrelated families
caused dysregulation of FoxP3+ Tregs, hyperactivation
of effector T-cells, and lymphocytic infiltration of
target organs (25). The mechanisms underlying this
phenotypic discrepancy between human and mice are
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not known. However, the types of exposures experi-
enced by humans who live in the community are
different from the exposures that mice in the labo-
ratory setting experience (26).

CTLA-4 expression occurs in both Tregs and
conventional T-cells. It is constitutively expressed
in Tregs, but its expression and cell surface traf-
ficking in conventional T-cells is induced during
activation of the cells (27-29). In conventional
T-cells, CTLA-4 spends most of its time in the
intracellular pool (30). Intracellular CTLA-4 vesi-
cles interact with the w2 subunit of the clathrin
adaptor protein complex AP2 to mediate CTLA-4
trafficking between the intracellular pool and the
cell surface (31-34). T-cell receptor (TCR) activa-
tion promotes the trafficking of CTLA-4 from the
intracellular pool to the cell surface (35), where
CTLA-4 interacts with its ligands. Concurrently,
rapid and constitutive endocytosis of CTLA-4 from
the cell surface to the intracellular pool or to ly-
sosomes for degradation keeps only a small portion
of CTLA-4 on the cell surface (29, 36). CTLA-4s
carboxyl terminal, which is responsible for traf-
ficking, is highly conserved among mammals (37),
suggesting important roles of CTLA-4 trafficking
and recycling between the cell surface and in-
tracellular compartments in the regulation of
CTLA-4 action. These findings suggest that CTLA-
4 cell surface expression on conventional T-cells is a
reactive response to T-cell activation and is a
crucial subsequent step to leash conventional T-cell
activation. An interruption of CTLA-4 trafficking
may lead to increased autoimmunity; however,
there have been no reports that describe a defect
of CTLA-4 trafficking and resultant autoimmune
disease.

The role of Treg CTLA-4 in the regulation of
cytotoxic T-cell activity remains controversial. CTLA-
4-deficient cells showed a reduction in suppressive
capacity in CD4+CD25+ thymocytes from CTLA-
4-deficient mice and bone marrow chimeric mice
(37-39). On the other hand, Tregs isolated from
anti-CTLA-4 antibody-treated mice or human and
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Figure 1. Model of
intrinsic and extrinsic
actions of CTLA-4. CTLA-4
inhibits T-cell activity by
a number of intrinsic and
extrinsic mechanisms.
CTLA-4 expressed on
conventional T-cells
interacts with its ligands
CD80 and CD86 to initiate
inhibitory signaling,
enhance adhesion, and
compete with CD28 to
block interaction between
CD28 and CD80/CD86.
CTLA-4 can deplete its
ligands (CD80 and CD86)
by removing them from
APCs through trans-
endocytosis. CTLA-4 can
also act as a ligand to
activate CD80 and CD86
on APCs to induce IDO,
stimulate the production of
regulatory cytokines such as
TGF-B, and trigger APC or
T-cell inhibition. CTLA-4 on
Tregs enhances the inhibitory
action of Tregs on
conventional T-cells. MHC,
major histocompatibility
complex. [© 2019 lllustration
Presentation ENDOCRINE
SOCIETY].
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TCR-transgenic CTLA-4-deficient mice displayed
intact inhibitory effects on T-effector cell activations
(40-43). The study by Kong et al. (44) suggests an
important role of a complex of CTLA-4 cytoplasmic
domain with the kinase PKC-n in the regulation of
activities of Tregs, as well as in controlling CTLA-4 cell
biology and function. Overexpression of CTLA-4 in
human conventional T-cells suppressed T-cell activa-
tion, supporting the relationship between CTLA-4
expression and its inhibitory activity in conventional
T-cells (45).

CTLA-4 obviously plays a key inhibitory role in the
regulation of the balance between T-cell activation and
tolerance, but the mechanisms by which CTLA-4
mediates its inhibitory functions remain unclear.
Both intrinsic and extrinsic mechanisms have been
proposed (Fig. 1) (46). Intrinsically, CTLA-4 can in-
hibit conventional T-cell activation by mediating
ligand-dependent or ligand-independent inhibitory
signaling, outcompeting CD28 for By ligand binding,
increasing adhesion, or inhibiting stop signals (37).

cn4ﬁ T \\;\/.
ce @
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Extrinsic effects of CTLA-4 were suggested by the
generation of bone marrow chimeric mice that have a
mixture of CTLA-4 wild type and CTLA-4-deficient
cells. Chimeric mice that contain a mixture of wild-
type and CTLA-4-deficient cells develop normal im-
mune systems, and CTLA-4-deficient cells do not
become spontaneously activated in the presence of cells
that express CTLA-4 (47-50), suggesting that CTLA-4
on one T-cell may inhibit the activation of a CTLA-4-
deficient cell in a cell-extrinsic fashion. Additionally,
CTLA-4 can initiate reverse signals through its ligands
CD8o and CD86 on antigen-presenting cells (APCs).
The reverse signal results in activation of the tryptophan-
degrading enzyme IDO in APCs, stimulating the pro-
duction of regulatory cytokines such as TGF-B8 and
leading to inhibition of APCs or T-cells. Soluble CTLA-4
can occupy CD8o and CD86 to restrict ligand availability
to CD28. CTLA-4 can capture its ligands CD8o and
CD86 from APCs and remove them by undergoing
endocytosis (trans-endocytosis), thereby reducing their
availability for CD28 engagement (Fig. 1) (37).

1. Ligand dependent/independent inhibitory
signal and induction of the inhibitory
cytokine TGFB.

2. Capture of ligands (CD80/CD86) from the
APC to induce trans-endocytosis.

3. Induction of indoleamine 2,3-dioxygenase
(IDO) through ligands at APC to inhibit
T-cell activity.

4. Ligand competition by CTLA-4 and soluble
CTLA-4 to occupy ligands and restrict
ligand availability.

5. Enhancement of adhesion.

6. Mediate inhibition of Tregs.

NN\
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In summary, CTLA-4 acts as an inhibitory immune
checkpoint to inhibit T-cell activity. The mechanisms
of its actions on conventional T-cells and Tregs are
complex and remain to be elucidated.

PD-1

PD-1 is a glycoprotein that was first identified by a
Japanese group in 1992 (Box 2) (51). The gene was
named PD-1 because its expression was found to be
upregulated in a T-cell hybridoma undergoing pro-
grammed death or apoptosis (51). Its key role in the
regulation of T-cell activity was subsequently recog-
nized. Like CTLA-4, PD-1 belongs to the CD28 family
within the Ig superfamily. PD-1 consists of an N-
terminal IgV-like domain, an approximately 20-amino
acid stalk separating the IgV-like domain from the
plasma membrane, a transmembrane domain, and a
cytoplasmic domain (51-53). In contrast to CD28 and
CTLA-4, which share a similar general structure, PD-1
is more of an outlier within the CD28 family. Unlike
CD28 and CTLA-4, which are genomic neighbors
(mapping to chromosome 2q33), PD-1 is located on a
different region of chromosome 2 (2q37). PD-1 is less
conserved in terms of its cytoplasmic tails than CD28
and CTLA-4. The cytoplasmic tails of mouse and
human CD28 and CTLA-4 share 79% and 100%
amino acid sequence homology, respectively. In
contrast, the human PD-1 cytoplasmic tail shares only
59% homology with its murine counterpart. Unlike
CD28 and CTLA-4, which form dimers on cell sur-
faces, PD-1 exists as monomers (54, 55), reﬂecting its
unique intracellular signaling mechanisms. The cy-
toplasmic tail of PD-1, like that of other CD28 family
members, has no intrinsic enzymatic activity (56).
Rather, its tail serves as an adapter for signaling
molecules recruited to the cell membrane following
phosphorylation of tyrosine residues in the tail. Ad-
ditionally, in contrast to the cytoplasmic tail of other
CD28 family members, the cytoplasmic tail of PD-1
does not contain SH2 and SH3 binding motifs. In-
stead, it has a tyrosine-containing immunoreceptor
motif and an immunoreceptor tyrosine-based in-
hibition motif, defined as V/I/LxYxxL, followed by
an immunoreceptor tyrosine-based switch motif, de-
fined as TxYxxL (56). Furthermore, unlike CD28
and CTLA-4, which share the same ligands CD8o and
CD86, PD-1 has its own specific ligands, PD-L1 and
PD-La.

TCR engagement initiates the T-cell response in
terms of gene expression, cell proliferation, and ef-
fector function. Engagement of PD-1 by its ligands
during TCR signaling can block T-cell proliferation,
cytokine production, and cytolytic function and im-
pair T-cell survival (56). In the setting of TCR en-
gagement, costimulatory molecule binding activates
phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)
and its downstream target Akt, resulting in increased
glucose uptake through increasing glucose transporters
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BOX 2. Key points regarding PD-1

Like CTLA-4, PD-1 belongs to the CD28 family within the Ig superfamily, but it is an
outlier within the CD28 family.

PD-1 does not share ligands with CD28 but instead has its own specific ligands, PD-
L1 and PD-L2.

PD-1 is expressed on many types of cells, including T-cells, B-cells, macrophages, and
some dendritic cells.

PD-1 cell surface expression is low but is increased by T-cell activation or chronic
infections, such as HIV.

Engagement of PD-1 by its ligands during TCR signaling can block T-cell pro-
liferation, cytokine production, and cytolytic function and impair T-cell survival.

PD-1 signaling inhibits protein kinase B (Akt) phosphorylation by preventing CD28-
mediated activation of phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K).

PD-1 also inhibits several other intracellular signaling pathways.

on the plasma membrane and upregulating glycolytic
enzyme activity to provide fuel for cell proliferation and
effector function (Fig. 2) (57). PD-1 signaling inhibits Akt
phosphorylation by preventing CD28-mediated activa-
tion of PI3K (58). The ability of PD-1 to attenuate PI3K/
Akt activation relies on its immunoreceptor tyrosine-
based switch motif interaction with Src-homology 2
domain-containing phosphatases 1 and 2 (58-61).
Consequently, PD-1 binding with its ligands PD-L1 or
PD-L2 suppresses T-cell activity by reducing fuel supply
through inhibition of the PI3K/Akt pathway to block
glucose uptake. Compared with CTLA-4, PD-1 inhibits
T-cell activation to a greater extent in terms of its effects
on gene expression induced by CD4+ T-cell activation
(58). Indeed, the binding of CTLA-4 with its ligands does
not inhibit costimulation-mediated PI3K signaling. In
addition to its inhibitory eftect on the PI3K/Akt pathway,
the binding of PD-1 with its ligands blunts phosphor-
ylation of CD3{, {-associated protein of 70 kDa, and
protein kinase C6 (58). PD-1 engagement also inhibits
extracellular signal-regulated kinase activation, but this
effect can be overcome through cytokine receptor sig-
naling, particularly through cytokines that activate signal
transducer and activator of transcription 5, such as IL-2,
IL-7, and IL-15 (62). Moreover, PD-1 engagement can
prevent the induction of the cell survival factor B-cell
lymphoma-extra large as well as expression of tran-
scription factors associated with effector cell function,
including transcription factor GATA-3 and T-box
transcription factors such as T-bet and eomesodermin
(Eomes) (63, 64). These findings underscore the differ-
ences in cell signaling mediated by PD-1 and CTLA-4.
These differences may account at least in part for the
different clinical manifestations of autoimmunity seen by
blocking PD-1 or CTLA-4.

PD-1 levels on the cell surface of resting T-cells
from healthy individuals are barely detectable. The
expression and cell surface presentation of PD-1 are
inducible upon activation of T-cells (63). In addition,
in functionally impaired antigen-specific T-cells
(exhausted T-cells), typically seen in many chronic
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infections such as HIV infection, PD-1 expression is
significantly increased (65, 66). Treating mice with
chronic viral infections with anti-PD-L1 antibody
restores CD8 T-cell function and reduces viral load
(65). In an in vitro experiment using fresh blood
samples collected from patients with HIV, blockade of
the PD-1/PD-L1 pathway by anti-PD-L1 antibody
improved HIV-specific CD4 and CD8 T-cell function
(66). Unlike CTLA-4, which is primarily expressed on
T-cells, PD-1 is found on T-cells, B-cells, macrophages,
and some dendritic cells (52, 67, 68). PD-1 conveys its
inhibitory signal when engaged along with the TCR
on T-cells or the B-cell receptor on B-cells (52, 63).
PD-1 also constrains macrophage and dendritic cell
responses to toll-like receptor agonists and microbes
(67, 69).

As noted, PD-1 has two specific ligands, PD-L1 and
PD-L2. PD-L1 (B7-H1) was identified in 2000 by two
independent groups (70, 71). The following year, PD-
L2 was identified (60). Both PD-1 ligands belong to the
type 1 transmembrane protein family, with IgV- and
IgC-like domains in the extracellular region (72). It is
important to note that the expression of PD-L1 is
universal. PD-L1 was identified in lymphoid tissue
including T-cells, APCs such as dendritic cells,
macrophages/monocytes, and B-cells. PD-L1 is also

Bel-xL<— PI3K
AKT
Glucose M1

CD4+T
cell

Figure 2. Mechanisms of PD-1 action on T-cells. Engagement of PD-1 with its ligand PD-L1 induces
an intracellular inhibitory pathway to inhibit costimulatory CD28-activated PI3K pathways. As

a result, gluconeogenesis and glucose uptake decrease, leading to T-cell exhaustion. Bcl-xL, B-cell
lymphoma-extra large; PD-L1, programmed death-ligand 1. [© 2019 lllustration Presentation
ENDOCRINE SOCIETY].

22 Chang et al

Immune Checkpoint Inhibitor-Related Endocrinopathy

found in nonlymphoid cells such as vascular endo-
thelial cells, thyroid cells, muscle cells, hepatocytes,
placental cells, mesenchymal stem cells, and pancreatic
islet cells (73-76). Indeed, expression of PD-L1 in
peripheral tissues plays a critical role in preventing
autoimmune-induced tissue damage (74). Notably,
cancer cells and virus-infected cells express PD-L1
(72). Expression of PD-L1 on tumor cells is a
mechanism by which they escape detection by the host
immune system (77). Various solid tumor cells, in-
cluding renal cell carcinoma, nonsmall cell carcinoma,
thymoma, ovarian cancer, and colorectal cancer, use
PD-L1 expression as an immune shield to generate an
immunosuppressive tumor microenvironment and
avoid T-cell attack (77-79). Indeed, high expression of
PD-L1 in tumor tissues predicts a poorer prognosis
(80-83). Further, blocking the interaction between
PD-1 and PD-L1 with antibodies generates a signifi-
cantly better response in PD-Li-positive tumors
(84-87). PD-L2 is primarily expressed on APCs, in-
cluding dendritic cells and macrophages (88). The
biological function of PD-L2 appears to overlap with
that of PD-L1, but PD-L2 acts mainly through the
dampening and regulation of Th2-driven T-cell im-
mune responses both during the induction phase and
the effector phase (89).

In summary, PD-1 belongs to the CD28 family
within the Ig superfamily but has several unique
features that make it more of an outlier within the
CD28 family. PD-1 binds with its own unique ligands
(PD-L1 and PD-L2) and is expressed in peripheral
tissues or APCs to activate inhibitory signaling
pathways to suppress the immune response.

Autoimmune Endocrinopathies in Patients
With CTLA-4 or PD-1 Polymorphisms

CTLA-4 polymorphisms and autoimmune
endocrinopathies

The association of CTLA-4 polymorphisms with au-
toimmune endocrinopathies is well documented
(Box 3) (90, 91). In a study comparing 133 white
patients with Graves disease with 85 controls, an in-
creased frequency of a single allele of an (AT)n repeat
sequence within the 3" untranslated region (UTR) of
exon 4 of CTLA-4 was found, with an OR for de-
velopment of disease of 2.82 (92). Importantly, this
microsatellite of an (AT)n repeat sequence within the
3" UTR is not present in mouse CTLA-4 and is in a
region of lowest sequence similarity between mouse
and human CTLA-4 (93). A study from the United
Kingdom analyzed this microsatellite in 112 patients
with Graves disease, 44 patients with autoimmune
hypothyroidism, and 91 controls without autoimmune
thyroid disease (AITD) and found that the frequency
of allele 106 of the CTLA-4 microsatellite was sig-
nificantly more common in patients with Graves
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BOX 3. Key points regarding CTLA-4, PD-1, PD-L1, and PD-L2 polymorphisms

e CTLA-4 polymorphisms are associated with autoimmune endocrinopathies, including type 1 DM (T1DM), Graves
disease, autoimmune hypothyroidism, and Addison disease.

o The CTLA-4 single nucleotide polymorphisms (SNPs) CT60, JO31, JO30, and 49A/G are commonly associated with these

autoimmune endocrinopathies.

® Associations of PD-1 polymorphisms with autoimmune endocrinopathies are infrequently reported.

e A few studies suggest a linkage of PD-1 polymorphisms with TIDM.

e PD-L1 polymorphisms are linked to TIDM, Graves disease, and Addison disease.

e No reports have linked PD-L2 polymorphisms to autoimmune endocrinopathies.

disease and autoimmune hypothyroidism compared
with controls (94). The association of Graves disease
with the microsatellite polymorphism CTLA-4 (AT)n
within the CTLA-4 gene, the G allele of the CTLA-4
exon 1 SNP, and CTLA-4 (49)A/G were replicated by
several case-control studies and two family-based
association studies (95). In European and Asian
populations, CTLA-4 SNPs such as CT60, JO31, JO30,
and JO27_1 are associated with Graves disease and
Hashimoto thyroiditis (90-92, 96-98). Ethnic differ-
ences in AITD susceptibility to CTLA-4 polymor-
phisms have also been reported. Three SNPs (CTé6o,
JO31, and JO30) that map to the 3" UTR of the CTLA-4
gene were strongly associated with AITD in whites
(90). On the other hand, the CTLA-4 SNPs CT60 but
not JO30 have strong links to AITD in Japanese (99).
In a recent study, CTLA-4 SNPs +49A/G and CT60 were
found to be associated with Graves disease in Chinese
adults and children (OR, 1.5 in adults and 1.42 in
children for +49A/G; OR, 1.63 in adults and 1.58 in
children for CT60) (100). Although studies support a link
between CTLA-4 polymorphisms and Graves disease, the
role of CTLA-4 polymorphisms in Graves orbitopathy is
not clear. Carriers of the G allele of the CTLA-4 exon 1
SNP had an increased risk of Graves orbitopathy in whites
(101) and continental Italians (102). However, several case-
control studies in different populations (German, United
Kingdom, North American, European, and Japanese)
failed to confirm an association between CTLA-4 gene
polymorphisms and Graves orbitopathy (94, 103-106).
A relationship between CTLA-4 polymorphisms
and T1DM was first reported in a small cohort of
Italian multiplex families (107). This finding was
followed by numerous transmission disequilibrium
analyses and case-control studies supporting a strong
linkage between CTLA-4 polymorphisms and T1DM
(95). In a study including multiple ethnic groups
(Spanish, French, Mexican-American, Chinese, and
Korean), CTLA-4 polymorphisms were found to be
associated with T1DM (108). Another study dem-
onstrated that the CTLA-4 SNPs CTAF343/T,
1s1863800/C, MH30/G, +49/G, CT60/G, JO31/G,
JO30/G, and JO27_1/T are associated with T1DM
(90). A multicenter collaborative study in Japan
showed that +6230 G/A polymorphism of CTLA-4 is
significantly associated with coexistence of T1DM and
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AITD but is not associated with T1 DM without AITD.
This polymorphism is also strongly associated with
positive autoantibodies to both pancreatic islets and
the thyroid (109). In addition to an association with
TiDM and AITD, an association of CTLA-4 SNP
CT6o with Addison disease has been reported (110).
Importantly, a particularly strong association of
CTLA-4 polymorphisms was shown in Addison dis-
ease coexisting with Ti1DM and/or AITD (type 2
polyglandular autoimmune syndrome) (111). Broz-
zetti et al. (112) evaluated the association between
CTLA-4 polymorphisms and Addison disease in
Italians and performed a meta-analysis of five case-
control studies. The results showed a substantial
linkage between the CTLA-4 (49)A/G polymorphism
and Addison disease.

In addition to their linkage to endocrinopathies,
CTLA-4 gene polymorphisms have been associated
with a wide range of other autoimmune disorders,
including primary biliary cirrhosis (113), multiple
sclerosis (114), celiac disease (115), and rheumatoid
arthritis (116, 117). These findings highlight the role of
CTLA-4 polymorphisms in the development of au-
toimmune disorders. Figure 3 displays a map of
common SNPs of the CTLA-4 gene related to auto-
immune endocrinopathies (90, 118). As noted in Fig, 3,
most disease-associated SNPs do not affect the amino
acid sequence of CTLA-4. It is conceivable that SNPs
in noncoding areas affect the level of CTLA-4 ex-
pression. Indeed, a disease-susceptible SNP CT60 G/G
was related to significantly lower CTLA-4 mRNA
expression (90). CTLA-4 SNPs are described in more
detail in a study by Ueda et al. (90).

PD-1, PD-L1, and PD-L2 polymorphisms

and endocrinopathies

PD-1 polymorphisms have been reported in associa-
tion with autoimmune diseases such as systemic lupus
erythematosus, rheumatoid arthritis, and multiple
sclerosis (119-122). However, reports regarding the
association of PD-1 polymorphisms with autoimmune
endocrinopathies are scant. One research group in-
vestigated PD-1 gene polymorphisms in Addison
disease and Graves disease but found no association
(123). A Danish study evaluated PD-1 SNPs in
94 children and adolescents with T1DM compared
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Figure 3. Approximate map locations of CTLA-4 SNPs frequently associated with autoimmune endocrinopathies. SNPs present in both

coding and noncoding regions. Most SNPs occur in nontranslated regions. The CTLA-4 gene has four exons, represented by the boxes.
Blue boxes represent translated regions. [© 2019 lllustration Presentation ENDOCRINE SOCIETY].
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with those in 155 controls. An intronic 7146G/A SNP
was found to be associated with the development of
T1iDM (OR, 1.92) (124). A PD-1 haplotype was as-
sociated with T1DM in Japanese children (125).
Several studies suggest a linkage of PD-L1 poly-
morphisms to autoimmune endocrinopathies. PD-L1
variants (SNP IDs: rs2297137 and rs4143815) are
associated with T1iDM in Chileans (126). The same
study did not find an association between PD-L2
polymorphisms and TiDM. Three SNPs in the PD-
L1 gene were found in one report to increase sus-
ceptibility to Addison disease and Graves disease (127).
A Japanese study showed that an A/C polymorphism
at position 8923 in PD-L1 is associated with Graves
disease (128). There have been no reports regarding
the association between PD-L2 polymorphisms and
autoimmune endocrinopathies. The broad expression
of PD-L1 but not PD-L2 (which is expressed only on
APCs) could contribute to the stronger association of
PD-L1 SNPs with autoimmune endocrinopathies.
Additionally, limited studies and small sample sizes
may account in part for the variations in these findings.
In summary, although development of autoimmune
disease is influenced by complex interactions between
many susceptible gene variants and environmental
factors, a solid link exists between SNPs of several genes
involved in immune checkpoints (CTLA-4, PD-1, and PD-
L1) and increased susceptibility to autoimmune endo-
crinopathies. Of note, however, the association between
polymorphisms in genes involved in immune checkpoints
and the development of autoimmune endocrinopathies

does mnot necessarily translate to these same poly-
morphisms being linked to endocrine-related irAEs in-
duced by ICPi therapy. Unlike polymorphisms, which
typically result in mild alterations in gene expression or
protein function, blockade by antibodies results in sig-
nificant loss of function in these immune checkpoints. It is
therefore not surprising to observe different manifestations
of autoimmune endocrinopathies associated with poly-
morphisms in immune checkpoint genes compared with
endocrine toxicities associated with ICPi therapy.

Autoimmune Phenotypes After Deletion
or Blockade of Immune Checkpoints
in Animal Studies

Effects of CTLA-4 deletion or blockade

After the identification of the CTLA-4 gene, the role
of CTLA-4 in the regulation of T-cell activation
remained controversial until a germline CTLA-4-
deficient mouse model was created. Mice deficient
in CTLA-4 die at the age of 2 to 3 weeks due to massive
lymphoproliferation, leading to lymphocytic infiltra-
tion and destruction of major organs (18), indicative of
the critical role of CTLA-4 in downregulating T-cell
activation and maintaining immunologic homeostasis
(Box 4). T-cells isolated from CTLA-4-deficient mice
proliferated spontaneously and displayed enhanced
proliferation when stimulated through TCR (23). As
discussed earlier, CTLA-4 is expressed in both con-
ventional T-cells and Tregs. As Tregs negatively

BOX 4. Key points regarding CTLA-4 and PD-1 deletion or blockade
e Deletion of CTLA-4 in mice results in massive lymphoproliferation and premature death.

o Selective germline CTLA-4 deletion in murine Tregs leads to systemic lymphoproliferation and fatal T-cell-mediated
autoimmune disease, underscoring the important role of CTLA-4 in Tregs.

¢ In contrast, deletion of CTLA-4 in Tregs during adulthood leads to resistance to autoimmunity, underscoring unique
roles of CTLA-4 in Tregs during embryonic development and adulthood.

® PD-1 deletion in C57BL/6(B6) mice leads to lupus-like proliferative arthritis and glomerulonephritis.

e Deletion of PD-1 in BALB/c mice leads to premature death due to autoimmune cardiomyopathy.

e PD-1 deletion in nonobese diabetic (NOD) mice accelerates the onset and frequency of TIDM.

Chang et al Immune Checkpoint Inhibitor-Related Endocrinopathy
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regulate conventional T-cell activity, expression of
CTLA-4 in Tregs raised the question of what CTLA-
4’s action in Tregs is. Using transgenic techniques to
selectively delete CTLA-4 in Tregs has provided in-
sight. Selective CTLA-4 deficiency in Tregs results in
spontaneous development of systemic lymphoprolif-
eration, fatal T-cell-mediated autoimmune disease,
hyperproduction of IgE in mice, and potent tumor
immunity (129), indicating Treg suppressive function
requires CTLA-4 expression. Further studies dem-
onstrated that CTLA-4 deletion in Tregs leads to
unusual activation and expansion of conventional T-cells.
However, CTLA-4 expression in conventional T-cells
prevents aberrantly activated T-cells from infiltrating and
fatally damaging nonlymphoid tissues (130). These re-
sults suggest that CTLA-4 has a dual function in
maintaining T-cell tolerance. Surprisingly, CTLA-4 de-
letion in Tregs during adulthood leads to resistance to
autoimmunity (131). These findings underscore distinct
roles of CTLA-4 in Tregs during embryonic develop-
ment and adulthood. Germline deletion of CTLA-4
during adulthood resulted in activation and expansion
of both conventional T-cells and Tregs (131).
Antitumor activity by CTLA-4 blockade has been
studied extensively in mouse models of solid and
hematological tumors, including malignancies of the
bladder, brain, breast, colon, lung, ovary, prostate, skin,
and blood, as well as in fibrosarcomas, lymphomas,
and plasmacytomas (132). However, few studies have
evaluated autoimmune adverse events in these mouse
models. In vivo administration of antibodies against
CTLA-4 resulted in complete regression or delayed
tumor growth in several types of established trans-
plantable murine tumor models, such as cancer of
the ovary, bladder, and brain, and fibrosarcomas
(133-138), and prevented breast cancer metastasis in
mice (139). Notably, one study found that blockade of
CTLA-4 in both effector and Treg compartments
contributes to the antitumor activity of anti-CTLA-4
antibodies (140). Iwama et al. (141) injected SJL/] mice
with a hamster IgG1k mAb blocking murine CTLA-4
using a dose mimicking the regimen used in humans.
They found that repeated injections of the CTLA-
4-blocking antibody induce hypophysitis (141). A
distinct infiltration of the pituitary gland with he-
matopoietic mononuclear cells was seen in mice
treated with anti-CTLA-4 antibody but was not seen in
the control group. The infiltrating cells were mainly
CD45+ lymphocytes and F4/80+ macrophages. CTLA-
4 blockade in mice appears to particularly affect the
pituitary but not other organs because no hemato-
poietic infiltration was seen in the thyroid, liver, colon,
or skin (141). The same study also found that in-
jections of anti-CTLA-4 antibody induce the forma-
tion of pituitary antibodies against subsets of pituitary
lactotroph and corticotroph cells (141). Using a mu-
rine model (NOD-H2™) susceptible to the devel-
opment of iodine-induced thyroiditis, injections of
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anti-CTLA-4 antibody worsened autoimmune thyroid-
itis, as assessed by a greater incidence of thyroiditis, a
more aggressive mononuclear cell infiltration in the
thyroid, and higher thyroglobulin antibody (TgAb) levels
when compared with control groups (142).

Effects of PD-1 deletion or blockade

PD-1 deletion in C57BL/6(B6) mice leads to lupus-like
proliferative arthritis and glomerulonephritis with
predominant IgG3 deposition (143). Notably, phe-
notypes of PD-1 deletion vary in different strains of
mice. PD-1 deletion in BALB/c mice resulted in
premature death due to autoimmune cardiomyopathy
(144). In contrast, premature death was not observed
in B6-PD-1"'" mice (144). In a murine model prone
to autoimmune diabetes, PD-1 deletion accelerated
the onset and frequency of TiDM, with strong T
helper 1 polarization of T-cells infiltrating into pan-
creatic islets (69). Using antibodies that block PD-1
and PD-L1 but not PD-L2 rapidly precipitated di-
abetes in prediabetic female NOD mice regardless of
age (from 1 to 10 weeks old), although this was most
pronounced in the older mice (145). The same study
found that CTLA-4 blockade induced disease only in
neonates (145). Male NOD mice rarely develop overt
diabetes. In contrast, blockade of PD-1 or PD-L1 by
antibodies in male NOD mice at 10 weeks of age
induced diabetes in 80% after anti-PD-1 and 100%
after anti-PD-L1 treatment. Anti-PD-1 treatment did not
induce diabetes in younger mice (4 weeks), whereas
anti-PD-L1 treatment induced diabetes in 75% of mice
by day 14 after initiation of treatment (145). This finding
again underscores the functional evolution of PD-1 and
its ligands during development. Neither nonobese
diabetes-resistant mice nor BALB/c mice developed di-
abetes after PD-1 or PD-L1 blockade, indicating a dif-
ference in effect based on mouse strain (145).

Clinical Use of Cancer Inmunotherapy
Targeting Immune Checkpoints

mAbs blocking CTLA-4, PD-1, or PD-L1 display an
effective and durable anticancer effect across a broad
spectrum of advanced malignancies (146, 147). Several
of these antibodies have been approved by the US
FDA for clinical use as monotherapy, as adjuvant
therapy, in combination with other ICPi therapy, and
in combination with chemotherapy (Table 1) (146).

