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Introduction to Immune Checkpoint Blockade

Appropriate and effective functioning of the immune system requires a delicate bal-
ance between activation against foreign antigens and tolerance to self-molecules. The
disruption of this balance is evident in immunosuppressed or immunocompromised
individuals who have significantly increased susceptibility to infectious agents or reac-
tivation of immunologically suppressed pathogens. A prime example of this phenom-
enon is observed in human immunodeficiency virus (HIV)-acquired immunodeficiency
syndrome (AIDS) patients who are prone to opportunistic fungal infections such as
cryptococcal meningitis. On the other hand, the lack of an appropriate self-antigen
tolerance can manifest into severe autoimmune diseases such as type I diabetes mellitus.

The defining characteristics of foreign antigen specificity and self-tolerance are
mediated by the adaptive immunity and their main cellular effectors — lymphocytes.
An essential component in the maintenance of the immunological balance of speci-
ficity and tolerance is the immune costimulatory checkpoints that are crucial in
regulating lymphocyte activation and function. Cytotoxic T-lymphocyte antigen
(CTLA)-4 and the programmed cell death (PD)-1/PD-L1 axes are two
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well-characterized immune checkpoints which are foundational as immunothera-
peutic targets and will be discussed in further detail.

CTLA-4 Immune Checkpoint

Activation and subsequent regulation of T-lymphocytes are determined through a
combination of stimulatory and/or inhibitory signals. One such regulatory check-
point is dependent on the CD28 receptor, which is important in the antigen priming
and activation of naive T cells. These immune cells utilize T-cell receptors (TCR)
for recognition of a specific antigen presented on the appropriate major histocom-
patibility complex (MHC) molecule, which provides an initial activating signal (i.e.,
signal 1). However, signal 1 alone is insufficient for T-lymphocyte activation, and
additional costimulatory interactions between the lymphocyte and antigen presenta-
tion cells (APC) are required. More specifically, the CD28 molecule present on the
cell surface of naive T cells can interact with B7-1 (CD80) and/or B7-2 (CD86)
located on the APCs (Fig. 13.1a). These interactions serve as additional activation
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Fig. 13.1 Immune checkpoints fundamental for immunotherapeutic targeting using checkpoint
inhibitors. (a) CTLA-4/B7s axis is characterized by the interaction of CTLA-4 with B7-1 and/or
B7-2. Activation of T cells arises with signal 1 (TCR + MHC) in combination with costimulatory
signal 2 (CD28 + B7-1/B7-2) present on antigen-presenting cells. However, CTLA-4 serves to
outcompete CD28 for interactions with B7s thereby inducing T-cell tolerance and inactivity. (b)
PD-1/PD-L1 checkpoint is primarily associated with peripheral tolerance (e.g., tumor tissues).
PD-1 on activated T cells interacts with PD-L1 expressed by a variety of cells including tumor cells
and immunosuppressive cells. This association results in inhibition of T-cell activity, proliferation,
and function thereby inducing T-cell exhaustion or anergy. In addition, peripheral Treg cells are
induced which further suppress peripheral T-cell responses. (Figure prepared using Biorender.com)
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signals (i.e., signal 2) that subsequently induce naive T-cell activation and differen-
tiation against the presenting antigen.

Shortly after T cell activation via TCR binding to MHC, CTLA-4 expression is
induced. CTLA-4 serves as an inhibitory signal receptor that can bind selectively to
the B7-1 and B7-2 ligands (Fig. 13.1a). Through interactions with these ligands,
CTLA-4 utilizes a combination of cell-intrinsic and cell-extrinsic mechanisms for
immune regulation. CTLA-4 expression on cells can directly outcompete the
costimulatory receptor CD28, thereby blocking activation signals to subsequently
dampen T lymphocytes. Furthermore, CTLA-4 ligation to B7-1 and B7-2 also mod-
ulates intracellular signaling pathways which prevent appropriate activation via
TCR signal transduction [1].

CTLA-4 also possesses cell-extrinsic immune modulatory mechanisms. A par-
ticular feature of CTLA-4 is the capability of inducing trans-endocytosis of the
B7-1 and B7-2 ligands. In brief, CTLA-4 can essentially remove the B7 ligands
from APCs thereby effectively reducing the presence and levels of the B7 ligands
required for T-cell activation [2]. An important subset of cellular immune mediators
is the regulatory T (Treg) cells that may utilize B7 trans-endocytosis as an aspect of
their immunosuppressive activities [1, 3]. Indeed, CTLA-4 function and expression
have been shown to contribute toward Treg cell-mediated suppression of host
immune responses and the induction of immune tolerance.

However, it is important to highlight the essential physiological role of CTLA-4 in
immunological balance. Indeed, the appropriate function of CTLA-4 is best demon-
strated by murine models lacking functional copies of this gene (CTLA-47"). These
CTLA-4 double knockout mice would succumb to extensive lymphoproliferation
that invades multiple organ systems shortly after birth [4]. Similarly, autoimmune
diseases in humans such as type I diabetes mellitus have been associated with dys-
functional or mutated CTLA-4 [1, 5].

