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Abstract

Immune checkpoint inhibitors (ICIs) have made an indelible mark in
the field of cancer immunotherapy. Starting with the approval of anti-
cytotoxic T lymphocyte-associated protein 4 (anti-CTLA-4) for advanced-
stage melanoma in 2011, ICIs—which now also include antibodies against
programmed cell death 1 (PD-1) and its ligand (PD-L1)—quickly gainedUS
Food and Drug Administration approval for the treatment of a wide array
of cancer types, demonstrating unprecedented extension of patient survival.
However, despite the success of ICIs, resistance to these agents restricts the
number of patients able to achieve durable responses, and immune-related
adverse events complicate treatment.Thus, a better understanding of the re-
quirements for an effective and safe antitumor immune response following
ICI therapy is needed. Studies of both tumoral and systemic changes in the
immune system following ICI therapy have yielded insight into the basis for
both efficacy and resistance. Ultimately, by building on these insights, re-
searchers should be able to combine ICIs with other agents, or design new
immunotherapies, to achieve broader and more durable efficacy as well as
greater safety. Here, we review the history and clinical utility of ICIs, the
mechanisms of resistance to therapy, and local and systemic immune cell
changes associated with outcome.
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INTRODUCTION

Immune checkpoint inhibitors (ICIs) have revolutionized the field of tumor therapy. Whereas
chemotherapy and radiotherapy remain the mainstay of treatment for most cancer types, ICIs are
now first-line therapies for various solid and liquid tumors. ICIs work by releasing the inhibitory
brakes of T cells, resulting in robust activation of the immune system and productive antitumor
immune responses. Even though T cells have been the linchpins of ICI therapy, ICIs work not
only by invigorating T cells but also by activating other cells of the innate and adaptive arms,
all of which function in concert to orchestrate an effective response against tumors. ICI-driven
changes in the immune response are observed both within tumors and in peripheral organs, such
as the draining lymph nodes and peripheral blood. In fact, peripheral immune responses are criti-
cal in achieving favorable clinical outcomes. To date, ICIs targeting three different molecules have
been approved by the US Food and Drug Administration (FDA) for use in humans. An antibody
against cytotoxic T lymphocyte-associated protein 4 (CTLA-4) called ipilimumab was the first to
receive approval for the treatment of metastatic melanoma. The second class of ICIs consists of
antibodies that block the inhibitory receptor, programmed cell death 1 (PD-1), on T cells, which
interacts with its ligands, PD-L1 and PD-L2, to thwart active T cell responses. Currently, two
anti-PD-1 antibodies, pembrolizumab and nivolumab, are FDA approved. These drugs, like ipili-
mumab, were first approved for the treatment of advanced-stage melanomas but have since been
approved to treat various cancer types. Last, antibodies against PD-L1 form the third group of
FDA-approved ICIs. Three anti-PD-L1 antibodies—atezolizumab, durvalumab, and avelumab—
are used primarily for the treatment of urothelial carcinoma,non-small-cell lung cancer (NSCLC),
andMerkel cell carcinoma.Over the years, the clinical use of anti-PD-1 and anti-PD-L1 antibod-
ies has greatly exceeded that of anti-CTLA-4 due to a combination of greater clinical efficacy and
superior tolerability.

Despite the fact that many patients experience dramatic tumor regression in response to ICIs,
most patients and cancers do not respond to these therapies. Of the patients who initially respond,
some develop resistance at a later time and experience tumor relapse; such patients are described
as having acquired resistance. Patients who never experience a therapeutic response are described
as having primary resistance. Although we do not yet fully understand the mechanisms respon-
sible for either form of resistance, dissecting them should not only pave the way for predicting
responsive and nonresponsive patients but ultimately could reveal the means for converting non-
responders to responders. Perhaps the most prominent predictive markers of effective ICI therapy
are the compositions of immune cells within tumors and in the periphery in patients prior to and
after therapy. In this article, we review (a) the biology and clinical use of FDA-approved ICIs,
(b) the mechanisms of primary and acquired resistance to these therapies, and (c) the tumoral and
systemic immune cell changes at baseline and following ICI therapy and their association with
clinical efficacy.

IMMUNE CHECKPOINT INHIBITORS

The last decade has witnessed unprecedented advances in cancer immunotherapy, and by far
the most widely used immunotherapeutic agents are blocking antibodies targeted to immune
inhibitory receptors such as CTLA-4, PD-1, and PD-L1. Although antibodies against these
molecules are already FDA-approved therapies for various cancer types, copious antibodies and
small molecules targeting other immune checkpoints such as LAG3,TIGIT,TIM3,B7H3,CD39,
CD73, adenosine A2A receptor, and CD47 are in clinical development. In this section, we focus
mainly on the roles of CTLA-4, PD-1, and PD-L1 in inhibiting the immune response and the
roles of antibodies that block these molecules in cancer immunotherapy.
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CTLA-4

The immune system functions in measured steps to first mount and subsequently dampen an ac-
tive immune response. CTLA-4, an inhibitory receptor expressed primarily by T cells, functions
to dampen T cell activity and is upregulated upon T cell activation (1–3). When a naive T cell
encounters its cognate antigen, in order to become activated, it requires not only stimulation
through its T cell receptor (TCR) but also a second costimulation signal. The second signal is
transmitted upon engagement of CD28 on T cells with B7.1/CD80 or B7.2/CD86 on antigen-
presenting cells (APCs) (4–6). Once TCR signaling is induced, intracellularly stored CTLA-4
molecules traffic to the cell surface, where they can bind and compete for the same ligands as
CD28, but with greater affinity, thereby dampening costimulation (7, 8). Inhibitory signals then
drive the T cell to a resting state. CTLA-4 inhibits T cell activity through both T cell–intrinsic
and T cell–extrinsic mechanisms. Intrinsically, signaling through the receptor results in the re-
cruitment of phosphatases; inhibition of transcription factors associated with T cell activity, such
as NF-κB, NFAT, and AP-1; and activation of ubiquitin ligases (9–15). Extrinsically, CTLA-4 can
compete with CD28 for ligand binding, thus lowering the effective level of costimulatory signals
received by T cells (16). Apart from its increased expression on the surface of activated T cells,
CTLA-4 is also constitutively expressed on the surface of regulatory T cells (Tregs), which play
an important role in suppressing immune responses. Studies have demonstrated that CTLA-4
controls the function and generation of Tregs (17–22). Given the importance of CTLA-4 in con-
trolling T cell responses, it is not surprising that Ctla4−/− mice develop a severe autoinflammatory
condition marked by widespread T cell activation and proliferation and infiltration of these poly-
clonal T cells into myriad tissues, resulting in premature death (23–25). With knowledge of the
potent immunosuppressive functions of CTLA-4, scientists turned to CTLA-4 blockade as a po-
tential means of boosting antitumor immunity.