Grading of Adverse Events Due to
Anticancer Therapy

To standardize the definition of adverse events associated
with cancer therapy and provide a consistent way to
measure their severity, the National Cancer Institute
published the Common Terminology Criteria for Adverse
Events (CTCAE). The CTCAE comprise the standard
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Table 1. Characteristics of FDA-Approved ICPi Therapies

Immune
Checkpoint
Target

CTLA-4

PD-1

PD-L1

Agent

Ipilimumab

Nivolumab

Pembrolizumab

Atezolizumab

Avelumab

Durvalumab

Trade Name 1gG Class

Yervoy IgG1 (recombinant

human)

Opdivo 18G4 (fully human)

Keytruda 1gG4 (recombinant Merck

human)

Tecentriq IgG1k (recombinant Roche

human)

Bavencio 1gG1 (fully human) Pfizer

Imfinzi IgG1k (fully human)

Company

Bristol-Myers Squibb

Bristol-Myers Squibb

AstraZeneca

FDA-Approved Indications as of May 2018
ab

Melanoma

Renal cell carcinoma*®
acd

Melanoma

Nonsmall cell lung cancer

Renal cell carcinoma

Classical Hodgkin lymphoma

Head and neck squamous cell cancer

Urothelial carcinoma

Microsatellite instability-high or mismatch
repair deficient colorectal cancer

Hepatocellular carcinoma
Melanoma

Nonsmall cell lung cancer®

Head and neck squamous cell cancer
Classical Hodgkin lymphoma
Urothelial carcinoma

Microsatellite instability-high cancer
Gastric cancer

Urothelial carcinoma

Nonsmall cell lung cancer

Merkel cell carcinoma

Urothelial carcinoma

Urothelial carcinoma

Nonsmall cell lung cancer

aThe combination of ipilimumab and nivolumab is approved for the treatment of unresectable or metastatic melanoma.
bipilimumab at a dose of 10 mg/kg intravenously over 90 min is approved for use in the adjuvant setting for melanoma.
¢The combination of ipilimumab and nivolumab is approved for the treatment of intermediate or poor risk, previously untreated advanced renal cell carcinoma.
dNivolumab is approved for use in the adjuvant setting for melanoma.
ePembrolizumab is approved for the treatment of nonsmall cell lung cancer either as a single agent or in combination with carboplatin and pemetrexed.
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classification and severity grading scale used in cancer
therapy clinical trials to categorize the frequency and
severity of treatment-related adverse events. They are also
used in oncologic clinical practice in managing the ad-
ministration and dosing of cancer therapy. The CTCAE
categorize adverse events into five grades in order of
increasing toxicity: grade 1 (mild), grade 2 (moderate),
grade 3 (severe), grade 4 (life-threatening), and grade 5
(death). Several versions have been published. The most
recent version, CTCAE version 5.0, is summarized in
Table 2 (148). This grading system will be referenced
throughout this review.

Chang et al

Immune Checkpoint Inhibitor-Related Endocrinopathy

Clinical Practice Guidelines for the Management
of irAEs in Patients Treated With ICPi Therapy

Both the American Society of Clinical Oncology (in
conjunction with the National Comprehensive
Cancer Network) and the European Society for
Medical Oncology have published clinical prac-
tice guidelines for the diagnosis and management
of irAEs in patients treated with ICPi therapy (1, 2).
Our clinical recommendations in this review are
largely in line with both of these clinical practice
guidelines.
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ICPi-related hypophysitis

Introduction

Hypophysitis refers to inflammation of the pituitary
gland and is a rare disease (149, 150). Hypophysitis can
be categorized based on etiology as primary or sec-
ondary and based on histopathology as lymphocytic,
granulomatous, xanthomatous, plasmacytic (IgG4-
related), or mixed (150, 151). Regarding etiology,

primary hypophysitis describes inflammation iso-
lated to the pituitary gland; in contrast, second-
ary hypophysitis describes pituitary inflammation
associated with systemic conditions (such as sar-
coidosis, granulomatosis with polyangiitis, hemo-
chromatosis, amyloidosis, or histiocytosis), infections
(such as tuberculosis, syphilis, or fungal infections);
or medications (such as immunomodulatory drugs,
including ICPi agents).

Table 2. Grading System of Specific Endocrine Toxicities as Defined by the National Cancer Institute CTCAE, Version 5.0 (148)

Endocrine Toxicity

and Definition Grade 1

Hypophysitis: A disorder Asymptomatic or mild

characterized by inflammation
and cellular infiltration of the
pituitary gland

Hypopituitarism: A disorder

characterized by a decrease in
production of hormones from
the pituitary gland

Hypothyroidism: A disorder

characterized by a decrease in
production of thyroid
hormone by the thyroid gland.

Hyperthyroidism: A disorder

characterized by excessive levels
of thyroid hormone in the body.
Common causes include an
overactive thyroid gland or
thyroid hormone overdose.

Hyperglycemia: A disorder

characterized by laboratory test
results that indicate an elevation
in the concentration of blood
sugar. It is usually an indication of
diabetes mellitus or glucose
intolerance.

Adrenal insufficiency: A disorder

characterized by the adrenal
cortex not producing enough
of the hormone cortisol and in
some cases, the hormone
aldosterone. It may be due to

a disorder of the adrenal cortex as
in Addison disease or PAI.

symptoms; clinical or
diagnostic observations
only; intervention not
indicated

Asymptomatic or mild

symptoms; clinical or
diagnostic observations
only; intervention not
indicated

Asymptomatic; clinical or

diagnostic observations
only;

intervention not
indicated

Asymptomatic; clinical or

diagnostic observations
only; intervention not
indicated

Abnormal glucose above

baseline with no medical
intervention.

Asymptomatic; clinical or

diagnostic observations
only; intervention not
indicated

Grade 2 Grade 3 Gr.

Moderate; minimal, local, or -~ Severe or medically significant
noninvasive intervention but not immediately life-
indicated; limiting age- threatening
appropriate hospitalization or
instrumental ADL? prolongation of

existing hospitalization
indicated; limiting self care
ADL

Moderate; minimal, local, or - Severe or medically significant
noninvasive intervention but not immediately life-
indicated; limiting age- threatening hospitalization
appropriate or prolongation of existing
instrumental ADL? hospitalization indicated;

limiting self care ADL”

Symptomatic; thyroid
replacement
indicated; limiting
instrumental ADL?

Severe symptoms; limiting self
care ADL? hospitalization
indicated

Symptomatic; thyroid
suppression
therapy indicated;
limiting
instrumental ADL”

Severe symptoms; limiting self
care ADLY; hospitalization
indicated

Change in daily
management
from baseline for
a diabetic; oral
antiglycemic agent
initiated; workup for
diabetes

Insulin therapy initiated;
hospitalization indicated

Moderate symptoms;
medical intervention
indicated

Severe symptoms;
hospitalization
indicated

ade 4

Life-threatening

consequences;
urgent intervention
indicated

Life-threatening

consequences;
urgent intervention
indicated

Life-threatening

consequences;
urgent intervention
indicated

Life-threatening

consequences; urgent
intervention
indicated

Life-threatening

consequences;
urgent intervention
indicated

Life-threatening

consequences;
urgent intervention
indicated

Grade 5

Death

Death

Death

Death

Death

Death

Adapted from United States National Cancer Institute. Common Terminology Criteria for Adverse Events (CTCAE). 2017; https://ctep.cancer.gov/protocolDevelopment/electronic_
applications/docs/CTCAE_v5_Quick_Reference_85x11.pdf. Accessed 30 May 2018.

Abbreviation: ADL, activities of daily living.

aAs specified in the CTCAE v50, instrumental ADL refer to preparing meals, shopping for groceries or clothes, using the telephone, managing money, etc.
bAs specified in the CTCAE v5.0, self care ADL refer to bathing, dressing and undressing, feeding self, using the toilet, taking medications, and not bedridden.
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Regarding histopathology, hypophysitis can be
described by characteristic infiltration of certain cell
types in the pituitary gland (150, 151). Lymphocytic
hypophysitis is characterized by diffuse lymphocyte
infiltration of the pituitary. Granulomatous hypo-
physitis is characterized by histiocyte and giant cell
infiltration of the pituitary, with formation of gran-
ulomas. Xanthomatous hypophysitis is characterized
by foamy histiocyte (lipid-rich macrophage) in-
filtration of the pituitary. Plasmacytic (IgG4-related)
hypophysitis is characterized by 1gG4-positive plasma
cell infiltration of the pituitary.

Lymphocytic hypophysitis is the most common
form of hypophysitis and primarily affects women
(149, 152, 153). It is associated with pregnancy and
often occurs in late pregnancy or in the postpartum
period (149). Lymphocytic hypophysitis is also asso-
ciated with autoimmune disorders in 20% to 50% of
cases (152).

Hypophysitis can result in pituitary dysfunction,
particularly in the anterior pituitary (adenohypophy-
sis), leading to deficiencies in one or more hormones
produced by the anterior pituitary. Central adrenal
insufficiency and central hypothyroidism are the two
most clinically concerning potential deficiencies;
in particular, central adrenal insufficiency, if un-
recognized and untreated, can cause life-threatening
adrenal crisis due to cortisol deficiency. Hypophysitis
is one of the most common endocrine irAEs associated
with ICPi therapy (Box 5) (3). Specifically, it is the most
common endocrine irAE associated with ipilimumab.

Incidence and epidemiology of ICPi-related
hypophysitis

A meta-analysis of 34 studies involving ICPi therapy
that reported hypophysitis as an irAE found 85 cases of
hypophysitis among 6472 patients (3). Of these cases,

34 were grade 3 or higher (0.5% of total cases). Overall,
the incidence of hypophysitis was greatest with
combination ipilimumab-nivolumab therapy (6.4%)
compared with 3.2% with anti-CTLA-4 therapy, 0.4%
with anti-PD-1 therapy, and <0.1% with anti-PD-L1
therapy (Fig. 4). Meta-analysis models of drug-specific
effects in studies in advanced melanoma that reported
the incidence of hypophysitis found that the predicted
incidence of hypophysitis was 8.0% (95% CI, 5.9% to
10.8%) with combination ipilimumab-nivolumab
therapy compared with 3.8% (95% CI, 2.7% to 5.2%)
with anti-CTLA-4 therapy and 1.1% (95% CI, 0.8% to
1.6%) with anti-PD-1 therapy. Compared with patients
who received ipilimumab, patients who received anti-
PD-1 therapy were significantly less likely to experi-
ence hypophysitis (OR, 0.29; 95% CI, 0.18 to 0.49, P <
0.001); in contrast, those who received combination
therapy were significantly more likely to experience
hypophysitis (OR, 2.2; 95% CI, 1.39 to 3.60, P = 0.001).
Several large retrospective studies reported higher
incidences of ipilimumab-related hypophysitis, rang-
ing from 9% to 13% (154-156); this could reflect
differences in hormone monitoring or an increased
awareness of this disease.

ICPi-related hypophysitis has been reported at
higher rates among men. Caturegli et al. (157)
reviewed 128 cases of hypophysitis due to anti-CTLA-
4 therapy and found that the male-to-female ratio was
nearly 4:1. This stands in contrast to lymphocytic
hypophysitis, which is more common in women
(male-to-female ratio 1:3) (158). The male pre-
dominance in ICPi-related hypophysitis is likely ac-
centuated by the fact that ICPi therapy (particularly
ipilimumab) has been used often in melanoma, and
melanoma occurs at higher rates in men than in
women; however, rates of ICPi-related hypophysitis
appear to be higher in men even after taking this into

BOX 5. Key points regarding ICPi-related hypophysitis
e Hypophysitis is one of the most common endocrine irAEs associated with ICPi therapy, particularly with ipilimumab.

o |CPi-related hypophysitis typically occurs within several weeks to months after ICPi initiation.

e Symptoms and signs of ICPi-related hypophysitis may be nonspecific and most commonly include headache and

Chang et al Immune Checkpoint Inhibitor-Related Endocrinopathy

fatigue.

The main clinical sequelae of ICPi-related hypophysitis are deficiencies in one or more pituitary hormones. The most
common anterior pituitary hormone deficiencies seen in ICPi-related hypophysitis are deficiencies in TSH (central
hypothyroidism), ACTH (central adrenal insufficiency), and FSH and LH (hypogonadotropic hypogonadism). GH
deficiency and abnormal prolactin levels (typically low if abnormal) are less common but can be seen as well. Diabetes
insipidus (DI) is extremely rare.

Central hypothyroidism and hypogonadotropic hypogonadism from ICPi may be transient, and pituitary function for
these hormonal axes may recover spontaneously. ICPi-related central adrenal insufficiency appears to be permanent in
most cases.

On radiographic imaging, mild to moderate diffuse pituitary enlargement can be seen in most cases of ICPi-related
hypophysitis and is a sensitive and specific sign of hypophysitis. Pituitary enlargement typically resolves within several
weeks. Mass effect (e.g, impingement of the optic chiasm) is rare.

Treatment involves supportive management and hormone replacement with levothyroxine, corticosteroids, and
estrogen/testosterone depending on the pituitary hormone deficiency or deficiencies.
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account. In two of the largest case series of ICPi-related
hypophysitis for which the number of males and females
treated with ICPi therapy for melanoma was reported,
the incidence of hypophysitis was 15% in males com-
pared with 4% in females in one study (P = 0.02; OR, 4.73;
95% CI, 1.27 to 30.79) (155) and 16% in males compared
with 9% in females in the other study (154).

Pathophysiology of ICPi-related hypophysitis

Pathogenesis
The precise pathogenesis of ICPi-related hypophysitis
remains unknown. In vitro studies and studies in
murine models show potential roles for activation of
both antibody-dependent cell-mediated cytotoxicity
(ADCC) and the complement pathway in ipilimumab-
related hypophysitis. Ipilimumab has been shown to
activate ADCC (159, 160). As discussed above, Iwama
et al. (141) created a murine model of anti-CTLA-
4-related hypophysitis by administering repeated in-
jections of an anti-CTLA-4 mAb into mice. Pituitary
pathology showed infiltration with hematopoi-
etic mononuclear cells, consisting predominantly of
CD45+ lymphocytes. Additionally, mice receiving the
anti-CTLA-4 antibody developed antibodies directed
against the anterior pituitary that were not present
prior to anti-CTLA-4 treatment, suggesting that anti-
CTLA-4 injections can induce both cellular and
humoral immune responses against the anterior pi-
tuitary. Further investigation demonstrated that
CTLA-4 is expressed in both murine and human
pituitary glands, predominantly in pituitary thyro-
troph and lactotroph cells. Anti-CTLA-4 injections in
mice led to a type 2 hypersensitivity reaction in which
the classical complement pathway was activated,
leading to deposition of complement on thyrotrophs
and lactotrophs. Although direct evidence of binding
of the anti-CTLA-4 antibody to the CTLA-4 antigen
on pituitary cells was not shown, the findings provide
insight into potential mechanisms of ICPi-related
hypophysitis. Of note, in humans, ACTH deficiency
is one of the most common clinical manifestations of
ICPi-related hypophysitis; given this observation, it is
unclear why corticotrophs were not affected in this
mouse model. It is possible that pituitary responses to
anti-CTLA-4 antibodies vary across different species.
In addition, a type 2 hypersensitivity reaction may be
only one of multiple pathophysiologic mechanisms
that mediate anti-CTLA-4-induced hypophysitis.
Interestingly, the IgG subclass of specific ICPi
agents may potentially play a role in differential risk of
development of hypophysitis among different ICPi
agents (141). Ipilimumab, durvalumab, atezolizumab,
and avelumab are of the IgG1 subclass; tremelimumab
(an anti-CTLA-4 mAD) is of the IgG2 subclass; and
nivolumab and pembrolizumab are of the IgGa
subclass (Table 1). Each IgG subclass has different
relative potency in activating ADCC and the classical

doi: 10.1210/er.2018-00006

complement pathway (161). IgG1 has relatively
stronger effects on triggering ADCC compared with
IgG2 and IgG4 subclasses and can activate the classical
complement pathway. IgG2 has less potency than
IgG1 both in activating ADCC and the classical
complement pathway. IgG4 also has relatively less
potency than IgGt in activating ADCC and cannot
activate the classical complement pathway. The fact
that ipilimumab is IgG1-based and thus able to ac-
tivate both ADCC and the classical complement
pathway may potentially contribute to the higher
incidence of hypophysitis due to ipilimumab com-
pared with other ICPi therapy. PD-L1 has been found
to be expressed in various human pituitary tumors
(162). Whether PD-L1, PD-L2, and/or PD-1 are
expressed in normal human pituitary tissue remains
unclear. Of note, the Fc region of durvalumab and
atezolizumab has been modified in such a way that
neither of these agents induce either ADCC or
complement-dependent cytotoxicity.

Iwama et al (141) studied patients treated with
ipilimumab with and without hypophysitis as an irAE
and found that antipituitary antibodies were present in
seven of seven patients who had developed ipilimumab-
related hypophysitis and absent in 13 of 13 patients
treated with ipilimumab who had not developed
ipilimumab-related hypophysitis (141). These anti-
pituitary antibodies had been negative in all of the
patients at baseline. Further investigation showed that
the antipituitary antibodies recognized predominantly
thyrotroph cells in the pituitary; the antibodies also
recognized corticotrophs and gonadotrophs in several
patients. Whether antipituitary antibodies play a role in

151 Anti-C TLA-4
Anti-PD-1
Anti-PD-L1
10 Anti-PD-1 + Anti-CTLA-4

(&3]
!

Incidence (%)

' Hypothyroidism ' Hyperthyroidism ' Hypophysitis

Figure 4. Incidence of thyroid dysfunction and hypophysitis
induced by different ICPi regimens. The highest incidence of
thyroid dysfunction is associated with combination therapy
with anti-CTLA-4 and anti-PD-1 therapy. In monotherapy
groups, the incidence of hypothyroidism and hyperthyroidism is
higher with anti-PD-1 monotherapy than with anti-CTLA-4 or
anti-PD-L1 monotherapy. On the other hand, the incidence of
hypophysitis is higher with anti-CTLA-4 monotherapy than
with anti-PD-1 or anti-PD-L1 monotherapy. With data from
Barroso-Sousa R, Barry WT, Garrido-Castro AC, et al. Incidence
of endocrine dysfunction following the use of different immune
checkpoint inhibitor regimens: a systematic review and meta-
analysis. JAMA Oncol. 2018;4(2):173-182. [© 2019 Illustration
Presentation ENDOCRINE SOCIETY].
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pathogenesis, prediction, or prognosis of ICPi-related
hypophysitis remains unclear.

Because most CTLA-4 polymorphisms do not
change the amino acid sequence of the CTLA-4
protein (Fig. 3), these polymorphisms would not be
expected to alter the binding affinity of anti-CTLA-4
antibodies to CTLA-4. Rather, polymorphisms may
alter the expression level of CTLA-4, and this in turn
could impact the efficacy of CTLA-4 antibodies,
making patients more or less prone to CTLA-
4-blockade-induced hypophysitis. Other unknown
mechanisms likely contribute to pathogenesis of ICPi-
related hypophysitis.

Pathology

Pituitary pathology in ICPi-related hypophysitis has
not been well-studied. To the best of our knowl-
edge, no patient with ICPi-related hypophysitis has
undergone a pituitary biopsy. The pathology in
lymphocytic hypophysitis has been more thoroughly
studied, with the major pathological feature being
infiltration of the pituitary with lymphocytes. Both
T-cells and B-cells can be seen in the pituitary on
immunohistochemistry in patients with lymphocytic
hypophysitis (149). Whether similar findings are
present in ICPi-related hypophysitis remains to be
determined.

Caturegli et al. (157) described the first autopsy
examination of pituitary pathology in a patient with a
history of ICPi-related hypophysitis. The patient was a
79-year-old woman who developed hypophysitis, with
central adrenal insufficiency and central hypothy-
roidism, after receiving three doses of tremelimumab.
An MRI scan confirmed an enlarged pituitary gland
consistent with hypophysitis. She died ~15 months
after her first dose of tremelimumab. Autopsy showed
near complete destruction of her anterior pituitary
gland due to extensive necrosis. Two isolated areas of
the pituitary gland showed a few acini of endocrine
cells, which were mainly somatotrophs; lactotrophs
and corticotrophs were rare, and gonadotrophs and
thyrotrophs were absent. Her posterior pituitary gland
was normal.

Clinical, biochemical, and imaging manifestations
of ICPi-related hypophysitis

Table 3 provides a summary of key clinical, bio-
chemical, and imaging findings from four of the
largest longitudinal cohorts that detailed findings
from patients who developed ipilimumab-related
hypophysitis.

Clinical manifestations

Symptoms of ICPi-related hypophysitis are typically
nonspecific. Headache and fatigue are the most
common presenting symptoms (155, 156, 163). Other
symptoms may include nausea, decreased appetite,
dizziness, decreased libido, cold intolerance, hot
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flashes, and weight loss. In contrast to other forms of
autoimmune hypophysitis such as lymphocytic
hypophysitis (157), symptoms due to mass effect (such
as visual deficits due to impingement of the optic
chiasm by the enlarged pituitary gland) are rare in
ICPi-related hypophysitis, likely due to the mild de-
gree of pituitary enlargement. Ipilimumab-related
hypophysitis typically presents ~2 to 3 months after
ipilimumab initiation (157) but has been reported as
long as 19 months after ipilimumab initiation (156).

Biochemical findings

The diagnosis of ICPi-related hypophysitis is based
on a combination of biochemical and radiographic
findings. Biochemical evidence of deficiencies in one
or more pituitary hormones is extremely common in
ICPi-related hypophysitis. Central hypothyroidism,
central adrenal insufficiency, and hypogonadotropic
hypogonadism are the most common pituitary ab-
normalities in anti-CTLA-4-related hypophysitis, oc-
curring in more than 80% of patients with this
diagnosis (157). Biochemical findings are described

below by hormonal axis.
Thyroid axis. Central hypothyroidism is one of

the most common anterior pituitary hormone de-
ficiencies in ICPi-related hypophysitis. Central hy-
pothyroidism is characterized by a low or low-normal
free T4 in the setting of an inappropriately low or
normal TSH (165). Faje et al. (155) noted a trend of
declining TSH levels that preceded the diagnosis of
ICPi-related hypophysitis and onset of symptoms. It is
important to note that concomitant nonthyroidal
illness syndrome (NTIS; also called euthyroid sick
syndrome) can present with similar thyroid function
tests (TFTs). NTIS is typified by a progressive decline
in serum T3; if the underlying illness does not im-
prove, decreases in serum T4 and TSH can be seen as
well (166-168). The clinical context should be weighed
carefully, and comparison with baseline TFTs prior to

starting ICPi therapy can be helpful.
Adrenal axis. Central adrenal insufficiency is also

common in ICPi-related hypophysitis. Importantly,
morbidity due to ICPi-related hypophysitis is likely
predominantly mediated by central adrenal insuffi-
ciency, which may be life-threatening if prompt
treatment with corticosteroids is not initiated. Signs of
adrenal crisis include hypotension, electrolyte imbal-
ances (especially hyponatremia), and dehydration and
require immediate treatment (169, 170). Hyponatremia
in central adrenal insufficiency is mediated by increased
secretion of antidiuretic hormone (ADH), resulting in
water retention and a decrease in plasma sodium
concentration. This increase in ADH secretion is caused
by increased hypothalamic secretion of CRH, which
stimulates ADH secretion (171, 172). Central adrenal
insuficiency is characterized by a low or inappropriately
normal ACTH in the setting of a low or low-normal
cortisol. Of note, ACTH and cortisol levels vary based
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Table 3. Summary of Longitudinal Case Cohorts of Ipilimumab-Related Hypophysitis

Total number of patients studied

Number of patients diagnosed with

hypophysitis

Males and females diagnosed with

hypophysitis

Median time to diagnosis of

hypophysitis after ICPi initiation

Number of patients with hypophysitis
with radiographic pituitary

enlargement
Symptoms and signs
Headache
Fatigue or weakness
Visual deficits

Hyponatremia

Pituitary hormone dysfunction at

diagnosis
Adrenal
Thyroid
Gonadal
GH (IGF-1)
Prolactin (elevated)
Prolactin (low)

DI

Pituitary hormone dysfunction at

most recent follow-up
Adrenal
Thyroid

Gonadal

Resolution of pituitary enlargement

on follow-up imaging

Ryder et al. (156)
211

19/211 (9%)

Males: 11/134 (8%)
Females: 8/77 (10%)

4 mo

7112 (75%)

6/19 (32%)
13/19 (68%)
n/a

n/a

16/16 (100%)
11/18 (61%)
5/13 (38%)
n/a

n/a

n/a

0/19 (0%)

(3 recovered)”
(0 recovered)”
(2 recovered)”

n/a

Faje et al. (155)
154

17/154 (11%)

Males: 15/99 (15%)
Females: 2/55 (4%)

84 wk

17/17 (100%)

14/17 (82%)
10/17 (59%)
0/17 (0%)

8/14 (57%)

7/14 (50%)
17/17 (100%)
15/15 (100%)
1/6 (17%)
0/13° (0%)
12/13 (92%)

0/17 (0%)

14/17° (82%)
13/17° (76%)
13/15 (87%)

17/17 (100%)

Albarel et al. (163)
87-131°

15/87-131% (11%~17%)

Males: 10°

Min et al. (154)
187

25/187 (13%)

Males: 19/118 (16%)

Females: 5°

9.5 wk

12/14 (86%)

13/15 (87%)
11/15 (73%)
0/15 (0%)

n/a

11/15 (73%)
13/15 (87%)
12/14 (36%)
2/8 (25%)
1/9 (11%)
3/9 (33%)

0/15 (0%)

13/15 (87%)
2/15 (13%)

2/15 (13%)

11/11 (100%)

Females: 6/69 (9%)

9 wk

15/25 (60%)

n/a
n/a
0/25 (0%)

14/25 (56%)

22/25 (88%)
22/25 (88%)
15/20 (75%)
3/7 (43%)
1/9 (11%)
49 (44%)

0/25 (0%)

22/25 (88%)
8/25 (32%)
8/25 (32%)

11/118 (100%)

Total
639-683

76/639-6837 (11%—12%)

Males: 45/351 (13%)
Females: 16/201° (8%)

n/a

51/68 (75%)

33/51 (65%)
34/51 (67%)
0/57 (0%)

22/39 (56%)

56/70 (80%)
63/75 (84%)
47/62 (76%)
6/21 (29%)
2/31 (6%)

19/31 (61%)

0/57 (0%)

49/57 (86%)
23/57 (40%)
23/50 (46%)

39/39 (100%)

Table includes data from Faje A. Immunotherapy and hypophysitis: clinical presentation, treatment, and biologic insights. Pituitary. 2016;19(1):82-92 (164).
aln Albarel et al. (163), several patients were included in trials that were blinded at the time of publication; hence, the true number of patients who received ipilimumab ranged from 87

to 131

bThe number of males and females in the total cohort studied was not reported in Albarel et al. (163).
cTotal numbers listed here are from Ryder et al. (156), Faje et al. (155), and Min et al. (154); Albarel et al. (163) was excluded from the total numbers as the number of males and females

in the cohort studied were not reported.

dThe number of patients who recovered pituitary function for the adrenal, thyroid, and gonadal axes was reported; the number of patients with pituitary hormone dysfunction at most

recent follow-up was not explicitly detailed.

€Results were noted or updated in a subsequent article (164).
fin 7/7 patients who underwent repeat imaging within 40 d of the diagnosis of hypophysitis, resolution was observed on imaging.
gFour patients did not have repeat imaging studies before the end of the study. Median time to resolution was 15 wk (range, 2 to 27 wk). Of the 11 patients with resolution of pituitary
enlargement, six had earlier MRI studies, at 3 to 8 wk after identification of pituitary enlargement, which did not show resolution of pituitary enlargement.
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on diurnal patterns and need to be interpreted ac-
cordingly; typically, ACTH and cortisol levels peak in
the early morning and thus early morning levels (i.e., at
0800 hours) may be the most helpful (165, 169). In
particular, an insufficient cortisol elevation in response
to cosyntropin stimulation can help confirm the di-
agnosis of adrenal insufficiency (165, 169). A cosyn-
tropin (ACTH) stimulation test can be helpful in the
evaluation of adrenal insufficiency. Cortisol is tested at
baseline (prior to cosyntropin administration) and
30 and/or 60 minutes after administration of 250 g of
IV cosyntropin. A peak cortisol level below 18 pg/dL
at 30 or 60 minutes after cosyntropin administration is
consistent with adrenal insufficiency (165). It is im-
portant to note two particular situations in which
consideration of the clinical context is crucial in
interpreting the results of cosyntropin stimulation
testing. First, in central adrenal insufficiency of recent
onset, a normal rise in cortisol can be seen in response to
cosyntropin stimulation, because it takes time for the
adrenal glands to atrophy in response to diminished
ACTH secretion (173). Hence, a normal cosyntropin
stimulation test cannot definitively exclude adrenal
insufficiency. In such cases, the clinical context must be
weighed to determine whether empiric glucocorticoid
replacement is indicated, and close monitoring and
repeat testing may be prudent. Second, in the context of
concomitant synthetic corticosteroid therapy (such as in
the treatment of irAEs due to ICPi therapy), a cosyn-
tropin stimulation test may show an insufficient rise in
cortisol. Exogenous corticosteroids can suppress CRH
and ACTH and cause central adrenal insufficiency. If
hypophysitis is suspected or confirmed in a patient
already receiving synthetic corticosteroids and the pa-
tient fails cosyntropin stimulation testing, this reflects
a diagnosis of adrenal insufficiency but does not
differentiate the etiology (ie., corticosteroid use vs
hypophysitis). These patients require continuation of
glucocorticoid therapy until glucocorticoid doses can be
tapered to physiologic doses. At that point, testing for
functional recovery of the hypothalamic-pituitary-
adrenal axis should be performed before attempting

to stop glucocorticoids.
Gonadal axis. Hypogonadotropic hypogonadism

is also common and manifests biochemically as low or
inappropriately normal FSH and/or LH. In men,
testosterone levels are low; as testosterone levels vary
based on a diurnal pattern and peak in the morn-
ing, measurement of a morning total testosterone level
(i.e., between 0800 and 1000 hours) is recommended
(174). In premenopausal women, estradiol levels are
low in hypogonadotropic hypogonadism; in post-
menopausal women, in whom FSH and LH are
typically elevated compared with premenopausal
women, inappropriately low FSH and LH suggest
hypogonadotropic hypogonadism. Of note, FSH and
LH are commonly transiently low in the setting of
illness, and testing of the hypothalamic-pituitary-
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gonadal axis should be interpreted in the context of
concurrent illness.
GH axis. The prevalence of GH deficiency in

ICPi-related hypophysitis is unclear. This is likely due
to two factors: (1) treatment of GH deficiency with GH
replacement is contraindicated in the setting of active
malignancy, and (2) confirmation of GH deficiency
typically requires provocative testing with an insulin
tolerance test, arginine-GH-releasing hormone stim-
ulation test (not available in the United States), or
glucagon stimulation test (175). IGF-1 levels may be
low or within reference range (154, 155, 163); however,
without provocative testing it is difficult to determine
whether this represents true GH deficiency.
Prolactin. Hyperprolactinemia is uncommon in
ICPi-related hypophysitis. Prolactin levels may be low.

(Table 3) (154, 155, 163).
ADH. ADH is produced by hypothalamic neu-

rons and stored in the posterior pituitary (neurohy-
pophysis). ADH deficiency can result in DI, characterized
by marked polyuria and production of dilute urine,
which can result in hypernatremia if fluid intake is not
maintained. DI appears to be extremely rare in ICPi-
related hypophysitis and has only been reported in a few
instances (176-179).

Radiographic features

Pituitary enlargement on radiographic imaging is a
sensitive and specific indicator of ICPi-related hypo-
physitis after metastatic disease has been ruled out
(155). Pituitary enlargement is generally mild to
moderate, and thickening of the pituitary stalk may be
seen (Fig. 5). Impingement of the optic chiasm is rare.
Contrast enhancement may be homogeneous or
heterogeneous. Pituitary enlargement may precede the
clinical diagnosis of hypophysitis by several weeks
(155). Based on this, we recommend that brain MRIs
for patients being treated with ICPi therapy (partic-
ularly with ipilimumab) be compared with prior
studies to monitor for changes in pituitary size that
may herald impending anterior pituitary hormone
dysfunction.

Pituitary enlargement resolves within weeks to
months in nearly all cases of ICPi-related hypophysitis.
Faje et al (155) noted radiographic resolution of
hypophysitis within 40 days of the diagnosis of ICPi-
related hypophysitis in all seven patients who un-
derwent repeat imaging within that timeframe; in one
patient, pituitary enlargement resolved in 12 days
(155). Min et al. 154) reported a longer median time to
radiographic resolution of pituitary enlargement of
15 weeks (range, 2 to 27 weeks).