PD-1/PD-L1 Immune Checkpoint

The second prototypical immune checkpoint is the interaction of PD-1 with endog-
enous ligands, mainly PD-L1 and to a lesser extent PD-L2. The PD-1/PD-L1 axis
serves as a potent negative feedback loop in which pro-inflammatory cytokines can
induce the expression of PD-L1 in both immune cells and nonimmune tissues/cells.
Although PD-1 is constitutively expressed in naive T lymphocytes, both PD-1 and
PD-L1 expression can be upregulated upon their activation [6]. The ligation of PD-1
with PD-L1 inhibits T-lymphocyte activation and function through disruption of
TCR signaling pathways, metabolic activity, cytokine production, as well as cellular
proliferation and survival (Fig. 13.1b) [6, 7].

With the variety of different tissue expression patterns in both immune and non-
immune cells, the PD-1/PD-L1 immune checkpoint is primarily focused upon the
peripheral tissues and tolerance. Indeed, PD-1/PD-L1 interaction can also induce
the differentiation of naive T cells into a particular subset of Treg cells that are
induced peripherally (Fig. 13.1b) [6]. Another feature contributing to peripheral
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tolerance is the presence of exhausted or anergic T cells. Extensive expression of
PD-1 is characteristic of this unique subset of cells with reduced immune activity
and function [6, 7]. Similar to CTLA-4, it is important to note the significance of
PD-1 toward appropriate immunological balance as demonstrated by murine mod-
els that develop autoimmune conditions when PD-1 is dysfunction or deficient [7].

Brief History of Inmune Checkpoint Inhibitors

Unfortunately, a variety of infectious agents and neoplastic diseases have developed
mechanisms that exploit these immune checkpoints to evade the immune system,
thereby advancing their replication, proliferation, and growth. Chronic infections
from viral pathogens including HIV and hepatitis B virus often induce immune
tolerance and anergy to facilitate their persistence. Long-term exposure to viral anti-
gens such as HBV surface protein is associated with the sustained expression of
PD-1 and creation of exhausted or anergic T cells [6]. Similarly, a variety of malig-
nant cancers frequently recruit and foster immune cells in their tumor microenviron-
ment that expresses high levels of PD-1 or PD-L1 [6]. Often, the tumor cells
themselves overexpress or amplify PD-L1 to attenuate antitumor T-cell responses in
order to evade immune-mediated destruction [6, 7].

To counteract the ineffective antitumor effects observed within malignant dis-
eases, immune checkpoint inhibitors (ICI) were developed and have made signifi-
cant progress within the field of cancer therapeutics. Indeed, this progress resulted
in the 2018 Nobel Prize in Medicine which recognized the immense clinical
potential and impact of these anticancer immunotherapies. The conceptualization
of using inhibitors specifically targeting of CTLA-4 and PD-1 originated in
the 1990s.

Shortly after the discovery of CTLA-4 as an inhibitor of T-cell activation, Allsion
and his colleagues hypothesized that CTLA-4 might be hindering effective endog-
enous antitumor immunity [8]. Indeed, the seminal publications from their group
demonstrated the powerful antitumor effects and potential of antibodies targeting
CTLA-4 [8]. Successful studies in preclinical models of anti-CTLA-4 in a variety
of cancers eventually led to human clinical trials, the first of which began in 2003
with ipilimumab (Bristol-Myers Squibb’s Yervoy®). In 2011, ipilimumab was the
first ICI approved by the FDA for use in unresectable or metastatic melanoma
(Table 13.1) [9]. Subsequent clinical trials with ipilimumab have been completed
which now has expanded uses beyond advanced melanoma, as well as combination
therapies with anti-PD-1 therapy (i.e., nivolumab) [9]. Building off the success in
melanoma, ipilimumab (and other anti-CTLA-4 agents) are being explored in other
malignancies either as monotherapy or in a combination therapy with other immu-
notherapies or chemotherapies (www.clinicaltrials.gov). Aside from ipilimumab,
the other notable anti-CTLA-4 agent thus far with some clinical success is tremeli-
mumab (by AstraZeneca) which is undergoing continual research in a variety of
trials as a monotherapy or combination therapy. A more comprehensive description
of clinical indications of anti-CTLA-4 agents will be discussed in Sect. 3.1 and 3.2.
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Table 13.1 Immune checkpoint inhibitors approved for clinical use in the USA (FDA) and
Canada (Health Canada) at the time of writing (November 2020). Data obtained from FDA medi-
cation guides (https://www.accessdata.fda.gov/scripts/cder/daf/index.cfm?event=medguide.page)
and Health Canada drug product database (https://www.canada.ca/en/health-canada/services/
drugs-health-products/drug-products/drug-product-database.html)

Year of
initial FDA
Target Agents (brand name) Indications® approval
CTLA-4 Ipilimumab (Yervoy®) Melanoma 2011
PD-1 Nivolumab (Opdivo®) Melanoma, NSCLC, SCLC®, RCC, 2014
c¢HL, HNSCC, UC®, CRC®, HCC,
ESCC®
Pembrolizumab Melanoma, NSCLC, SCLC®, 2014
(Keytruda®) HNSC, cHL, PMBCL, UC,
MSI-H, GC", ESCC®, CC®, HCC®,
MCC® RCC, ENC, TMB-H",
cSCC®
Cemiplimab(Libtayo®) cSCC 2018
CTLA-4 + PD-1 Ipilimumab + nivolumab RCC, CRC®, HCC®, NSCLC®, 2015
mesothelioma®
PD-L1 Atezolizumab(Tecentriq®) UC, NSCLC, BC, SCLC, HCC, 2016
melanoma®
Avelumab (Bavencio®) MCC, UC, RCC" 2017
Durvalumab (Imfinzi®) UC, NSCLC, SCLC 2017