The first evidence that inhibiting CTLA-4 activity can impart in vivo antitumor effects
emerged in 1996 (26). Mice implanted with colon carcinoma or fibrosarcoma cells either were
cured of their tumors or demonstrated drastically reduced tumor burden when injected with
anti-CTLA-4 antibodies (26). Another compelling facet of the study was that the mice not
only rejected the initial tumors but also developed long-lasting protective immunity and were
protected from rechallenge with the same tumor (26). The efficacy of anti-CTLA-4 antibodies in
other transplantable mouse tumor models—prostatic and ovarian carcinoma—was subsequently
established (27, 28). Even though the anti-CTLA-4 antibody proved effective against various
cancer types in mice, it failed to impact the growth of poorly immunogenic murine B16melanoma
and SM1 mammary carcinoma (29). However, the antibody was highly effective against these
tumors when used in combination with a cell-based granulocyte-macrophage colony-stimulating
factor (GM-CSF) vaccine (30, 31). These and other studies demonstrating the efficacy of an
anti-CTLA-4 antibody in curing tumors in mice eventually led to exploration of the utility of
anti-CTLA-4 in treating human tumors. In 2010, results from a phase III clinical trial in patients
with metastatic melanoma proved to be a breakthrough in cancer immunotherapy (32). This study
demonstrated that the anti-CTLA-4 antibody ipilimumab extended the median overall survival
of patients by more than 3 months compared with a melanoma-specific peptide vaccine. Not only
was it the only new treatment that had shown increased survival of patients with advanced-stage
melanoma, but it also demonstrated that an ICI alone was responsible for these potent antitumor
effects. Critically, analogous to what was observed in preclinical studies, the 20% of patients
whose tumors were completely cleared maintained their response for the duration of the study,
with a median follow-up time of approximately 30 months. Thus, in 2011, the FDA approved
the antibody for treating late-stage melanoma patients. Although as a monotherapy ipilimumab
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is not highly effective in other tumor types, it is currently being tested in combination with other
treatment modalities, such as chemotherapy, radiotherapy, and immunotherapies, in clinical trials
for many cancer types. Thus, ipilimumab has proven to be an effective means of boosting the
antitumor response, and its success in the clinic paved the way for the development of other ICIs.

PD-1 and PD-L1

PD-1 was first identified in 1992 as a protein involved in regulating programmed T cell death
(33). Over the years, knowledge of its expression pattern, structure, and function has been well
established. Although PD-1 is expressed on the surface of most activated immune cells, such as
macrophages, dendritic cells (DCs), Langerhans cells, B cells, and T cells, its expression is most
highly upregulated on exhausted T cells (34, 35). Similar to CTLA-4, engagement of PD-1 with
its ligands, PD-L1 and PD-L2, leads to suppression of T cell immune responses (36, 37). Both
PD-L1 and PD-L2 are expressed on hematopoietic and nonhematopoietic cells, including APCs
and cancer cells (36, 37). Engagement of PD-1 with its ligands leads to phosphorylation of its cy-
toplasmic immunoreceptors. Specifically, phosphorylation of the immunoreceptor tyrosine-based
switchmotif (ITSM) recruits the Src homology region 2 domain-containing phosphatase-2 (SHP-
2) (38). SHP-2 mediates the inhibitory functions of PD-1 by repressing the activity of several
intracellular molecules involved in propagating signals downstream of the TCR (38). In B cells,
recruitment of SHP-2 dephosphorylates effector molecules, including Syk and PI3K, and in
T cells, signaling through PD-1 dephosphorylates ZAP70 and CD3ζ , both of which are involved
in transducing signals downstream of TCR engagement (38, 39). These dephosphorylation events
directly blunt the inflammatory response of the affected cells. Alternatively, SHP-2 can also inhibit
the Ras/MEK/ERK pathway, which controls cell proliferation, growth, and survival, contributing
to restrained proliferation following activation (40). Because PD-1 is involved in curtailing
immune responses, it is not surprising that PD-1 knockout mice are characterized by systemic
autoimmune inflammation resulting in arthritis, nephritis, and myocarditis (41–43).However, un-
like mice lacking CTLA-4, the absence of PD-1 in mice does not lead to premature death, as these
autoimmune complications manifest much later in life. The exact reason for this difference is not
fully understood, but it is clear that PD-1 and CTLA-4 play biologically nonredundant roles in
suppressing developing immune responses. For example, CTLA-4 is expressed early during T cell
activation, whereas PD-1 is expressed largely at later stages of T cell activation. Additionally,
in contrast to the PD-1 ligands, which are expressed on various cell types, CTLA-4 ligands are
expressed mostly by APCs in secondary lymphoid organs. Last, the mechanisms by which these
signaling axes inhibit T cell responses are also distinct, indicating nonoverlapping roles in T cell
suppression.

Numerous preclinical studies carried out in the early 2000s revealed the utility of targeting
the PD-1/PD-L1 axis to boost antitumor immunity (44–49). A seminal paper in the field demon-
strated that interaction between PD-L1 on tumor cells and PD-1 on cytotoxic T cells resulted in
accelerated tumor growth and that treatment with an anti-PD-L1 antibody or tumor implantation
in PD-1 knockout mice resulted in reduced tumor growth (44). Subsequent human studies have
consistently shown that PD-L1 and PD-L2 expression not only increases in cancerous tissues but
is also linked to poor disease prognosis in many cancer types (50–56). These data, from both pre-
clinical and clinical studies, paved the way for the initiation of clinical trials to test the efficacy of
anti-PD-1 and anti-PD-L1 antibodies in treating patients with cancer. In a phase I clinical trial of
patients with advanced-stage, ipilimumab-refractory melanoma, 26% of participants treated with
pembrolizumab, an anti-PD-1 antibody, demonstrated either a complete or partial response (57).
In the subsequent phase III clinical trial, more than 30% of patients with advanced melanoma
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achieved an objective response following pembrolizumab monotherapy compared with 12% of
patients treated with ipilimumab alone (58). In a separate phase III clinical trial, the antitumor
activity of nivolumab, a different anti-PD-1 antibody, was tested in patients with unresectable
stage III or stage IV melanoma who had received no prior treatments (59). Randomized patient
groups were treated with a combination of nivolumab and ipilimumab, with nivolumab alone, or
with ipilimumab alone. At the end of the trial, progression-free survival was highest in patients
who received the combination therapy, followed by patients treated with nivolumab alone, and
was lowest in patients treated with ipilimumab alone (59). This stratification in progression-free
survival hinted at the possibility of combining ICIs to achieve maximum antitumor efficacy. Taken
together, these breakthrough clinical trials propelled FDA approval of the anti-PD-1 antibodies,
pembrolizumab and nivolumab, for the treatment of melanoma. The subsequent demonstration
that pembrolizumab can induce sustained tumor regression in a substantial proportion of patients
with NSCLCwas another landmark (60), as NSCLC is one of the most common cancer types and
was, prior to the arrival of ICIs, thought to be a poorly immunogenic tumor (61). The phase III
trial enrolled patients withmetastaticNSCLC and required tumoral PD-L1 expression as an entry
criterion. In this trial, the patients treated with pembrolizumab demonstrated markedly increased
response rates, progression-free survival, and overall survival compared with patients treated with
chemotherapy, leading to FDA approval of pembrolizumab as a first-line treatment. The potency
of anti-PD-1 in the clinic was further proved by its recent, first-in-class FDA approval as a tissue-
agnostic therapy for any unresectable or metastatic tumors exhibiting microsatellite instability or
deficient mismatch repair (62). Today, nivolumab and pembrolizumab are approved for the treat-
ment of myriad cancer types, including both solid and liquid tumors (Table 1).