Importantly, a normal-appearing pituitary gland
on imaging does not rule out hypophysitis, and
management should be based on clinical and bio-
chemical evaluation. Caturegli ef al. (157) found that in
88 case reports of hypophysitis secondary to CTLA-4
blockade, MRI findings were normal in 20 cases (23%).
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Given the transient nature of ICPi-related hypo-
physitis and the fact that radiographic pituitary en-
largement may precede biochemical manifestations of
hypopituitarism, it is possible that radiographic pi-
tuitary enlargement may resolve by the time that
biochemical evidence of hypopituitarism is diagnosed.

Management of ICPi-related hypophysitis

Counseling on symptoms and signs of hypophysitis
Patients and their families should be counseled about
the symptoms and signs of hypophysitis, as these may
present between treatment visits and may require
prompt management, particularly in cases of adrenal
insufficiency.

Monitoring
Thyroid axis. We recommend that a TSH and free

T4 be checked prior to ICPi initiation and at every
treatment visit for at least the first five cycles of ICPi
therapy (see section on ICPi-related thyroid dysfunction).

Adrenal axis. The package insert for ipilimumab
recommends monitoring ACTH before the start of
ipilimumab and before each dose (180). As described
earlier, we recommend that ACTH be checked (1)
simultaneously with cortisol to provide a more
complete assessment of the hypothalamic-pituitary-
adrenal axis, and (2) in the morning (e.g., 0800 to 0900
hours) when ACTH and cortisol levels are generally at
their peak. Of note, blood samples drawn for ACTH
analysis should be transported on ice and processed
promptly as temperature and/or time can lead to
degradation and falsely low levels of ACTH (181-184).
In our practice, we do not routinely check ACTH but
given the morbidity of adrenal insufficiency and the
nonspecific symptoms associated with adrenal in-
sufficiency, we recommend a low threshold for
testing a paired ACTH and cortisol for patients on
ICPi therapy (especially ipilimumab-containing regi-
mens) who present with symptoms or signs con-
cerning for adrenal insufficiency. This is particularly
true within the first few months after ipilimumab
initiation, when the incidence of ipilimumab-induced
hypophysitis appears to be greatest. It is important to
keep in mind that ACTH levels that fall within the
reference range do not definitively exclude central
adrenal insufficiency.

Gonadal axis. In patients with hypophysitis or
hypopituitarism, gonadotropin (FSH and LH) levels
and sex hormone levels (estradiol in women or tes-
tosterone in men) should be assessed (165).

GH axis. Given that treatment of GH deficiency
with GH replacement is contraindicated in the setting
of active malignancy (175), there is limited utility in
testing the GH axis in the setting of ICPi-related
hypophysitis.

Prolactin. If hypogonadotropic hypogonadism is
diagnosed, prolactin levels can be checked to rule out
hyperprolactinemia, although hyperprolactinemia appears

doi: 10.1210/er.2018-00006

to be relatively rare in ICPi-related hypophysitis; more
commonly, prolactin levels are low (Table 3) (154, 155,
163).

Hormone replacement
Thyroid axis. Levothyroxine should be initiated

for treatment of central hypothyroidism. Impor-
tantly, in cases of concomitant adrenal insufficiency
and hypothyroidism, ~glucocorticoid  replacement
should precede thyroid hormone replacement, as thy-
roid hormone replacement in the setting of untreated

Figure 5. ICPi-related hypophysitis. Brain MRI showing
development and resolution of ICPi-related hypophysitis in

a 54-year-old woman with metastatic lung adenocarcinoma
treated with nivolumab and a history of primary
hypothyroidism on thyroid hormone replacement with
levothyroxine. (a) Brain MRI, obtained 4 mo prior to
nivolumab initiation, showed a normal-appearing pituitary
gland (white arrow). Two wk after her third dose of nivolumab
(3 mo after nivolumab initiation), she presented to oncology
clinic with a 1-wk history of headache, nausea, anorexia, fatigue,
generalized weakness, and lightheadedness. She was admitted
to the hospital for further evaluation and management.
Laboratory testing demonstrated new onset of hyponatremia
(sodium 118 mmol/L; reference range, 135 to 145 mmol/L), low
0800 h cortisol (0.8 pg/dL; reference range, 6 to 24 pg/dL), low
ACTH (<5.0 pg/mL; reference range, 10 to 60 pg/mL), low TSH
(0.21 mIU/L; reference range, 0.50 to 5.00 mIU/L), and low-
normal free T4 (1.0 ng/dL; reference range, 0.9 to 1.7 ng/dL)
while on her baseline dose of levothyroxine. These laboratory
findings were most consistent with central adrenal insufficiency
and new onset of central hypothyroidism. Cosyntropin
stimulation test demonstrated a suboptimal rise in cortisol
from 0.8 to 10.3 pg/dL 60 min after administration of IV
cosyntropin 250 p.g, confirming adrenal insufficiency. (b) Brain
MRI postgadolinium contrast, obtained the d after she
presented to clinic, showed a bulky, diffusely enlarged,
hyperenhancing pituitary gland (white arrow) with stalk
thickening, consistent with nivolumab-induced hypophysitis.
She was started on replacement dose hydrocortisone (30 mg
total daily in divided doses), and her levothyroxine dose was
increased, with normalization of her sodium within 24 h of her
first dose of hydrocortisone. Interestingly, she developed DI on
the fourth d of her hospitalization, with a 24-h urine output of
7.3 L, serum sodium of 148 mmol/L, urine osmolality of 123
mOsm/kg water (reference range, 390 to 1093 mOsm/kg water).
She was started on desmopressin (DDAVP) with symptomatic
control of her DI and normalization of her sodium. (c) Brain
MRI, obtained 2 mo after her initial presentation with
hypophysitis, showed resolution of pituitary enlargement
(white arrow). She had partial resolution of her DI and was able
to stop DDAVP 6 mo after it was diagnosed. Two y after her
hypophysitis, her central adrenal insufficiency and
hypothyroidism persist. [© 2019 Illustration Presentation
ENDOCRINE SOCIETY].
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adrenal insufficiency can worsen symptoms and po-
tentially precipitate adrenal crisis (185-187). Also of
note, in central hypothyroidism, unlike in primary
hypothyroidism, TSH levels are unreliable, and levo-
thyroxine should be titrated to a goal of the middle to
upper half of the reference range for free T4 (166). We
recommend initiating thyroid hormone replacement
with levothyroxine at a dose of 0.8 pg/kg daily in
young patients without a history of cardiovascular
disease. Our rationale behind this starting dose is to
reduce the risk of overreplacement of thyroid hor-
mone, especially because (i) ICPi-related central hy-
pothyroidism may be transient and may resolve
spontaneously; (ii) the dose can be uptitrated as
needed; and (iii) initiating levothyroxine at lower vs
higher doses did not affect the rate of improvement of
signs and symptoms of hypothyroidism or quality of
life (188). We recommend repeating TSH and free T4
measurements 4 weeks after levothyroxine initiation
and titrating levothyroxine further based on these
results; in many patients, full weight-based dosing of
~1.6 to 1.8 pg/kg/d may be needed (165, 166). For
patients with known coronary heart disease, we rec-
ommend initiating levothyroxine at a lower dose [e.g.,
12.5 to 25 pg by mouth (PO) daily], repeating TSH
and free T4 measurements 4 weeks after levothyroxine
initiation, and titrating the dose accordingly based on
free T4 levels (166). Also, for older patients (such as
those over 65 years), it may be reasonable to start
levothyroxine at a lower dose and monitor TFTs more
frequently, given that older patients are more sus-
ceptible to adverse effects of thyroid hormone over-
replacement such as atrial fibrillation and osteoporotic
fractures (166). Although thyroid hormone replace-
ment in central hypothyroidism should be based on
free T4 levels, as highlighted above, we continue to
monitor TSH in cases of central hypothyroidism
because development of an elevated TSH after a di-
agnosis of central hypothyroidism may signal recovery
of the thyrotrophs in the pituitary and development of
primary hypothyroidism or could signal the recovery
phase of NTIS (167, 168).

Adrenal axis. High-dose corticosteroids should
be started promptly for patients with adrenal crisis and
can be considered in patients with substantial pituitary
enlargement that impinges on the optic chiasm. For
patients with evidence of adrenal insufficiency who are
not critically ill, replacement doses of corticosteroids
should be initiated (for example, with 15 to 20 mg of
hydrocortisone PO daily in divided doses) (165). In
patients already being treated with systemic cortico-
steroids (e.g., for the management of nonendocrine-
related irAEs due to ICPi therapy), assessment of the
endogenous hypothalamic-pituitary-adrenal axis can
be challenging because systemic corticosteroids can
directly suppress ACTH and cause central adrenal
insufficiency. Typically, in such cases, systemic corti-
costeroids should be tapered to physiologic doses as
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tolerated/indicated, at which point testing for func-
tional recovery of the endogenous hypothalamic-
pituitary-adrenal axis should be performed before
attempting to discontinue glucocorticoids. In agree-
ment with the Endocrine Society guidelines on central
adrenal insufficiency, we recommend that health care
providers counsel all patients with adrenal insuffi-
ciency regarding sick day rules and stress-dose
and emergency corticosteroid administration, in-
struct them to obtain medical alert gear (such as a
bracelet or necklace) regarding adrenal insufficiency,
and prescribe a kit with injectable high-dose corti-

costeroid for emergency use (165).
Gonadal axis. Sex hormone replacement (tes-

tosterone in men and estradiol in women) may be
considered for men and for premenopausal women
with ICPi-related hypogonadotropic hypogonadism if
not contraindicated (165, 174). For men, testosterone
therapy is not reccommended in men planning fertility
in the near term or in men with breast or prostate
cancer, a palpable prostate nodule or induration, a
prostate-specific antigen level > 4 ng/mL, a prostate-
specific antigen level > 3 ng/mL combined with a high
risk of prostate cancer (without further urological
evaluation), elevated hematocrit, untreated severe
obstructive sleep apnea, severe lower urinary tract
symptoms, uncontrolled heart failure, myocardial
infarction or stroke within the last 6 months, or
thrombophilia (165, 174). In men older than 65 years
who have symptoms or clinical findings suggestive of
testosterone deficiency (such as low libido or un-
explained anemia) and consistently and unequivocally
low morning testosterone concentrations, testosterone
therapy may be offered on an individualized basis after
discussion of risks and benefits (174). For women, the
risks and benefits of estrogen therapy should be
weighed on an individual basis, taking into account
symptoms, age, menopausal status, and personal and
family history, as there are no commonly recognized
lists of absolute or relative contraindications to es-
trogen therapy in professional society guidelines.
Generally, estrogen therapy should not be used in
women with a history of breast cancer, endometrial
cancer, or other estrogen-dependent neoplasia; a his-
tory of venous or arterial thromboembolism includ-
ing coronary heart disease, stroke, and transient
ischemic attack; thrombophilia; unexplained vaginal
bleeding; substantial liver impairment; or pregnancy
(189, 190). Caution should be used with estrogen
therapy in women with DM, asthma, gallbladder
disease, hypertriglyceridemia, migraine with aura,
hypoparathyroidism, hepatic hemangioma, systemic
lupus erythematosus, epilepsy, benign meningioma,
porphyria cutanea tarda, intermediate or high risk of
breast cancer, and high risk of heart disease (189, 190).

Hyponatremia, if present, typically resolves after
appropriate corticosteroid and thyroid hormone re-
placement. If hyponatremia persists despite adequate
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corticosteroid and thyroid hormone replacement,
evaluation for other causes should be considered, such
as inappropriate ectopic secretion of ADH from
malignant cells, which can be seen in small cell lung
cancers, head and neck cancers, and more rarely other
malignancies (191-194).

Prognosis for pituitary recovery

Recovery from ICPi-related central adrenal insuffi-
ciency appears to be rare (155, 156, 195). Among
patients who developed ICPi-related central adrenal
insufficiency, adrenal insufficiency was persistent at
last follow-up in 22/22 patients (154), 13/13 patients
(163), and 10/10 patients (196).

Recovery from central hypothyroidism appears to
be fairly common and occurred in 14/22 patients in a
median of 10.5 weeks (range, 1 to 44 weeks) (154),
11/13 patients (163), and o/10 patients (196). Recovery
from central hypogonadism appears also to be fairly
common and occurred in 7/15 patients in a median of
15 weeks (range, 2 to 92 weeks) (154), 10/12 patients
(163), and 3/9 patients (196).

Of note, variations in the reported rates of pituitary
hormone recovery may be the result of differences in
follow-up and in strategies for weaning or testing
patients off of hormone replacement.

Utility of high-dose corticosteroids in

ICPi-related hypophysitis

In the ipilimumab package insert (180) and in the
literature (197), high-dose corticosteroids are recom-
mended for the treatment of ipilimumab-related
hypophysitis. However, convincing data to support
this approach are lacking. Min et al. (154) studied
outcomes in patients with ICPi-related hypophysitis
who did or did not receive high-dose corticosteroids
and found that higher doses of corticosteroids did not
appear to improve the frequency or time to resolution
of recovery of pituitary function or affect overall
survival (OS). In that study, replacement doses of
corticosteroids were sufficient to substantially improve
headaches and fatigue in patients with ICPi-related
hypophysitis, without the need for high-dose corti-
costeroids. Given these findings, and in the absence of
systematic studies comparing the outcomes of ICPi-
related hypophysitis with and without high-dose
corticosteroids, we recommend that high-dose corti-
costeroids be reserved for patients with ICPi-related
hypophysitis who develop severe hyponatremia or
substantial mass effect from pituitary enlargement
(e.g, impingement of the optic chiasm), or in the
setting of critical illness.

ICPi continuation in the setting of hypophysitis

ICPi therapy may be continued or resumed in many
cases of ICPi-related hypophysitis. The package insert
for ipilimumab (180), for example, recommends
withholding ipilimumab in the event of symptomatic
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endocrinopathy due to ipilimumab and resuming it in
patients with complete or partial resolution of adverse
reactions (grade o to 1) and who are receiving less than
7.5 mg of prednisone or its equivalent daily; for pa-
tients with symptomatic reactions lasting 6 weeks or
longer with an inability to reduce corticosteroid dosing
to 7.5 mg of prednisone or its equivalent daily, per-
manent discontinuation of ipilimumab is recom-
mended as per the package insert. The dose cutoff of
7.5 mg of prednisone daily or its equivalent specified
on the ipilimumab package insert is presumably be-
cause this is considered close to (in fact, slightly more
than) physiologic replacement of glucocorticoids; the
most recent Endocrine Society guidelines for gluco-
corticoid replacement in the setting of central or PAI
estimate daily physiologic replacement of glucocorti-
coids to be the equivalent of hydrocortisone 15 to
25 mg/d (prednisone 3.75 to 6.25 mg/d) (165, 198).
Min et al. (154) found that in patients with
ipilimumab-related hypophysitis and associated de-
ficiencies in one or more pituitary hormone axes,
discontinuation of ipilimumab did not appear to af-
fect the outcome or resolution of hypophysitis or
hypophysitis-related hormonal deficiencies compared
with patients in whom ipilimumab therapy was
continued, and that resolution of pituitary hormone
axes occurred in a subset of patients who were con-
tinued on ipilimumab therapy.

ICPi-Related Thyroid Dysfunction

Introduction

Thyroid dystunction is one of the most common
endocrine-related irAEs associated with ICPi therapy
(Box 6) (3, 199, 200). In clinical trials, ICPi-related
thyroid dysfunction has been variously described as
hyperthyroidism, hypothyroidism, and/or thyroiditis
because it may present as overt or subclinical hypo-
thyroidism or thyrotoxicosis. Several case series have
shown that ICPi-related thyroid dysfunction appears
to be due to destructive thyroiditis (200-210). Thyroid
dysfunction appears to be more common with
anti-PD-1 treatment and combination ipilimumab-
nivolumab treatment than with anti-CTLA-4 mono-
therapy or anti-PD-L1 monotherapy (3). The findings
from three of the largest studies of ICPi-related thyroid
dysfunction are summarized in Table 4.

Incidence and epidemiology of ICPi-related
primary thyroid dysfunction

Hypothyroidism

The incidence of hypothyroidism due to ICPi-induced
primary thyroid dysfunction varied among different
studies and ICPi therapies. A meta-analysis of 38
randomized controlled trials (RCTs) of anti-CTLA-4,
anti-PD-1, and anti-PD-L1 therapy found 472 cases of
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BOX 6. Key points regarding ICPi-related thyroid dysfunction

ICPi-related thyroid dysfunction, typically due to a destructive thyroiditis, is the one of the most common ICPi-related
endocrinopathies.

The spectrum of ICPi-related thyroid dysfunction includes overt thyrotoxicosis, subclinical thyrotoxicosis, subclinical
hypothyroidism, and overt hypothyroidism.

ICPi-related thyroid dysfunction often occurs within weeks to months after ICPi initiation.
Hypothyroidism is the most common ICPi-related thyroid dysfunction.

ICPi-related hypothyroidism may be preceded by a transient thyrotoxic phase which, if present, is typically mild or
asymptomatic and lasts a few weeks before rapidly resolving to euthyroidism or hypothyroidism.

ICPi-related thyroid dysfunction may be transient or permanent. Hypothyroidism may require long-term thyroid
hormone replacement with levothyroxine.

It is important that hypothyroidism, if present, be differentiated between primary and secondary (central) hypo-
thyroidism, because if secondary hypothyroidism is present, the differential diagnosis of hypophysitis should be
considered and assessed.

Thyrotoxicosis, if present, is typically mild and self-limited. The mainstay of thyrotoxicosis is supportive care. Beta-
blockers can be used as needed for symptom management of thyrotoxicosis. Corticosteroids and antithyroid drugs
(thioamides) are rarely needed.

Most ICPi-related thyroid dysfunction is mild and does not require interruption of ICPi therapy.

Given the prevalence of ICPi-related thyroid dysfunction and the possibility of rapid evolution of overt/subclinical
thyrotoxicosis or subclinical hypothyroidism to overt hypothyroidism, close monitoring of TFTs is recommended for

patients receiving ICPi therapy.

hypothyroidism among 7551 patients (3). In the
study, a mixed-effects model estimated the overall
incidence of hypothyroidism with ICPi therapy to be
6.6% (95% CI, 5.5% to 7.8%). The predicted incidence
of hyperthyroidism varied depending on the ICPi
regimen (95% CI in parentheses): anti-CTLA-4 agents
3.8% (1.9% to 7.8%), anti-PD-L1 agents 3.9% (1.7% to
8.4%), anti-PD-1 agents 7.0% (3.9% to 12.3%), and
combination ipilimumab-nivolumab 13.2% (6.9% to
23.8%) (Fig. 4). Patients who received anti-PD-1 agents
(OR, 1.89; 95% CI, 1.17 to 3.05, adjusted P = 0.03) and
those who were treated with combination ipilimumab-
nivolumab (OR, 3.81; 95% CI, 2.10 to 6.91, unadjusted
P < 0.001) were significantly more likely to experience
hypothyroidism than those treated with ipilimumab
monotherapy.

Hyperthyroidism

The reported incidence of hyperthyroidism due to
ICPi-induced primary thyroid dysfunction is lower
than that of hypothyroidism. As hyperthyroidism
typically occurs earlier than hypothyroidism in ICPi-
induced primary thyroid dysfunction and the hyper-
thyroid phase typically evolves to hypothyroidism (as
will be discussed in detail later), many cases of hy-
perthyroidism may be missed in clinical studies. A
meta-analysis of 37 RCTs of anti-CTLA-4, anti-PD-1,
and anti-PD-L1 therapy found 194 cases of hyper-
thyroidism among 7531 patients (3). In that study, a
mixed-effects model estimated the overall incidence of
hyperthyroidism with ICPi therapy to be 2.9% (95%
Cl, 2.4% to 3.7%). The predicted incidence of hy-
perthyroidism varied depending on the ICPi regimen
(95% prediction interval in parentheses): anti-PD-L1
agents 0.6% (0.2% to 1.8%), anti-CTLA-4 agents 1.7%
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(0.8% to 3.8%), anti-PD-1 agents 3.2% (1.7% to 5.7%),
and combination ipilimumab-nivolumab treatment
8.0% (4.1% to 15.3%) (Fig. 4). Patients who received
combination ipilimumab-nivolumab treatment were
significantly more likely to experience hyperthy-
roidism than those treated with ipilimumab mon-
otherapy (OR, 4.27; 95% CI, 2.05 to 8.90, P = 0.001).
In contrast, the increased incidence in patients who
received anti-PD-1 agents did not reach statistical
significance compared with patients who received
ipilimumab monotherapy after correcting for mul-
tiple comparisons (OR, 1.89; 95% CI, 1.02 to 3.52,
adjusted P = 0.13). Patients who received anti-PD-1
agents were significantly more likely to experience
hyperthyroidism than those treated with anti-PD-L1
agents (OR, 5.36; 95% CI, 2.04 to 14.08, adjusted P =
0.002).

In the largest single-center study of ICPi-related
thyroid dysfunction, Morganstein et al. (200) con-
firmed relatively high rates of thyroid dysfunction
(including both overt and subclinical hypothyroidism
and thyrotoxicosis) in patients receiving ICPi therapy
and found the highest rates among patients receiving
combination ipilimumab-nivolumab therapy. Of 190
consecutive patients included in the study, 56 (30%)
developed thyroid dysfunction, with rates lowest
among those on ipilimumab monotherapy (29/126
patients, or 23%), intermediate among those on anti-
PD-1 monotherapy (18/46 patients, or 39%), and
highest among those on combination ipilimumab-
nivolumab therapy (9/18, or 50%). Patients with
treatment-induced hypopituitarism, with abnormal
thyroid function prior to initiating ICPi therapy, or
without baseline TFTs available were excluded from
the study.
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Natural history of ICPi-related primary
thyroid dysfunction

ICPi-related hypothyroidism and thyrotoxicosis
ICPi-related thyroid dysfunction most commonly
presents as a painless thyroiditis that develops within
weeks to months of ICPi initiation. Biochemically,
TFTs may show extreme laboratory values such as free
T4 levels above the assay limit in thyrotoxicosis and
below the assay limit in hypothyroidism. Clinically,
most patients present with mild symptoms even in the
setting of such extreme laboratory values. It is possible
that the patients could remain clinically euthyroid
transiently during the acute dramatic changes in
thyroid hormone levels. Without proper management,
severe symptoms of thyroid dysfunction could po-
tentially arise. Overt or subclinical thyrotoxicosis may
be the initial presentation, which typically spontane-
ously resolves to euthyroidism and often evolves into
hypothyroidism within the course of several weeks to
months. In the remainder of cases, overt or subclinical
hypothyroidism is the initial presentation, which may
be transient or permanent. Time from first ICPi dose
to detection of thyroid dysfunction is often relatively
short (on the order of several weeks) and can occur
after a single dose of ICPi therapy (201). Case series of
ICPi-related thyroid dysfunction have reported that
the median time from initiation of the ICPi being
studied to detection of thyroid dysfunction ranged
from 18 to 123 days (75, 196, 200, 201, 204-210).
However, the onset of ICPi-related thyroid dysfunc-
tion has been reported to occur as early as 7 days after
ICPi initiation or as late as 3 years after ICPi initiation
(156, 201).

Lee et al. (201) retrospectively studied 45 patients
with ICPi-related thyroid dysfunction at a single in-
stitution, focusing on the natural history of ICPi-
related thyroid dysfunction. These patients were
treated with anti-PD-1 monotherapy (nivolumab or
pembrolizumab) or combination ipilimumab-nivolumab
therapy. Thyrotoxicosis was the initial presentation in
78% (35/45) of patients, whereas hypothyroidism was the
initial presentation in the remaining 22% (10/45) of
patients. Of the 35 patients who presented with thyro-
toxicosis, 80% (28/35) subsequently developed hypo-
thyroidism. For patients with thyrotoxicosis, the median
time to onset was 21 days (range, 7 to 64 days) in the
combination ipilimumab-nivolumab group and 47 days
(range, 14 to 447 days) in the anti-PD-1 monotherapy
group. For patients with hypothyroidism, the median
time to onset was longer than that for thyrotoxicosis:
63 days (range, 24 to 141 days) in the combination
ipilimumab-nivolumab group and 70 days (range, 27 to
475 days) in the anti-PD-1 monotherapy group. Four
studies have examined the time from onset of ICPi-
related thyrotoxicosis to resolution of thyrotoxicosis or
evolution to hypothyroidism; all found the median time
course for this was on the order of ~4 to 7 weeks (75, 196,
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201, 207). A shorter time to onset of thyrotoxicosis,
longer time to onset of hypothyroidism, and conversion
of thyrotoxicosis to hypothyroidism support destructive
thyroiditis as the underlying process in ICPi-related
thyroid dysfunction.

Numerous other studies have found a similar
common pattern of transient overt or subclinical
thyrotoxicosis followed by euthyroidism or hypothy-
roidism in patients receiving ICPi therapy (75, 156,
196, 200, 204-208, 210, 211). De Filette et al. (204)
studied 99 patients with melanoma treated with
pembrolizumab and found that 17 (17.2%) developed
thyroid dysfunction during the study period. Twelve
patients (12.1% of total patients studied) developed
thyrotoxicosis (3 of grade 1, 8 of grade 2, and 1 of grade
3); in 9 of these 12, initial thyrotoxicosis later pro-
gressed to hypothyroidism. Six patients (6.1% of total
patients studied) developed isolated hypothyroidism.
Of the 15 total patients who developed hypothy-
roidism, 3 were of grade 1 and 12 were of grade 2. Of
note, of the 99 patients studied, 76 (76.8%) had re-
ceived prior treatment with ipilimumab; of the 17
patients who developed thyroid dysfunction, 15
(88.2%) had received prior treatment with ipilimumab.

Many patients who develop overt hypothyroidism
as a result of ICPi therapy will require levothyroxine
replacement. In patients who developed overt hypo-
thyroidism, levothyroxine was initiated in 12/12 pa-
tients (196), 10/15 patients (204), 10/10 patients (208),
8/10 patients (211), 7/10 patients (200), 6/6 patients
(209), and 3/5 patients (212).

ICPi-related Graves disease

As emphasized earlier, the vast majority of ICPi-
related thyrotoxicosis is transient and is likely
caused by a destructive thyroiditis leading to release of
preformed thyroid hormone. ICPi-related Graves
disease with persistent stimulation of endogenous
thyroid hormone production appears to be extremely
rare but has been reported. Specifically, two cases of
Graves disease have been reported in patients being
treated with anti-CTLA-4 therapy. Azmat ef al. (213)
described a case of ipilimumab-related Graves disease
in a 67-year-old man with metastatic melanoma
treated with ipilimumab. After the second dose of
ipilimumab, the patient developed clinical and bio-
chemical hyperthyroidism, with a suppressed TSH,
elevated free T3, elevated free T4, and elevated
thyroid-stimulating immunoglobulin (TSI). An I-123
scan showed diffuse homogeneous thyroid uptake that
was elevated at 6 and 24 hours, consistent with Graves
disease. Antithyroid drug therapy with methimazole
was started with restoration of normal free T3 and free
T4 levels, and ipilimumab was able to be restarted. The
patient later underwent a left neck dissection for re-
sidual metastatic melanoma along with total thy-
roidectomy; thyroid pathology revealed nodular and
papillary hyperplasia of the thyroid consistent with
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Table 4. Summary of Findings From Three of the Largest Studies of ICPi-Related Thyroid Dysfunction

Study

Total number of patients treated with
ICPi therapy

ICPi therapy
Ipilimumab monotherapy

Nivolumab or pembrolizumab
monotherapy

Combination ipilimumab-anti-PD-1
(nivolumab or pembrolizumab)

Malignancy

Exclusions

Of total patients treated with ICPi
therapy, patients who developed
any ICPi-related thyroid dysfunction

Ipilimumab monotherapy

Nivolumab or pembrolizumab
monotherapy

Combination ipilimumab-anti-PD-1
(nivolumab or pembrolizumab)

Thyroid dysfunction reported

38 Chang et al

Morganstein et al. (200)

190

126/190 (66%)

46/190 (24%)

18/190 (9%)

Melanoma

Patients with hypopituitarism, with
abnormal baseline TFTs, or without
baseline TFTs available.

56/190 (29%)

29/126 (23%)

18/46 (39%)

9/18 (50%)

Of the 56 patients who developed
thyroid dysfunction, patients who
developed specific types of thyroid
dysfunction:

- Primary hypothyroidism: 11/56 (20%).

- Subclinical hypothyroidism: 15/56
(27%).

- Subclinical hyperthyroidism: 30/56
(54%).

Immune Checkpoint Inhibitor-Related Endocrinopathy

Lee et al. (201)

n/a“

0/45 (0%)

18/45 (40%)

27/45 (60%)

Melanoma (64%), breast cancer (11%);
remainder were ovarian cancer,
bladder cancer, leiomyosarcoma,
esophageal cancer, gastric cancer,
RCC, anal cancer, brain GBM

n/a

n/a

n/a’

n/a“

n/a“

Of the 45 patients who developed
thyroid dysfunction, patients who
presented with specific types of
thyroid dysfunction at initial
presentation:

- Hypothyroidism as the initial
presentation of thyroid dysfunction:
10/45 (22%).

- Thyrotoxicosis as the initial
presentation of thyroid dysfunction:
35/45 (78%). 28/35 (80%)
subsequently developed
hypothyroidism.

Scott et al. (196)

177

15/177 (8%)

103/177 (58%)

59/177 (33%)

Melanoma

Patients who received sequential
ipilimumab and then anti-PD-1
therapy (or vice versa).

24177 (14%)

2/15 (13%)

9/103 (9%)

13/59 (22%)

Of the 24 patients who developed
thyroid dysfunction, 21 (88%) were
frankly or subclinically hyperthyroid
at diagnosis. This evolved to the
following:

- Hypothyroidism: 9

- Euthyroidism: 9

- Subclinical hyperthyroidism: 2

- Frank hyperthyroidism: 1 (but the
follow-up time for this patient was
only 12 d).

(Continued )
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Table 4. Continued
Study

Timeframes for ipilimumab-related
thyroid dysfunction

Timeframes for nivolumab- or
pembrolizumab-related thyroid
dysfunction

Timeframes for combination
ipilimumab+anti-PD-1
(nivolumab or pembrolizumab)-
related thyroid dysfunction

TPO Ab testing (patients with positive
TPO Ab/total number of patients
who both developed ICPi-related
thyroid dysfunction and had TPO
Ab measured)”

Thyroid disorder treatment and ICPi
management

Morganstein et al. (200)

Median time from first ICPi dose to first
abnormal TSH in patients who
developed primary hypothyroidism
(1/126): 63 d.

Median time from first ICPi dose to first
abnormal TSH in patients who
developed subclinical hypothyroidism
(8/126): 65 d (range, 26-90 d).

Median time from first ICPi dose to first
abnormal TSH in patients who
developed subclinical hyperthyroidism:
50 d (range, 36-111 d).

Median time from first ICPi dose to first
abnormal TSH in patients who
developed primary hypothyroidism
(6/46 patients): 32 d (range, 25-57 d).
Median time from first ICPi dose to
peak TSH was 81 d (range, 58—107 d).

Median time from first ICPi dose to first
abnormal TSH in patients who
developed subclinical hypothyroidism
(6/46 patients): 66 d (range, 38-74 d).

Median time from first ICPi dose to first
abnormal TSH in patients who
developed subclinical hyperthyroidism
(6/46 patients): 57 d (range, 25-127 d).
Median time from first ICPi dose to
nadir TSH was 64 d (range, 28-197 d).

n/a

4/5 (80%)

Of 10 total patients who developed
hypothyroidism, six needed
levothyroxine.

Abbreviations: GBM, glioblastoma multiforme; RCC, renal cell carcinoma.
dLee et al. (201) studied only patients who developed ICPi-related thyroid dysfunction and did not study patients who were treated with ICPi therapy but did not develop thyroid

dysfunction.

Lee et al. (201) Scott et al. (196)

n/a Median time from first ICPi dose to
thyroid dysfunction: 123 % 122 d

Median time from first ICPi dose to
thyroid dysfunction: 65 = 190 d

Median time from first ICPi dose to
onset of thyrotoxicosis: 47 d (range,
14-447 d).