3BC breast cancer, CC cervical cancer, cHL classical Hodgkin’s lymphoma, CRC colorectal cancer,
¢SCC cutaneous squamous cell carcinoma, ENC endometrial carcinoma, ESCC esophageal squa-
mous cell carcinoma, GC gastric cancer, HCC hepatocellular carcinoma, HNSC head and neck
squamous cell carcinoma, MSI-H microsatellite instability high, NSCLC non-small cell lung can-
cer, PMBCL primary mediastinal B-cell lymphoma, RCC renal cell carcinoma, SCLC small cell
lung cancer, TMB-H tumor mutational burden-high cancer, UC urothelial carcinoma

"Currently only approved for use in the USA, but not Canada

Italics indicates FDA approval is contingent on verification and confirmatory trials (accelerated
approval). Typically, Health Canada approval follows the FDA although medications may not be
immediately approved by Health Canada or they may remain NOC/c (notice of compliance with
conditions) for a period of time after FDA approval

Discovery of PD-1 itself and its immune modulatory function was spearheaded
by the work of Honjo and his colleagues in the 1990s. Subsequent identification of
PD-L1 and PD-L2 as ligands of PD-1 was achieved in 2000 and 2001, respectively.
These important findings led to the creation of anti-PD-1 and anti-PD-L1 antibodies
which were tested in murine models of cancer. The remarkable preclinical results
quickly led to human clinical trials which began in 2006 with nivolumab (marketed
as Opdivo® by Bristol-Myers Squibb), an anti-PD-1-based immunotherapy.
Nivolumab was eventually approved in 2014 by the FDA for use as therapy for
advanced melanoma (Table 13.1, Sect. 3.4) [9]. Due to a combination of improved
therapeutic efficiency, range of activity, and reduced drug-related adverse effects,
anti-PD-1 and anti-PD-L1 therapeutic candidates have surpassed that of anti-
CTLA-4 [9]. Indeed, nivolumab was approved shortly after pembrolizumab
(Keytruda® by Merck) which received recognition as the first ICI targeting PD-1 for
clinical use (see Sect. 3.3). Since 2018, a third anti-PD-1 monoclonal antibody
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cemiplimab (Libtayo® by Regeneron) is now clinically available (Table 13.1, Sect.
3.5). Furthermore, atezolizumab (Roche’s Tecentriq®), avelumab (Bavenio® by
EMD Serono/Pfizer), and durvalumab (Imfinzi® by AstraZeneca) were FDA
approved as human therapeutics in 2016, 2017, and 2017, respectively. These three
anti-PD-L1-based immunotherapies are recognized for their utility against a grow-
ing list of malignant diseases (Table 13.1, Sect. 3.6-3.8).

Considering the different immune pathways targeted by anti-CTLA-4 and anti-
PD-1 agents, combination therapy of the two was explored beginning with ipilim-
umab and nivolumab. The simultaneous targeting of these separate pathways has
been successful in terms of enhancing the antitumor efficacy observed with mono-
therapy use [3, 9]. Indeed, ipilimumab and nivolumab are now clinically indicated
for use in a variety of non-melanoma malignancies (Table 13.1, Sect. 3). The suc-
cess of ipilimumab and nivolumab opened the doorway for additional research into
combinatory therapies with other immunotherapy agents. For example, pembroli-
zumab and ipilimumab are currently within a phase III clinical trial as first-line
therapy for non-small cell lung cancer (NCT03302234). These developments in
combination therapies allow for further expansion of the clinical uses of ICIs to
improve cancer immunotherapies.

Although the clinical advancements of ICIs thus far have primarily been focused
upon malignant neoplastic diseases, it is important to highlight that ICIs are also
being explored for use in chronic viral infections (see Sect. 5). With the immuno-
suppressive similarities between persistent viral infections and cancer, a number of
studies in chronic diseases such as HIV or HBV have been initiated (www.clinical-
trials.gov; example search terms: HIV or HBV with PD-1, CTLA-4, PD-L1, ipilim-
umab, nivolumab, etc.).

The field of ICIs is exceptionally promising with an explosion of therapeutic
options with an increasing range of activity against malignant diseases. Since the
discoveries of CTLA-4 and PD-1/PD-L1 immune checkpoints, additional inhibitory
regulators of T-cell function and markers of exhausted T-cells have been identified.
Some of the more prominent contenders include but are not limited to LAG-3,
TIGIT, and B7-H3 [10]. Moving forward, additional research into these molecules
and checkpoints will likely produce an increasing variety of different therapeutic
possibilities for the next generation of immunotherapies and the prospect of combi-
nation therapies. Indeed, a variety of clinical trials including phase II and III trials
are currently underway for antibodies targeting LAG3, TIGIT, and B7-H3 as either
monotherapies or combination therapies [10]. Appropriately understanding the clin-
ical outcomes and risks of ICI use will be of utmost importance as this field of
immune-modulating therapies rapidly expands.