Apart from ICIs that target PD-1, antibodies against one of its ligands, PD-L1, expressed by
both APCs and tumor cells, are also effective antitumor agents. This is not surprising given that
PD-L1 blockade inhibits not only the PD-1/PD-L1 axis but also PD-L1/CD80 cis interactions
on DCs, freeing more CD80molecules to enhance T cell priming (63). In recent years, three anti-
PD-L1 antibodies, atezolizumab, durvalumab, and avelumab, have been approved by the FDA to
treat several cancer types (64). Although all three antibodies block the interaction of PD-L1 with
PD-1 and CD80, atezolizumab and durvalumab contain a modification in the fragment crystalliz-
able (Fc) region that eliminates antibody-dependent cellular cytotoxicity to prevent depletion of
T cells that express PD-L1 (64).On the other hand, avelumab contains the native Fc region,which
is capable of engaging Fc-γ receptors on natural killer (NK) cells to induce antibody-dependent
cellular cytotoxicity (64). Atezolizumab was initially approved by the FDA for the treatment of
localized and metastatic urothelial carcinoma on the basis of results of a phase II clinical trial that
showed overall response rates of 10% in patients whose disease had progressed after platinum-
based chemotherapy treatment (65). These results propelled scientists to examine the antitumor
efficacy of anti-PD-L1 antibodies in combination with various chemotherapeutic regimens, and
to date, atezolizumab, in combination with chemotherapy, has been approved by the FDA for the
treatment of squamous and nonsquamous NSCLC, small cell lung cancer, and PD-L1-positive
triple-negative breast cancer (66–69). Apart from atezolizumab, durvalumab and avelumab are
also approved for use in patients with urothelial carcinoma (70–72), and avelumab is approved for
use in patients with Merkel cell carcinoma (73). Not surprisingly, novel combination therapies of
anti-PD-L1 antibodies with other immunotherapies and chemotherapies form the basis of many
ongoing clinical trials.

As shown in Table 1, ICIs are approved for various cancer types, with anti-PD-1 antibodies
having received the greatest number of approvals. Yet what has become apparent over the course
of their use in patients is that the clinical success of checkpoint therapy has not come without
drawbacks, as (a) only aminority of patients treated with ICIs respond to therapy; (b) some patients
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Table 1 List of all FDA-approved ICIs with their current indications

Therapy Approved indication Additional notes
Anti-CTLA-4

Ipilimumab Metastatic melanoma It can be used as adjuvant therapy to prevent disease relapse after
surgical resection of primary tumor and lymph nodes
containing metastatic disease.

Anti-CTLA-4 in combination with anti-PD-1

Ipilimumab and
nivolumab

Metastatic RCC NA

Metastatic colorectal
cancer

They are approved for MSI-H and dMMR tumors that have
failed chemotherapy treatments with fluoropyrimidines,
oxaliplatin, and irinotecan.

HCC They are used in patients who have failed treatment with
sorafenib.

Anti-PD-1

Nivolumab Metastatic melanoma It can used as adjuvant therapy to prevent disease relapse after
surgical resection of primary tumor and lymph nodes
containing metastatic disease.

It can be used alone or in combination with ipilimumab.
Late-stage NSCLC It is used in patients whose tumors have either spread or grown

and in patients for whom platinum-based chemotherapy drugs
have failed.

Late-stage SCLC It is used in patients whose tumors have either spread or grown
and in patients for whom two types of chemotherapy drugs,
with at least one being platinum based, have failed.

Metastatic RCC It can be used in patients whose cancers have grown or spread
and in patients for whom other first-line cancer drugs have
failed.

Hodgkin’s lymphoma It is used in patients who have received an autologous stem cell
transplant treatment along with brentuximab vedotin before
or after the transplant. Alternatively, it is used in patients who
have received at least three different types of treatments,
including a stem cell transplant.

HNSCC It is used in patients with relapsed disease or in patients whose
cancers have spread. These patients must have failed
platinum-based chemotherapy drugs.

Urothelial carcinoma It is used in patients whose tumors have either grown or spread.
These patients must also have failed platinum-based
chemotherapy drugs.

Metastatic colorectal
cancer

It is approved for MSI-H and dMMR tumors that have failed
chemotherapy treatments with fluoropyrimidines, oxaliplatin,
and irinotecan.

It can be used alone or in combination with ipilimumab.
HCC It is used in patients who have failed treatment with sorafenib.

It can be used alone or in combination with ipilimumab.
Pembrolizumab Metastatic melanoma It can be used as adjuvant therapy to prevent disease relapse after

surgical resection of primary tumor and lymph nodes
containing metastatic disease.

Metastatic nonsquamous
NSCLC

It is used in combination with pemetrexed and platinum-based
chemotherapy as a first-line therapy in patients with no EGFR
or ALK genomic tumor aberrations.

(Continued)
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Table 1 (Continued)

Therapy Approved indication Additional notes

Metastatic squamous
NSCLC

It is a first-line therapy used in combination with carboplatin
and either paclitaxel or protein-bound paclitaxel.

NSCLC It is an approved single agent therapy in patients whose tumors
express PD-L1, have no EGFR or ALK genomic tumor
aberrations, and harbor tumors that cannot be surgically
removed or treated with chemoradiation.

Metastatic NSCLC It is an approved single agent therapy in patients whose tumors
express PD-L1 and whose disease has progressed with
platinum-based chemotherapy.

FDA-approved therapy for EGFR or ALK genomic tumor
aberrations should have failed patients with these aberrations.

Metastatic SCLC It is approved for use in patients who fail platinum-based
chemotherapy and at least one other standard-of-care therapy.

Metastatic HNSCC In combination with platinum- and fluorouracil-based
chemotherapies, it is a first-line therapy for patients with
metastatic disease or unresectable tumors.

It is also used as a single agent, first-line therapy for patients
whose tumors have PD-L1 expression. These patients must
also have metastatic disease or unresectable tumors.

It can be used as a single agent therapy in patients with
metastatic disease for whom platinum-based chemotherapy
has failed.

Hodgkin’s lymphoma It can be used in patients who have relapsed after treatment with
three or more prior lines of therapy.

Primary mediastinal large
B cell lymphoma

It can be used in patients who have relapsed upon treatment
with two prior lines of therapy.

Metastatic urothelial
carcinoma

It is used in patients who are not eligible for cisplatin-containing
chemotherapy and whose tumors express PD-L1. It is also
used in patients who are not eligible for any platinum-based
chemotherapy regardless of PD-L1 status.

It is used in patients who have failed platinum-based
chemotherapy or within 12 months of neoadjuvant or
adjuvant treatment with platinum-containing chemotherapy.

Non-muscle invasive
bladder cancer

It is used in patients with BCG-unresponsive, high-risk tumors
with carcinoma in situ with or without papillary tumors who
are ineligible for or have elected not to undergo cystectomy.

Solid tumors It is used in patients with metastatic MSI-H or dMMR solid
tumors for whom prior line therapies have failed or in patients
who do not have an alternative option.

Metastatic gastric and
gastroesophageal
junction carcinoma

It is used in patients whose tumors express PD-L1 and for whom
two or more prior lines of therapy with fluoropyrimidine- and
platinum-containing chemotherapy and, if appropriate,
HER2/neu-targeted therapy have failed.

Recurrent locally
advanced or metastatic
squamous cell
carcinoma of the
esophagus

It is used in patients whose tumors express PD-L1 and for whom
one or more prior lines of therapy have failed.