Median time from onset of
thyrotoxicosis to hypothyroidism (for
those on nivolumab or pembrolizumab
monotherapy to hypothyroidism):
42 d (range, 21-169 d).

Median time to resolution of thyroid
dysfunction (in the nine patients
whose thyroid dysfunction resolved):
33+ 77d

Median time from first ICPi dose to
hypothyroidism: 70 d (range, 27-475 d).

Median time from first dose of
combination ICPi therapy to thyroid
dysfunction: 30 = 113 d

Median time from first ICPi dose to
thyrotoxicosis: 21 d (7-64 d).

Median time from onset of
thyrotoxicosis to hypothyroidism (for
those on combination ipilimumab-
nivolumab therapy): 42 d (range,
17-77 d).

Median time to resolution of thyroid
dysfunction (in the nine patients
whose thyroid dysfunction resolved):
91 + 108 d

Median time from first ICPi dose to
hypothyroidism: 63 d (range, 24141 d).

6/11 (54%) 517 (71%)

No patient recovered from
hypothyroidism during the study
period.

Twelve patients developed
hypothyroidism and required thyroid
replacement, including nine of those
who initially presented with
hyperthyroidism.

bTPO Ab levels were not checked in all patients in Morganstein et al. (200) and Lee et al. (201).

doi: 10.1210/er.2018-00006
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Graves disease. Gan et al. (214) described a case of
Graves disease in a 55-year-old man with metastatic
melanoma treated with 8 years of tremelimumab
therapy. The patient reported several months of un-
intentional weight loss and was found to have a
suppressed TSH, elevated free T3, elevated free T4, and
elevated antithyroperoxidase antibody (TPO Ab)
levels and antithyrotropin receptor antibody (TRAD)
levels that persisted for several months. He was
diagnosed with Graves disease and treated with an-
tithyroid drug therapy with carbimazole with si-
multaneous thyroid hormone replacement with
levothyroxine (“block and replace therapy”), which was
withdrawn after 12 months. He remained euthyroid
thereafter and was able to restart tremelimumab
treatment. In addition to Graves hyperthyroidism, we
have reported a patient with ipilimumab-related
Graves ophthalmopathy (215). She was euthyroid at
initial presentation but developed hyperthyroidism
4 years after ipilimumab treatment.

Pathophysiology of ICPi-related primary

thyroid dysfunction

As previously discussed earlier, CTLA-4 is a major
susceptibility gene for AITD, including Graves disease
and Hashimoto thyroiditis. Whether polymorphisms
in these genes may play a role in susceptibility to ICPi-
related thyroid dysfunction is unclear.

Two studies used flow cytometric analysis to ex-
amine immune cell populations in patients with ICPi-
related thyroid dysfunction. Delivanis et al. (207)
performed flow cytometric analysis in three groups:
healthy volunteers, patients with autoimmune thy-
roiditis, and patients with pembrolizumab-induced
thyroiditis. More circulating CD56+CD16+ natural
killer cells and an elevated HLA DR surface expres-
sion in the inflammatory intermediate CD14+CD16+
monocytes were observed in patients who developed
pembrolizumab-related thyroiditis. The same study
also compared PD-1 levels on peripheral T-cells in the
three groups. PD-1 levels were not detectable on the
surface of T-cells from patients with pembrolizumab-
induced thyroiditis; in contrast, PD-1 expression on
T-cells were similar between healthy volunteers and
patients with autoimmune thyroiditis. This supports
the hypothesis that immune-mediated thyroid dys-
function in pembrolizumab-induced thyroiditis may
differ from that in autoimmune thyroiditis.

Torimoto et al. (216) performed flow cytometric
analysis of peripheral blood lymphocytes in a patient
who developed nivolumab-related hypothyroidism.
Analysis of blood samples at baseline and 2 weeks after
nivolumab showed a marked increase in the pro-
portion of follicular helper T (Tth) cells, from 0.9% at
baseline to 3.1% 2 weeks after nivolumab, followed
by a decrease to 1.2% at 4 months after treatment. At
baseline, the patient was euthyroid but was positive for
TPO Ab and anti-TgAb. After nivolumab, titers of

Chang et al Immune Checkpoint Inhibitor-Related Endocrinopathy

both antibodies increased and marked hypothyroid-
ism requiring long-term levothyroxine developed,
along with new ultrasonographic evidence of thyroid
atrophy and hypoechogenicity. Tth cells express PD-1
and play a role in B-cell maturation and activation and
in antibody production. Torimoto et al (216) hy-
pothesized that anti-PD-1 treatment led to suppres-
sion of PD-1/PD-L1 inhibitory signals in Tth cells,
which may have enhanced Tth cell proliferation
and contributed to development of hypothyroidism.
Corroborating this hypothesis, increased percentages
of circulating Tth cells were found in patients with
AITD, which correlated with higher serum concen-
trations of TPO Ab, and TgAb, and TRAb in patients
with Graves disease and Hashimoto thyroiditis (217).

Thyroid autoantibodies as potential biomarkers
for ICPi-related primary thyroid dysfunction

TPO Ab and TgAb

Studies have found that the prevalence of elevated
titers of TPO Ab and/or TgAb in the general pop-
ulation ranges from 10.4% to 18.8%, with a twofold or
higher prevalence in women compared with men
(218-222). TPO Ab and TgAb have been found to
be elevated in many cases of ICPi-related thyroid
dysfunction (75, 196, 200, 201, 204-207, 209-212).
Whether thyroid autoantibodies play a causal role in
the pathogenesis of ICPi-related thyroid dysfunction
and whether elevated thyroid autoantibody levels at
baseline increase the risk for development of ICPi-
related thyroid dysfunction remain unclear. Many
patients who develop ICPi-related thyroid dysfunction
do not have elevated titers of thyroid autoantibodies at
the time of abnormal TFTs, suggesting TPO Ab and
TgAD are not necessary for the development of ICPi-
related thyroid dysfunction. It is possible that either
the pathogenesis of ICPi-related thyroid dysfunction
may not be due to thyroid autoantibodies or that other
thyroid autoantibodies that are not being measured
may be contributing to the pathogenesis. TPO Ab and
TgAb may be present at baseline prior to or may
develop after ICPi initiation (204, 205, 207, 208, 212).
The development of elevated thyroid autoantibody
levels after ICPi initiation does not guarantee the
development of overt thyroid dysfunction (208). It is
possible, for example, that the development of elevated
thyroid autoantibody levels after ICPi initiation may
be the result of a humoral response to the exposure of
thyroid antigens caused by a destructive thyroiditis
(156).

Elevated baseline TPO Ab and TgAb levels may
be a risk factor for ICPi-related thyroid dysfunction,
although more research is needed to confirm this.
Maekura et al. (212) studied the utility of baseline TPO
Ab and TgAD levels in predicting the development of
nivolumab-induced hypothyroidism. Baseline TPO
Ab and TgAb levels were measured in 53 patients
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treated with nivolumab for nonsmall cell lung cancer
(NSCLC). Of nine patients who had positive TPO Ab
at baseline, 4/9 (44%) went on to develop ICPi-related
hypothyroidism; of 44 patients who had negative TPO
Ab at baseline, 1/44 (2%) went on to develop ICPi-
related hypothyroidism. For TgAb, of nine patients
who had positive TgAb at baseline, 5/9 (56%) went on
to develop ICPi-related hypothyroidism; of 44 patients
who had negative TgAD at baseline, 0/44 went on to
develop ICPi-related hypothyroidism.

Osorio et al. (208) measured TPO Ab and TgAb
levels at baseline and during treatment with pem-
brolizumab (208). These levels were measured before
cycle 1, before cycle 2, and every other cycle thereafter
in 48 patients treated with pembrolizumab for mel-
anoma. Thyroid dysfunction was defined as at least
two consecutive abnormal TSH levels, ultimately re-
quiring treatment. Eleven of 48 patients studied (23%)
had positive TPO Ab and/or TgAb, four of whom had
positive antibody levels present at baseline and seven
of whom developed positive thyroid autoantibody
levels during pembrolizumab treatment. TPO Ab and/
or TgAb was positive in 8/10 patients who developed
thyroid dysfunction vs 3/38 patients who did not (80%
vs 8%, P < 0.0001). This study suggests that the de-
velopment of positive thyroid autoantibodies after the
initiation of ICPi therapy is associated with higher
risks for ICPi-induced thyroid dysfunction. However,
because TSH and free T4 are routinely checked as part
of monitoring with ICPi therapy, regularly assessing
posttreatment thyroid autoantibody levels in patients
being treated with ICPi therapy would likely not fa-
cilitate the diagnosis of ICPi-related thyroid dys-
tunction, while increasing costs.

TRAb

TRAb, including TSI and thyrotropin binding in-
hibitory immunoglobulin, have been measured in
several case studies of ICPi-related thyroid dysfunction
and have been negative in the vast majority of patients
studied (75, 201, 204, 206, 207, 209-211). A single case
series found a relatively high prevalence of elevated
TSI [5/8 patients (63%) at time of initial thyroid
dysfunction]; of note, the TSI elevations were mild,
and none of these patients remained hyperthyroid
(211). The findings raise the possibility of coexistence
of destructive thyroiditis with Graves disease in some
patients with ICPi-related thyroid dysfunction. Loss of
thyroid function from destructive thyroiditis may have
abolished the stimulatory effect of TSI on the thyroid.

Clinical and biochemical manifestations of
ICPi-related primary thyroid dysfunction

Thyrotoxicosis

The symptoms of ICPi-related thyrotoxicosis are
usually mild and nonspecific. Fatigue, weight loss, and
palpitations are the most common symptoms reported

doi: 10.1210/er.2018-00006

by patients who develop ICPi-related thyrotoxicosis
(201, 209). Additional clinical manifestations of thy-
rotoxicosis include heat intolerance, tremulousness,
tremor, anxiety, and increased frequency of bowel
movements (hyperdefecation). Physical examination
may reveal tachycardia, warm smooth skin, lid lag, and
brisk deep tendon reflexes. Atrial fibrillation may be
seen, especially in older patients. Most cases of ICPi-
related thyrotoxicosis are mild to moderate (i.c., grade
1 and 2); in a meta-analysis of 37 RCTs of comprising a
total of 7531 patients treated with ICPi, only seven
cases of grade 3 or higher hyperthyroidism (0.10% of
total patients; 3.6% of patients who developed hy-
perthyroidism) were reported (3). Rarely, ICPis can
cause life-threatening thyroid storm due to severe
thyrotoxicosis, which may manifest with hyperpyrexia
and shock (223, 224).

Hypothyroidism

As is true of many cases of ICPi-related thyrotoxicosis,
the symptoms of ICPi-related hypothyroidism are
often mild and nonspecific. Fatigue and weight gain
are the most common symptoms reported by patients
who develop ICPi-related hypothyroidism (156, 201,
209). Additional clinical manifestations of hypothy-
roidism include cold intolerance, constipation, and dry
skin. Physical examination may reveal bradycardia, dry
coarse skin, facial puffiness, periorbital edema, tongue
swelling, and delayed relaxation of deep tendon reflexes.
Most cases of ICPi-related hypothyroidism are mild to
moderate (i.e, grade 1 and 2); in a meta-analysis of 38
RCTs comprising a total of 7551 patients treated with
ICPis, only nine cases of grade 3 or higher hypothy-
roidism were reported (0.12% of total patients; 1.9% of
patients who developed hypothyroidism) (3). However,
severe untreated hypothyroidism resulting in myxedema
coma, characterized by decreased mental status and often
hypothermia, has been reported with ICPi therapy (225).

Management of ICPi-related primary
thyroid dysfunction
Given the prevalence of ICPi-related thyroid dys-
function and the rapid time course during which
ICPi-related thyroid dysfunction may develop, we
recommend regular monitoring of TFTs. In particular,
we recommend measuring a baseline TSH and free T4
prior to ICPi initiation, as well as before each infusion
for at least five cycles. Moreover, given that many
symptoms of thyroid dystunction (such as fatigue and
changes in bowel movements) are fairly nonspecific
and have a large overlap with symptoms commonly
experienced in patients with malignancy, we recom-
mend that providers consider checking a TSH and free
T4 in any patient who is receiving or has received ICPi
therapy who reports such symptoms.

Of note, it is important to differentiate between
primary and secondary (central) hypothyroidism, be-
cause central hypothyroidism should prompt concern
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for hypophysitis and trigger further assessment for
deficiencies in other anterior pituitary axes, particularly
central adrenal insufficiency. Untreated adrenal in-
sufficiency can be life-threatening if not promptly
managed. In addition, it is critical that patients with
concurrent hypothyroidism and adrenal insufficiency
receive corticosteroid replacement prior to thyroid
hormone replacement as initiation of thyroid hormone
replacement in the setting of untreated adrenal in-
sufficiency may precipitate adrenal crisis, as discussed
earlier in this review. Primary hypothyroidism is
characterized by an elevated TSH and a low free T4,
whereas central hypothyroidism is characterized by a
low free T4 with an inappropriately low or normal.

Thyrotoxicosis
Overt thyrotoxicosis is characterized by a low TSH and
an elevated free T4. Subclinical thyrotoxicosis is char-
acterized by a low TSH and a free T4 within reference
range. Of note, a low TSH and a free T4 within reference
range may also be consistent with central hypothy-
roidism and should raise the possibility of pituitary
dysfunction due to hypophysitis. In such cases, the
clinical context should be considered. Measurement of a
T3 level may be helpful; if elevated, this is more
suggestive of thyrotoxicosis. If central hypothyroidism
due to hypophysitis is suspected, measurement of cortisol
should be considered to assess for adrenal insufficiency.
Overt thyrotoxicosis is typically mild and can be
managed supportively in most cases (201, 204). Beta-
blockers (for example, with propranolol 10 to 30 mg
PO three times a day as needed or atenolol 25 to 50 mg
PO once daily as needed for pulse >100 beats per
minute) can be used for management of symptoms
mediated by increased beta-adrenergic tone such as
tachycardia, palpitations, tremulousness, anxiety, and
heat intolerance and should be discontinued after
thyrotoxicosis resolves. There has been no systematic
study regarding the impact of corticosteroids on the
outcome of ICPi-related thyroid dysfunction. We do
not routinely use high-dose corticosteroids to treat
ICPi-related thyrotoxicosis in our own practice,
but in patients with severe thyrotoxicosis or elderly
patients with cardiovascular comorbidities, high-
dose systemic corticosteroids can be considered.
We do not use antithyroid drugs in the treatment of
ICPi-related thyrotoxicosis unless Graves disease is
diagnosed, because the etiology underlying ICPi-
related thyrotoxicosis is thyroiditis, not increased
thyroid hormone synthesis. For patients with ICPi-
related thyrotoxicosis, both overt and subclinical, we
recommend serial monitoring of TSH and free T4
every 2 to 3 weeks because ICPi-related thyro-
toxicosis may rapidly progress to hypothyroidism, as
demonstrated by two patients treated with nivolu-
mab who developed ICPi-related thyroid dysfunc-
tion whose TSH increased from normal to >s0
within 4 weeks (210).
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Hypothyroidism

Overt hypothyroidism is characterized by an elevated
TSH and a low free T4. Subclinical hypothyroidism is
characterized by an elevated TSH and a free T4 within
reference range. If overt ICPi-related hypothyroidism
develops, we recommend initiating thyroid hormone
replacement with levothyroxine at a dose of 0.8 pg/kg
daily in young patients without a history of cardio-
vascular disease. Our rationale behind this starting
dose is discussed earlier. We also recommend consid-
ering levothyroxine initiation in patients with subclinical
hypothyroidism whose TSH is = 10 mIU/L (226). We
recommend repeating TSH and free T4 measurements
4 to 6 weeks after levothyroxine initiation and titrating
levothyroxine further based on these results. For pa-
tients with known coronary heart disease, we recom-
mend initiating levothyroxine at a lower dose (e.g., 12.5
to 25 pg PO daily), repeating TSH and free T4 mea-
surements 4 to 6 weeks after levothyroxine initiation,
and titrating the dose accordingly based on symptoms
and TFTs (166). Also, for older patients (such as those
over 65 years), it may be reasonable to start levothyr-
oxine at a lower dose, monitor TFT's more frequently,
and aim for a higher TSH goal of 4 to 6 mIU/L, given
that (1) older patients are more susceptible to adverse
effects of thyroid hormone overreplacement such as
atrial fibrillation and osteoporotic fractures, (2) levo-
thyroxine doses needed to normalize serum TSH are
generally lower in older individuals compared with
younger individuals, and (3) normal serum TSH ranges
are higher in older populations (166).

Preexisting hypothyroidism

Patients with preexisting hypothyroidism who are
being treated with ICPi therapy should continue to
have their TFTs closely monitored, as thyroid hor-
mone replacement requirements may change after
initiation of ICPi therapy. One study found that in
three patients with preexisting hypothyroidism on
levothyroxine treatment, severe hypothyroidism de-
veloped after initiation of pembrolizumab that was not
attributable to colitis or medications that increase
hepatic metabolism of levothyroxine, requiring a
doubling of levothyroxine dosing (207). Two other
studies also describe patients with preexisting hypo-
thyroidism who eventually required levothyroxine
dose increases after ICPi initiation (75, 208). Transient
thyrotoxicosis may also occur in these patients (201).

Thyroid autoantibodies and thyroid imaging

Given that the vast majority of cases of thyrotoxicosis
resolve spontaneously or convert to hypothyroidism
and are not associated with Graves disease, routine
measurement of thyroid autoantibodies, including
TPO ADb, TgAb, and TRAb (including TSI and thy-
rotropin binding inhibitory immunoglobulin), has not
been demonstrated to be helpful. Similarly, thyroid
imaging is of limited value. Thyroid ultrasound may
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show variable findings or findings consistent with
thyroiditis, such as a heterogeneous echotexture or dif-
fuse hypoechogenicity (210, 211). Radioactive iodine or
technetium-g99m pertechnetate uptake typically shows
decreased uptake consistent with thyroiditis (200, 201,
207, 211). Of note, many patients receiving ICPi
therapy undergo frequent CT studies with iodine-based
contrast enhancement, and exposure to iodine-based
contrast decreases radioiodine uptake and limits the
reliability of thyroid radioiodine uptake testing.

Measuring TSI and considering thyroid radio-
iodine uptake testing (provided the patient has not had
recent iodine exposure for at least 1 month) may be
helpful in unique cases of ICPi-related thyrotoxicosis
in which a reasonable suspicion for Graves disease
exists (such as the presence of a goiter, Graves
orbitopathy, or persistent thyrotoxicosis).

18-fluorodeoxyglucose-positron emission tomog-
raphy/CT (**FDG-PET/CT) studies in patients with
ICPi-related thyroid dysfunction may show diffuse in-
creased uptake of **FDG consistent with an inflammatory
thyroiditis (204, 207, 210). Given that this finding may be
an early sign of thyroid dysfunction, we recommend that
all patients with diffuse increased thyroid uptake of *FDG
have a TSH and free T4 level checked.

ICPi continuation in the setting of thyroid
dysfunction and use of corticosteroids in
ICPi-induced thyroiditis

In the vast majority of cases of ICPi-related thyroid
dysfunction, ICPi therapy was able to be continued
without interruption. Accordingly, because ICPi-related
thyroid dysfunction is a manageable condition with
proper monitoring and treatment, ICPi therapy need
not be discontinued in most mild to moderate cases of
thyroid dysfunction. As discussed above, there has been
no systematic study regarding the impact of high-dose
corticosteroids on the outcome of ICPi-induced thyroid
disorders. In our practice, we do not routinely use high-
dose corticosteroids in patients who developed ICPi-
related thyroid dysfunction.

ICPi-Related DM
Epidemiology of ICPi-related DM

ICPi type

ICPi-related DM is a rare but potentially life-
threatening irAE due to ICPi therapy (Box 7).
Nearly all cases of ICPi-related DM reported have
been due to anti-PD-1 therapy. Several cases of DM
related to anti-PD-L1 therapy have been reported as
well; three cases have been reported in patients treated
with atezolizumab (227-229), one case has been re-
ported in a patient treated with durvalumab (229), and
one case has been reported in a patient treated with
combination avelumab and utomilumab, a mADb that
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BOX 7. Key points of ICPi-related DM

ICPi-related DM is a rare but potentially life-threatening ICPi-related irAE.

Most cases of ICPi-related DM are due to anti-PD-1 or anti-PD-L1 therapy; ICPi-
related DM due to anti-CTLA-4 therapy is rare.

ICPi-related DM is characterized by (1) rapid onset of hyperglycemia, (2) swift
progression of endogenous insulin deficiency, and (3) high risk of diabetic ketoa-
cidosis (DKA) if not detected and treated promptly with insulin therapy.

Patients who are receiving ICPi therapy and their families should receive counseling

on symptoms and signs of hyperglycemia and DKA.

e DKA is a life-threatening complication of ICPi-related DM. Early detection of new-
onset hyperglycemia and prompt initiation of insulin therapy and fluid resuscitation

can prevent progression to DKA.

e |CPi-related DM appears to result in complete destruction of insulin secretory
capacity and a need for long-term insulin. Multidose insulin treatment with basal-

bolus insulin is the mainstay of treatment.

binds to the protein receptor 4-1BB (CD137) (230).
One additional case was reported in a patient on an
unspecified anti-PD-L1 therapy (231). ICPi-related
DM appears to be extremely rare with anti-CTLA-4
monotherapy; only two cases have been reported with
development of ICPi-related DM on anti-CTLA-4
monotherapy (232, 233).

On review of the literature, we found 46 cases of
ICPi-related DM for which clinical and diagnostic
details were described. A summary of these reports is
found in Table 5 and Table 6.

Demographics

Median age at presentation was 63 years old (range, 31
to 84 years old). For the 46 cases in which sex was
available, 20 were women (43%). ICPi-related DM has
been reported in white (230, 234, 242, 251, 255, 258),
African-American (236, 241), Japanese (202, 243,
245-247), and Korean (252) patients. Of note, clinical
studies and use of ICPi therapy are limited to several
countries, which may contribute to differences in
ethnicities that have been reported.

Natural history of ICPi-related DM

ICPi-related DM is characterized by several important
features: (1) rapid onset of hyperglycemia, (2) swift
progression of endogenous insulin deficiency, and (3)
high risk of DKA if not detected and treated promptly
with insulin therapy.

Doses of ICPi/time course

ICPi-related DM has been reported to occur as early as
after a single dose of ICPi therapy (211, 237, 247) to as
late as after 17 doses of ICPi therapy (239, 259). The
time from initiation of anti-PD-1 or anti-PD-L1
therapy to presentation of ICPi-related DM ranged
from 1 week (238) to 12 months (245, 259) (Table 6).
The median number of doses of anti-PD-1/PD-L1
inhibitor therapy given prior to initial presentation of
ICPi-related DM was four doses, on review of cases in
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Table 5. Summary of Features of ICPi-Related DM in Case Reports
Feature

Median age at onset of ICPi-related DM

Range of age at onset of ICPi-related DM

Sex

Race/ethnicity

Number of patients on each type of ICPi
Anti-PD-1 therapy
Nivolumab (total)
Monotherapy
With concurrent ipilimumab
With prior ipilimumab
Pembrolizumab (total)
Monotherapy
With concurrent ipilimumab
With prior ipilimumab
Unspecified anti-PD-1 agent
Anti-PD-L1 therapy
Atezolizumab
Durvalumab
Avelumab (with concurrent utomilumab)
Unspecified anti-PD-L1 therapy
Anti-CTLA-4 therapy
Ipilimumab monotherapy

Median number of doses from first dose of anti-PD-1/PD-L1 therapy to ICPi-related
DM presentation (range in parentheses)

Range of time from first dose of PD-1/PD-L1 therapy to ICPi-related DM presentation
Presentation of ICPi-related DM

DKA (including initial hyperglycemia closely followed by DKA)

Hyperglycemia without concurrent or subsequent reported DKA

Median glucose at presentation (range in parentheses)

Median HbAc at presentation (range in parentheses)
Autoimmune DM antibody positivity

GAD (glutamic acid decarboxylase)

IA2 (islet antigen 2)

Insulin (IAA)

Islet cell

Zinc transporter 8 (ZnT8)

Findings

63y old

31-84 y old

20/46 (43%) female, 26/46 (57%) male

Reported in white, African-American,
Japanese, and Korean populations

39

23

1
1

3 doses (1-17 doses)

1wk to 12 mo

32/45 (71%)
13/45 (29%)
580 mg/dL (247-1015 mg/dL)

7.6% (5.8%-10.7%)

22/44 (50%)
3/20 (15%)
3/19 (16%)
2/20 (10%)

1/8 (13%)
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which this information was available. In the single case
report of DM related to ipilimumab monotherapy for
which clinical information was available, DM de-
veloped after three doses of ipilimumab (233).

Patients with ICPi-related DM tend to have he-
moglobin A1c (HbA1c) levels that are relatively low
for the degree of hyperglycemia at presentation,
reflecting the marked rapidity of progression of
hyperglycemia. Median HbA1c at time of pre-
sentation of ICPi-related DM was 7.6% in the
37 cases in which a HbA1c at or close to the time of
presentation was reported, compared with a median
glucose on presentation of 580 mg/dL in the 38 cases
in which a glucose on presentation was reported
(Table 6).

Risk of DKA

In 32 of 45 cases (71%) of ICPi-related DM in which
the clinical presentation was described, the develop-
ment of DKA led to the diagnosis of ICPi-related DM
(Table 6), reflecting the high risk of DKA and the rapid
onset of endogenous insulin deficiency in cases of
ICPi-related DM.

Similarities to fulminant T1DM

ICPi-related DM shares many clinical features with
fulminant T1DM, a subtype of T1DM first described
in Japan (262). Fulminant T1DM is characterized by
the rapid onset of hyperglycemia with ketoacidosis,
near-normal HbA1c levels despite marked hypergly-
cemia, and an absence of insulin secretion even at
disease onset. In 2012, the Japan Diabetes Society
published revised criteria for the diagnosis of fulmi-
nant TiDM (263). Specifically, fulminant T1DM is
confirmed when all three of the following findings are
present: (1) occurrence of diabetic ketosis or ketoa-
cidosis soon (~7 days) after the onset of hyperglycemic
symptoms (elevation of urinary and/or serum ketones
at first visit), (2) plasma glucose = 288 mg/dL and
HbA1c < 8.7% at first visit, and (3) urinary C-peptide
excretion < 10 pg/d or fasting serum C-peptide
level < 0.3 ng/mL and serum C-peptide < 0.5 ng/mL
after IV glucagon (or after a meal) at onset. Whether
fulminant TiDM and ICPi-related DM share un-
derlying pathophysiologic mechanisms remains to be
determined.

Of note, several findings that are relatively com-
mon in many cases of fulminant T1DM do not appear
to be common in ICPi-related DM. In particular, islet
autoantibodies are generally undetectable in fulminant
T1DM but were found in 50% of the case reports
reviewed (Table 6). Moreover, elevation of serum
pancreatic enzyme levels (lipase, amylase, or elastase-1)
is observed in 98% of patients with fulminant T1DM
but was not seen in many cases of ICPi-related DM,
though pancreatic enzyme levels were not routinely
reported in the available case reports of ICPi-related
DM (263). Finally, flulike symptoms are commonly
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reported in fulminant T1DM but were uncommon in
reported cases of ICPi-related DM.

Pathophysiology of ICPi-related DM

Autoimmune DM antibodies

Whether autoimmune DM antibodies are involved in
the pathogenesis of ICPi-related DM or predict de-
velopment of ICPi-related DM remains unclear.
Autoimmune DM antibodies were positive in 22/44
(50%) of patients tested (Table 6). GAD autoantibodies
were positive in all patients for whom at least one
autoimmune DM antibody assayed was positive. Islet
antigen 2 (IA2), insulin (IAA), islet cell, and zinc
transporter 8 (ZnT8) autoantibodies have all been
found to be positive in at least one case of ICPi-related
DM (Table 6). However, elevated titers of these au-
toantibodies appear to be less prevalent than GAD, at
least at the time of diagnosis of ICPi-related DM, with
prevalences ranging between 10% and 15%, albeit for
small numbers of patients (Table 6).

In three case reports, blood samples obtained prior
to ICPi treatment initiation were tested for the
presence of autoimmune DM antibodies. In two of the
cases, autoantibodies were positive even prior to ICPi
initiation. Gauci et al. (235) reported a patient who
presented with DKA 6 weeks after starting nivolumab
whose blood at presentation was positive for GAD,
IA2, and ZnT8 autoantibodies. C-peptide was un-
detectable, indicating endogenous insulin deficiency
(235). Analysis of frozen serum obtained at the start of
and 3 months before starting nivolumab treatment
showed positivity for these three autoantibodies; in-
sulin, C-peptide, and glucose were normal at these
times. Godwin ef al. (236) described a patient who
presented with DKA 4 weeks after starting nivolumab
whose T1DM autoantibody profile after presentation
was positive for GAD autoantibodies, A2 autoanti-
bodies, and IAA (after exogenous insulin adminis-
tration). C-peptide was undetectable at presentation.
Analysis of frozen serum obtained 8 months prior to
the initiation of nivolumab was positive for GAD, 1Az,
and ZnT8 autoantibodies and negative for [A2 au-
toantibodies. ZnT8 autoantibodies were retested
13 months after development of DKA and had be-
come negative.

In contrast, Lowe et al. (249) reported a patient
who presented with DKA after three doses (40 days) of
combination ipilimumab-nivolumab treatment. Bio-
chemical testing during his hospitalization for DKA
revealed positive GAD autoantibodies and C-pep-
tide < 0.1 ng/mL. Analysis of frozen serum obtained
1 month prior to ICPi treatment initiation showed
negative GAD autoantibodies. In summary, these
studies indicate that in some patients who develop
ICPi-related DM, islet autoantibodies may be present
prior to ICPi-related DM, whereas in other patients
who develop ICPi-related DM, seroconversion may
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occur after the initiation of ICPi therapy. These reports
also indicate that baseline autoimmune DM antibody
testing may not be particularly useful as biomarkers to
predict individuals susceptible to ICPi-related DM.

HLA typing and CTLA-4, PD-1, and

PD-L1 polymorphisms

A strong genetic component underlies susceptibility to
developing T1DM (264). In particular, polymorphisms
in the genes that encode HLA class II genes on
chromosome 6p21 in the major histocompatibility
complex (MHC) confer the strongest genetic risk for
T1DM. The MHC region is estimated to account for
41% of the familial clustering of T1iDM (265). In a
number of cases of ICPi-related DM, HLA typing in
affected patients has revealed HLA types that confer
genetic susceptibility (202, 228, 243, 245, 247, 252,
261). Interestingly, an association with HLA DRB1*04:
05-DQB1*04:01 is reported with fulminant T1DM,
and this HLA type was found in two patients with
ICPi-related DM (245, 247).

Although specific CTLA-4, PD-1, and PD-L1 poly-
morphisms have been associated with increased sus-
ceptibility to development of T1DM, to the best of our
knowledge, these polymorphisms have not been studied
in patients who have developed ICPi-related DM.

Clinical, biochemical, and imaging manifestations
of ICPi-related DM

Clinical manifestations

Patients with ICPi-related DM may present with
symptoms and signs of hyperglycemia (e.g, polyuria,
polydipsia, and weight loss) or ketoacidosis (e.g., nausea,
vomiting, abdominal pain, hyperventilation/tachypnea,
lethargy, obtundation, seizure, or coma). Hyperglycemia
may be detected incidentally, especially given the fre-
quency with which laboratory tests such as plasma
glucose are obtained as part of routine monitoring for
patients being treated with ICPi therapy. Occasionally,
patients are asymptomatic, and incidental discovery of
new hyperglycemia is the primary indicator of ICPi-
related DM; in these cases, prompt recognition of
marked hyperglycemia and treatment with insulin can
prevent progression to DKA (202, 250).