Mechanism of Action of Inmune Checkpoint Inhibitors

Al ICIs currently approved for clinical use are biologic agents, namely, monoclonal
antibodies, that specifically interfere with CTLA-4, PD-1, or PD-L1 signaling.
Overall, the blockade of these checkpoints aims to reinvigorate the immune system
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by removing the brakes to the antitumor responses. Recognizing the mechanism of
action of these monoclonal antibody therapies is essential to understand the poten-
tial adverse effects as well as inform the development of improved IClIs.

Ipilimumab, the anti-CTLA-4 biologic, functions through a combination of two
main mechanisms. The binding of the monoclonal antibody to CTLA-4 introduces
a direct block that prevents interactions of this receptor to the endogenous ligands
B7-1 and B7-2 [1, 3]. As a result, CTLA-4 can no longer serve as a competitive
inhibitor for the costimulatory CD28 nor induce intracellular signaling changes that
prevent T-cell activation. Through this interaction, ipilimumab functions to allow
activation and priming of T cells toward tumor antigens (Fig. 13.2a). In addition, a
secondary effect of anti-CTLA-4 is Treg cell depletion. The specific binding of ipili-
mumab can induce antibody-dependent cellular cytotoxicity (ADCC) of Tregs,
which generally express CTLA-4, thereby reducing their immunosuppressive
effects on antitumor immunity (Fig. 13.2a) [3]. This secondary mechanism of action
is important to note as the lack of ADCC activity might be responsible for the
reduced efficacy of tremelimumab, an additional anti-CTLA-4 agent that has yet to
receive approval for clinical use [1, 3].
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Fig. 13.2 Mechanism of action of immune checkpoint inhibitors targeting the CTLA-4/B7s and
PD-1/PD-L1 axes. (a) Monoclonal antibodies targeting CTLA-4 (e.g., ipilimumab) serve to steri-
cally hinder interaction with B7s thus eliminating the competition with the costimulatory CD28. In
addition, ipilimumab serves to identify CTLA-4* T cells which are targeted by antibody-dependent
cellular cytotoxicity (ADCC) mediated by binding of the anti-CTLA-4 Fc. (b) PD-1/PD-L1 check-
point is inhibited with the use of either anti-PD-1 (e.g., pembrolizumab) or anti-PD-L1 (e.g.,
atezolizumab). Attenuating PD-1/PD-L1 interactions allows for restoration of T-cell function and
activity. Anti-PD-L1 agents are also associated with the induction of ADCC thereby directly
removing PD-L1-expressing malignant cells. (Figure prepared using Biorender.com)
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The basis of anti-PD-1 immunotherapy is to disrupt the PD-1/PD-L1 immune
checkpoint axis. By preventing the interaction of these two cell surface molecules,
their inhibitory effects on T cells can be attenuated. An important aspect of anti-
PD-1 therapy is the targeting of exhausted T cells which are characterized, at least
in part, with sustained elevated expression of PD-1 [3]. By inhibiting the signals
transduced through PD-1 and PD-L1, exhausted T cells can regain their function
and proliferative capabilities (Fig. 13.2b). Thus, T cells previously exposed to tumor
antigens that were subsequently rendered anergic or tolerant can be restored into
antitumor effectors. It is noteworthy to mention that the three currently approved
anti-PD-1 therapies (nivolumab, pembrolizumab, and cemiplimab) are 1gG4 anti-
bodies which lack effective cytotoxic capabilities (i.e., ADCC and complement
dependent cytotoxicity) [1]. As the endogenous ligand for PD-1, biologic therapies
targeting PD-L1 have similar mechanisms of action. However, an additional feature
of anti-PD-L1 biologic agents is the benefit of ADCC which also directly induces
cell death in tumor cells that express PD-L1 (Fig. 13.2b).

Indications

Outside of experiment settings, checkpoint inhibitors are currently being used for
the treatment of advanced malignancies, often in conjunction with other therapies,
or after more conventional therapy fails. All are given intravenously, typically every
2-4 weeks, though sometimes at longer intervals. As more data is collected and
studies are performed, their frequency of use and list of indicated conditions will
undoubtably increase.

CTLA-4 Inhibitors: Ipilimumab (Yervoy®)

Ipilimumab was the first checkpoint inhibitor approved for clinical use. It was first
approved in 2011 for single agent use in unresectable or metastatic melanoma. With
the advent of nivolumab and the development of ipilimumab/nivolumab combina-
tion therapy, its list of approved uses has increased substantially. Combination ther-
apy is currently FDA-approved for RCC, metastatic NSCLC, and malignant pleural
mesothelioma. Under the FDA’s accelerated approval process (all conditions marked
by * are included in the accelerated approval process in which approval is contin-
gent on verification and confirmatory trials), this combination is also conditionally
approved for several other cancers including HCC and MSI-H or mismatch repair
deficient metastatic CRC.

Tremelimumab

Tremelimumab has been tested as mono- or part of combination therapy for several
cancers such as NSCLC, SCLC, and UC. Unfortunately, none of these trials have



13 Immune Checkpoint Inhibitors 241

found success and lead to FDA approval. Despite this, research continues, and
promising results for a phase II trial in advanced HCC have been reported recently
(NCT02519348).