(Continued)
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Table 1 (Continued)

Therapy Approved indication Additional notes

Recurrent or metastatic
cervical cancer

It is used in patients for whom chemotherapy treatments have
failed and whose tumors express PD-L1.

HCC It is used in patients for whom sorafenib treatment has failed.
Recurrent locally
advanced or metastatic
Merkel cell carcinoma

NA

Metastatic RCC It is used in combination with axitinib as a first-line therapy.
Anti-PD-L1
Atezolizumab Locally advanced or

metastatic urothelial
carcinoma

It is used in patients who are not eligible for cisplatin-containing
chemotherapy and whose tumors express PD-L1. It is also
used in patients who are not eligible for any platinum-based
chemotherapy regardless of PD-L1 status.

It is used in patients for whom platinum-based chemotherapy
has failed or within 12 months of neoadjuvant or adjuvant
treatment with platinum-containing chemotherapy.

Metastatic nonsquamous
NSCLC

It is used in combination with bevacizumab, paclitaxel, and
carboplatin as a first-line therapy in patients with no EGFR or
ALK genomic tumor aberrations.

It is used in combination with protein-bound paclitaxel and
carboplatin as a first-line therapy in patients with no EGFR or
ALK genomic tumor aberrations.

It is an approved single agent therapy in patients whose disease
has progressed with platinum-based chemotherapy.

FDA-approved therapy for EGFR or ALK genomic tumor
aberrations should have failed patients with these aberrations.

Metastatic triple-negative
breast cancer

It is used in combination with protein-bound paclitaxel in
patients whose tumors express PD-L1.

ES-SCLC It is used in combination with carboplatin and etoposide as a
first-line therapy.

Durvalumab Locally advanced or
metastatic urothelial
carcinoma

It is used in patients for whom platinum-based chemotherapy
has failed or whose disease had progressed within 12 months
of neoadjuvant or adjuvant treatment with
platinum-containing chemotherapy.

NSCLC It is used in patients with unresectable tumors and whose disease
has not progressed following concurrent platinum-based
chemotherapy and radiotherapy.

ES-SCLC It is used in combination with etoposide and either carboplatin
or cisplatin as a first-line treatment.

Avelumab Metastatic Merkel cell
carcinoma

NA

Locally advanced or
metastatic urothelial
carcinoma

It is used in patients for whom platinum-based chemotherapy
has failed.

Locally advanced or
metastatic RCC

It is used in combination with axitinib as a first-line therapy.

Abbreviations: ALK, anaplastic large-cell lymphoma kinase; BCG, Bacillus Calmette–Guérin; CTLA-4, cytotoxic T lymphocyte-associated protein 4;
dMMR, mismatch repair deficient; EGFR, epidermal growth factor receptor; ES-SCLC, extensive-stage small cell lung cancer; FDA, US Food and Drug
Administration; HCC, hepatocellular carcinoma; HNSCC, head and neck squamous cell carcinoma; ICI, immune checkpoint inhibitor; MSI-H,
microsatellite instability-high; NA, not applicable; NSCLC, non-small-cell lung cancer; PD-1, programmed cell death 1; PD-L1, programmed cell death
ligand 1; RCC, renal cell carcinoma; SCLC, small cell lung cancer.
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who initially respond to therapy later develop resistance to these immune modulators; and (c) a
large proportion of ICI-treated patients develop immune-related adverse events (irAEs), some of
which can be life-threatening. We discuss these ICI-associated issues in the next sections.

RESISTANCE TO IMMUNE CHECKPOINT INHIBITORS

Although ICI therapies have improved patient outcomes across numerous cancer types, only a
minority of patients treated with ICIs achieve a durable response. Even among patients with
melanoma, which has one of the highest rates of response to ICI, 60–70% of patients do not
experience an objective response to anti-PD-1 therapy; of those that do, 20–30% demonstrate
eventual tumor relapse and progression (74, 75). Understanding why most patients do not re-
spond to or fail to sustain their response to ICI therapy has been a topic of intense study, with
mechanisms of resistance generally categorized into two types: primary and acquired. Primary
resistance refers to those cases in which no initial response to checkpoint therapy was observed;
acquired resistance encompasses those cases in which patients initially responded to an ICI but
later became refractory. Here, we review some of the mechanisms that contribute to both primary
and acquired resistance.

Primary Resistance

Response rates to ICI treatment vary widely among different cancers, ranging from greater than
80% in patients with refractory Hodgkin’s lymphoma to little or no response in patients with mis-
match repair–proficient colorectal cancer (76, 77); many tumor indications fall within a response
rate range of 20% to 40% (78). Thus, primary resistance, or nonresponse, to ICIs clearly remains
a critical issue. One recent cross-sectional study using publicly reported cancer statistics and re-
sponse rates to ICI therapy presented a sobering estimate of its benefit in the clinic: Of all the
patients who met the eligibility criteria for ICI therapy in 2018, only an estimated 12.5% would
have benefitted (79). Thus, a greater understanding of the multiple factors that can contribute to
primary resistance is necessary to increase the proportion of patients who stand to benefit from
this form of cancer immunotherapy.

One of the most commonly used biomarkers for predicting response to ICIs is the intensity of
PD-L1 expression on tumor cells, which is positively correlated with response to ICIs in several
cancer settings (74, 75, 80). Expression of PD-L1 by the tumor is important not only because it
ensures, at the most basic level, that targetable PD-1 receptor–ligand interactions exist in the tu-
mor microenvironment but also because PD-L1 expression correlates with parameters associated
with immune activation in the tumor, including activated CD8+ T cell responses as well as antigen
presentation (75). Thus, it stands to reason that tumors with absent or low expression of PD-L1
are more likely to exhibit resistance to anti-PD-1 and anti-PD-L1 therapies, and this assertion is
supported by response rates of only up to 10% in patients with PD-L1-low melanoma and pa-
tients with NSCLC treated with anti-PD-1 compared with 40–50% in patients with high PD-L1
expression (74, 80). However, PD-L1-negative tumors can still occasionally respond to anti-PD-1
therapy, and high PD-L1 expression, although correlative, is by no means sufficient for generating
a response following anti-PD-1 therapy, indicating that other factors are involved in determining
response and nonresponse to ICIs (80–82).

Another well-recognized biomarker that predicts response or nonresponse to ICIs is the
mutational burden of the tumor, with higher tumor mutational loads strongly associated with
response to both anti-CTLA-4 and anti-PD-1 across multiple cancer indications (83–86). The
underlying cause of the high mutational burden is not important for determining whether
a tumor will respond to ICIs, as melanoma and NSCLC, which acquire mutations through
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UV- and carcinogen-induced DNA damage, respectively, respond just as well to ICIs as do
tumors that acquire mutations through genomic instability or deficient mismatch repair (74, 80,
87). The common thread that unites these types of tumors and that potentiates their response to
ICIs is their high neoantigen load, which leads to increased visibility of the tumor to the immune
system and the development of a more potent antitumor T cell response following ICI treatment.
Given this contribution of mutational burden to ICI efficacy, tumors with lowmutational burdens,
such as prostate and pancreatic cancers, might be expected to respond poorly to ICIs, and this is
indeed the case (88). The importance of mutational load is even evident within subtypes of the
same cancer; in colorectal cancer, anti-PD-1 therapy was effective in patients with tumors exhibit-
ing microsatellite instability or deficient mismatch repair, which demonstrated a 40% objective
response rate, and not in patients with tumors with intact mismatch repair, which exhibited a 0%
response rate (77). Thus, as a general observation, tumor types exhibiting low tumor mutational
burdens are commonly associated with resistance or nonresponsiveness to ICIs. Nonetheless,
exceptions do exist. Metastatic renal cell carcinoma and polyomavirus-positive Merkel cell carci-
noma, which exhibit low tumor mutational burdens, often respond to anti-PD-1 and anti-PD-L1
therapies, respectively (87, 89). Notwithstanding these exceptions, low mutational load, and
therefore low availability of neoantigens, is a major contributor to primary resistance to ICIs.