HbA1c

HbA 1¢ (also called glycated Hb) provides a measure of
mean blood glucose over the prior 8 to 12 weeks. Hb in
new red blood cells is minimally glycated; as these red
blood cells circulate, glucose enters them freely and
becomes irreversibly attached to Hb. Thus, the level of
glycated Hb reflects the mean blood glucose con-
centration over the lifespan of the red blood cell.
HbA1c is commonly used as a screening test for
T2DM (266). HbA1c is elevated in most cases of
ICPi-related DM (Table 6). However, its sensitivity for
detecting ICPi-related DM may be somewhat limited,

doi: 10.1210/er.2018-00006

as emphasized above, given the rapid time course of
development of ICPi-related DM. Marked hypergly-
cemia in the setting of a normal or only mildly elevated
HbA1c should still raise suspicion for the development
of ICPi-related DM.

C-peptide

C-peptide is a widely used measure of endogenous
insulin secretion. Pancreatic B cells synthesize the
prohormone proinsulin, which is cleaved to produce
insulin and C-peptide in equimolar amounts. C-peptide
can be measured in the blood or urine to assess en-
dogenous insulin secretion and can be measured in
different contexts, including random, fasting, post-
prandial, after a mixed meal tolerance test, and after
glucagon stimulation (267). C-peptide measured in
various contexts in cases of ICPi-related DM has been
low in nearly all cases, consistent with substantial im-
pairment in endogenous insulin secretion. Specific cut-
offs for C-peptide levels have not been determined for
ICPi-related DM. Of note, because C-peptide is removed
by the kidneys, C-peptide levels need to be interpreted
with caution in the setting of renal dysfunction.

Pancreatic imaging

Pancreatic imaging has been described in a number
of patients with ICPi-related DM and has shown
marked abnormalities in some cases and un-
remarkable findings in other cases (202, 233, 234,
239, 244, 245, 252, 255, 256). CT, MR, or ultrasound
of the pancreas may show progressive pancreatic
atrophy, pancreatic enlargement, and findings
consistent with diffuse pancreatic inflammation.
However, pancreatic imaging may also be normal or
unremarkable. Pancreatic inflammation has also
been detected at the onset of non-ICPi-related
fulminant T1iDM (268).

Preexisting, concurrent, or subsequent
autoimmune disease/irAEs and DM

Most patients who developed ICPi-related DM had no
preexisting autoimmune disease prior to ICPi initiation.
Two had preexisting asthma (227, 261) and four had
preexisting AITD (including Graves disease) (235, 238,
251) prior to ICPi initiation. Only one case described a
family history of autoimmune DM, in which the patient
had two grandchildren with T1DM (255); in all other
cases reviewed, there was no family history of auto-
immune DM or family history was not described.

No personal history of prediabetes or diabetes was
noted in the large majority of cases. Preexisting prediabetes
was present in two cases (250, 253), preexisting T2DM not
treated with insulin was present in four cases (237, 238, 248,
257), and preexisting noninsulin-dependent pancreatic
diabetes was present in one case due to prior pan-
creaticoduodenectomy (243).

Several patients who developed ICPi-related DM
developed irAEs prior to, concurrent with, or subsequent

https://academic.oup.com/edrv
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to the development of ICPi-related DM. These included
endocrine irAEs such as hypophysitis (233, 242, 249, 260)
and thyroid dystunction (196, 237, 241, 249, 256, 257,
259), as well as nonendocrine irAEs such as pneumonitis
(240), skin rash (233, 249, 260), vitiligo or hair de-
pigmentation (240, 249, 259, 260), hepatitis (249), colitis
(249), and arthropathy (260).

Management of ICPi-related DM

Counseling on symptoms and signs of
hyperglycemia and ketoacidosis

Given the rarity but high morbidity and rapid onset of
ICPi-related DM, patients and their families should be
counseled on the symptoms and signs of hyperglycemia
and ketoacidosis prior to the onset of ICPi initiation,
particularly in patients who will be starting anti-PD-1
therapy. If patients report symptoms or signs of hy-
perglycemia (as described earlier), glucose levels should
be checked, and evaluation for ketoacidosis with serum
or urine ketones and an arterial or venous blood gas
should be considered.

Management of hyperglycemia

If new or worsening hyperglycemia is discovered on
routine laboratory monitoring, such as routine plasma
glucose levels drawn in the context of oncologic or other
medical care, the presence of DKA should be assessed
(e.g. with a basic metabolic panel to assess electrolytes,
bicarbonate, and anion gap, and measurement of serum
or urine ketones and an arterial or venous blood gas if
suspicion for DKA is high) and close monitoring of
glucose levels should be initiated. C-peptide measure-
ment in blood or urine may be helpful to assess en-
dogenous insulin production; low C-peptide levels
should prompt a high suspicion for ICPi-related DM,
and initiation of insulin therapy should be strongly

Table 7. Summary of Cases of ICPi-Related DM Treated With Systemic Corticosteroids

Study

Aleksova et al. (258)

Chae et al. (250)

Smith-Cohn et al. (255)

Lowe et al. (249)

52

Patient Description

and Malignancy Clinical Presentation

DKA after second dose of
pembrolizumab

60-y-old man with
melanoma

Steroids

Prednisone at 2 mg/kg for 3 d, then
1 mg/kg for 10 d, followed by a

considered. Inpatient admission for close glycemic
monitoring may be reasonable and has led to prompt
diagnosis of ICPi-related DM and avoidance of de-
velopment of DKA in several cases (202, 237). Urgent
referral to and clinical coordination with an endocri-
nologist is recommended.

Management of DKA

DKA should be managed with vigorous intravenous fluid
replacement, correction of electrolyte abnormalities, and
insulin therapy. Detailed recommendations for man-
agement of DKA are available elsewhere (269).

Long-term insulin needs

ICPi-related DM nearly invariably results in a long-term
need for insulin. In only one reported case of ICPi-related
DM was a patient able to discontinue insulin, 54 days after
initial presentation (259). Of note, this patient presented
with hyperglycemia but did not have reported DKA, and
C-peptide remained detectable on serial measurements
performed over several weeks following his diagnosis of
ICPi-related DM.

ICPi continuation

Given that DM is treatable and the need for insulin
therapy appears to be permanent in nearly all cases of
ICPi-related DM, ICPi therapy has been continued in
most cases of ICPi-related DM.

Systemic corticosteroid therapy

Similar to other endocrine irAEs and unlike many
nonendocrine irAEs, there does not appear to be a
role for corticosteroids in the treatment of ICPi-
related DM, although evidence for this remains
extremely limited. Four cases of ICPi-related DM
report trials of systemic corticosteroids; none was
successful in reversing the ICPi-related DM. These
cases are summarized in Table 7.

Outcome

Continued to require
insulin

weaning schedule for a total of
6 wk of treatment

76-y-old man with
lung adenocarcinoma

Asymptomatic hyperglycemia
after second dose of
pembrolizumab

DKA after ninth dose of
pembrolizumab

67-y-old woman with
cholangiocarcinoma

Prednisone 10 mg PO daily X25
d (of note, this was started 21
d after presentation of hyperglycemia)

Methylprednisolone 125 mg IV
once followed by prednisone 60 mg

Continued to require
insulin

Continued to require
insulin

PO daily, tapered over 2 wk

54-y-old man with
melanoma

DKA and secondary adrenal
insufficiency after third
dose of combination
ipilimumab-nivolumab

Chang et al

Methylprednisolone followed by
prednisone (doses not recorded; unclear
if these were replacement doses or
immunosuppressive doses)

Immune Checkpoint Inhibitor-Related Endocrinopathy

Continued to require
insulin
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ICPi-Related PAI

Introduction

ICPi therapy is a rare cause of PAI and has been
reported in a few cases (Box 8). It is important to keep
in mind that the differential diagnosis for adrenal in-
sufficiency in the setting of ICPi therapy and malig-
nancy includes several possibilities. Central adrenal
insufficiency can be caused by ICPi-related hypophysitis
or pituitary metastasis. PAI may be due to ICPi-related
PAL bilateral adrenal metastases, or bilateral adrenal
hemorrhage, leading to adrenocortical destruction and/
or impairment. Other causes of adrenal insufficiency
include infection, drugs, infiltrative disease, and syn-
dromic conditions and are summarized elsewhere (169,
198, 270). Central and PAI need to be distinguished
from one another, as PAI requires mineralocorticoid
replacement in addition to glucocorticoid replacement.
This is because in central adrenal insufficiency, the
adrenal zona glomerulosa, which synthesizes aldoste-
rone, remains intact, and mineralocorticoid production
is preserved. In contrast, in PAL the zona glomerulosa is
impaired, and mineralocorticoid deficiency typically
results. In central adrenal insufficiency, the zona fas-
ciculata, which synthesizes cortisol, undergoes atrophy
over the course of several weeks due to prolonged lack
of stimulation from ACTH. The zona glomerulosa
remains intact in central adrenal insufficiency because it
is primarily regulated by the renin-angiotensin system.

Incidence and epidemiology of ICPi-related PAI
PAl is a rare complication of ICPi therapy. Only a few
case reports describing ICPi-related PAI have been
published (271-274). The incidence of ICPi-related
PAI is difficult to estimate in part because many
clinical trials involving ICPi therapy report adrenal
insufficiency as an adverse event but do not specify
whether the adrenal insufficiency is primary or central
in etiology.

Pathophysiology of ICPi-related PAI

The pathogenesis of ICPi-related PAI is not well un-
derstood. Elevated levels of 21-hydroxylase and adrenal
cortex antibody titers were found in one patient who
developed pembrolizumab-related PAI (271). Whether
adrenal autoantibodies play a role in pathogenesis, pre-
diction, or prognosis of ICPi-related PAI remains unclear.

BOX 8. Key points regarding ICPi-related PAI

Clinical, biochemical, and imaging manifestations
of ICPi-related PAI

A summary of cases of ICPi-related PAI and adre-
nalitis reported in the literature for which clinical
information is available is shown in Table 8.

Clinical manifestations

Symptoms and signs of adrenal insufficiency are non-
specific and include fatigue, postural dizziness, ortho-
static hypotension, anorexia, weight loss, and abdominal
discomfort (198). Adrenal crisis is life-threatening and is
characterized by severe weakness, syncope, nausea,
vomiting, abdominal pain, confusion, altered mental
status, and delirium that can progress to shock and death
if untreated (198).

Biochemical manifestations

Hyponatremia and hyperkalemia are common in PAI
due to the presence of both glucocorticoid and min-
eralocorticoid deficiency; less commonly, hypoglycemia
and hypercalcemia can be seen (198).

Imaging manifestations

Abdominal imaging in ICPi-related PAI may show
evidence of adrenalitis, reflected in bilateral enlarged
adrenal glands with relatively smooth borders (Fig. 6).
Adrenal metastases should be considered in the differential
diagnosis of unilateral or bilateral adrenal gland en-
largement in the setting of malignancy and typically result
in a nodular appearance and/or distortion of adrenal
anatomy on imaging. Transient increased '*FDG uptake
in the adrenal glands consistent with adrenalitis has been
reported.

In the three cases of ICPi-related PAI in the literature
in which abdominal imaging was available at the time of
diagnosis, one showed normal-appearing bilateral ad-
renal glands on abdominal CT (271), one showed
uniformly increased **FDG activity in the bilateral ad-
renal glands (272), and one showed bilateral enlargement
of the adrenal glands on abdominal CT (273). Follow-up
imaging may show normalization (273) or atrophy (271)
of the adrenal glands.

Bacanovic et al. (275) described a case of ipilimumab-
induced adrenalitis confirmed on imaging without
concurrent frank adrenal insufficiency. Adrenalitis
was diagnosed based on an **FDG-PET/CT scan that

e PAl is a rare irAE associated with ICPi therapy. Only a few cases have been described in the literature.

e PAl has been reported with ipilimumab, nivolumab, and pembrolizumab therapy.

® PAl is characterized biochemically by a low or relatively low cortisol level in the setting of an elevated ACTH level.
Cosyntropin stimulation in PAl shows an inadequate rise in cortisol in response to cosyntropin. Aldosterone levels tend
to be low (mineralocorticoid deficiency) and renin levels tend to be elevated in PAI due to failure of the zona

glomerulosa of the adrenal gland.

e PAI must be distinguished from central adrenal insufficiency. In contrast to central adrenal insufficiency, PAI requires
mineralocorticoid replacement in addition to glucocorticoid replacement.

doi: 10.1210/er.2018-00006
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Table 8. Summary of Cases of ICPi-Related PAI and Adrenalitis

ICPi/Number
of ICPi Doses
Prior to Adrenal
Presentation/
Time From
First ICPi Dose Other
Age/Sex/  to Adrenal Clinical PAI Autoimmune
Study Malignancy Presentation  Presentation Laboratory Testing Diagnosed? Adrenal Imaging Conditions
Paepegaey 55 Pembrolizumab General physical - Cortisol < 051 pg/dL Yes CT abdomen: No increase ICPi-related
et al. health in adrenal gland size was hypothyroidism
@n) F 10 doses deterioration, - Cortisol after cosyntropin found. Repeat CT (preceding
hypotension, stlmulatlon. test (cosyntropin abdomen 2 mo later diagnosis of ICPi-
hypothermia, dose and timeframe after showed atrophied related PAI)

cosyntropin administration

hypoglycemia,
not reported) < 051 pg/dL

hyponatremia,
hyperkalemia,
acute kidney

adrenal glands.

Melanoma 10 mo - ACTH 400 pg/mL

(reference range < 59)

injury
- Sodium 115 mmol/L
- Potassium 5.7 mmol/L
—21-hydroxylase antibody 19 U/L
(reference range << 1)
- Adrenal cortex antibody 20
(reference range 0)
- Aldosterone undetectable
- Renin (after high dose
glucocorticoid) 23 mclU/mL
(reference range, 9-72)
Trainer 43 Nivolumab Fatigue, anorexia, - Random serum cortisol 7.0 wg/dL Yes '8EDG-PET/CT: Uniformly ~ None reported
et al. weight loss, ) increased FDG activity
(272) M 4 doses postural . CO_SyerP'n (250 ng) in bilateral adrenal
symptoms stimulation test: 6.7 _ glands; subsequent
(baseline) — 5.7 (30 min BEDG/PET-CT scan
postcosyntropin) — 6.2 s memmel
(60 min postcosyntropin) appearance of the
Melanoma 8 wk - ACTH 200 pg/mL adiee] gendh
- Sodium 127 mmol/L
- Renin 19.8 nmol/L/h
- Aldosterone < 3.6 ng/dL
Min and 56 Ipilimumab Fatigue, headache - Cortisol (morning) low (exact level Yes CT abdomen: Bilateral ICPi-related
Ibrahim not reported) enlargement of adrenal hypophysitis
(273) glands. Repeat CT with secondary
F 4 doses - ACTH (morning) low (exact level e G wik iy il
not reported) showed normalization insufficiency
N . of size of bilateral (concurrent
Melanoma  n/a - Cosyntropin stimulation test o )
adrenal glands. with diagnosis of

(cosyntropin dose and
timeframe after
cosyntropinadministration not
reported) showed failure of
cortisol and aldosterone to
respond

ICPi-related PAI)

(Continued)
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Table 8. Continued

ICPi/Number
of ICPi Doses
Prior to Adrenal
Presentation/
Time From
First ICPi Dose
Age/Sex/  to Adrenal Clinical
Study Malignancy Presentation  Presentation
Yang et al. n/a Ipilimumab n/a
(274)
M n/a
RCC n/a
Bacanovic 79 Ipilimumab n/a
et al.
75) F 4 doses

Melanoma 2 mo

Cases are arranged by ICPi therapy.
Abbreviation: RCC, renal cell carcinoma.

showed bilateral adrenal gland thickening with in-
creased "*FDG uptake in both adrenal glands, both
new findings compared with baseline '*FDG-PET/CT
scan prior to ipilimumab initiation. However, PAI did
not develop in this patient, and follow-up **FDG-PET/
CT scan 4 months later showed normalization in the
size and metabolic activity of both adrenal glands,
suggesting that ICPi-related adrenalitis may not always
result in frank adrenal insufficiency.

Management

Monitoring

In a patient with symptoms or signs concerning for
adrenal insufficiency, obtaining a baseline ACTH and
cortisol measurement prior to administration of
corticosteroids can be helpful for diagnostic purposes,
if safe to do so. However, in acutely ill patients with
clinical symptoms and signs of adrenal insufficiency,
empiric treatment with corticosteroids should not be
delayed. An elevated ACTH (e.g., greater than twofold
the upper limit of the reference range) in the setting
of a low or low-normal morning cortisol is consistent
with PAI (198). Cosyntropin stimulation testing can
also be helpful in the diagnostic workup of adrenal
insufficiency (198), as outlined earlier in this review. Of
note, an inadequate rise in cortisol is not specific to

doi: 10.1210/er.2018-00006

- Cortisol 21 pg/dL (reference range, No

PAI
Laboratory Testing Diagnosed? Adrenal Imaging
- Cortisol low (exact level not Yes n/a
reported)

- ACTH elevated (exact level not

reported)

23-119)

later) showed

normalization in size
and metabolic activity
of both adrenal glands.

PAI and can be seen in cases of central adrenal in-
sufficiency of several weeks™ or more duration due to
atrophy of the adrenal glands from decreased en-
dogenous ACTH.

Measurement of plasma renin (e.g, plasma renin
activity or concentration) and aldosterone can be
helpful to determine if mineralocorticoid deficiency
consistent with PAI is present. Aldosterone is low and
plasma renin levels are elevated in PAL These tests may
need to be interpreted appropriately in the setting of IV
fluids, which can influence the levels of renin and al-
dosterone. Measurement of an aldosterone level as part
of a cosyntropin stimulation test can also be helpful to
diagnose mineralocorticoid deficiency and PAIL An
aldosterone level measured 30 minutes after adminis-
tration of 250 g of IV cosyntropin that is below 5 ng/
dL is indicative of mineralocorticoid deficiency (276).

Measuring aldosterone after cosyntropin stimula-
tion can be particularly helpful in diagnosing PAI
when it may coexist with hypophysitis and central
adrenal insufficiency, as illustrated by a case reported
by Min and Ibrahim (273). When central adrenal
insufficiency and PAI coexist, biochemical testing may
show a low ACTH and low cortisol. In central adrenal
insufficiency, the zona glomerulosa remains intact
because it is primarily under the regulation of the
renin and angiotensin, not ACTH. ACTH, however,

https://academic.oup.com/edrv

'®FDG-PET/CT: Smooth
thickening of bilateral
adrenal glands with
increased '®FDG uptake
in both adrenal glands.
Baseline (prior to
ipilimumab initiation)
and follow-up "8FDG-
PET/CT scans (4 mo

Other
Autoimmune
Conditions

ICPi-related
hypophysitis
(concurrent

with diagnosis of
|CPi-related PAI)

None reported
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can stimulate aldosterone secretion from the zona
glomerulosa independent from renin and angiotensin
stimulation. Thus, in the setting of an intact zona
glomerulosa, aldosterone levels rise in response to
cosyntropin stimulation. In contrast, in PAI, the zona
glomerulosa is affected and aldosterone levels fail to
rise in response to cosyntropin stimulation.

The utility of measuring adrenal autoantibodies
has not been studied in ICPi-related PAL

Glucocorticoid and mineralocorticoid replacement
Stress dose corticosteroids should be immediately
administered to any patient with known adrenal

Figure 6. ICPi-related adrenalitis. A 59-year-old man with stage
1IB/IV malignant melanoma was started on ipilimumab therapy.

(A) Coronal view and (C) axial view. Baseline abdominal CT 1 mo
prior to ipilimumab initiation showed normal-appearing bilateral
adrenal glands (red ovals). Six d after his first ipilimumab dose, he
developed a pruritic maculopapular rash attributed to
ipilimumab. He was treated with topical triamcinolone and a 3-d
course of methylprednisolone PO. Three wk after his second dose
of ipilimumab, he presented to the emergency department with
epigastric pain radiating to the back, nausea, and vomiting. (B)
Coronal view and (D) axial view. Abdominal CT scan showed
bilateral enlarged adrenal glands (red ovals) with preserved contours,
consistent with adrenalitis; no other radiographic abnormalities
were seen. ACTH and cortisol drawn at 0900 h were 38 pg/mL
(reference range, 7.2 to 68 pg/mL) and 20.8 p.g/dL (reference range,
6.0 to 184 pg/dL), respectively, and sodium and potassium levels
were unremarkable. He was treated with prednisone 60 mg PO daily
for concern for ICPi-related abdominal pain and was tapered over
the course of several wk to 20 mg PO daily. Four wk after his
presentation with abdominal pain, cosyntropin stimulation test
for aldosterone showed no rise in aldosterone (<4.0 ng/dL at baseline;
<40 ng/dL 60 min after cosyntropin 250 g IV administration),
concerning for PAI. He was started on fludrocortisone 100 g

PO daily. He also subsequently developed ipilimumab-related
hypophysitis complicated by central hypothyroidism requiring
levothyroxine supplementation; pituitary MRI confirmed new
pituitary enlargement. Abdominal MRI 2 mo after his presentation of
abdominal pain showed resolution of bilateral adrenal enlargement,
with normal-appearing bilateral adrenal glands. He remains on
replacement corticosteroid doses 3 mo after his presentation of
abdominal pain. [© 2019 lllustration Presentation ENDOCRINE
SOCIETY].

Chang et al Immune Checkpoint Inhibitor-Related Endocrinopathy

insufficiency who presents with an acute adrenal
crisis or critical illness. They should also be con-
sidered as part of empiric treatment in critically ill
patients who present with symptoms or signs
concerning for adrenal insufficiency. A typical
stress dose of corticosteroids includes an initial
dose of hydrocortisone 100 mg IV followed by
hydrocortisone 50 mg IV every 6 hours; this reg-
imen can be subsequently tapered depending on
the clinical course (198). For baseline doses of
corticosteroids, glucocorticoid replacement with
15 to 25 mg of hydrocortisone PO daily in divided
doses provides adequate replacement for most
patients with PAI (198). Mineralocorticoid re-
placement with fludrocortisone can be helpful in
patients with confirmed aldosterone deficiency to
reduce salt craving and postural hypotension and
prevent hyponatremia and hyperkalemia. Starting
doses of fludrocortisone of 50 to 100 pg PO daily in
adults can be used and titrated based on symptoms
and laboratory monitoring of electrolyte levels
(198).

Counseling

In agreement with the Endocrine Society guidelines
on PAIL we recommend that health care providers
counsel all patients with adrenal insufficiency re-
garding sick day rules and stress-dose and emergency
corticosteroid administration, instruct them to ob-
tain medical alert gear (such as a bracelet or necklace)
regarding adrenal insufficiency, and prescribe a kit
with injectable high-dose corticosteroid for emer-
gency use (198).

Patients with mineralocorticoid deficiency re-
quiring fludrocortisone replacement should be
counseled that the fludrocortisone dose may need
to be increased in circumstances of increased salt
loss, such as hotter ambient temperatures or exer-
cise. Liberalizing salt intake in these circumstances
may also help prevent symptoms of mineralocorti-
coid deficiency.

Prognosis

Long-term outcomes of ICPi-related PAI have not
been reported. In our experience with two patients
with ICPi-related PAI, both patients required
long-term  glucocorticoid and mineralocorticoid
replacement.

Association Between irAEs Due to ICPi Therapy
and Clinical Cancer Response

It has been theorized that the development of irAEs
during ICPi therapy may be a positive predictor of
response to treatment, as reduction of immune self-
tolerance to the point of triggering irAEs may be as-
sociated with an enhanced ability of the immune system

Endocrine Reviews, February 2019, 40(1):17-65
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to recognize and destroy cancer cells. The outcomes
from several studies support this theory, as will be
discussed later. However, research on this topic has
produced mixed results, and it remains an area of
active investigation. Specifically, little is known
about the association between endocrine irAEs and
clinical cancer response to ICPi therapy. We will first
focus on what is known about the relationship
between endocrine irAEs due to ICPi therapy and
cancer survival and conclude by reviewing what is
known more generally about irAEs and cancer
outcomes.

ICPi-related hypophysitis and clinical

cancer response

Faje et al. (155) studied 154 patients with metastatic
melanoma treated with ipilimumab at a single in-
stitution. Ipilimumab-related hypophysitis was di-
agnosed in 17 patients (11%). Median survival in
patients who developed ipilimumab-related hypo-
physitis was 19.4 months vs 8.8 months in those
who did not develop hypophysitis (P = 0.05). This
significant difference in survival persisted in an
updated review of 228 patients with melanoma
treated with ipilimumab at the original institution
(median survival 21.4 vs 9.7 months, P = 0.008)
(164).

ICPi-related thyroid dysfunction and clinical
cancer response

Osorio et al. (208) studied the association of ICPi-
related thyroid dysfunction and survival outcomes in 48
patients with advanced NSCLC treated with pem-
brolizumab as part of KEYNOTE-001 (NCTo01295827).
The study found that in patients treated with pem-
brolizumab, median OS was significantly longer in those
who developed thyroid dysfunction than those without
thyroid dysfunction [median 40 vs 14 months; hazard ratio
(HR) 0.29; 95% CI, 0.09 to 0.94, P = 0.029]. Progression-
free survival (PFS) was numerically but not statis-
tically significantly longer in those who developed
thyroid dysfunction than those without thyroid
dysfunction (median 8 vs 2 months; HR, 0.58; 95%
Cl, 0.27 to 1.21, P = 0.14).

Other irAEs associated with ICPi therapy and
clinical cancer response
The onset of vitiligo in particular has been shown to be
associated with improved outcomes in melanoma with
both ICPi and non-ICPi immunotherapy (277-279).
More generally, the development of cutaneous irAEs
(such as rash, pruritus, hypopigmentation, xerosis,
keratosis, and facial erythema) was associated with
significantly longer PFS in patients with melanoma
treated with pembrolizumab (280).

Although two studies did not find a difference in
cancer-related outcomes between patients who de-
veloped or did not develop irAEs with ICPi therapy

doi: 10.1210/er.2018-00006

(281, 282), several other studies have. Beck et al. (283)
found that development of ipilimumab-related en-
terocolitis was associated with significantly higher
objective tumor response rates in patients with met-
astatic melanoma or renal cell carcinoma. Downey
et al. (195) found that development of ipilimumab-
related irAEs was associated with a greater probability
of objective antitumor response (P = 0.0004) in pa-
tients with metastatic melanoma; of the three patients
who achieved complete responses, all of them de-
veloped severe irAEs.

It remains to be determined whether development
of irAEs in specific organs correlates with different rates
of response to ICPi therapy. Freeman-Keller et al. (284)
found that patients treated with nivolumab for mela-
noma who developed any irAE had a statistically sig-
nificant improvement in OS compared with those who
did not (P < 0.001). However, subset analysis showed
statistically significant OS differences with rash [P =
0.001 (HR, 0.423; 95% CI, 0.243 to 0.735)] and vitiligo
[P = 0.012 (HR, 0.184; 95% CI, 0.036 to 0.94)] but not
with endocrinopathies, colitis, or pneumonitis. Whether
this finding is due to the specific ICPi agent, the un-
derlying malignancy, the particular organ-related irAEs
studied, or study limitations such as a relatively small
sample size or its retrospective nature remains unclear.

In a prospective study of the association of irAEs
and survival, Teraoka et al. (285) investigated 43 pa-
tients with advanced NSCLC treated with nivolumab.
This association was assessed based on whether pa-
tients had developed irAEs by 2 weeks or 6 weeks after
nivolumab initiation. The study found that PFS was
significantly longer in patients who had developed
irAEs by 2 weeks after treatment initiation compared
with those who had not [6.4 months (95% CI, 2.5 to
not reached) vs 1.5 months (95% CI, 1.2 to 2.3), P =
0.01]. A similar trend in improved PFS was observed in
patients who had developed irAEs by 6 weeks after
treatment initiation compared with those who had not
[4.1 months (95% CI, 1.8 to not reached) vs 1.5 months
(95% CI, 1.2 to 2.3 months), P = 0.06]. Additionally,
patients who had developed irAEs by 2 weeks after
treatment initiation had higher rates of objective re-
sponse and disease control than those who had not
(37% vs 17%, P = 0.17; 74% vs 29%, P < o.01, re-
spectively). A similar trend was observed in patients
who had developed irAEs by 6 weeks compared with
those who had not (objective response rate, 33% vs
13%, P = 0.17; disease control rate, 59% vs 31%, P =
0.12). Rash and pyrexia were the most common irAEs
in this study, followed by diarrhea and increased
hepatic enzyme levels. Interestingly, in this study, only
one patient developed hyperthyroidism within 6 weeks
after nivolumab initiation (a relatively low incidence of
thyroid-related dysfunction by 6 weeks for nivolu-
mab), and other endocrine irAEs such as hypophysitis,
DM, and adrenal dysfunction were not reported in this
cohort within 6 weeks after nivolumab initiation.

https://academic.oup.com/edrv
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In summary, several studies suggest a positive
association between the development of irAEs due to
ICPi therapy and improvements in tumor response
and survival. However, available studies are limited,
particularly by sample size and by their retrospective
nature, and further research needs to be conducted in
this important area.

Future Directions

Further research in several key areas is needed to en-
hance our understanding and management of ICPi-
related endocrinopathies. Additional studies are needed
to clarify the mechanisms underlying the development
of ICPi-related endocrinopathies, particularly for ICPi-
related hypophysitis and thyroid dysfunction, given
their relatively high incidence. Identifying risk factors
that predispose to the development of ICPi-related
endocrinopathies could help guide the selection of
ICPi therapy and the frequency of monitoring for these
irAEs. Regarding the management of ICPi-related
endocrinopathies, research is needed on the role of
corticosteroids in the treatment of ICPi-related endo-
crinopathies and the effects of corticosteroid treatment
on both the outcome and resolution of ICPi-related
endocrinopathies and on oncologic response.

The field of ICPi therapy in cancer treatment is
expanding to include combining ICPi therapy with
other therapies such as vaccines, oncolytic viruses,
costimulatory antibodies, adoptive T-cell and chimeric
antigen receptor T-cell therapy, targeted therapy,

angiogenesis inhibition, radiation therapy, and che-
motherapy (286). Whether these combinations will
result in different rates and patterns of ICPi-related
endocrinopathies remains to be determined.

Conclusion

ICPi therapy has provided a powerful and promising
new tool in the treatment of cancer. However, it is
associated with a variety of irAEs quite different from the
adverse effects associated with conventional chemo-
therapy, radiation, and other cancer treatment modal-
ities. ICPi-related hypophysitis and thyroid dysfunction
are relatively common irAEs, and ICPi-related insulin-
deficient DM and PAI may occur as well. These endo-
crinopathies may be life-threatening if not promptly
recognized and treated. Patients and their families
need to be educated regarding the symptoms and
signs of ICPi-related endocrinopathies. Oncologists,
endocrinologists, primary care providers, and other
medical providers caring for patients on ICPi therapy
need to be aware of the clinical manifestations, di-
agnosis, and management of ICPi-related endo-
crinopathies. Many of the hormone deficiencies
associated with ICPi-related endocrinopathies may
be permanent; however, hormone replacement is
effective in the vast majority of cases. Effective
communication and coordination between oncolo-
gists and endocrinologists can facilitate optimal
management and outcomes for patients who develop
ICPi-related endocrinopathies.

References

1

58

Brahmer JR, Lacchetti C, Schneider BJ, Atkins MB,

201836(17):1714-1768.

up. Ann Oncol. 2017,28(suppl_4)iv119-iv142.

JAMA Oncol. 2017;(Sep):28.