PD-1 Inhibitors: Pembrolizumab (Keytruda®)

When pembrolizumab was approved for use in 2014, it was the first of the PD-1
inhibitor class. Like ipilimumab, it was first indicated for the treatment of unresect-
able melanoma. In 2017, it would make history when studies showed it could treat
microsatellite instability-high (MSI-H) or mismatch repair-deficient malignancies.
Microsatellite instability is the measure of the number of genetic mutations in a
tumor cell’s microsatellite DNA sequences, used a marker of prognosis.
Pembrolizumab’s approval for MSI-H malignancies marked the first time a medica-
tion could be used for a cancer based on a biomarker, rather than the origin location
in the body. Later in 2020, pembrolizumab would receive its second biomarker-
based approval from the FDA. This time, it was for unresectable or metastatic
tumors with a high tumor mutational burden (TMB-H), defined as >10 mutations/
megabase. While some indications for Pembrolizumab are based on biomarkers,
others are based on location of the cancer or the location in addition to a biomarker
such as tumor proportion score (TPS), the percentage of tumor cells that express
PD-L1. Typically, the medication is indicated if either conventional treatment has
failed or biomarker requirements are met. Pembrolizumab is also currently approved
for NSCLC, SCLC, HNSCC, HL, PMLBCL, UC, GC*, ESCC, CC* HCC*, MCC¥*,
RCC, ENC#*, and cSCC.

Nivolumab (Opdivo°)

Nivolumab was approved shortly after Pembrolizumab. Like the earlier ICIs, it was
originally approved for use in advanced melanoma. It would later have its approval
expanded to NSCLC and then SCLC. As monotherapy, it can also be used for
HNSCC and ESCC. Together with ipilimumab, it is approved for use in malignant
pleural mesothelioma, metastatic NSCLC, and RCC. Accelerated approval has been
granted by the FDA for use in UC, cHL, MSI-H, or mismatch repair-deficient CRC
and HCC.

Cemiplimab (Libtayo")

Cemiplimab, the latest PD-1 inhibitor, was approved for use in 2018. Being a newer
medication, it has fewer indicated uses than other ICIs. Currently, it is only approved
for metastatic cSCC or locally advanced cutaneous SCC in patients who are not
candidates for surgery or radiation.
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PD-L1 Inhibitors: Atezolizumab (Tecentriq’)

Atezolizumab was approved for use in 2016, the first of the PD-L1 inhibitor class.
Its initial indication was for use in UC*, and it has since been approved for NSCLC,
triple-negative BC*, SCLC, HCC, and melanoma. Atezolizumab is often used as
part of a cancer regimen alongside chemotherapy agents carboplatin and etoposide,
in addition to newer agents such as bevacizumab, cobimetinib, and vemurafenib.

Avelumab (Bavencio®)

Avelumab’s first indicated use was in metastatic MCC in 2017%*. This made it the
first ICI not originally approved for use in advanced skin cancer (either melanoma
or cSCC). Other approved indications include UC and advanced RCC.
Durvalumab (Imfinzi’)

Like atezolizumab, durvalumab is currently approved for use in UC*. NSCLC and
SCLC were later added to its list of indications.

Checkpoint Inhibitors and Infections
Mechanisms Predisposing to Infection

There are several possible mechanisms through which immune checkpoint inhibi-
tors can predispose individuals to infection, each with their own level of evidence to
support them.

The first, and most common mechanism, is through immune-related adverse
events (irAEs). By “boosting” the immune system, ICIs can cause autoimmune
inflammatory reactions. Due to the ubiquitous nature of the immune system, any
organ system can be involved, though most commonly are the gastrointestinal tract
(colitis, diarrhea, pancreatitis, and hepatitis), lungs (pneumonitis and sarcoidosis),
endocrine glands (hypo—/hyperthyroidism, thyroiditis, hypophysitis, diabetes mel-
litus, Addison’s disease, and adrenal insufficiency), skin (rash and vitiligo) [11].
The exact mechanism behind these adverse events is unclear, but these autoimmune
events make sense from a mechanistic perspective. The healthy immune system is
constantly trying to find equilibrium between detecting intruders (microbes, cancer)
and not reacting to the host. A balance that most of the time is carefully struck.
Checkpoint molecules are part of this crucial balancing act, by “deactivating”
immune cells when they are no longer needed. However, when a host develops a
malignancy, the scales can be tipped toward inactivation. Studies have shown that
tumor cells are able to upregulate checkpoint molecules [6], an adaptation that
likely helps avoid an immune-mediated demise. When we use ICIs, we are shifting
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the balance toward immune-system activation, which can lead to the collateral dam-
age of autoimmune events. These events usually occur several weeks-months after
starting an ICI; however, they can occur at any point, even after discontinuation
[12]. Treatment for irAEs typically involves the use of corticosteroids, and if corti-
costeroids are ineffective, then another immunosuppressive therapy may be required.
In this mechanism, it is the treatment of the side effects (irAEs) rather than the ICI
itself that predisposes to infection. Interestingly, the different classes of ICIs do not
seem to have identical side effect profiles. CTLA-4 inhibitors tend to cause more GI
symptoms or hypophysitis, whereas the PD-1 inhibitors cause more pneumonitis
and arthralgias.