Beyond low mutational burden, primary resistance to checkpoint therapies can also occur if
critical signaling pathways are disrupted in the tumor. Interferon-γ (IFN-γ) is an important cy-
tokine for initiating and maintaining a potent antitumor response not only through promoting
CD8+ cytotoxic T cell activity and skewing toward a Th1 response but also through exerting an-
tiproliferative, proapoptotic effects and inducing major histocompatibility complex class I (MHC
I) upregulation in tumor cells (90, 91). In the clinic, a strong IFN-γ signature has been identified
as a useful predictor and indicator of response in anti-PD-1-treated patients across various cancer
indications (75, 92, 93). Given the importance of IFN-γ in antitumor immunity, tumor-intrinsic
mutations that disrupt signaling in the IFN-γ pathway have been identified to confer resistance
to ICIs. Tumors with mutations in genes such as JAK1/2 and IFNGR1/2 were retrospectively
identified in patients who did not respond to either anti-CTLA-4 or anti-PD-1, suggesting that
tumor-intrinsic IFN-γ signaling is critical for the efficacy of checkpoint blockade (94, 95). In
addition to genes modulating IFN-γ signaling, MHC molecules are crucial for modulating and
participating in the developing immune response following ICI therapy. For example,MEX3B, a
gene responsible for downregulating MHC I expression in tumors, was expressed at higher levels
in nonresponders to anti-PD-1 than in responders (96). In another study, MHC I downregula-
tion via transcriptional repression was associated with primary resistance to anti-CTLA-4 therapy
but not to anti-PD-1 therapy, and the response to anti-PD-1 was more dependent on MHC II
expression linked to an IFN-γ-regulated module of genes (97). Thus, mutations in critical antitu-
mor pathways, such as in IFN-γ and antigen presentation, can be a source of primary resistance
to ICIs.

Although PD-L1 expression and tumor mutational status have been established and utilized
as biomarkers of ICI response, other factors that impact the response have begun to emerge.
One such factor involves the microbiome (98). For example, in preclinical models, the therapeutic
response to anti-CTLA-4 therapy was found to be dependent on Bacteroides species, as germ-
free mice or antibiotic-treated mice did not respond to anti-CTLA-4, but response was rescued
through gavage of Bacteroides fragilis (99). In addition, fecal transplants from patients who bene-
fitted clinically from anti-CTLA-4 therapy favored the growth of B. fragilis, linking this species
with improved response. Similar findings for anti-PD-1 therapy have been reported, although
different microbes have been implicated (100, 101). This idea is further supported by reports
of decreased overall survival and progression-free survival in ICI-treated patients who received
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antibiotics (101–103). Thus, a patient’s overall microflora makeup may contribute to primary re-
sistance, as well as response, to ICIs.

A final mechanism contributing to primary resistance involves the epigenetic properties of
tumors. Several studies have demonstrated that mutations in genes involved in the SWI-SNF
chromatin remodeling complex may sensitize human tumors to ICIs and that treatment with an
epigenetic modulator can potentiate the ICI-mediated antitumor response through increased pro-
duction of chemokines responsible for recruiting CD8+ T cells (104–107). However, whether the
epigenetic landscape of the tumor cells or T cell exhaustion is contributing to resistance is not
well understood, leaving much room for further understanding of how epigenetics can lead to
nonresponse to ICIs (108, 109).

Acquired Resistance

Unlike primary resistance to ICIs, acquired resistance, also known as secondary resistance, is not
as well understood. One mechanism purporting to contribute to the development of acquired re-
sistance is evolution or selection of tumors that acquire mutations in critical pathways involved in
the checkpoint blockade response. Many of the same pathways implicated in primary resistance
are also implicated here, as these pathways are integral for both developing and maintaining an
effective antitumor response. One of these critical pathways, as highlighted above, is the IFN-γ
response pathway. Whole-exome sequencing of baseline and relapsed tumors in a small cohort
of patients with melanoma exhibiting acquired resistance to pembrolizumab revealed that tu-
mor outgrowth occurred in two patients harboring loss-of-function mutations in JAK1 and JAK2
(110). These relapsed tumors showed loss of response to IFN-γ and thus resistance to its cyto-
static effects. In the same study, tumor cells in another patient demonstrating relapse contained a
frameshift deletion of β2-microglobulin (B2M), disrupting MHC I trafficking to the cell surface
and thereby rendering the tumor cells invisible to cytotoxic CD8+ T cells (110). Similar disrup-
tions in MHC I presentation in patients with lung cancer were also reported, implicating dysreg-
ulated antigen presentation as a potent mediator of acquired resistance (111). In one case report
of a patient with metastatic uterine leiomyosarcoma treated with anti-PD-1, despite demonstrat-
ing a robust response to ICI, one metastatic nodule remained insensitive to the immunotherapy
(112). Analysis of the genome and proteome of this tumor revealed a mutation in PTEN and lower
expression of several neoantigens. Although there is no proof that these features were responsi-
ble for the resistance, loss of neoantigen expression and consequent evasion from cytotoxic T cell
attack likely were major factors. A similar mechanism of acquired resistance to anti-PD-1 and
combination anti-PD-1/anti-CTLA-4 in a larger cohort of patients with NSCLC was described
(113). Here, whole-exome sequencing of tumors before and after therapy also revealed a loss of
putative neoantigens in resistant tumors, lending further support to the hypothesis that loss of
neoantigens, whether a result of genetic events or clonal selection, can lead to ICI resistance.

Although other potential mechanisms of acquired resistance have been proposed and examined
in preclinical studies, it is clear that the difference in our understanding of primary resistance and
of acquired resistance is considerable. Though the two types of resistance may share pathways in
common, as described above for mutations in the IFN-γ pathway, it is conceivable that tumors
that initially respond to ICIs may utilize immune evasion strategies different from those utilized
by tumors that are resistant at the outset. Although our understanding of acquired resistance is
far too undeveloped to determine whether this is the case, this gap in knowledge needs to be
remedied, as better understanding of resistance, either primary or acquired, will be necessary to
identify the best path forward for treating patients. Figure 1 depicts our current understanding
of the mechanisms of resistance.

www.annualreviews.org • ICIs for the Treatment of Cancer 233



Tumor cell intrinsic

• PD-L1 expression
• Mutational burden
• Neoantigen expression
• Epigenetic variations
• Type II interferon signaling
• Antigen presentation pathways

Tumor cell extrinsic

• Microbiome
• PD-L1 expression on immune cells
• Tumoral and peripheral immune 
cell composition

Figure 1

Tumor-intrinsic and tumor-extrinsic mechanisms of resistance to ICI therapy. Some patients who receive ICIs do not respond to
treatment (primary resistance), while others respond to initial therapy but eventually relapse (acquired resistance). Although significant
effort has been devoted to understanding the mechanisms of primary resistance, studies of acquired resistance have begun only recently.
Abbreviations: ICI, immune checkpoint inhibitor; PD-L1, programmed cell death ligand 1.