5. Brunet JF, Denizot F, Luciani MF, Roux-Dosseto M, 11.  Lafage-Pochitaloff M, Costello R, Couez D, Simonetti
Brassil K], Caterino JM, Chau |, Ernstoff MS, Gardner Suzan M, Mattei MG, Golstein P. A new member of J, Mannoni P, Mawas C, Olive D. Human CD28 and
JM, Ginex P, Hallmeyer S, Holter Chakrabarty ), the immunoglobulin superfamily--CTLA-4. Nature. CTLA-4 Ig superfamily genes are located on chro-
Leighl NB, Mammen JS, McDermott DF, Naing A, 1987,328(6127):267-270. mosome 2 at bands q33-q34. Immunogenetics. 1990;
Nastoupil L), Phillips T, Porter LD, Puzanov |, 6. Brunet JF, Denizot F, Golstein P. A differential 31(3):198-201.
Reichner CA, Santomasso BD, Seigel C, Spira A, molecular biology search for genes preferentially 12. Krummel MF, Allison JP. CD28 and CTLA-4 have
Suarez-Almazor ME, Wang Y, Weber JS, Wolchok D, expressed in functional T lymphocytes: the CTLA opposing effects on the response of T cells to
Thompson JA; National Comprehensive Cancer genes. Immunol Rev. 1988,103(1)21-36. stimulation. J Exp Med. 1995;182(2):459—465.
Network. Management of immune-related adverse 7. Linsley PS, Brady W, Urnes M, Grosmaire LS, Damle 13.  Lenschow D), Zeng Y, Thistlethwaite JR, Montag A,
events in patients treated with immune checkpoint NK, Ledbetter JA. CTLA-4 is a second receptor for Brady W, Gibson MG, Linsley PS, Bluestone JA. Long-
inhibitor therapy: American Society of Clinical the B cell activation antigen B7. ) Exp Med. 1991; term survival of xenogeneic pancreatic islet grafts
Oncology Clinical Practice Guideline. J Clin Oncol. 174(3):561-569. induced by CTLA4Ig. Science. 1992,257(5071).789—-792.

8 Dariavach P, Mattéi MG, Golstein P, Lefranc MP. 14, Linsley PS, Wallace PM, Johnson J, Gibson MG,
Haanen ), Carbonnel F, Robert G Kerr KM, Peters S, Larkin Human Ig superfamily CTLA-4 gene: chromosomal Greene JL, Ledbetter JA, Singh C, Tepper MA. Im-
J, Jordan K; ESMO Guidelines Committee. Management localization and identity of protein sequence be- munosuppression in vivo by a soluble form of the
of toxicities from immunotherapy. ESMO  Clinical tween murine and human CTLA-4 cytoplasmic CTLA-4 T cell activation molecule. Science. 1992;
Practice Guidelines for diagnosis, treatment and follow- domains. Eur | Immunol. 1988;18(12):1901-1905. 257(5071):792-795.

9. June CH, Ledbetter JA, Gillespie MM, Lindsten T, 15, Krummel MF, Allison JP. CTLA-4 engagement in-
Barroso-Sousa R, Barry WT, Garrido-Castro AC, et al. Thompson CB. T-cell proliferation involving the hibits IL-2 accumulation and cell cycle progression
Incidence of endocrine dysfunction following the CD28 pathway is associated with cyclosporine- upon activation of resting T cells. | Exp Med. 1996;
use of different immune checkpoint inhibitor resistant interleukin 2 gene expression. Mol Cell 183(6):2533-2540.
regimens: a systematic review and meta-analysis. Biol. 1987,7(12):4472—4481. 16. Walunas TL, Bakker CY, Bluestone JA. CTLA-4 li-

10.  Harding FA, McArthur JG, Gross JA, Raulet DH, gation blocks CD28-dependent T cell activation.
Pardoll DM. The blockade of immune checkpoints in Allison JP. CD28-mediated signalling co-stimulates J Exp Med. 1996;183(6):2541-2550.
cancer immunotherapy. Nat Rev Cancer. 201212(4): murine T cells and prevents induction of anergy in 17. Perez VL, Van Paris L, Biuckians A, Zheng XX, Strom

252-264.

Chang et al

T-cell clones. Nature. 1992;356(6370):607—609.

Immune Checkpoint Inhibitor-Related Endocrinopathy

TB, Abbas AK. Induction of peripheral T cell

Endocrine Reviews, February 2019, 40(1):17-65

220z 1snbny /| uo Jasn sonsnp Jo wawuedaq 'S'N Aq GE0880S// L/ L/0/81o148/AIpa/Wwod dno-olwapeoe//:sdny WwoJl papeojumoq



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

tolerance in vivo requires CTLA-4 engagement.
Immunity. 1997,6(4):411-417.

Tivol EA, Borriello F, Schweitzer AN, Lynch WP,
Bluestone JA, Sharpe AH. Loss of CTLA4 leads to
massive lymphoproliferation and fatal multiorgan
tissue destruction, revealing a critical negative regu-
latory role of CTLA-4. Immunity. 19953(5).541-547.
Chambers CA, Sullivan TJ, Allison JP. Lymphopro-
liferation in CTLA-4-deficient mice is mediated by
costimulation-dependent  activation of CD4+
T cells. Immunity. 1997;7(6).885-895.

Shahinian A, Pfeffer K, Lee KP, Kiindig TM, Kishihara K,
Wakeham A, Kawai K, Ohashi PS, Thompson CB, Mak
TW. Differential T cell costimulatory requirements
in  CD28-deficient mice. Science. 1993261(5121):
609-612.

Tivol EA, Boyd SD, McKeon S, Borriello F, Nickerson
P, Strom TB, Sharpe AH. CTLA4lg prevents lym-
phoproliferation and fatal multiorgan tissue de-
struction in CTLA-4-deficient mice. | Immunol.
1997;,158(11):5091-5094.

Mandelbrot DA, McAdam AJ, Sharpe AH. B7-1 or B7-2 is
required to produce the lymphoproliferative phenotype
in mice lacking cytotoxic T lymphocyte-associated an-
tigen 4 (CTLAA4). ] Exp Med. 1999,189(2):435-440.
Waterhouse P, Penninger JM, Timms E, Wakeham
A, Shahinian A, Lee KP, Thompson CB, Griesser H,
Mak TW. Lymphoproliferative disorders with early
lethality in mice deficient in Ctla-4. Science. 1995;
270(5238):985-988.

Schubert D, Bode C, Kenefeck R, Hou TZ, Wing JB,
Kennedy A, Bulashevska A, Petersen BS, Schaffer
AA, Criining BA, Unger S, Frede N, Baumann U,
Witte T, Schmidt RE, Dueckers G, Niehues T,
Seneviratne S, Kanariou M, Speckmann C, Ehl S,
Rensing-Ehl A, Warnatz K, Rakhmanov M, Thimme
R, Hasselblatt P, Emmerich F, Cathomen T, Backofen
R, Fisch P, Seidl M, May A, Schmitt-Graeff A,
Ikemizu S, Salzer U, Franke A, Sakaguchi S, Walker
LSK, Sansom DM, Grimbacher B. Autosomal
dominant immune dysregulation syndrome in
humans with CTLA4 mutations. Nat Med. 2014;
20(12):1410-1416.

Kuehn HS, Ouyang W, Lo B, Deenick EK, Niemela JE,
Avery DT, Schickel JN, Tran DQ, Stoddard J, Zhang
Y, Frucht DM, Dumitriu B, Scheinberg P, Folio LR,
Frein CA, Price S, Koh C, Heller T, Seroogy CM,
Huttenlocher A, Rao VK, Su HC, Kleiner D,
Notarangelo LD, Rampertaap Y, Olivier KN,
McElwee J, Hughes ), Pittaluga S, Oliveira JB, Meffre
E, Fleisher TA, Holland SM, Lenardo M, Tangye SG,
Uzel G. Immune dysregulation in human subjects
with heterozygous germline mutations in CTLA4.
Science. 2014;345(6204):1623-1627.

Conley ME, Casanova JL. Discovery of single-gene
inborn errors of immunity by next generation se-
quencing. Curr Opin Immunol. 2014,30:17-23.
Perkins D, Wang Z, Donovan C, He H, Mark D, Guan
G, Wang Y, Walunas T, Bluestone J, Listman J, Finn
PW. Regulation of CTLA-4 expression during T cell
activation. | Immunol. 1996;156(11):4154-4159.
Jago CB, Yates J, Camara NO, Lechler RI, Lombardi G.
Differential expression of CTLA-4 among T cell
subsets. Clin Exp Immunol. 2004;,136(3):463—471.
Mead Kl, Zheng Y, Manzotti CN, Perry LC, Liu MK,
Burke F, Powner DJ, Wakelam M|, Sansom DM.
Exocytosis of CTLA-4 is dependent on phospho-
lipase D and ADP ribosylation factor-1 and stim-
ulated during activation of regulatory T cells.
| Immunol. 2005;174(8):4803-4811.

Linsley PS, Bradshaw J, Greene J, Peach R, Bennett
KL, Mittler RS. Intracellular trafficking of CTLA-4
and focal localization towards sites of TCR en-
gagement. Immunity. 1996;4(6):535-543.

doi: 10.1210/er.2018-00006

31.

32.

33.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Shiratori T, Miyatake S, Ohno H, Nakaseko C, Isono
K, Bonifacino JS, Saito T. Tyrosine phosphorylation
controls internalization of CTLA-4 by regulating its
interaction with clathrin-associated adaptor com-
plex AP-2. Immunity. 1997;6(5):583-589.

Chuang E, Alegre ML, Duckett CS, Noel PJ, Vander
Heiden MG, Thompson CB. Interaction of CTLA-4
with the clathrin-associated protein AP50 results in
ligand-independent endocytosis that limits cell
surface expression. J Immunol. 1997;159(1):144-151.
Zhang Y, Allison JP. Interaction of CTLA-4 with
AP50, a clathrin-coated pit adaptor protein. Proc
Natl Acad Sci USA. 1997,94(17):9273-9278.
Schneider H, Martin M, Agarraberes FA, Yin L,
Rapoport |, Kirchhausen T, Rudd CE. Cytolytic
T lymphocyte-associated antigen-4 and the TCR
zeta/CD3 complex, but not CD28, interact with
clathrin  adaptor complexes AP-1 and AP-2.
J Immunol. 1999;,163(4):1868—1879.

Egen JG Allison JP. Cytotoxic T lymphocyte
antigen-4 accumulation in the immunological
synapse is regulated by TCR signal strength. Im-
munity. 2002;16(1):23-35.

Qureshi OS, Zheng Y, Nakamura K, Attridge K,
Manzotti C, Schmidt EM, Baker J, Jeffery LE, Kaur S,
Briggs Z, Hou TZ, Futter CE, Anderson G, Walker LS,
Sansom DM. Trans-endocytosis of CD80 and
CD86: a molecular basis for the cell-extrinsic
function of CTLA-4. Science. 2011;332(6029):
600-603.

Walker LS, Sansom DM. The emerging role of
CTLA4 as a cell-extrinsic regulator of T cell re-
sponses. Nat Rev Immunol. 2011;11(12):852-863.
Takahashi T, Tagami T, Yamazaki S, Uede T, Shimizu
J, Sakaguchi N, Mak TW, Sakaguchi S. Immunologic
self-tolerance maintained by CD25(+)CD4(+) reg-
ulatory T cells constitutively expressing cytotoxic
T lymphocyte-associated antigen 4. Exp Med. 2000;
192(2):303-310.

Kataoka H, Takahashi S, Takase K, Yamasaki S,
Yokosuka T, Koike T, Saito T. CD25(+)CD4(+)
regulatory T cells exert in vitro suppressive activity
independent of CTLA-4. Int Immunol. 200517(4):
421-427.

Quezada SA, Peggs KS, Curran MA, Allison JP.
CTLA4 blockade and GM-CSF combination im-
munotherapy alters the intratumor balance of ef-
fector and regulatory T cells. J Clin Invest. 2006;
116(7):1935-1945.

Kavanagh B, O'Brien S, Lee D, Hou Y, Weinberg V,
Rini B, Allison JP, Small EJ, Fong L. CTLA4 blockade
expands FoxP3+ regulatory and activated effector
CD4+ T cells in a dose-dependent fashion. Blood.
2008;112(4):1175-1183.

Schmidt EM, Wang CJ, Ryan GA, Clough LE, Qureshi
OS, Goodall M, Abbas AK, Sharpe AH, Sansom DM,
Walker LS. Ctla-4 controls regulatory T cell pe-
ripheral homeostasis and is required for suppression
of pancreatic islet autoimmunity. J Immunol. 2009;
182(1):274-282.

Verhagen J, Gabrysova L, Minaee S, Sabatos CA,
Anderson G, Sharpe AH, Wraith DC. Enhanced
selection of FoxP3+ T-regulatory cells protects
CTLA-4-deficient mice from CNS autoimmune
disease. Proc Natl Acad Sci USA. 2009;,106(9):
3306-3311.

Kong KF, Fu G, Zhang Y, Yokosuka T, Casas ),
Canonigo-Balancio AJ, Becart S, Kim G, Yates JR Ill,
Kronenberg M, Saito T, Gascoigne NR, Altman A.
Protein kinase C-m controls CTLA-4-mediated
regulatory T cell function. Nat Immunol. 2014;
15(5):465-472.

Zheng Y, Manzotti CN, Burke F, Dussably L, Qureshi
O, Walker LS, Sansom DM. Acquisition of

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

suppressive function by activated human CD4+
CD25- T cells is associated with the expression of
CTLA-4 not FoxP3. | Immunol. 2008;181(3):
1683-1691.

Baumeister SH, Freeman CJ, Dranoff G, Sharpe AH.
Coinhibitory pathways in immunotherapy for
cancer. Annu Rev Immunol. 2016;34(1):539-573.
Bachmann MF, Kohler G, Ecabert B, Mak TW, Kopf
M. Cutting edge: lymphoproliferative disease in the
absence of CTLA-4 is not T cell autonomous.
J Immunol. 1999;,163(3):1128-1131.

Homann D, Dummer W, Wolfe T, Rodrigo E,
Theofilopoulos AN, Oldstone MB, von Herrath MG.
Lack of intrinsic CTLA-4 expression has minimal
effect on regulation of antiviral T-cell immunity.
| Virol. 2006;80(1):270-280.

Friedline RH, Brown DS, Nguyen H, Kornfeld H, Lee J,
Zhang Y, Appleby M, Der SD, Kang J, Chambers CA.
CD4+ regulatory T cells require CTLA-4 for the
maintenance of systemic tolerance. ] Exp Med. 2009;
206(2):421-434.

Tivol EA, Gorski ). Re-establishing peripheral tol-
erance in the absence of CTLA-4: complementation
by wild-type T cells points to an indirect role for
CTLA-4. ] Immunol. 2002,169(4):1852-1858.

Ishida Y, Agata Y, Shibahara K, Honjo T. Induced
expression of PD-1, a novel member of the immu-
noglobulin gene superfamily, upon programmed cell
death. EMBO J. 1992,11(11):3887-3895.

Agata Y, Kawasaki A, Nishimura H, Ishida Y, Tsubata
T, Yagita H, Honjo T. Expression of the PD-1 antigen
on the surface of stimulated mouse T and
B lymphocytes. Int Immunol. 1996;8(5):765-772.
Francisco LM, Sage PT, Sharpe AH. The PD-1
pathway in tolerance and autoimmunity. Immu-
nol Rev. 2010;236(1)219-242.

Okazaki T, Honjo T. The PD-1-PD-L pathway in
immunological tolerance. Trends Immunol. 2006;
27(4):195-201.

Riley JL, June CH. The CD28 family: a T-cell rheostat
for therapeutic control of T-cell activation. Blood.
2005;105(1):13-21.

Riley JL. PD-1 signaling in primary T cells. Immunol
Rev. 2009;229(1):114-125.

Fox CJ, Hammerman PS, Thompson CB. Fuel feeds
function: energy metabolism and the T-cell re-
sponse. Nat Rev Immunol. 2005;5(11):844-852.
Parry RV, Chemnitz JM, Frauwirth KA, Lanfranco
AR, Braunstein |, Kobayashi SV, Linsley PS,
Thompson CB, Riley JL. CTLA-4 and PD-1 receptors
inhibit T-cell activation by distinct mechanisms.
Mol Cell Biol. 2005;25(21):9543-9553.

Okazaki T, Maeda A, Nishimura H, Kurosaki T,
Honjo T. PD-1 immunoreceptor inhibits B cell
receptor-mediated signaling by recruiting src ho-
mology 2-domain-containing tyrosine phosphatase
2 to phosphotyrosine. Proc Natl Acad Sci USA. 2007;
98(24):13866-13871.

Latchman Y, Wood CR, Chernova T, Chaudhary D,
Borde M, Chernova |, Iwai Y, Long AJ, Brown JA,
Nunes R, Greenfield EA, Bourque K, Boussiotis VA,
Carter LL, Carreno BM, Malenkovich N, Nishimura
H, Okazaki T, Honjo T, Sharpe AH, Freeman GJ. PD-
L2 is a second ligand for PD-1 and inhibits T cell
activation. Nat Immunol. 2001;2(3):261-268.
Sathish JG, Johnson KG, Fuller K], LeRoy FG,
Meyaard L, Sims MJ, Matthews RJ. Constitutive
association of SHP-1 with leukocyte-associated Ig-
like receptor-1 in human T cells. J Immunol. 2001;
166(3):1763-1770.

Bennett F, Luxenberg D, Ling V, Wang IM,
Marquette K, Lowe D, Khan N, Veldman G, Jacobs
KA, Valge-Archer VE, Collins M, Carreno BM.
Program death-1 engagement upon TCR activation

https://academic.oup.com/edrv 59

220z 1snbny /| uo Jasn sonsnp Jo wawuedaq 'S'N Aq GE0880S// L/ L/0/81o148/AIpa/Wwod dno-olwapeoe//:sdny WwoJl papeojumoq


http://dx.doi.org/10.1210/er.2018-00006
https://academic.oup.com/edrv

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

60

has distinct effects on costimulation and cytokine-
driven proliferation: attenuation of ICOS, IL-4, and
IL-21, but not CD28, IL-7, and IL-15 responses.
J Immunol. 2003;170(2):711-718.

Chemnitz JM, Parry RV, Nichols KE, June CH, Riley JL.
SHP-1 and SHP-2 associate with immunorecep-
tor tyrosine-based switch motif of programmed
death 1 upon primary human T cell stimulation,
but only receptor ligation prevents T cell activation.
J Immunol. 2004;,173(2):945-954.

Nurieva R, Thomas S, Nguyen T, Martin-Orozco N,
Wang Y, Kaja MK, Yu XZ, Dong C. T-cell tolerance
or function is determined by combinatorial cos-
timulatory signals. EMBO J. 2006;,25(11):2623-2633.
Barber DL, Wherry EJ, Masopust D, Zhu B, Allison JP,
Sharpe AH, Freeman GJ, Ahmed R. Restoring
function in exhausted CD8 T cells during chronic
viral infection. Nature. 2006;439(7077):682—687.
Day CL, Kaufmann DE, Kiepiela P, Brown JA,
Moodley ES, Reddy S, Mackey EW, Miller JD, Leslie
AJ, DePierres C, Mncube Z, Duraiswamy J, Zhu B,
Eichbaum Q, Altfeld M, Wherry EJ, Coovadia HM,
Goulder PJ, Klenerman P, Ahmed R, Freeman GJ,
Walker BD. PD-1 expression on HIV-specific T cells
is associated with T-cell exhaustion and disease
progression. Nature. 2006;443(7109):350-354.

Yao S, Wang S, Zhu Y, Luo L, Zhu G, Flies S, Xu H,
Ruff W, Broadwater M, Choi IH, Tamada K, Chen L.
PD-1 on dendritic cells impedes innate immunity
against bacterial infection. Blood. 2009;113(23):
5811-5818.

Nishimura H, Agata Y, Kawasaki A, Sato M,
Imamura S, Minato N, Yagita H, Nakano T, Honjo T.
Developmentally regulated expression of the PD-1
protein on the surface of double-negative (CD4-
CD8-) thymocytes. Int Immunol. 1996;8(5):773-780.
Wang J, Yoshida T, Nakaki F, Hiai H, Okazaki T,
Honjo T. Establishment of NOD-Pdcd1-/- mice as
an efficient animal model of type | diabetes. Proc
Natl Acad Sci USA. 2005,102(33):11823-11828.
Freeman GJ, Long AJ, Iwai Y, Bourque K, Chernova T,
Nishimura H, Fitz LJ, Malenkovich N, Okazaki T,
Byrne MC, Horton HF, Fouser L, Carter L, Ling V,
Bowman MR, Carreno BM, Collins M, Wood CR,
Honjo T. Engagement of the PD-1 immunoinhi-
bitory receptor by a novel B7 family member leads
to negative regulation of lymphocyte activation.
J Exp Med. 2000;192(7):1027-1034.

Wang S, Zhu G, Chapoval Al, Dong H, Tamada K, Ni
J, Chen L. Costimulation of T cells by B7-H2, a B7-
like molecule that binds ICOS. Blood. 2000;96(8):
2808-2813.

Iwai Y, Hamanishi J, Chamoto K, Honjo T. Cancer
immunotherapies targeting the PD-1 signaling
pathway. | Biomed Sci. 2017;24(1):26.

Eppihimer MJ, Gunn J, Freeman GJ, Greenfield EA,
Chernova T, Erickson J, Leonard JP. Expression and
regulation of the PD-L1 immunoinhibitory mole-
cule on microvascular endothelial cells. Microcir-
culation. 2002;9(2):133-145.

Keir ME, Liang SC, Guleria |, Latchman YE, Qipo A,
Albacker LA, Koulmanda M, Freeman CJ, Sayegh
MH, Sharpe AH. Tissue expression of PD-L1 me-
diates peripheral T cell tolerance. ) Exp Med. 2006;
203(4):883-895.

Yamauchi |, Sakane Y, Fukuda Y, Fujii T, Taura D,
Hirata M, Hirota K, Ueda Y, Kanai Y, Yamashita Y,
Kondo E Sone M, Yasoda A, Inagaki N. Clinical
features of nivolumab-induced thyroiditis: a case
series study. Thyroid. 2017,27(7):894-901.

Sharpe AH, Wherry EJ, Ahmed R, Freeman GJ. The
function of programmed cell death 1and its ligands
in regulating autoimmunity and infection. Nat
Immunol. 2007;8(3):239-245.

Chang et al

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Iwai Y, Ishida M, Tanaka Y, Okazaki T, Honjo T,
Minato N. Involvement of PD-L1 on tumor cells in
the escape from host immune system and tumor
immunotherapy by PD-L1 blockade. Proc Natl Acad
Sci USA. 2002,99(19):12293-12297.

Blank C, Mackensen A. Contribution of the PD-L1/
PD-1 pathway to T-cell exhaustion: an update on
implications for chronic infections and tumor
evasion. Cancer Immunol Immunother. 2007;56(5):
739-745.

Blank C, Gajewski TF, Mackensen A. Interaction of
PD-L1 on tumor cells with PD-1 on tumor-specific
T cells as a mechanism of immune evasion: im-
plications for tumor immunotherapy. Cancer
Immunol Immunother. 2005;54(4):307-314.

Hino R, Kabashima K, Kato Y, Yagi H, Nakamura M,
Honjo T, Okazaki T, Tokura Y. Tumor cell ex-
pression of programmed cell death-1 ligand 1 is a
prognostic factor for malignant melanoma. Cancer.
2010,116(7):1757-1766.

Hamanishi J, Mandai M, Iwasaki M, Okazaki T,
Tanaka Y, Yamaguchi K, Higuchi T, Yagi H, Takakura
K, Minato N, Honjo T, Fujii S. Programmed cell
death 1 ligand 1 and tumor-infiltrating CD8+
T lymphocytes are prognostic factors of human
ovarian cancer. Proc Natl Acad Sci USA. 2007;,104(9):
3360-3365.

Mu CY, Huang JA, Chen Y, Chen C, Zhang XG. High
expression of PD-L1 in lung cancer may contribute
to poor prognosis and tumor cells immune escape
through suppressing tumor infiltrating dendritic
cells maturation. Med Oncol. 2011;28(3):682-688.
Thompson RH, Kuntz SM, Leibovich BC, Dong H,
Lohse CM, Webster WS, Sengupta S, Frank |, Parker
AS, Zincke H, Blute ML, Sebo TJ, Cheville JC, Kwon
ED. Tumor B7-H1 is associated with poor prognosis
in renal cell carcinoma patients with long-term
follow-up. Cancer Res. 2006;,66(7):3381-3385.
Herbst RS, Baas P, Kim DW, Felip E, Pérez-Cracia JL,
Han JY, Molina J, Kim JH, Arvis CD, Ahn MJ, Majem
M, Fidler M, de Castro G Jr, Garrido M, Lubiniecki
GM, Shentu Y, Im E, Dolled-Filhart M, Garon EB.
Pembrolizumab versus docetaxel for previously
treated, PD-L1-positive, advanced non-small-cell
lung cancer (KEYNOTE-010): a randomised con-
trolled trial. Lancet. 2016;387(10027):1540—1550.
Garon EB, Rizvi NA, Hui R, Leighl N, Balmanoukian
AS, Eder JP, Patnaik A, Aggarwal C, Gubens M, Horn
L, Carcereny E, Ahn M), Felip E, Lee JS, Hellmann
MD, Hamid O, Goldman JW, Soria JC, Dolled-Filhart
M, Rutledge RZ, Zhang J, Lunceford JK, Rangwala R,
Lubiniecki GM, Roach C, Emancipator K, Gandhi ;
KEYNOTE-001 Investigators. Pembrolizumab for
the treatment of non-small-cell lung cancer. N Engl J
Med. 2015;372(21):2018-2028.

Chatterjee M, Turner DG, Felip E, Lena H, Cappuzzo
F, Horn L, Garon EB, Hui R, Arkenau HT, Gubens
MA, Hellmann MD, Dong D, Li C, Mayawala K,
Freshwater T, Ahamadi M, Stone J, Lubiniecki GM,
Zhang J, Im E, De Alwis DP, Kondic AG, Flatten @.
Systematic evaluation of pembrolizumab dosing in
patients with advanced non-small-cell lung cancer.
Ann Oncol. 201627(7):1291-1298.

Carbognin L, Pilotto S, Milella M, Vaccaro V, Brunelli
M, Calio A, Cuppone F, Sperduti |, Giannarelli D,
Chilosi M, Bronte V, Scarpa A, Bria E, Tortora G.
Differential activity of nivolumab, pembrolizumab
and MPDL3280A according to the tumor expres-
sion of programmed death-ligand-1 (PD-L1): sen-
sitivity analysis of trials in melanoma, lung and
genitourinary cancers. PLoS One. 201510(6):
e0130142.

Yamazaki T, Akiba H, Iwai H, Matsuda H, Aoki M,
Tanno 'Y, Shin T, Tsuchiya H, Pardoll DM, Okumura

Immune Checkpoint Inhibitor-Related Endocrinopathy

89.

90.

9.

92.

93.

94.

95.

96.

97.

98.

99.

100.

K, Azuma M, Yagita H. Expression of programmed
death 1 ligands by murine T cells and APC.
J Immunol. 2002;,169(10):5538-5545.

Rozali EN, Hato SV, Robinson BW, Lake RA,
Lesterhuis W). Programmed death ligand 2 in
cancer-induced immune suppression. Clin Dev
Immunol. 2012,2012:656340.

Ueda H, Howson JM, Esposito L, Heward J, Snook H,
Chamberlain G, Rainbow DB, Hunter KM, Smith
AN, Di Genova G, Herr MH, Dahlman |, Payne F,
Smyth D, Lowe C, Twells RC, Howlett S, Healy B,
Nutland S, Rance HE, Everett V, Smink L), Lam AC,
Cordell H), Walker NM, Bordin C, Hulme J, Motzo C,
Cucca F, Hess JF, Metzker ML, Rogers ), Gregory S,
Allahabadia A, Nithiyananthan R, Tuomilehto-Wolf
E, Tuomilehto ), Bingley P, Gillespie KM, Undlien DE,
Renningen KS, Guja C, lonescu-Tirgoviste C, Savage
DA, Maxwell AP, Carson DJ, Patterson CC, Franklyn
JA, Clayton DG, Peterson LB, Wicker LS, Todd JA,
Gough SC. Association of the T-cell regulatory gene
CTLA4 with susceptibility to autoimmune disease.
Nature. 2003;423(6939):506-511.

Takahashi M, Kimura A. HLA and CTLA4 poly-
morphisms may confer a synergistic risk in the
susceptibility to Graves' disease. | Hum Genet. 2010;
55(5):323-326.

Yanagawa T, Hidaka Y, Guimaraes V, Soliman M,
DeGroot L. CTLA-4 gene polymorphism associated
with Graves' disease in a Caucasian population.
J Clin Endocrinol Metab. 1995,80(1):41—45.

Ling V, Wu PW, Finnerty HF, Sharpe AH, Gray GS,
Collins M. Complete sequence determination of
the mouse and human CTLA4 gene loci: cross-
species DNA sequence similarity beyond exon
borders. Genomics. 1999;60(3):341-355.

Kotsa K, Watson PF, Weetman APA. A CTLA-4
gene polymorphism is associated with both Graves
disease and autoimmune hypothyroidism. Clin
Endocrinol (Oxf). 1997,46(5):551-554.

Vaidya B, Pearce S. The emerging role of the CTLA-4
gene in autoimmune endocrinopathies. Eur |
Endocrinol. 2004;150(5):619-626.

Kawvoura FK, Akamizu T, Awata T, Ban Y,
Chistiakov DA, Frydecka |, Ghaderi A, Gough SC,
Hiromatsu Y, Ploski R, Wang PW, Ban Y, Bednarczuk
T, Chistiakova El, Chojm M, Heward JM, Hiratani H,
Juo SH, Karabon L, Katayama S, Kurihara S, Liu RT,
Miyake |, Omrani GH, Pawlak E, Taniyama M, Tozaki
T, loannidis JP. Cytotoxic T-lymphocyte associated
antigen 4 gene polymorphisms and autoimmune
thyroid disease: a meta-analysis. J Clin Endocrinol
Metab. 2007,92(8):3162-3170.

Ban Y, Tozaki T, Taniyama M, Tomita M, Ban Y.
Association of a CTLA-4 3" untranslated region
(CT60) single nucleotide polymorphism with au-
toimmune thyroid disease in the Japanese pop-
ulation. Autoimmunity. 2005;38(2):151-153.

Kouki T, Sawai Y, Gardine CA, Fisfalen ME, Alegre
ML, DeGroot LJ. CTLA-4 gene polymorphism at
position 49 in exon 1 reduces the inhibitory
function of CTLA-4 and contributes to the path-
ogenesis of Graves' disease. | Immunol. 2000;165(11):
6606-6611.

Furugaki K, Shirasawa S, Ishikawa N, lto K, Ito K,
Kubota S, Kuma K, Tamai H, Akamizu T, Hiratani H,
Tanaka M, Sasazuki T. Association of the T-cell
regulatory gene CTLA4 with Graves' disease and
autoimmune thyroid disease in the Japanese. ] Hum
Genet. 2004:49(3):166—168.

Ting WH, Chien MN, Lo FS, Wang CH, Huang CY,
Lin CL, Lin WS, Chang TY, Yang HW, Chen WF, Lien
YP, Cheng BW, Lin CH, Chen CC, Wu YL, Hung CM,
Li H), Chan Cl, Lee YJ. Association of cytotoxic
t-lymphocyte-associated protein 4 (CTLA4) gene

Endocrine Reviews, February 2019, 40(1):17-65

220z 1snbny /| uo Jasn sonsnp Jo wawuedaq 'S'N Aq GE0880S// L/ L/0/81o148/AIpa/Wwod dno-olwapeoe//:sdny WwoJl papeojumoq



101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

.

112.

doi:

polymorphisms with autoimmune thyroid disease
in children and adults: case-control study. PLoS One.
2016;11(4):0154394.

Vaidya B, Imrie H, Perros P, Dickinson J, McCarthy
M, Kendall-Taylor P, Pearce SH. Cytotoxic
T lymphocyte antigen-4 (CTLA-4) gene poly-
morphism confers susceptibility to thyroid associ-
ated orbitopathy. Lancet. 1999,354(9180).743—~744.
Buzzetti R, Nistico L, Signore A, Cascino |. CTLA-4
and HLA gene susceptibility to thyroid-associated
orbitopathy. Lancet. 1999;354(9192):1824.
Bednarczuk T, Hiromatsu Y, Fukutani T, Jazdzewski
K, Miskiewicz P, Osikowska M, Nauman ). As-
sociation of cytotoxic T-lymphocyte-associated
antigen-4 (CTLA-4) gene polymorphism and non-
genetic factors with Graves' ophthalmopathy in
European and Japanese populations. Eur | Endo-
crinol. 2003;148(1):13-18.