The second way that ICIs can predispose to infection is through immune-
mediated cytopenia. Like other irAEs, the exact mechanism is unclear. The fre-
quency of these hematopoietic immune events has been found to be around 0.5%
[13], and they can present in a wide spectrum of conditions such as immune throm-
bocytopenia, autoimmune hemolytic anemia, neutropenia, aplastic anemia, and
hemophagocytic syndrome. Not only do these events usually warrant immune sup-
pression on their own, but neutropenia can also predispose patients to opportunistic
infections. One review found that of 11 cases of ICI-induced neutropenia, 6 were
complicated by severe infection [13]. These immune-mediated cytopenia’s were
typically reversible and usually treated with some combination of granulocyte-
colony stimulating factor, corticosteroids, IVIG, or other immunosuppressants.

Lastly, it has been suggested that ICIs can lead to the development/reactivation
of tuberculosis (TB) independent of immune suppression for irAEs. Several cases
have been published on patients, not on immunosuppressants, who develop acute
pulmonary TB after taking ICIs for metastatic malignancies. There are many con-
founding factors to consider when looking at TB infection in patients on ICIs. For
one, patients are often started on ICIs after first undergoing many cycles of chemo-
therapy. Second, cancer itself is a risk factor for infection. Diagnosis can also be
difficult as TB and lung cancer share many symptoms and pneumonitis is a docu-
mented side effect of the PD-1/PD-L1 inhibitors. There are some preclinical trials
to support this notion as studies in mice have suggested that PD-1/PD-L1 play a
protective role against the reactivation of TB [14]. One theory is that ICIs activate
mycobacterium-specific T cells, leading to an immune reconstitution syndrome.
Looking beyond case reports, the data suggests that TB reactivation is very rare in
patients on ICIs. One retrospective study observed 1144 patients taking ICIs over a
4-year period and found that only three patients developed tuberculosis, and two of
them were taking immunosuppressants prior to their diagnosis [15]. Another retro-
spective study looked at 908 patients on PD-1/PD-L1 inhibitors and found two
cases of TB, neither had been on immunosuppressants [16].

Risk of Infection

Assessing the absolute risk of infection with ICIs is difficult for several reasons.
Rates of infection are typically secondary outcomes in trials, often lacking detail in
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the types of infections or how they were diagnosed. The patients on these medica-
tions commonly have many comorbidities, are usually seriously ill, and may have
completed several cycles of chemotherapy.

Initial studies were done on ipilimumab, as it was the first ICI approved for
human use. The phase 2 trials for ipilimumab in melanoma patients did not show an
increased risk of infection [17]. A head-to-head trial of ipilimumab plus dacarba-
zine versus placebo plus dacarbazine also found no increased risk of infections,
though there were significantly more adverse events [18].

The largest study, a retrospective study done by Castillo et al. [19], looked at 740
patients receiving ICIs for melanoma and found that 54 (7.3%) developed serious
infections (defined as requiring hospital admission or parenteral antibiotics). The
risk factors identified for a serious infection were corticosteroid use (OR 7.71),
infliximab use (OR 4.74), or the use of ipilimumab and nivolumab together.
Pembrolizumab was inversely associated with the risk of serious infections. These
different infection rates are likely attributable to the variable risk of irAEs as 69%
of patients treated with ipilimumab plus nivolumab received corticosteroids com-
pared to only 6% of the patients who received pembrolizumab alone. Bacterial
infections were the most common (pneumonia, bacteremia, C. difficile-associated
diarrhea and intra-abdominal infections), but there were also cases of fungal (inva-
sive pulmonary aspergillosis, pneumocystis pneumonia, and candidemia), viral
(herpes zoster, CMV colitis, and EBV), and parasitic (single case of Strongyloides)
infections.

Komodo et al. [20] did a retrospective analysis on 111 patients taking either
nivolumab, pembrolizumab, or ipilimumab and found that 14% developed a serious
infection. Patients who were on steroids had a much higher risk of developing a
serious infection. Bacterial infections were the most common cause of serious
infections (pneumonia, genitourinary infections, SSTIs, and bacteremia), and there
were only a few cases of viral infections (enterovirus and rhinovirus).

Another study, done by Fujita et al. [21], reviewed 167 patients with NSCLC
who had been treated with nivolumab. They found that 19.2% of the patients devel-
oped an infection that required the use of antimicrobials. Of these infections, most
were bacterial, but there were some viral and fungal infections as well. This study
found that only type 2 diabetes, and not steroid use, was associated with an increased
risk of infection. Several limitations to this study were brought up by the authors
themselves. The main limitation is that it was difficult to distinguish pneumonia for
pneumonitis, and their definition of infection included patients who were empiri-
cally given antibiotics. This could explain the higher incidence of infection and why
there was no association found with immunosuppressant use.