IMMUNE-RELATED ADVERSE EVENTS

Despite the significant benefit ICIs have brought to patients, overactivation of the immune sys-
tem to boost antitumor immunity can act as a double-edged sword, leading to the development
of irAEs that can range from mild rash to severe colitis to life-threatening myocarditis (114, 115).
Newly developed autoimmune disease, such as type I diabetes in patients with no prior history
of the disease, following checkpoint therapy has also been reported to occur, demonstrating the
potential adverse consequences of inhibiting the body’s tolerance pathways (115, 116). irAEs are
common among those receiving ICIs, as 30–60% of patients experience irAEs of any grade and
approximately 10–20% experience more severe grade 3 or 4 irAEs (114, 115, 117). The frequency
and severity of irAEs differ between different immune checkpoint modalities, with anti-PD-1 typ-
ically exhibiting a more favorable safety profile compared with anti-CTLA-4. In patients with un-
treatedmelanoma, treatment with anti-CTLA-4 led to grade 3 or 4 irAEs in 27.3% of patients and
treatment with anti-PD-1 led to such severe irAEs in only 16.3% of patients (59). Combination
treatment of advanced melanoma with both anti-CTLA-4 and anti-PD-1 led to a marked increase
in both the incidence and the severity of irAEs, with 55% of those patients exhibiting high-grade
irAEs (59). Aside from differences in irAE frequency and severity, anti-CTLA-4 and anti-PD-
1 therapy also results in irAEs that differ in organ presentation, with anti-CTLA-4 resulting in
more hypophysitis and more severe colitis cases and anti-PD-1 resulting in more pneumonitis,
thyroiditis, and nephritis cases (114, 118). These differences may be the result of the different
mechanisms of T cell inhibition by CTLA-4 and PD-1, as the former is understood to function
more proximally to T cell activation and the latter is thought to function at later stages in the
periphery (119).

Depending on the severity of the irAE in a given patient, cessation of ICI therapy and adminis-
tration of immunosuppressive or immunomodulatory agents, such as glucocorticoids, may follow.
Given this, one question that has arisen in the field is whether the immunosuppression needed to
control irAE presentation can undermine the antitumor effects of checkpoint therapy. In general,
discontinuation of ICI therapy and subsequent treatment with immunosuppressive agents do not
appear to negatively impact patient outcomes (120, 121).However, there are exceptions, indicating
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that better understanding of the interplay between the developing antitumor response following
ICI therapy and the use of immunosuppressive agents is needed (117, 122, 123). Another impor-
tant question is whether irAE presentation correlates with ICI efficacy. Several studies have shown
an association between development of vitiligo and improved objective response rates and over-
all survival in patients with melanoma (124–126). This association may be stronger than those
with other irAE manifestations due to the autoimmune reaction targeting shared antigens be-
tween healthy melanocytes and the melanoma cells, allowing the occurrence of vitiligo to serve as
a surrogate measure of the developing antitumor response.Whether irAEs broadly correlate with
improved response to ICIs, however, is more controversial. Studies claiming improved outcomes
associated with irAEs can be found alongside studies reporting no apparent correlation, regardless
of the type of ICI used (120, 127–130). Thus, further granularity with regard to the association
of irAE manifestations (i.e., target organ, severity, and timing) with clinical response in particular
cancers may prove more useful in dissecting the true prognostic implications of irAE development
in patients receiving ICIs.

LOCAL AND SYSTEMIC IMMUNE RESPONSES TO IMMUNE
CHECKPOINT INHIBITORS

Systemic administration of ICIs impacts not just T cells but also other immune cells through-
out the body. Among preclinical studies, perhaps the first to characterize changes in the systemic
immune response following immunotherapy was from Spitzer et al. (131). In this report, the au-
thors demonstrated that, upon immunotherapy administration in mammary tumor-bearing mice,
effective therapy was characterized by marked changes in immune cells not only in the tumor
but also in peripheral organs such as the draining lymph nodes, blood, and bone marrow (131).
These changes throughout the host were critical to the antitumor response, as administration of
fingolimod, a small molecule that inhibits egress of lymphocytes from the lymph nodes, abrogated
the effect of the immunotherapy. The tumor rejection phase was characterized by proliferating
immune cells in the draining lymph nodes but not in the tumor, suggesting that the immune re-
sponse in the periphery is important for maintaining and activating immune cells participating in
the antitumor response. The authors also discovered that a subset of peripheral effector-memory-
like CD4+ T cells was associated with effective immunotherapy and could initiate an antitumor
response upon adoptive transfer to untreated tumor-bearing mice (131). Altogether, this study
brought to light that the systemic immune response following immunotherapy was critical in de-
termining effective versus ineffective immunotherapy and that a particular CD4+ T cell subset
was an important participant in effective therapy.

In accord with the concept set forth by Spitzer et al. (131), numerous studies of ICI-treated
patients have highlighted the importance of immune cells both at the tumor site and in the pe-
riphery. These studies examined tumoral and systemic immune cell milieus at baseline and after
ICI treatment andmeasured the degree of association with clinical parameters, such as therapeutic
response, to ascertain the contribution of different immune cell populations and phenotypes to
ICI efficacy. Importantly, unlike preclinical models in which any tissue can be examined in detail
at different time points and individual immune cell types can be evaluated for their contributions
to antitumor immunity, these sorts of invasive studies cannot be carried out in patients. Nonethe-
less, examination of blood and tumors from patients has revealed several biomarkers that correlate
with clinical outcome. Here, we describe the findings surrounding these studies.

A paradigm in the field of tumor immunology is that lymphocytes, especially CD8+ T cells and
NK cells, are critical for antitumor immunity. Thus, the increased presence of these lymphocytes,
at baseline or after ICI therapy, would be expected to predict a favorable response to therapy.
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Indeed, several studies have demonstrated that increased lymphocyte counts in the blood are
associated not only with favorable treatment outcome but also with increased overall survival
in patients with melanoma treated with ICIs (132–135). Examination of the lymphocytes that
correlated with such beneficial outcomes has repeatedly implicated effector and memory CD8+

T cell and NK cell populations (136–141). For example, the frequency of CD8+ effector memory
cells in the peripheral blood of patients with advanced melanoma 9 weeks after anti-CTLA-4
treatment correlated with clinical benefit and overall survival (142). Using time-of-flight mass
cytometry, Subrahmanyam et al. (137) performed phenotypic and functional characterizations
of immune cells in the peripheral blood of patients with melanoma at baseline to show that
anti-CTLA-4 and anti-PD-1 treatments are associated with distinct predictive biomarkers.
Whereas CD45RA+ naive CD8+ T cells negatively correlated with response with ipilimumab
treatment, CD45RA−CD8+ T cells and CD8+ T effector memory cells (CD45RA−CCR7−)
were more abundant in responsive patients (137). By contrast, nonresponders to PD-1 treatment
exhibited lower levels of CD69 and lower production of MIP-1β by NK cells (137). Similarly,
another study demonstrated that a high frequency of CD45RA−CCR7−CD27+CD28+ effector
memory CD8+ cells at baseline in the blood of patients with late-stage melanoma correlated with
higher and more durable clinical response rates following ICI therapy (143). Further, decreased
expression of PD-1 on these CD8+ T cells during therapy was a hallmark of better treatment
outcome (143). Like observations regarding memory CD8+ T cells in the peripheral blood,
Sade-Feldman et al. (144) reported that intratumoral memory-like CD8+ T cells were also more
strongly associated with response to ICI therapy. This study reported that these cells uniquely
expressed the transcription factor TCF7, which marks a critical subset of “stem-like” intratumoral
CD8+ T cells responsible for mediating antitumor immunity in mice (145).