Badenhoop K, Donner H, Braun J, Siegmund T, Rau
H, Usadel KH. Genetic markers in diagnosis and
prediction of relapse in Graves' disease. Exp Clin
Endocrinol Diabetes. 1996;104(Suppl 4)98-100.
Villanueva R, Inzerillo AM, Tomer Y, Barbesino G,
Meltzer M, Concepcion ES, Greenberg DA,
Maclaren N, Sun ZS, Zhang DM, Tucci S, Davies TF.
Limited genetic susceptibility to severe Graves'
ophthalmopathy: no role for CTLA-4 but evidence
for an environmental etiology. Thyroid. 2000;10(9):
791-798.

Allahabadia A, Heward JM, Nithiyananthan R,
Gibson SM, Reuser TT, Dodson PM, Franklyn JA,
Gough SC. MHC class Il region, CTLA4 gene, and
ophthalmopathy in patients with Graves' disease.
Lancet. 2001;358(9286):984—985.

Nistico L, Buzzetti R, Pritchard LE, Van der Auwera B,
Giovannini C, Bosi E, Larrad MT, Rios MS, Chow CC,
Cockram CS, Jacobs K, Mijovic C, Bain SC, Barnett
AH, Vandewalle CL, Schuit F, Gorus FK, Tosi R,
Pozzilli P, Todd JA. The CTLA-4 gene region of
chromosome 2q33 is linked to, and associated with,
type 1 diabetes. Belgian Diabetes Registry. Hum Mol
Genet. 1996;5(7):1075-1080.

Marron MP, Raffel L), Garchon H), Jacob CO,
Serrano-Rios M, Martinez Larrad MT, Teng WP, Park
Y, Zhang ZX, Goldstein DR, Tao YW, Beaurain G,
Bach JF, Huang HS, Luo DF, Zeidler A, Rotter JI, Yang
MC, Modilevsky T, Maclaren NK, She JX. Insulin-
dependent diabetes mellitus (IDDM) is associated
with CTLA4 polymorphisms in multiple ethnic
groups. Hum Mol Genet. 1997;6(8):1275—1282.
lkegami H, Awata T, Kawasaki E, Kobayashi T,
Maruyama T, Nakanishi K, Shimada A, Amemiya S,
Kawabata Y, Kurihara S, Tanaka S, Kanazawa Y,
Mochizuki M, Ogihara T. The association of CTLA4
polymorphism with type 1 diabetes is concentrated
in patients complicated with autoimmune thyroid
disease: a multicenter collaborative study in Japan.
J Clin Endocrinol Metab. 2006;91(3):1087—-1092.
Blomhoff A, Lie BA, Myhre AG, Kemp EH, Weetman
AP, Akselsen HE, Huseby ES, Undlien DE. Poly-
morphisms in the cytotoxic T lymphocyte antigen-
4 gene region confer susceptibility to Addison’s
disease. ) Clin Endocrinol Metab. 2004;,89(7):3474—
3476.

Vaidya B, Imrie H, Geatch DR, Perros P, Ball SG, Baylis
PH, Carr D, Hurel SJ, James RA, Kelly WF, Kemp EH,
Young ET, Weetman AP, Kendall-Taylor P, Pearce
SH. Association analysis of the cytotoxic T lym-
phocyte antigen-4 (CTLA-4) and autoimmune
regulator-1 (AIRE-1) genes in sporadic autoimmune
Addison’s disease. | Clin Endocrinol Metab. 2000;
85(2):688-691.

Brozzetti A, Marzotti S, Tortoioli C, Bini V, Giordano
R, Dotta F, Betterle C, De Bellis A, Arnaldi G, Toscano

10.1210/er.2018-00006

113.

114.

115.

116.

117.

118.

119.

120.

121

122.

123.

124.

125.

V, Arvat E, Bellastella A, Mantero F, Falorni A; ltalian
Addison Network. Cytotoxic T lymphocyte antigen-4
Ala17 polymorphism is a genetic marker of auto-
immune adrenal insufficiency: lItalian association
study and meta-analysis of European studies. Eur |
Endocrinol. 2010;162(2):361-369.

Agarwal K, Jones DE, Daly AK, James OF, Vaidya B,
Pearce S, Bassendine MF. CTLA-4 gene poly-
morphism confers susceptibility to primary biliary
cirrhosis. | Hepatol. 2000;32(4):538-541.

Harbo HF, Celius EG, Vartdal F, Spurkland A. CTLA4
promoter and exon 1 dimorphisms in multiple
sclerosis. Tissue Antigens. 1999;53(1):106—110.
Djilali-Saiah I, Schmitz J, Harfouch-Hammoud E,
Mougenot JF, Bach JF, Caillat-Zucman S. CTLA-4
gene polymorphism is associated with pre-
disposition to coeliac disease. Gut. 1998:43(2):
187-189.

Seidl C, Donner H, Fischer B, Usadel KH, Seifried E,
Kaltwasser JP, Badenhoop K. CTLA4 codon 17 di-
morphism in patients with rheumatoid arthritis.
Tissue Antigens. 1998;51(1):62—66.

Vaidya B, Pearce SH, Charlton S, Marshall N, Rowan
AD, Griffiths ID, Kendall-Taylor P, Cawston TE,
Young-Min S. An association between the CTLA4
exon 1 polymorphism and early rheumatoid ar-
thritis with autoimmune endocrinopathies. Rheu-
matology (Oxford). 2002;41(2):180-183.
Munthe-Kaas MC, Carlsen KH, Helms P), Gerritsen J,
Whyte M, Feijen M, Skinningsrud B, Main M, Kwong
GN, Lie BA, Ledrup Carlsen KC, Undlien DE. CTLA-4
polymorphisms in allergy and asthma and the TH1/
TH2 paradigm. J Allergy Clin Immunol. 2004;,114(2):
280-287.

Kroner A, Mehling M, Hemmer B, Rieckmann P,
Toyka KV, Médurer M, Wiendl H. A PD-1 poly-
morphism is associated with disease progression in
multiple sclerosis. Ann Neurol. 2005;58(1):50-57.
Nielsen C, Laustrup H, Voss A, Junker P, Husby S,
Lillevang ST. A putative regulatory polymorphism in
PD-1 is associated with nephropathy in a
population-based cohort of systemic lupus eryth-
ematosus patients. Lupus. 2004;13(7):510-516.
Kong EK, Prokunina-Olsson L, Wong WH, Lau CS,
Chan TM, Alarcén-Riquelme M, Lau YL A new
haplotype of PDCD1 is associated with rheumatoid
arthritis in Hong Kong Chinese. Arthritis Rheum.
2005,52(4):1058-1062.

Prokunina L, Castillejo-Lopez C, Oberg F, Gunnarsson
l, Berg L, Magnusson V, Brookes AJ, Tentler D,
Kristjansdottir H, Grondal G, Bolstad Al, Svenungsson
E, Lundberg |, Sturfelt G, Jonssen A, Truedsson L, Lima
G, Alcocer-Varela J, Jonsson R, Gyllensten UB, Harley
JB, Alarcén-Segovia D, Steinsson K, Alarcon-Riquelme
ME. A regulatory polymorphism in PDCD1 is as-
sociated with susceptibility to systemic lupus
erythematosus in humans. Nat Genet. 2002;32(4):
666-669.

Sutherland A, Davies J, Owen CJ, Vaikkakara S,
Walker C, Cheetham TD, James RA, Perros P,
Donaldson PT, Cordell HJ, Quinton R, Pearce SH.
Genomic polymorphism at the interferon-induced
helicase (IFIH1) locus contributes to Graves' disease
susceptibility. ) Clin Endocrinol Metab. 2007;92(8):
3338-3341.

Nielsen C, Hansen D, Husby S, Jacobsen BB, Lillevang
ST. Association of a putative regulatory poly-
morphism in the PD-1 gene with susceptibility to
type 1 diabetes. Tissue Antigens. 2003;62(6):492-497.
Ni R, lhara K, Miyako K, Kuromaru R, Inuo M,
Kohno H, Hara T. PD-1 gene haplotype is asso-
ciated with the development of type 1 diabetes
mellitus in Japanese children. Hum Genet. 2007;
121(2):223-232.

12

12

12

129.

130.

131

e

13

133.

13

135.

13

137.

13

139.

140.

N

~

o

N

B

N

®

Pizarro C, Garcfa-Diaz DF, Codner E, Salas-Pérez F,
Carrasco E, Pérez-Bravo F. PD-L1 gene poly-
morphisms and low serum level of PD-L1 protein
are associated to type 1 diabetes in Chile. Diabetes
Metab Res Rev. 2014;30(8):761-766.

Mitchell AL, Cordell HJ, Soemedi R, Owen K,
Skinningsrud B, Wolff AB, Ericksen M, Undlien D,
Husebye E, Pearce SH. Programmed death ligand 1
(PD-L1) gene variants contribute to autoimmune
Addison’s disease and Graves’ disease susceptibility.
J Clin Endocrinol Metab. 2009;94(12):5139-5145.
Hayashi M, Kouki T, Takasu N, Sunagawa S, Komiya
. Association of an A/C single nucleotide poly-
morphism in programmed cell death-ligand 1 gene
with Graves' disease in Japanese patients. Eur |
Endocrinol. 2008;158(6):817-822.

Wing K, Onishi Y, Prieto-Martin P, Yamaguchi T,
Miyara M, Fehervari Z, Nomura T, Sakaguchi S.
CTLA-4 control over Foxp3+ regulatory T cell
function. Science. 2008;322(5899):271-275.

Jain N, Nguyen H, Chambers C, Kang ). Dual function
of CTLA-4 in regulatory T cells and conventional
T cells to prevent multiorgan autoimmunity. Proc
Natl Acad Sci USA. 2010;,107(4):1524-1528.
Paterson AM, Lovitch SB, Sage PT, Juneja VR, Lee Y,
Trombley D, Arancibia-Carcamo CV, Sobel RA,
Rudensky AY, Kuchroo VK, Freeman GJ, Sharpe AH.
Deletion of CTLA-4 on regulatory T cells during
adulthood leads to resistance to autoimmunity.
) Exp Med. 2015212(10):1603-1621.

Grosso JF, Jure-Kunkel MN. CTLA-4 blockade in
tumor models: an overview of preclinical and
translational research. Cancer Immun. 2013;13:5.
Leach DR, Krummel MF, Allison JP. Enhancement of
antitumor immunity by CTLA-4 blockade. Science.
1996;271(5256):1734-1736.

Grauer OM, Nierkens S, Bennink E, Toonen LW,
Boon L, Wesseling P, Sutmuller RP, Adema GJ. CD4
+FoxP3+ regulatory T cells gradually accumulate in
gliomas during tumor growth and efficiently sup-
press antiglioma immune responses in vivo. Int |
Cancer. 2007;121(1):95-105.

Yang YF, Zou JP, Mu J, Wijesuriya R, Ono S, Walunas
T, Bluestone J, Fujiwara H, Hamaoka T. Enhanced
induction of antitumor T-cell responses by cyto-
toxic T lymphocyte-associated molecule-4 block-
ade: the effect is manifested only at the restricted
tumor-bearing stages. Cancer Res. 1997,57(18):
4036-4041.

Espenschied J, Lamont J, Longmate J, Pendas S,
Wang Z Diamond DJ, Ellenhorn JD. CTLA-4
blockade enhances the therapeutic effect of an
attenuated poxvirus vaccine targeting p53 in an
established murine tumor model. ) Immunol. 2003;
170(6):3401-3407.

Lee FY, Covello KL, Castaneda S, Hawken DR, Kan D,
Lewin A, Wen ML, Ryseck RP, Fairchild CR, Fargnoli J,
Kramer R Synergistic antitumor activity of ixabepilone
(BMS-247550) plus bevacizumab in multiple in vivo
tumor models. Clin Cancer Res. 2008,14(24)8123-8131.
Paradis T), Floyd E, Burkwit J, Cole SH, Brunson B,
Elliott E Gilman S, Gladue RP. The anti-tumor
activity of anti-CTLA-4 is mediated through its
induction of IFN gamma. Cancer Immunol
Immunother. 2001,50(3):125-133.

Demaria S, Kawashima N, Yang AM, Devitt ML, Babb
JS, Allison JP, Formenti SC. Immune-mediated in-
hibition of metastases after treatment with local
radiation and CTLA-4 blockade in a mouse model of
breast cancer. Clin Cancer Res. 200511(2 Pt 1)
728-734.

Peggs KS, Quezada SA, Chambers CA, Korman A),
Allison JP. Blockade of CTLA-4 on both effector and
regulatory T cell compartments contributes to the

https://academic.oup.com/edrv 61

220z 1snbny /| uo Jasn sonsnp Jo wawuedaq 'S'N Aq GE0880S// L/ L/0/81o148/AIpa/Wwod dno-olwapeoe//:sdny WwoJl papeojumoq


http://dx.doi.org/10.1210/er.2018-00006
https://academic.oup.com/edrv

141.

i

14

143.

144,

145.

[Vl

14

14

14

14

150.

151.

ety

15!

15

154.

15

156.

62

N

o

~

0

o

N

w

v

antitumor activity of anti-CTLA-4 antibodies. | Exp
Med. 2009;206(8):1717-1725.

Ilwama S, De Remigis A, Callahan MK, Slovin SF,
Wolchok JD, Caturegli P. Pituitary expression of
CTLA-4 mediates hypophysitis secondary to ad-
ministration of CTLA-4 blocking antibody. Sci
Transl Med. 2014;,6(230):230ra45.

Sharma R, Di Dalmazi G, Caturegli P. Exacerbation of
autoimmune thyroiditis by CTLA-4 blockade: a role
for IFNvy-induced indoleamine 2, 3-dioxygenase.
Thyroid. 2016,26(8):1117-1124.

Nishimura H, Nose M, Hiai H, Minato N, Honjo T.
Development of lupus-like autoimmune diseases by
disruption of the PD-1 gene encoding an ITIM
motif-carrying immunoreceptor. Immunity. 1999;
11(2):141-151.

Nishimura H, Okazaki T, Tanaka Y, Nakatani K, Hara
M, Matsumori A, Sasayama S, Mizoguchi A, Hiai H,
Minato N, Honjo T. Autoimmune dilated cardio-
myopathy in PD-1 receptor-deficient mice. Science.
2001;,291(5502):319-322.

Ansari MJ, Salama AD, Chitnis T, Smith RN, Yagita
H, Akiba H, Yamazaki T, Azuma M, Iwai H, Khoury
S, Auchincloss H Jr, Sayegh MH. The programmed
death-1 (PD-1) pathway regulates autoimmune
diabetes in nonobese diabetic (NOD) mice. | Exp
Med. 2003;198(1):63-69.

Abril-Rodriguez G, Ribas A. SnapShot: Immune Check-
point Inhibitors. Cancer Cell. 2017,31(6):848—848e1.
Wolchok JD, Chiarion-Sileni 'V, Gonzalez R,
Rutkowski P, Grob JJ, Cowey CL, Lao CD, Wagstaff ),
Schadendorf D, Ferrucci PF, Smylie M, Dummer R,
Hill A, Hogg D, Haanen J, Carlino MS, Bechter O,
Maio M, Marquez-Rodas |, Guidoboni M, McArthur
G, Lebbé C, Ascierto PA, Long GV, Cebon J, Sosman
J, Postow MA, Callahan MK, Walker D, Rollin L,
Bhore R, Hodi FS, Larkin J. Overall survival with
combined nivolumab and ipilimumab in advanced
melanoma. N Engl | Med. 2017,377(14):1345-1356.
United States National Cancer Institute. Com-
mon Terminology Criteria for Adverse Events
(CTCAE). 2017; Available at: www.ctep.cancer.gov/
protocolDevelopment/electronic_applications/docs/
CTCAE_v5_Quick_Reference_85x11.pdf.  Accessed
30 May 2018.

Caturegli P, Newschaffer C, Olivi A, Pomper MG,
Burger PC, Rose NR. Autoimmune hypophysitis.
Endocr Rev. 2005,26(5):599-614.

Faje A. Hypophysitis: evaluation and management.
Clin Diabetes Endocrinol. 2016;2(1):15.

Fukuoka H. Hypophysitis. Endocrinol Metab Clin
North Am. 2015;44(1):143-149.

Rivera JA. Lymphocytic hypophysitis: disease spec-
trum and approach to diagnosis and therapy. Pi-
tuitary. 2006,9(1):35-45.

Hamnvik OP, Laury AR, Laws ER Jr, Kaiser UB. Lym-
phocytic hypophysitis with diabetes insipidus in a
young man. Nat Rev Endocrinol. 2010,6(8):464—470.
Min L, Hodi FS, Giobbie-Hurder A, Ott PA, Luke J),
Donahue H, Davis M, Carroll RS, Kaiser UB. Systemic
high-dose corticosteroid treatment does not im-
prove the outcome of ipilimumab-related hypo-
physitis: a retrospective cohort study. Clin Cancer
Res. 2015:21(4):749-755.

Faje AT, Sullivan R, Lawrence D, Tritos NA, Fadden
R, Klibanski A, Nachtigall L. Ipilimumab-induced
hypophysitis: a detailed longitudinal analysis in a
large cohort of patients with metastatic melanoma.
J Clin Endocrinol Metab. 2014,99(11):4078-4085.
Ryder M, Callahan M, Postow MA, Wolchok J, Fagin
JA. Endocrine-related adverse events following ipili-
mumab in patients with advanced melanoma:
a comprehensive retrospective review from a single
institution. Endocr Relat Cancer. 201421(2):371-381.

Chang et al

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171

172.

Caturegli P, Di Dalmazi G, Lombardi M, Grosso F,
Larman HB, Larman T, Taverna G, Cosottini M, Lupi .
Hypophysitis secondary to cytotoxic t-lymphocyte-
associated protein 4 blockade: insights into patho-
genesis from an autopsy series. Am | Pathol. 2016;
186(12):3225-3235.

Torino F, Barnabei A, De Vecchis L, Salvatori R,
Corsello SM. Hypophysitis induced by monoclonal
antibodies to cytotoxic T lymphocyte antigen 4:
challenges from a new cause of a rare disease.
Oncologist. 2012;,17(4):525-535.

Laurent S, Queirolo P, Boero S, Salvi S, Piccioli P,
Boccardo S, Minghelli S, Morabito A, Fontana V, Pietra
G, Carrega P, Ferrari N, Tosetti F, Chang L), Mingari MC,
Ferlazzo G, Poggi A, Pistillo MP. The engagement of
CTLA-4 on primary melanoma cell lines induces
antibody-dependent cellular cytotoxicity and TNF-a
production. J Transl Med. 2013;,11(1):108.

Romano E Kusio-Kobialka M, Foukas PG,
Baumgaertner P, Meyer C, Ballabeni P, Michielin O,
Weide B, Romero P, Speiser DE. Ipilimumab-
dependent cell-mediated cytotoxicity of regula-
tory T cells ex vivo by nonclassical monocytes in
melanoma patients. Proc Natl Acad Sci USA. 2015;
112(19):6140-6145.

Vidarsson G, Dekkers G, Rispens T. IgG subclasses
and allotypes: from structure to effector functions.
Front Immunol. 2014;5:520.

Mei Y, Bi WL, Greenwald NF, Du Z, Agar NY, Kaiser
UB, Woodmansee WW, Reardon DA, Freeman CJ,
Fecci PE, Laws ER Jr, Santagata S, Dunn GP, Dunn IF.
Increased expression of programmed death ligand 1
(PD-L1) in human pituitary tumors. Oncotarget.
20167(47):76565—76576.

Albarel F, Gaudy C, Castinetti F, Carré T, Morange |,
Conte-Devolx B, Grob ), Brue T. Long-term follow-
up of ipilimumab-induced hypophysitis, a common
adverse event of the anti-CTLA-4 antibody in
melanoma. Eur | Endocrinol. 2015;172(2):195-204.
Faje A. Immunotherapy and hypophysitis: clinical
presentation, treatment, and biologic insights. Pi-
tuitary. 2016;,19(1):82-92.

Fleseriu M, Hashim IA, Karavitaki N, Melmed S,
Murad MH, Salvatori R, Samuels MH. Hormonal
replacement in hypopituitarism in adults: an En-
docrine Society Clinical Practice Guideline. J Clin
Endocrinol Metab. 2016,101(11):3888-3921.
Jonklaas J, Bianco AC, Bauer AJ, Burman KD, Cappola AR,
Celi FS, Cooper DS, Kim BW, Peeters RP, Rosenthal MS,
Sawka AM; American Thyroid Association Task Force
on Thyroid Hormone Replacement. Guidelines for the
treatment of hypothyroidism: prepared by the ameri-
can thyroid association task force on thyroid hormone
replacement. Thyroid. 2014,24(12)1670-1751.

Adler SM, Wartofsky L The nonthyroidal illness
syndrome. Endocrinol Metab Clin North Am. 2007,
36(3)657-672, Vi.

Pappa TA, Vagenakis AG, Alevizaki M. The non-
thyroidal illness syndrome in the non-critically ill
patient. Eur | Clin Invest. 2011;41(2):212-220.
Bancos I, Hahner S, Tomlinson J, Arlt W. Diagnosis
and management of adrenal insufficiency. Lancet
Diabetes Endocrinol. 2015;3(3):216-226.

Puar TH, Stikkelbroeck NM, Smans LC, Zelissen PM,
Hermus AR. Adrenal crisis: still a deadly event in the
21st century. Am | Med. 2016;129(3):339.e1-339.€9.
Oelkers W. Hyponatremia and inappropriate secretion
of vasopressin (antidiuretic hormone) in patients with
hypopituitarism. N Engl ] Med. 1989,321(8):492—496.
Kalogeras KT, Nieman LK, Friedman TC, Doppman
JL, Cutler GB Jr, Chrousos GP, Wilder RL, Gold PW,
Yanovski JA. Inferior petrosal sinus sampling in
healthy subjects reveals a unilateral corticotropin-
releasing hormone-induced arginine vasopressin

Immune Checkpoint Inhibitor-Related Endocrinopathy

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

release associated with ipsilateral adrenocortico-
tropin secretion. J Clin Invest. 1996;97(9):2045-2050.
Raff H, Sharma ST, Nieman LK. Physiological basis
for the etiology, diagnosis, and treatment of adrenal
disorders: Cushing’s syndrome, adrenal insufficiency,
and congenital adrenal hyperplasia. Compr Physiol.
2014:4(2):739-769.

Bhasin S, Brito JP, Cunningham GR, Hayes FJ, Hodis
HN, Matsumoto AM, Snyder PJ, Swerdloff RS, Wu
FC, Yialamas MA. Testosterone therapy in men with
hypogonadism: an Endocrine Society Clinical
Practice Guideline. | Clin Endocrinol Metab. 2018;
103(5):1715-1744.

Molitch ME, Clemmons DR, Malozowski S, Merriam
GR, Vance ML; Endocrine Society. Evaluation and
treatment of adult growth hormone deficiency: an
Endocrine Society clinical practice guideline. J Clin
Endocrinol Metab. 2011;,96(6):1587-1609.

Dillard T, Yedinak CG, Alumkal J, Fleseriu M. Anti-
CTLA-4 antibody therapy associated autoimmune
hypophysitis:  serious immune related adverse
events across a spectrum of cancer subtypes. Pi-
tuitary. 2010;13(1):29-38.

Nallapaneni NN, Mourya R, Bhatt VR, Malhotra S,
Ganti AK, Tendulkar KK. Ipilimumab-induced hypo-
physitis and uveitis in a patient with metastatic
melanoma and a history of ipilimumab-induced skin
rash. ) Natl Compr Canc Netw. 2014;12(8):1077-1081.
Zhao C Tella SH, Del Rivero ), Kommalapati A,
Ebenuwa |, Gulley J, Strauss J, Brownell I. Anti-PD-L1
treatment induced central diabetes insipidus. ) Clin
Endocrinol Metab. 2018;,103(2):365-369.

Gunawan F, George E, Roberts A. Combination im-
mune checkpoint inhibitor therapy nivolumab and
ipilimumab associated with multiple endocrinopathies.
Endocrinol Diabetes Metab Case Rep. 20182018.
Bristol-Myers Squibb. Full prescribing information
for Yervoy (ipilimumab). 2018; Available at: www.
packageinsertsbms.com/pi/pi_yervoy.pdf. Accessed
30 May 2018,

Diver M), Hughes JG, Hutton JL, West CR, Hipkin LJ.
The long-term stability in whole blood of 14
commonly-requested hormone analytes. Ann Clin
Biochem. 1994;31(Pt 6):561-565.

Jane Ellis M, Livesey JH, Evans MJ. Hormone stability
in human whole blood. Clin Biochem. 2003;36(2):
109-112.

Reisch N, Reincke M, Bidlingmaier M. Preanalytical
stability of adrenocorticotropic hormone depends
on time to centrifugation rather than temperature.
Clin Chem. 2007;53(2):358-359.

Wu ZQ, Xu HG. Preanalytical stability of adreno-
corticotropic hormone depends on both time to
centrifugation and temperature. | Clin Lab Anal.
2017:31(5):22081.

Banitt PF, Munson AK. Addisonian crisis after thyroid
replacement. Hosp Pract (Off Ed). 1986:21(5):132—134.
Osman IA, Leslie P. Addison’s disease. Adrenal in-
sufficiency should be excluded before thyroxine
replacement is started. BMJ. 1996,313(7054):427.
Murray JS, Jayarajasingh R, Perros P. Lesson of the
week: deterioration of symptoms after start of
thyroid hormone replacement. BMJ. 2001;323(7308):
332-333.

Roos A, Linn-Rasker SP, van Domburg RT, Tijssen JP,
Berghout A. The starting dose of levothyroxine in
primary hypothyroidism  treatment: a prospective,
randomized, double-blind trial. Arch Intern Med. 2005;
165(15)1714-1720.

Stuenkel CA, Davis SR, Gompel A, Lumsden MA,
Murad MH, Pinkerton JV, Santen R). Treatment of
symptoms of the menopause: an Endocrine Society
Clinical Practice Guideline. J Clin Endocrinol Metab.
2015100(11):3975-4011.

Endocrine Reviews, February 2019, 40(1):17-65

220z 1snbny /| uo Jasn sonsnp Jo wawuedaq 'S'N Aq GE0880S// L/ L/0/81o148/AIpa/Wwod dno-olwapeoe//:sdny WwoJl papeojumoq


http://www.ctep.cancer.gov/protocolDevelopment/electronic_applications/docs/CTCAE_v5_Quick_Reference_8.5x11.pdf
http://www.ctep.cancer.gov/protocolDevelopment/electronic_applications/docs/CTCAE_v5_Quick_Reference_8.5x11.pdf
http://www.ctep.cancer.gov/protocolDevelopment/electronic_applications/docs/CTCAE_v5_Quick_Reference_8.5x11.pdf
http://www.packageinserts.bms.com/pi/pi_yervoy.pdf
http://www.packageinserts.bms.com/pi/pi_yervoy.pdf

190.

191

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

The NAMS 2017 Hormone Therapy Position State-
ment Advisory Panel. The 2017 hormone therapy
position statement of The North American Meno-
pause Society. Menopause. 2017,24(7)728-753.
Serensen JB, Andersen MK, Hansen HH. Syndrome of
inappropriate  secretion of antidiuretic hormone
(SIADH) in malignant disease. ] Intern Med. 1995238(2):
97-110.

List AF, Hainsworth JD, Davis BW, Hande KR, Greco
FA, Johnson DH. The syndrome of inappropriate
secretion of antidiuretic hormone (SIADH) in small-
cell lung cancer. J Clin Oncol. 1986;4(8):1191-1198.
Talmi YP, Hoffman HT, McCabe BF. Syndrome of
inappropriate secretion of arginine vasopressin in
patients with cancer of the head and neck. Ann Otol
Rhinol Laryngol. 1992;101(11):946-949.

Ferlito A, Rinaldo A, Devaney KO. Syndrome of in-
appropriate antidiuretic hormone secretion associ-
ated with head neck cancers: review of the literature.
Ann Otol Rhinol Laryngol. 1997;106(10 Pt 1).878-883.
Downey SG, Klapper JA, Smith FO, Yang JC, Sherry
RM, Royal RE, Kammula US, Hughes MS, Allen TE,
Levy CL, Yellin M, Nichol G, White DE, Steinberg
SM, Rosenberg SA. Prognostic factors related to
clinical response in patients with metastatic mel-
anoma treated by CTl-associated antigen-4
blockade. Clin Cancer Res. 2007;13(22 Pt 1):
6681-6688.

Scott ES, Long GV, Guminski A, Clifton-Bligh RJ,
Menzies AM, Tsang VH. The spectrum, incidence,
kinetics and management of endocrinopathies with
immune checkpoint inhibitors for metastatic
melanoma. Eur J Endocrinol. 2018;178(2):175-182.
Corsello SM, Salvatori R, Barnabei A, De Vecchis L,
Marchetti P, Torino F. Ipilimumab-induced endo-
crinopathies: when to start corticosteroids (or not).
Cancer Chemother Pharmacol. 2013;72(2):489—490.
Bornstein SR, Allolio B, Arlt W, Barthel A, Don-
Wauchope A, Hammer GD, Husebye ES, Merke DP,
Murad MH, Stratakis CA, Torpy DJ. Diagnosis and
treatment of primary adrenal insufficiency: an En-
docrine Society Clinical Practice Guideline. J Clin
Endocrinol Metab. 2016;101(2):364—389.

Byun D), Wolchok JD, Rosenberg LM, Girotra M.
Cancer immunotherapy - immune checkpoint
blockade and associated endocrinopathies. Nat Rev
Endocrinol. 2017;13(4):195-207.

Morganstein DL, Lai Z, Spain L, Diem S, Levine D,
Mace C, Gore M, Larkin J. Thyroid abnormalities
following the use of cytotoxic T-lymphocyte
antigen-4 and programmed death receptor protein-
1 inhibitors in the treatment of melanoma. Clin
Endocrinol (Oxf). 2017,86(4):614—620.

Lee H, Hodi FS, Giobbie-Hurder A, Ott PA, Buchbinder
El,Haq R, Tolaney S, Barroso-Sousa R, Zhang K, Donahue
H, Davis M, Gargano ME, Kelley KM, Carroll RS, Kaiser
UB, Min L Characterization of thyroid disorders in
patients  receiving immune checkpoint inhibition
therapy. Cancer Immunol Res. 2017,5(12):1133-1140.
Munakata W, Ohashi K, Yamauchi N, Tobinai K.
Fulminant type | diabetes mellitus associated with
nivolumab in a patient with relapsed classical
Hodgkin lymphoma. Int ) Hematol. 2017,105(3):
383-386.

Bresler SC, Min L, Rodig S, Walls AC, Xu S, Geng S,
Hodi FS, Murphy GF, Lian CC. Gene expression
profiling of anti-CTLA4-treated metastatic mela-
noma in patients with treatment-induced auto-
immunity. Lab Invest. 2017,97(2):207-216.

de Filette J, Jansen Y, Schreuer M, Everaert H,
Velkeniers B, Neyns B, Bravenboer B. Incidence of
thyroid-related adverse events in melanoma pa-
tients treated with pembrolizumab. J Clin Endocrinol
Metab. 2016,101(11):4431-4439.

doi: 10.1210/er.2018-00006

205.

206.

208.

209.

210.

211,

212.

213.

214.

215.

216.

217.

218.

219.

220.