Current Guidelines

Due to the minor risk of infection associated with ICIs, society guidelines such as
the European Society of Medical Oncology [22] and the American Society of
Clinical Oncology [23] do not recommend treating patients with infectious
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prophylactic mediations (either antiviral or anti-pneumocystis). However, prophy-
laxis is still recommended in patients who are being treated with prolonged immune
suppression for ICI-induced irAEs, that same as for any individual on prolonged
immunosuppressants. Along with this, some guidelines suggest testing for latent
TB, in addition to hepatitis B and C, in case immune suppression is required in
the future.

Using Checkpoint Inhibitors to Treat Infections

Not only do cancer cells upregulate checkpoint molecules, but checkpoint molecule
expression is also increased on lymphocytes in many infectious disease states. This
phenomenon is often referred to as immune exhaustion, and given that ICIs can be
used to boost the immune system to help detect and fight cancer, a reasonable prop-
osition would be that they could also treat infections. The mechanism for this makes
sense, but most, if not all, of the pivotal trials used to investigate efficacy and safety
had active infections as an exclusion criterion. To date, there have been no large-
scale RCTs for this, but there have been some promising preclinical and phase
1 trials.

Sepsis

Sepsis is an active area of investigation for checkpoint inhibitors. Checkpoint
molecule expression is known to be increased in septic patients [24]. The idea is
that ICIs would boost the immune system’s response and enhance clearance of
bacterial or even fungal infections. Several animal models have shown that ICIs
improve survival when provoked with a bacterial or lipopolysaccharide challenge.
A meta-analysis by Busch et al. [25] looked at mouse models of sepsis and found
that ICIs significantly increased the OR of survival in 10/19 of the studies
(OR = 3.37 [1.55-7.31]). Of note was that ten of the studies were from the same
lab group, and all the studies had a high risk of bias. Due to the somewhat promis-
ing preclinical data, two phase I trials were conducted in 2019. One with nivolumab
[26] and another with BMS-936559 [27], a PD-L1 inhibitor. Both trials showed
that the medication was well tolerated, with no evidence of worsening symptoms
or cytokine storm. However, being phase I trials, there were no comparison or
placebo arms, so definitive conclusions cannot be drawn about their efficacy at
this point.

HIV

Research with HIV and ICIs has been done looking into two main categories, the
safety and efficacy of ICIs in treating cancers in HIV+ individuals, and whether
ICIs can be used to treat HIV itself. In answering the first question, a
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meta-analysis done in 2019 looked at 73 patients and concluded that there was no
association with adverse changes in HIV viral load or CD4 count [28]. It was also
found that the checkpoint inhibitors remained effective against their respective
malignancies. The answer to the second question is more nuanced and is still an
area of active research.

While antiretroviral therapy can effectively suppress HIV and prevent the devel-
opment of AIDS, it remains an incurable infection. One of the mechanisms through
which HIV is able to persist in its host and remain latent is through T-cell exhaustion
and checkpoint inhibitor upregulation [29]. In addition to downregulating T-cell
proliferation, in vitro studies have shown that PD-1 activation in CD4+ T cells
inhibits HIV viral replication. Studies have also shown that overexpression of
checkpoint molecules partially regresses with antiretroviral treatment. It is thought
that the use of ICIs would not only activate HIV-specific CD8 T cells, but it would
also increase the production of the HIV virus from reservoir cells, shifting the dis-
ease state away from latency. A meta-analysis by Baptiste et al. [29] evaluated 176
HIV+ individuals taking ICIs and found that in 92%, the viral load remained stable,
and it increased in 6% and decreased in 2%. It was found that CD4 counts remained
stable in 61%, and they increased in 24% and decreased in 15%. In 2017, a phase I
study was conducted on HIV patients, comparing BMS-936559 (a PD-L1 inhibitor)
and placebo [30]. They found that there was an increase in HIV-1-specific CD8 T
cells in two out of six of the patients, though the results were not significant when
the whole treatment arm was analyzed. Overall ICIs have shown some benefit in
decreasing the HIV reservoir, though it is unlikely that their use alone will be sub-
stantial enough.

JCVirus

Currently the only treatment available for progressive multifocal leukoencephalopa-
thy (PML) is immune reconstitution. This can come with its own risks, depending
on the initial reason for immune suppression, and is not always an option for every-
one. In 2019, a case report was published about a patient with Hodgkin lymphoma,
on nivolumab, who developed PML and then went into remission [31]. This was
followed shortly by a small trial in which eight patients with PML were given three
doses of pembrolizumab as an experimental treatment [32]. Five of the eight patients
had clinical improvement or stabilization of their symptoms. Of these five patients,
four of them had a persistently decreased JC viral load in the CSF, with the other
being a temporary decrease. A possible confounder was that the studies could not
rule out the possibility of pembrolizumab assisting in the treatment of the underly-
ing malignancies. Unfortunately, this study was followed by several case reports of
PML developing in patients being treated with nivolumab [33], and more research
will be required in this area.
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Hepatitis B

Due to hepatitis B virus’s (HBV) causative relationship with hepatocellular carci-
noma (HCC), the use of ICIs has been studied in patients with chronic
HBV. Metanalysis has shown that ICIs, while they can cause reversible hepatic
injury, are safe for use in patients with either chronic HBV or HCV [34]. Like in
other chronic infections discussed earlier, HBV is associated with increased check-
point molecule expression on T lymphocytes. Ex vivo studies have shown that
checkpoint inhibition increases HBV-specific T-cell proliferation and the produc-
tion of protective antibodies [35]. Given this relation, it is thought that HBV clear-
ance could be enhanced with the use of ICIs. A phase I study done in 2019 gave
patients with chronic HBV low-dose nivolumab and found that it caused a decreased
in HBsAg titers in 91% of the subjects, with one patient seroconverting [36].