Apart from memory CD8+ T cells, several studies have tried to dissect how expression of
PD-1 on CD8+ T cells changes with ICI therapy and the predictive value of PD-1-expressing
CD8+ T cells in ICI therapy. Perhaps unsurprisingly, the presence of CD8+PD-1hi T cells in the
tumors of patients with melanoma and patients with NSCLC prior to anti-PD-1 administration
was predictive of treatment response and correlated with overall survival (146, 147). Aside from
the presence of these T cells at baseline being a favorable predictive marker of anti-PD-1 therapy,
proliferation of circulating CD8+PD-1hiCTLA-4+ T cells, within 3–4 weeks of ICI treatment,
was also associated with responders in patients with melanoma and patients with NSCLC (148,
149). Further, in a study of patients with NSCLC, the favorable correlation between CD8+PD-
1hi T cells and response to treatment was attributed not only to their tumor reactivity but also to
their secretion of the chemokine CXCL13,which contributed to the recruitment of other immune
cells, such as B cells and T follicular helper cells, that may participate in antitumor responses (147).
The location and functional status of CD8+ T cells within tumors have also been correlated with
ICI therapy outcome. For example, a study of patients with melanoma showed that the presence
of CD8+ T cells at the tumor invasive margins at baseline correlated with ICI response and that
intratumoral CD8+ T cell proliferation during treatment was associated with tumor regression
(150). Overall, these studies support the concept that increased abundance of CD8+ T cells and
CD8+ T cells with memory-like phenotypes in peripheral and tumor tissues prior to or after
initiation of therapy is correlated with a favorable response to ICIs.

Even though CD8+ T cells have been traditionally viewed as the primary effector cells re-
sponsible for antitumor immunity, several clinical studies of patients treated with ICIs have high-
lighted a potential role for CD4+ T cells in antitumor immunity. An early study of patients with
melanoma treated with ipilimumab showed that 8–14 weeks after the first dose, a heightened fre-
quency of CD4+ T cells in blood correlated with increased overall survival (135). However, no
further characterization of the CD4+ T cells or their cell surface phenotype was carried out.More
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recently, Kagamu et al. (151) found that increased frequencies of CD62LlowCD4+ T cells in the
circulation of patients with NSCLC before treatment with anti-PD-1 were predictive of greater
progression-free survival following ICI treatment. Additionally, another study revealed that a
higher frequency of memory CD45RA−CD4+ T cells in the blood of patients with melanoma
at baseline was associated with a favorable response to ipilimumab, whereas an increased pres-
ence of naive CD45RA+CD4+ T cells correlated with nonresponders (137). Along similar lines,
single-cell RNA-sequencing analysis performed on tumor biopsies from patients with melanoma
revealed that at baseline, responders had a higher frequency of memory CD4+ T cells, as de-
fined by expression of CCR7, CD28, and CD62L (144). Similar to CD8+ T cells, lack of PD-1
downregulation on CD4+PD-1hi T cells following treatment with anti-PD-1 resulted in a higher
risk of death in patients with advanced melanoma (152). Given these findings, it is clear that the
frequency of CD4+ T cell populations prior to therapy and the dynamic changes they undergo
during therapy can serve as important predictive biomarkers distinguishing ICI responders from
nonresponders.

Since a large portion of CD4+ T cells in tumors are Tregs, which actively curb antitumor im-
mune responses, one can posit that these cells may function to dampen the effects of ICIs and
therefore would be associated with a worse response following ICI treatment. However, while de-
creases in Tregs in the peripheral blood and tumors of patients with metastatic melanoma treated
with ICIs have been associated with ICI response and increased patient survival, Balatoni et al.
(153) demonstrated that patients with melanoma who exhibited a higher frequency of Tregs in
lymph node metastases responded better to ipilimumab compared with patients who had fewer
Tregs (133). Additionally, a separate study found that an abundance of Tregs in the blood of pa-
tients with melanoma at baseline correlated with a favorable outcome following ipilimumab treat-
ment (135). Woods et al. (154) also reported that an increased proportion of circulating Tregs in
patients with melanoma after treatment with anti-PD-1 therapy correlated with a favorable re-
sponse. As has been the case in many preclinical studies, a higher ratio of effector CD8+ T cells
to Tregs in the tumors of previously vaccinated patients with melanoma correlated favorably with
tumor necrosis (155). Last, Liakou et al. (156) showed that in patients with bladder cancer, CTLA-
4 blockade led to increased inducible T cell costimulator (ICOS) expression on IFN-γ producing
CD4+ T cells. The increased abundance of ICOS+CD4+ T cells resulted in an increased ratio of
these cells to Tregs (156) both in the tumor and in peripheral blood. Although the authors did not
correlate these changes with clinical outcome, this study nonetheless points to the possibility that
ICI therapy brings about similar tumoral and systemic changes in immune cells, suggesting that
circulating immune cells may provide a window into changes in immune cells in the tumor. Over-
all, it is difficult to conclude whether an increased frequency of Tregs prior to or following therapy
is favorable for patients treated with ICIs. Examining the ratios of effector T cells to Tregs, rather
than the absolute Treg numbers, may be a more fruitful approach to deciphering the prognostic
utility of monitoring changes in this population.