Guaraldi F, La Selva R, Sama MT, D'Angelo V, Gori D,
Fava P, Fierro MT, Savoia P, Arvat E. Characterization
and implications of thyroid dysfunction induced by
immune checkpoint inhibitors in real-life clinical
practice: a long-term prospective study from a referral
institution. J Endocrinol Invest. 201841(5):549-556.
Yamazaki H, Iwasaki H, Yamashita T, Yoshida T,
Suganuma N, Yamanaka T, Masudo K, Nakayama H,
Kohagura K, Rino Y, Masuda M. Potential risk
factors for nivolumab-induced thyroid dysfunction.
In Vivo. 2017;31(6):1225-1228.

. Delivanis DA, Gustafson MP, Bornschlegl S, Merten

MM, Kottschade L, Withers S, Dietz AB, Ryder M.
Pembrolizumab-induced thyroiditis: comprehen-
sive clinical review and insights into underlying
involved mechanisms. J Clin Endocrinol Metab. 2017;
102(8):2770-2780.

Osorio JC, Ni A, Chaft JE Pollina R, Kasler MK, Stephens
D, Rodriguez C, Cambridge L, Rizvi H, Wolchok JD,
Merghoub T, Rudin CM, Fish S, Hellmann MD.
Antibody-mediated thyroid dysfunction during T-cell
checkpoint blockade in patients with non-small-cell
lung cancer. Ann Oncol. 2017,28(3):583-589.

Orlov S, Salari F, Kashat L, Walfish PG. Induction of
painless thyroiditis in patients receiving pro-
grammed death 1 receptor immunotherapy for
metastatic malignancies. J Clin Endocrinol Metab.
2015;100(5):1738-1741.

OMealley G, Lee HJ, Parekh S, Galsky MD, Smith CB,
Friedlander P, Yanagisawa RT, Gallagher EJ. Rapid
evolution of thyroid dysfunction in patients treated
with nivolumab. Endocr Pract. 2017;23(10):1223-1231.
Alhusseini M, Samantray J. Hypothyroidism in cancer
patients on immune checkpoint inhibitors with anti-
PD1 agents: insights on underlying mechanisms. Exp
Clin Endocrinol Diabetes. 2017;,125(4)267-269.
Maekura T, Naito M, Tahara M, lkegami N, Kimura
Y, Sonobe S, Kobayashi T, Tsuji T, Minomo S,
Tamiya A, Atagi S. Predictive factors of nivolumab-
induced hypothyroidism in patients with non-small
cell lung cancer. In Vivo. 2017;31(5):1035-1039.
Azmat U, Liebner D, Joehlin-Price A, Agrawal A,
Nabhan F. Treatment of ipilimumab induced
Graves' disease in a patient with metastatic mel-
anoma. Case Rep Endocrinol. 2016,2016:22087525.
Gan EH, Mitchell AL, Plummer R, Pearce S, Perros P.
Tremelimumab-induced Graves hyperthyroidism.
Eur Thyroid ). 2017:6(3):167-170.

Min L, Vaidya A Becker C. Association of ipilimumab
therapy for advanced melanoma with secondary ad-
renal insufficiency: a case series. Endocr Pract. 2012,18(3):
351-355.

Torimoto K, Okada Y, Nakayamada S, Kubo S, Tanaka
Y. Anti-PD-1 antibody therapy induces Hashimoto's
disease with an increase in peripheral blood follicular
helper T cells. Thyroid. 2017,27(10):1335-1336.

Zhu C MaJ, Liu Y, Tong ), Tian J, Chen J, Tang X, Xu
H, Lu L, Wang S. Increased frequency of follicular
helper T cells in patients with autoimmune thyroid
disease. ] Clin Endocrinol Metab. 2012,97(3):943-950.
Knudsen N, Jorgensen T, Rasmussen S, Christiansen
E, Perrild H. The prevalence of thyroid dysfunction
in a population with borderline iodine deficiency.
Clin Endocrinol (Oxf). 1999;51(3):361-367.
Hollowell JG, Staehling NW, Flanders WD, Hannon
WH, Gunter EW, Spencer CA, Braverman LE. Se-
rum TSH, T(4), and thyroid antibodies in the
United States population (1988 to 1994): National
Health and Nutrition Examination  Survey
(NHANES 1l1). J Clin Endocrinol Metab. 2002;87(2):
489-499.

Pedersen 1B, Knudsen N, Jergensen T, Perrild H,
Ovesen L, Laurberg P. Thyroid peroxidase and
thyroglobulin autoantibodies in a large survey of

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

populations with mild and moderate iodine de-
ficiency. Clin Endocrinol (Oxf). 2003;58(1):36-42.
Hoogendoorn EH, Hermus AR, de Vegt F, Ross HA,
Verbeek AL, Kiemeney LA, Swinkels DW, Sweep FC,
den Heijer M. Thyroid function and prevalence of
anti-thyroperoxidase antibodies in a population
with borderline sufficient iodine intake: influences
of age and sex. Clin Chem. 2006;52(1):104-111.
Amouzegar A, Gharibzadeh S, Kazemian E, Mehran
L, Tohidi M, Azizi F. The Prevalence, Incidence and
Natural Course of Positive Antithyroperoxidase
Antibodies in a Population-Based Study: Tehran
Thyroid Study. PLoS One. 2017;,12(1):e0169283.

Yu G Chopra I, Ha E A novel melanoma therapy stirs
up a storm: ipilimumab-induced  thyrotoxicosis. Endo-
crinol Diabetes Metab Case Rep. 20152015:140092.
McMillen B, Dhillon MS, Yong-Yow S. A rare case of
thyroid storm. BMJ Case Rep. 2016,2016:10.

Khan U, Rizvi H, Sano D, Chiu J, Hadid T. Nivolumab
induced myxedema crisis. | Immunother Cancer. 2017,
5(1)13.

Garber JR, Cobin RH, Gharib H, Hennessey JV, Klein |,
Mechanick JI, Pessah-Pollack R, Singer PA, Woeber
KA; American Association of Clinical Endocrinol-
ogists and American Thyroid Association Taskforce
on Hypothyroidism in Adults. Clinical practice
guidelines for hypothyroidism in adults: cospon-
sored by the American Association of Clinical
Endocrinologists and the American Thyroid Asso-
ciation. Endocr Pract. 2012;18(6):988—1028.

Patti R, Malhotra S, Sinha A, Singh P, Marcelin M,
Saxena A. Atezolizumab-induced new onset diabetes
mellitus with ketoacidosis. Am | Ther. 201825(5).
€565-e568.

Hickmott L, De La Pefia H, Turner H, Ahmed F,
Protheroe A, Grossman A, Gupta A. Anti-PD-L1
atezolizumab-induced autoimmune diabetes: a case
report and review of the literature. Target Oncol.
2017;12(2):235-241.

Way J, Drakaki A, Drexler A, Freeby M. Anti-PD-L1
therapy and the onset of diabetes mellitus with
positive pancreatic autoantibodies. BMJ Case Rep.
2017,2017:2017.

Atkins PW, Thompson DM. Combination avelu-
mab and utomilumab immunotherapy can induce
diabetic ketoacidosis. Diabetes Metab. 2017;(Jun):
22.

Mellati M, Eaton KD, Brooks-Worrell BM, Hagopian
WA, Martins R, Palmer JP, Hirsch IB. Anti-PD-1 and
anti-PDL-1T monoclonal antibodies causing type 1
diabetes. Diabetes Care. 201538(9).e137-e138.
Yamazaki N, Kiyohara Y, Uhara H, Fukushima S,
Uchi H, Shibagaki N, Tsutsumida A, Yoshikawa S,
Okuyama R, Ito Y, Tokudome T. Phase Il study of
ipilimumab monotherapy in Japanese patients with
advanced melanoma. Cancer Chemother Pharmacol.
2015,76(5):997—1004.

Tsiogka A, Jansky GL, Bauer JW, Koelblinger P.
Fulminant type 1 diabetes after adjuvant ipilimu-
mab therapy in cutaneous melanoma. Melanoma
Res. 2017,27(5):524-525.

Aratijo M, Ligeiro D, Costa L, Marques F, Trindade H,
Correia JM, Fonseca C. A case of fulminant type 1
diabetes following anti-PD1 immunotherapy in a ge-
netically susceptible patient. Immunotherapy. 20179(7).
531-535.

Gauci ML, Laly P, Vidal-Trecan T, Baroudjian B,
Gorttlieb J, Madjlessi-Ezra N, Da Meda L, Madelaine-
Chambrin 1, Bagot M, Basset-Seguin N, Pages C,
Mourah S, Boudou P, Lebbé C, Gautier JF. Auto-
immune diabetes induced by PD-1 inhibitor-
retrospective analysis and pathogenesis: a case report
and literature review. Cancer Immunol Immunother.
2017:66(11):1399—-1410.

https://academic.oup.com/edrv 63

220z 1snbny /| uo Jasn sonsnp Jo wawuedaq 'S'N Aq GE0880S// L/ L/0/81o148/AIpa/Wwod dno-olwapeoe//:sdny WwoJl papeojumoq


http://dx.doi.org/10.1210/er.2018-00006
https://academic.oup.com/edrv

236.

23

23

23

240.

241,

24

243.

24

245.

246.

24

24

249.

64

~

0

o

N

ES

~

&

Godwin JL, Jaggi S, Sirisena |, Sharda P, Rao AD,
Mehra R, Veloski C. Nivolumab-induced autoim-
mune diabetes mellitus presenting as diabetic
ketoacidosis in a patient with metastatic lung
cancer. | Immunother Cancer. 2017;5(1):40.
Hofmann L, Forschner A, Loquai C, Goldinger SM,
Zimmer L, Ugurel S, Schmidgen M|, Gutzmer R, Utikal
JS, Goppner D, Hassel JC, Meier F, Tietze JK, Thomas |,
Weishaupt C, Leverkus M, Wahl R, Dietrich U, Garbe
G, Kirchberger MC, Eigentler T, Berking C, Gesierich A,
Krackhardt AM, Schadendorf D, Schuler G, Dummer
R, Heinzerling LM. Cutaneous, gastrointestinal, hepatic,
endocrine, and renal side-effects of anti-PD-1 therapy.
Eur | Cancer. 2016,60:190—209.

Hughes J, Vudattu N, Sznol M, Gettinger S, Kluger H,
Lupsa B, Herold KC. Precipitation of autoimmune
diabetes with anti-PD-1 immunotherapy. Diabetes
Care. 2015;38(4).e55-e57.

Ishikawa K, Shono-Saito T, Yamate T, Kai Y, Sakai T,
Shimizu F, Yamada Y, Mori H, Noso S, kegami H,
Kojima H, Tanaka H, Fujiwara S, Hatano Y. A case of
fulminant type 1 diabetes mellitus, with a pre-
cipitous decrease in pancreatic volume, induced by
nivolumab for malignant melanoma: analysis of
HLA and CTLA-4 polymorphisms. Eur | Dermatol.
201727(2):184-185.

Kumagai R, Muramatsu A, Nakajima R, Fujii M,
Kaino K, Katakura Y, Okumura N, Ohara G,
Kagohashi K, Satoh H, Yagyu H. Acute-onset type 1
diabetes mellitus caused by nivolumab in a patient
with advanced pulmonary adenocarcinoma.
J Diabetes Investig. 2017,8(6):798-799.

Li L Masood A, Bari S, Yavuz S, Grosbach AB.
Autoimmune diabetes and thyroiditis complicating
treatment with nivolumab. Case Rep Oncol. 2017
10(1):230-234.

Marchand L, Paulus V, Fabien N, Pérol M, Thivolet C,
Vouillarmet ), Saintigny P. Nivolumab-induced
acute diabetes mellitus and hypophysitis in a pa-
tient with advanced pulmonary pleomorphic car-
cinoma with a prolonged tumor response. ] Thorac
Oncol. 2017,12(11)e182-e184.

Matsumura K, Nagasawa K, Oshima Y, Kikuno S,
Hayashi K, Nishimura A, Okubo M, Uruga H, Kishi K,
Kobayashi T, Mori Y. Aggravation of diabetes, and
incompletely deficient insulin secretion in a case
with type 1 diabetes-resistant human leukocyte
antigen DRB1*15.02 treated with nivolumab.
J Diabetes Investig. 2018,9(2):438-441.

Miyoshi Y, Ogawa O, Oyama Y. Nivolumab, an anti-
programmed cell death-1 antibody, induces fulminant
type 1 diabetes. Tohoku | Exp Med.2016239(2):155-158.
Okamoto M, Okamoto M, Gotoh K, Masaki T,
Ozeki Y, Ando H, Anai M, Sato A, Yoshida Y, Ueda S,
Kakuma T, Shibata H. Fulminant type 1 diabetes
mellitus with anti-programmed cell death-1 ther-
apy. ) Diabetes Investig. 2016,7(6):915-918.
Teramoto Y, Nakamura Y, Asami Y, Imamura T,
Takahira S, Nemoto M, Sakai G, Shimada A, Noda
M, Yamamoto A. Case of type 1 diabetes associated
with less-dose nivolumab therapy in a melanoma
patient. /] Dermatol. 2017;44(5):605-606.

Usui Y, Udagawa H, Matsumoto S, Imai K, Ohashi K,
Ishibashi M, Kirita K, Umemura S, Yoh K, Niho S, Osame
K, Goto K. 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. | Thorac Oncol. 2017,12(5)e41—e43.
Alzenaidi AA, Dendy ), Rejjal L. Autoimmune di-
abetes presented with diabetic ketoacidosis in-
duced by immunotherapy in an adult with
melanoma. J La State Med Soc. 2017;169(2):49.
Lowe JR, Perry DJ, Salama AK, Mathews CE, Moss LG,
Hanks BA. Genetic risk analysis of a patient with

Chang et al

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

fulminant autoimmune type 1 diabetes mellitus
secondary to combination ipilimumab and nivolumab
immunotherapy. J Immunother Cancer. 2016:4(1):89.
Chae YK, Chiec L, Mohindra N, Gentzler R, Patel J, Giles
F. A case of pembrolizumab-induced type-1 diabetes
mellitus and  discussion of immune checkpoint
inhibitor-induced type 1 diabetes. Cancer Immunol
Immunother. 2017:66(1):25-32.

Gaudy G Clévy C Monestier S, Dubois N, Préau Y,
Mallet S, Richard MA, Grob JJ, Valéro R, Béliard S. Anti-
PD1 pembrolizumab can induce exceptional fulminant
type 1 diabetes. Diabetes Care. 201538(11)e182—e183.
Kong SH, Lee SY, Yang YS, Kim TM, Kwak SH. Anti-
programmed cell death 1 therapy triggering di-
abetic ketoacidosis and fulminant type 1 diabetes.
Acta Diabetol. 2016;53(5):853-856.

Leonardi GC, Oxnard CR, Haas A, Lang JP, Williams JS,
Awad MM. Diabetic ketoacidosis as an immune-related
adverse event from pembrolizumab in non-small cell
lung cancer. | Immunother. 2017:40(6)249-251.
Mizab Mellah C, Sdnchez Pérez M, Santos Rey MD,
Hernandez Garcia M. Fulminant type 1 diabetes
mellitus associated with pembrolizumab. Endocrinol
Diabetes Nutr. 2017;64(5):272-273.

Smith-Cohn MA, Gill D, Voorhies BN, Agarwal N,
Garrido-Laguna I. Case report: pembrolizumab-
induced type 1 diabetes in a patient with meta-
static cholangiocarcinoma. Immunotherapy. 2017,
9(10):797-804.

Thoreau B, Gouaillier-Vulcain F, Machet L, Mateus C,
Robert C, Ferreira-Maldent N, Maillot F, Lioger B. Acute
lower limb ischaemia and diabetes in a patient treated
with anti-PD1 monoclonal antibody for metastatic
melanoma. Acta Derm Venereol. 2017,97(3):408—409.
Alhusseini M, Samantray J. Autoimmune diabetes
superimposed on type 2 diabetes in a patient
initiated on immunotherapy for lung cancer. Di-
abetes Metab. 2017;43(1):86-88.

Aleksova J, Lau PK, Soldatos G, McArthur G. Gluco-
corticoids did not reverse type 1 diabetes mellitus
secondary to pembrolizumab in a patient with
metastatic melanoma. BMJ Case Rep. 201620162016
Hansen E, Sahasrabudhe D, Sievert L. A case report
of insulin-dependent diabetes as immune-related
toxicity of pembrolizumab: presentation, manage-
ment and outcome. Cancer Immunol Immunother.
2016,65(6):765-767.

Humayun MA, Poole R. A case of multiple immune
toxicities from ipilimumab and pembrolizumab
treatment. Hormones (Athens). 2016;15(2):303-306.
Martin-Liberal J, Furness AJ, Joshi K, Peggs KS, Quezada
SA, Larkin J. Anti-programmed cell death-1 therapy
and insulin-dependent diabetes: a case report. Cancer
Immunol Immunother. 2015,64(6):765-767.

Imagawa A, Hanafusa T, Miyagawa ), Matsuzawa Y;
Osaka IDDM Study Group. A novel subtype of type
1 diabetes mellitus characterized by a rapid onset
and an absence of diabetes-related antibodies.
N Engl | Med. 2000;342(5):301-307.

Imagawa A, Hanafusa T, Awata T, lkegami H,
Uchigata Y, Osawa H, Kawasaki E, Kawabata Y,
Kobayashi T, Shimada A, Shimizu |, Takahashi K
Nagata M, Makino H, Maruyama T. Report of the
Committee of the Japan Diabetes Society on the
Research of Fulminant and Acute-onset Type 1
Diabetes Mellitus: new diagnostic criteria of ful-
minant type 1 diabetes mellitus (2012). ) Diabetes
Investig. 2012,3(6):536-539.

Noble JA. Immunogenetics of type 1 diabetes: a com-
prehensive review. | Autoimmun. 201564:101-112.
Todd JA, Walker NM, Cooper JD, Smyth D), Downes K,
Plagnol V, Bailey R, Nejentsev S, Field SF, Payne F, Lowe
CE, Szeszko JS, Hafler JP, Zeitels L, Yang JH, Vella A,
Nutland S, Stevens HE, Schuilenburg H, Coleman G,

Immune Checkpoint Inhibitor-Related Endocrinopathy

266.

26

268.

269.

ey

270.

271.

=

27

273.

274.

275.

[Vl

276.

27

278.

[

27

28

281.

iy

~

N

~

o

o

Maisuria M, Meadows W, Smink L), Healy B, Burren
OS, Lam AA, Ovington NR, Allen J, Adlem E, Leung HT,
Wallace C, Howson JM, Guja C, lonescu-Tirgoviste C,
Simmonds M), Heward JM, Gough SC, Dunger DB,
Wicker LS, Clayton DGGenetics of Type 1 Diabetes in
FinlandWellcome Trust Case Control Consortium.
Robust associations of four new chromosome regions
from genome-wide analyses of type 1 diabetes. Nat
Genet. 2007,39(7):857-864.

American Diabetes Association. 2. Classification and
Diagnosis of Diabetes: Standards of Medical Care in
Diabetes-2018. Diabetes Care. 2018:41(Suppl 1)S13-S27.
Leighton E, Sainsbury CA, Jones GC. A practical
review of C-peptide testing in diabetes. Diabetes
Ther. 2017:8(3):475—487.

Obata A, Kaneto H, Kamei S, Shimoda M, Kishi S,
Isogawa A, Shiba T. Pancreatic inflammation captured
by imaging technology at the onset of fulminant type
1 diabetes. Diabetes Care. 2015,38(9)e135—e136.
Kitabchi AE, Umpierrez GE, Miles JM, Fisher JN.
Hyperglycemic crises in adult patients with di-
abetes. Diabetes Care. 2009;32(7):1335-1343.
Charmandari E, Nicolaides NC, Chrousos GP. Adrenal
insufficiency. Lancet. 2014,383(9935)2152-2167.
Paepegaey AC, Lheure C, Ratour C, Lethielleux G,
Clerc J, Bertherat J, Kramkimel N, Groussin L. Pol-
yendocrinopathy resulting from pembrolizumab
in a patient with a malignant melanoma. J Endocrine
Soc. 2017;1(6):646—649.

Trainer H, Hulse P, Higham CE, Trainer P, Lorigan P.
Hyponatraemia secondary to nivolumab-induced
primary adrenal failure. Endocrinol Diabetes Metab
Case Rep. 2016,2016.

Min L, Ibrahim N. Ipilimumab-induced autoimmune
adrenalitis. Lancet Diabetes Endocrinol. 2013;1(3)€15.
Yang JC, Hughes M, Kammula U, Royal R, Sherry RM,
Topalian SL, Suri KB, Levy C, Allen T, Mavroukakis S,
Lowy |, White DE, Rosenberg SA. Ipilimumab (anti-
CTLA4 antibody) causes regression of metastatic renal
cell cancer associated with enteritis and hypophysitis.
J Immunother. 2007;30(8):825-830.

Bacanovic S, Burger IA, Stolzmann P, Hafner J,
Huellner MW. Ipilimumab-induced adrenalitis:
a possible pitfall in 18F-FDG-PET/CT. Clin Nucl Med.
2015:40(11):e518-€5719.

Dluhy RG, Himathongkam T, Greenfield M. Rapid
ACTH test with plasma aldosterone levels. Im-
proved diagnostic discrimination. Ann Intern Med.
1974;80(6):693—696.

Boasberg PD, Hoon DS, Piro LD, Martin MA, Fujimoto
A, Kristedja TS, Bhachu S, Ye X, Deck RR, O'Day ).
Enhanced survival associated with vitiligo expression
during maintenance biotherapy for metastatic mel-
anoma. J Invest Dermatol. 2006,126(12):2658—2663.
Nakamura Y, Tanaka R, Asami Y, Teramoto Y,
Imamura T, Sato S, Maruyama H, Fujisawa Y, Matsuya
T, Fujimoto M, Yamamoto A. Correlation between
vitiligo occurrence and clinical benefit in advanced
melanoma patients treated with nivolumab: a multi-
institutional retrospective study. J Dermatol. 2017
44(2)117-122.

Teulings HE, Limpens J, Jansen SN, Zwinderman AH,
Reitsma JB, Spuls Pl Luiten RM. Vitiligo-like de-
pigmentation in patients with stage Ill-IV mela-
noma receiving immunotherapy and its association
with survival: a systematic review and meta-analysis.
J Clin Oncol. 2015;33(7):773-781.

Sanlorenzo M, Vujic |, Daud A, Algazi A, Gubens M,
Luna SA, Lin K, Quaglino P, Rappersberger K, Ortiz-
Urda S. Pembrolizumab cutaneous adverse events
and their association with disease progression.
JAMA Dermatol. 2015;151(11):1206—-1212.

Ascierto PA, Simeone E, Sileni VC, Pigozzo J, Maio M,
Altomonte M, Del Vecchio M, Di Guardo L, Marchetti

Endocrine Reviews, February 2019, 40(1):17-65

220z 1snbny /| uo Jasn sonsnp Jo wawuedaq 'S'N Aq GE0880S// L/ L/0/81o148/AIpa/Wwod dno-olwapeoe//:sdny WwoJl papeojumoq



P, Ridolfi R, Cognetti F, Testori A, Bernengo MG, Guida
M, Marconcini R, Mandala M, Cimminiello C, Rinaldi
G, Aglietta M, Queirolo P. Clinical experience with
ipilimumab 3 mg/kg: real-world efficacy and safety
data from an expanded access programme cohort.
] Transl Med. 2014,12(1):116.

282. Horvat TZ, Adel NG, Dang TO, Momtaz P, Postow
MA, Callahan MK, Carvajal RD, Dickson MA,
D’'Angelo SP, Woo KM, Panageas KS, Wolchok JD,
Chapman PB. Immune-related adverse events, need
for systemic immunosuppression, and effects on
survival and time to treatment failure in patients
with melanoma treated with ipilimumab at Me-
morial Sloan Kettering Cancer Center. J Clin Oncol.
2015;33(28):3193-3198.

283. Beck KE, Blansfield JA, Tran KQ, Feldman AL
Hughes MS, Royal RE, Kammula US, Topalian SL,
Sherry RM, Kleiner D, Quezado M, Lowy |, Yellin M,
Rosenberg SA, Yang JC. Enterocolitis in patients
with cancer after antibody blockade of cytotoxic
T-lymphocyte-associated antigen 4. | Clin Oncol.
2006;24(15):2283-2289.

284. Freeman-Keller M, Kim Y, Cronin H, Richards A,
Gibney G, Weber JS. Nivolumab in resected and
unresectable metastatic melanoma: characteristics of
immune-related adverse events and association with
outcomes. Clin Cancer Res. 2016,22(4):886—-894.

doi: 10.1210/er.2018-00006

285. Teraoka S, Fujimoto D, Morimoto T, Kawachi H, lto M,
Sato Y, Nagata K, Nakagawa A, Otsuka K, Uehara K,
Imai Y, Ishida K, Fukuoka J, Tomii K. 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(12):1798—1805.

286. Ott PA, Hodi FS, Kaufman HL, Wigginton JM,
Wolchok JD. Combination immunotherapy: a road
map. | Immunother Cancer. 2017;5(1):16.

Acknowledgments
Financial Support: This work was partially supported by
the Eunice Kennedy Shriver National Institute of Child
Health and Human Development, National Institutes of
Health Grants R01T HD019938 and HD082314 (to U.BK.).

Correspondence and Reprint Requests: Le Min, MD,
PhD, Division of Endocrinology, Diabetes, and Hypertension,
Brigham and Women'’s Hospital, Harvard Medical School,
221 Longwood Avenue, Boston, Massachusetts 02115.
E-mail: Imin@bwh harvard.edu

Disclosure Summary: Dana-Farber Cancer Institute
and Brigham and Women's Hospital receive clinical trial
support from Bristol-Myers Squibb (FSH, SM.T, LM.), Merck
(SMT), and Genentech (SM.T). L-S.C. has received research
funding support from Boehringer Ingelheim that is not

related to the topic of this article. The remaining authors
have nothing to disclose.

Abbreviations

"8FDG-PET/CT, 18-fluorodeoxyglucose-positron  emission  to-
mography/CT; ADCC, antibody-dependent cell-mediated cy-
totoxicity, ADH, antidiuretic hormone; AITD, autoimmune
thyroid disease; Akt, protein kinase B; APC, antigen-presenting
cell; CTCAE, Common Terminology Criteria for Adverse Events;
CTLA-4, cytotoxic T-lymphocyte-associated protein 4 DI, di-
abetes insipidus; DKA, diabetic ketoacidosis; DM, diabetes
mellitus; FDA, Food and Drug Administration; HbA1c, hemo-
globin A1 HR, hazard ratio; IA2, islet antigen 2; ICPj, immune
checkpoint inhibitor; IDO, indoleamine 2,3-dioxygenase; irAE,
immune-related adverse event; mAb, monoclonal antibody;
MHC, major histocompatibility complex, NOD, nonobese di-
abetic; NSCLC, nonsmall cell lung cancer; NTIS, nonthyroidal
illness syndrome; OS, overall survival; PAl, primary adrenal in-
sufficiency; PD-1, programmed death 1; PFS, progression-free
survival; PI3K, phosphatidylinositol-4,5-bisphosphate  3-kinase;
PO, by mouth; RCT, randomized controlled trial; SNP, single
nucleotide polymorphism; T1DM, type 1 diabetes mellitus; TCR,
T-cell recepror; Tth, follicular helper T; TFT, thyroid function test;
TgAb, thyroglobulin antibody; TPO Ab, thyroperoxidase anti-
body, TRAb, thyrotropin receptor antibody; Treg regulatory
T-cell; TSI, thyroid-stimulating immunoglobulin; UTR, un-
translated region.

https://academic.oup.com/edrv 65

220z 1snbny /| uo Jasn sonsnp Jo wawuedaq 'S'N Aq GE0880S// L/ L/0/81o148/AIpa/Wwod dno-olwapeoe//:sdny WwoJl papeojumoq


mailto:lmin@bwh.harvard.edu
http://dx.doi.org/10.1210/er.2018-00006
https://academic.oup.com/edrv

	Endocrine Toxicity of Cancer Immunotherapy Targeting Immune Checkpoints
	Biological Functions of Immune Checkpoints
	CTLA-4
	PD-1

	Autoimmune Endocrinopathies in Patients With CTLA-4 or PD-1 Polymorphisms
	CTLA-4 polymorphisms and autoimmune endocrinopathies
	PD-1, PD-L1, and PD-L2 polymorphisms and endocrinopathies

	Autoimmune Phenotypes After Deletion or Blockade of Immune Checkpoints in Animal Studies
	Effects of CTLA-4 deletion or blockade
	Effects of PD-1 deletion or blockade

	Clinical Use of Cancer Immunotherapy Targeting Immune Checkpoints
	Grading of Adverse Events Due to Anticancer Therapy
	Clinical Practice Guidelines for the Management of irAEs in Patients Treated With ICPi Therapy
	ICPi-related hypophysitis
	Introduction
	Incidence and epidemiology of ICPi-related hypophysitis
	Pathophysiology of ICPi-related hypophysitis
	Pathogenesis

	Clinical, biochemical, and imaging manifestations of ICPi-related hypophysitis
	Clinical manifestations
	Biochemical findings
	Thyroid axis.
	Adrenal axis.
	Gonadal axis.
	GH axis.
	ADH.
	Radiographic features

	Management of ICPi-related hypophysitis
	Counseling on symptoms and signs of hypophysitis
	Thyroid axis.
	Gonadal axis.
	GH axis.
	Prolactin.
	Hormone replacement
	Thyroid axis.
	Adrenal axis.
	Gonadal axis.
	Prognosis for pituitary recovery
	Utility of high-dose corticosteroids in ICPi-related hypophysitis
	ICPi continuation in the setting of hypophysitis


	ICPi-Related Thyroid Dysfunction
	Introduction
	Incidence and epidemiology of ICPi-related primary thyroid dysfunction
	Hypothyroidism
	Hyperthyroidism

	Natural history of ICPi-related primary thyroid dysfunction
	ICPi-related hypothyroidism and thyrotoxicosis
	ICPi-related Graves disease

	Pathophysiology of ICPi-related primary thyroid dysfunction
	Thyroid autoantibodies as potential biomarkers for ICPi-related primary thyroid dysfunction
	TPO Ab and TgAb
	TRAb

	Clinical and biochemical manifestations of ICPi-related primary thyroid dysfunction
	Thyrotoxicosis
	Hypothyroidism

	Management of ICPi-related primary thyroid dysfunction
	Thyrotoxicosis
	Hypothyroidism
	Preexisting hypothyroidism
	Thyroid autoantibodies and thyroid imaging
	ICPi continuation in the setting of thyroid dysfunction and use of corticosteroids in ICPi-induced thyroiditis


	ICPi-Related DM
	Epidemiology of ICPi-related DM
	ICPi type
	Demographics

	Natural history of ICPi-related DM
	Doses of ICPi/time course
	Risk of DKA
	Similarities to fulminant T1DM

	Pathophysiology of ICPi-related DM
	Autoimmune DM antibodies
	HLA typing and CTLA-4, PD-1, and PD-L1 polymorphisms

	Clinical, biochemical, and imaging manifestations of ICPi-related DM
	Clinical manifestations
	HbA1c
	C-peptide
	Pancreatic imaging
	Preexisting, concurrent, or subsequent autoimmune disease/irAEs and DM

	Management of ICPi-related DM
	Counseling on symptoms and signs of hyperglycemia and ketoacidosis
	Management of hyperglycemia
	Management of DKA
	Long-term insulin needs
	ICPi continuation
	Systemic corticosteroid therapy


	ICPi-Related PAI
	Introduction
	Incidence and epidemiology of ICPi-related PAI
	Pathophysiology of ICPi-related PAI
	Clinical, biochemical, and imaging manifestations of ICPi-related PAI
	Clinical manifestations
	Biochemical manifestations
	Imaging manifestations

	Management
	Monitoring
	Glucocorticoid and mineralocorticoid replacement
	Counseling
	Prognosis


	Association Between irAEs Due to ICPi Therapy and Clinical Cancer Response
	ICPi-related hypophysitis and clinical cancer response
	ICPi-related thyroid dysfunction and clinical cancer response
	Other irAEs associated with ICPi therapy and clinical cancer response

	Future Directions
	Conclusion
	References
	Acknowledgments