Invasive Fungal Infections

Mucormycosis is a serious life-threatening fungal infection caused by fungi in the
order Mucorales. These infections are typically seen in the immunosuppressed or
the critically ill where they can be challenging to treat. In 2017, the first report of
mucormycosis being treated with an ICI was published [37]. The case involved a
young woman who survived a terrorist bombing, only to develop invasive intra-
abdominal mucormycosis that was nonresponsive to standard treatment.
Investigations showed lymphopenia, low monocyte HLA-DR (a T-cell ligand)
expression, and increased PD-1 expression on T cells. For this, her treating team
gave her interferon-y and a single dose of nivolumab. The patient made a full recov-
ery, and subsequent investigation showed a reversal of the aforementioned abnor-
malities. Since then, another case has been described in a woman with AML who
developed an invasive infection with aspergillus and lichtheimia [38]. She was
treated similarly with interferon-y and nivolumab. There were signs of recovery, but
eventually the patient declined medical treatment due to AML progression. These
cases show that under the right circumstances, invasive fungal diseases can be
treated with ICIs, though large-scale investigation is still required.

COovID-19

With the COVID-19 pandemic changing almost every aspect of people’s lives, it is
no wonder that that researchers are investigating the use of ICIs in this viral illness.
One large difference between the SARS-CoV-2 virus and other viral infections dis-
cussed in this chapter is that rather than remaining latent in its host, COVID-19
causes mortality through a cytokine storm. This is caused by an exaggerated
response of the immune system, leading to systemic inflammation which can cause
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acute respiratory distress syndrome (ARDS) among other complications. Like the
other infections in the chapter, COVID has been associated with T-cell exhaustion
[39]. Lymphopenia, another complication associated with COVID, is thought due to
T-cell exhaustion and abnormal cytokine production. Like all aspects of COVID-19,
this is an area of active research. Retrospective analyses on COVID patients who
were previously taking ICIs are mixed, and some have shown no difference in sever-
ity [40, 41] while others found the opposite [42]. As of writing, there are several
registered trials that are assessing the effectiveness of treating COVID-19 with ICIs
such as nivolumab (NCT04343144) and pembrolizumab (NCT04335305), though
none have been published. Some researchers have suggested that the best benefit
from ICIs in COVID-19 might be when paired with an immunosuppressant like
tocilizumab (IL-6 inhibitor). This would allow the ICI to prevent T-cell exhaustion,
and an IL-6 inhibitor could manage the cytokine storm. A phase II trial has recently
been registered to test this hypothesis (NCT04335305). With the incredible
resources and speed of COVID research, it is inevitable that we will soon have more
answers.

Mouse Models of Infection

In addition to the potential applications of ICIs in human infections, there are sev-
eral promising uses that have been demonstrated in mice. In a mouse model of
infection with Histoplasma capsulatum, Lazar-Molnar et al. found that PD-1-
deficient mice all survived while wild-type mice died from disseminated infection
[43]. Their study also found that most of the wild-type mice survived when given a
PD-1 inhibitor. Similarly, for mice with persistent Cryptococcus neoformans infec-
tions, using a PD-1 inhibitor significantly improved fungal clearance [44]. In mice
infected with Echinococcus multilocularis (the causative organism of alveolar echi-
nococcosis, which causes cyst formation in the liver, among other organs), PD-1
blockade was associated with a decreased parasite load and fewer liver lesions [45].
These models all showed impressive response to treatment and, given that the side
effect profile of ICIs is well known, look for human case reports in the future.

Summary

Checkpoint molecules are cell ligands or receptors that are expressed on lympho-
cytes, the main cellular component of the adaptive immune system. Activation of
checkpoint molecules (PD-1/PD-L1 and CTLA-4) shifts the immune system away
from activation and toward tolerance or dormancy. Various cancers and infections
have adapted to take advantage of this by causing the upregulation of checkpoint
molecules, thereby decreasing lymphocyte function. The medication class of check-
point inhibitors (ICIs) consists of monoclonal antibodies against checkpoint mole-
cules or their receptors. The use of these antibodies has been shown to prolong
survival in many cancers, with much more tolerable side effects compared to



13 Immune Checkpoint Inhibitors 249

traditional chemotherapies. The main complications of ICIs are immune-related
adverse events (irAEs). These autoimmune side effects are caused by the shift of the
immune system away from self-tolerance, and they can affect almost any organ
system. While ICIs by themselves rarely increase infection risk, the treatment of
these irAEs (typically with immunosuppressants) is a significant risk factor for vari-
ous types of infection. In addition to their ever-increasing role in cancer treatment,
ICIs have recently shown promise in treating various types of infection, including
but not limited to sepsis, HIV, JC virus, and mucormycosis. With the list of potential
uses in oncology and infectious diseases growing exponentially, it is important for
researchers and clinicians to know and understand this interesting class of
medications.
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