For any T cell to become activated and acquire effector functions, its TCR must recognize its
cognate antigen presented on anMHCmolecule. The antigen specificity of a T cell is determined
by its TCR, and because each cell expresses multiple copies of only a single TCR,T cells are highly
specific in their response.This is important for our discussion, as numerous studies have attempted
to determine whether TCR richness or diversity of V-D-J arrangements can predict the response
to ICI therapy. Whereas some studies have found that high TCR diversity in peripheral blood
and tumors prior to ICI therapy is predictive of effective treatment, others have pointed to ICI
therapy–associated increases in TCR clonality, that is, enrichment of T cells with the same TCRs,
as a sign of effective therapy (150, 157–161). Contrary to these studies, in patients with metastatic
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pancreatic cancer, longer survival has been associated with lower baseline circulating clonality and
a high number of expanded clones following anti-CTLA-4 treatment but not anti-PD-1 treat-
ment (162). In this study, no TCR parameters were found to be associated with clinical outcomes
in patients treated with anti-PD-1. In another study, patients with castration-resistant prostate
cancer or advanced melanoma who maintained their oligoclonal circulating baseline TCRs after
receiving anti-CTLA-4 responded better to therapy than those in which more of those clonotypes
were lost (163). In patients with basal cell carcinoma and patients with squamous cell carcinoma
treated with anti-PD-1, TCR clones present in the tumor posttreatment consisted of a significant
number of clones that were not present in the tumors prior to ICI therapy (164). This finding
suggests that, contrary to the concept of in situ reinvigoration of exhausted CD8+ T cells that
was widely considered to be the mechanism of ICI therapy, an effective ICI response may actually
depend on an influx of novel, less exhausted T cells into the tumor site. Further investigation by
Yost et al. (164) revealed that many of the new posttreatment clonotypes infiltrating the tumor
could be identified in the blood, implicating the importance of T cell activation in the periphery
in the developing antitumor response. The authors did not draw any correlations between TCR
repertoire and clinical outcome, but the results certainly alter the view of how an ICI may exert
its antitumor effects. These findings are also supported by a study performed by Wu et al. (165)
that similarly suggested a peripheral origin for intratumoral CD8+ clonotypes, on the basis of the
presence of expanded clones infiltrating the tumor as well as normal adjacent tissue and blood.
Overall, most of these studies point to increased TCR diversity, whether at baseline or after ther-
apy initiation, as a favorable prognostic marker for ICI therapy. This is perhaps not surprising,
as generating T cell responses to various tumor epitopes may help minimize tumor selection and
eventual tumor escape. These studies also put forth the idea that assessing T cell diversity or clon-
ality in the blood may be useful for understanding the T cell profile in the tumor, as Yost et al. and
Wu et al. implicate the periphery as the source of newly infiltrated T cells in the tumor. If such
blood analysis of the TCR repertoire is to be widely used for predicting clinical outcome, more
studies would need to be done to determine the predictive value of such testing.

Apart from T cells, macrophages and myeloid-derived suppressor cells (MDSCs) have also
been extensively studied in the context of ICI therapies. In preclinical models, both of these
innate immune cell types aid tumor growth and metastasis through their secretion of factors
that suppress antitumor immune responses, especially those of CD8+ T cells and NK cells (166,
167). In accord with these findings, numerous studies of patients with cancer have indeed found
that these myeloid cell subsets, whether in the tumor or in peripheral tissues, were negatively
correlated with effective ICI therapy (134, 161, 168–171). In one study of patients with advanced
melanoma, analysis of the tumor immune landscape using deconvolution of bulk RNA-sequencing
data found that patients who responded to anti-PD-1 demonstrated lower tumoral macrophage
infiltration (161). Similarly, a decrease in the abundance of tumor-infiltrating macrophages in
patients with melanoma treated with anti-CTLA-4 and anti-PD-1 antibodies distinguished
responders from nonresponders (172). In other studies, both a low baseline frequency of MDSCs
and a low frequency of MDSCs in the blood of patients with melanoma following ipilimumab
treatment were associated with favorable therapy outcome (134, 169–171). Additionally, renal cell
carcinomas that exhibited a high tumoral myeloid signature were associated with significantly
lower progression-free survival following anti-PD-L1 treatment, supporting the detrimental
effects of some myeloid populations on ICI efficacy (173). By contrast, a recent study revealed
that an increased frequency of circulating monocytes at baseline, unlike macrophages and
MDSCs in tumors and other tissues, predicts superior ICI responses (174). Thus, when Krieg
et al. (174) analyzed peripheral blood from patients with advanced melanoma at baseline using
both mass and flow cytometry, CD14+CD16−HLA-DRhi monocytes were a strong predictor
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of progression-free and overall survival after treatment with anti-PD-1 antibody. In contrast,
Martens et al. (135) showed that a low absolute monocyte count in circulation is associated with
better ipilimumab therapy outcome in patients with melanoma. Altogether, these results suggest
that, whereas the negative role for tissue macrophages and MDSCs in ICI treatment is well
established, our understanding of the role of circulating monocytes remains blurred.

What is clear from these studies is that, similar to the analysis of immunotherapy in tumor-
bearing mice by Spitzer et al. (131), ICI treatment of patients induces significant immune changes
both in the periphery and in the tumor site.Themechanisms bywhich the developing system-wide
antitumor response is orchestrated or thwarted following ICI therapy are only beginning to be
clarified, but additional studies that examine the association of different immune cell populations
with positive or negative patient outcomes should yield further insight into the roles of these cells
in the developing antitumor response. Furthermore, it may be important to clarify the differential
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Figure 2

Immune cell populations in tumors and peripheral blood that correlate with favorable and unfavorable clinical outcomes following ICI
therapy. Most human studies that have examined immune cell abundance, phenotype, and function in the context of ICI therapy have
been undertaken for the purpose of biomarker discovery and have focused on peripheral blood and tumors in patients with melanoma,
NSCLC, or both. These studies have revealed that high frequencies of memory CD4+ and CD8+ T cells prior to or after ICI therapy
correlate with favorable responses to treatment. However, the mechanisms by which these T cells promote a favorable therapy outcome
are unclear. Additionally, a diverse TCR repertoire is also linked to effective therapy. In contrast to T cells, high frequencies of
macrophages and MDSCs, both within tumors and in peripheral blood, prior to or after ICI treatment are generally associated with
unfavorable clinical outcomes. This is not surprising given the largely immunosuppressive roles of these cells in tumor immunity. Last,
contradictory data exist on the role of other immune cell types, especially Tregs and monocytes, in the response to ICIs. Abbreviations:
ICI, immune checkpoint inhibitor; MDSC, myeloid-derived suppressor cell; NSCLC, non-small-cell lung cancer; TCR, T cell
receptor; Treg, regulatory T cell.
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immune responses elicited by anti-CTLA and anti-PD-1 therapies. One study, for example, has
suggested that anti-CTLA-4 induces mainly proliferation of ICOS+CD4+ effector T cells and
that anti-PD-1 is associated primarily with reinvigoration CD8+PD-1hi T cells (175). Given the
extensive interactions between immune cells that are required to generate an effective immune
response, it is unlikely that quantifying a single cell population or parameter will accurately predict
response or nonresponse to ICI treatment, and a more holistic approach encompassing multiple
cell types will be necessary. In Figure 2, we have summarized the immune cell types and their
correlation to ICI therapy outcome.

CONCLUDING REMARKS

ICI treatment has revolutionized the field of cancer immunotherapy. Here, we reviewed the ori-
gins and development of the most prominent ICI agents, as well as the challenges they present
in the clinic, such as resistance to therapy and irAEs. We further described data suggesting the
importance of the tumoral and systemic immune responses elicited by ICIs and how investigating
changes in these immune responses or particular immune cell populations can be leveraged to try
to better understand what characterizes an effective response.

It is also important to acknowledge that, although ICIs are the most widely used, they are not
the only FDA-approved immunotherapies. A DC vaccine for the treatment of advanced prostate
cancer and chimeric antigen receptor T cells for the treatment of several hematological malignan-
cies are among other immunotherapies that have also received FDA approval (176, 177). How-
ever, the role of systemic immunity is not well understood in these modalities. To achieve a more
comprehensive understanding of how the immune system initiates and maintains an effective an-
titumor response, researchers need to additionally investigate the systemic effects of other im-
munotherapies. In the end, these efforts directed at understanding both resistance to ICIs and the
systemic response defining efficacious therapy all converge on two goals: to broaden the number
of patients who can benefit from existing immunotherapies and to help guide and inform future
therapies.
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