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Melanoma, a skin cancer associated with high mortality rates, is highly radio- and che-
motherapy resistant but can also be very immunogenic. These circumstances have led to 
a recent surge in research into therapies aiming to boost anti-tumor immune responses 
in cancer patients. Among these immunotherapies, neutralizing antibodies targeting the 
immune checkpoints T-lymphocyte-associated protein 4 (CTLA-4) and programmed cell 
death protein 1 (PD-1) are being hailed as particularly successful. These antibodies have 
resulted in dramatic improvements in disease outcome and are now clinically approved 
in many countries. However, the majority of advanced stage melanoma patients do not 
respond or will relapse, and the hunt for the “magic bullet” to treat the disease continues. 
This review examines the mechanisms of action and the limitations of anti-PD-1/PD-L1 
and anti-CTLA-4 antibodies which are the two types of checkpoint inhibitors currently 
available to patients and further explores the future avenues of their use in melanoma 
and other cancers.

Keywords: immunotherapy, cancer, melanoma, side effects, biomarkers, immune checkpoint inhibitors, mode of 
action

iNTRODUCTiON

In recent years, there has been a steep rise in the development and implementation of anti-cancer 
immunotherapies. The approval of anti-cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) 
and anti-programmed cell death protein 1 (PD-1) antibodies for human use has already resulted 
in significant improvements in disease outcomes for various cancers, especially melanoma. Unlike 
radio- and chemotherapy, which aim to directly interfere with tumor cell growth and survival, 
immunotherapies target the tumor indirectly by boosting the anti-tumor immune responses that 
spontaneously arise in many patients.

Abbreviations: ctDNA, circular tumor DNA; CTLA-4, T-lymphocyte-associated protein 4; DCs, dendritic cells; IPRES, innate 
anti-PD-1 resistance; LDH, lactate dehydrogenase; NK, natural killer cells; PD-1, programmed cell death protein 1; IDO, 
indoleamine 2,3-dioxygenase; IL-12, interleukin 12; TGF-β, tumor growth factor-β; Tregs, regulatory T cells; MDSCs, myeloid-
derived suppressor cells; VISTA, V-domain Ig suppressor of T cell activation; ITIM, immunoreceptor tyrosine-based inhibition 
motif; IFN-γ, interferon; TIM-3, T-cell immunoglobulin and mucin-domain containing-3; LAG-3, lymphocyte-activation 
protein 3; TIGIT, T-cell immunoreceptor with Ig And ITIM domains; TNF-α, tumor necrosis factor-α; ICOS, inducible 
co-stimulatory molecule; IFN-γ, interferon-γ; BTLA, B- And T-lymphocyte-associated protein; CSF-1R, colony stimulating 
factor-1 receptor; GM-CSF, granulocyte-macrophage colony-stimulating factor; Breg, regulatory B cell.
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TAbLe 1 | Overview of T cell surface receptors associated with immune inhibition and dysfunction.

Receptor expressing cells Ligands Ligand-expressing cells

Programmed cell death protein 1 
(PD-1) (11)

CD4 (activated/exhausted, follicular), CD8 (activated/
exhausted), B cells, dendritic cells (DCs), monocytes, 
mast cells, Langerhans cells

PD-L1, PD-L2 Antigen-presenting cells,  
CD4+ T cells, non-lymphoid 
tissues, some tumors

T-lymphocyte-associated protein 4 
(CTLA-4) (15)

CD4 (activated/exhausted, Tregs), CD8 (activated/
exhausted), some tumors

CD80, CD86 Antigen-presenting cells

lymphocyte-activation protein 3 
(LAG-3) (15)

CD4 (including Treg and exhausted), CD8 (including 
exhausted), natural killer cells (NK)

MHC class II, LSECtin Antigen-presenting cells, liver, 
some tumors

T-cell immunoglobulin and mucin-
domain containing-3 (TIM-3) (16)

CD4 (Th1, Th17, Treg), CD8 (including exhausted and 
Tc1), DC, NK, monocyte, macrophages

Galectin-9, phosphatidyl serine,  
high mobility group protein B1, 
Ceacam-1

Endothelial cells, apoptotic  
cells, some tumors

T-cell immunoreceptor with Ig And 
ITIM domains (TIGIT) (16)

CD4 (including Treg, follicular helper T cells),  
CD8, NK

CD155 (PVR), CD122 (PVRL2, 
nectin-2)

APCs, T cells, some tumors
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CANCeRS evADe AND iNHibiT iMMUNe 
ReSPONSeS

In order to understand the modes of action of immune checkpoint 
inhibitors, it is important to understand the dynamic interplay 
between cancers and the immune system during the course of 
the disease.

Cancer cells are genetically unstable, which contributes to 
their uncontrolled proliferation and the expression of antigens 
that can be recognized by the immune system. These antigens 
include normal proteins overexpressed by cancer cells and novel 
proteins that are generated by mutation and gene rearrange-
ment (1). Cytotoxic CD8+ T cells are immune cells that are par-
ticularly effective at mediating anti-tumor immune responses. 
These cells may learn to recognize the tumor-specific antigens 
presented on major histocompatibility complex (MHC) class 
I molecules and thereby perform targeted tumor cell killing. 
CD8+ T  cells become licensed effector cells after appropriate 
stimulation by antigen-presenting cells that have collected 
antigens at the tumor site. Apart from the antigen peptides 
embedded on the MHC molecules, antigen-presenting cells 
must provide costimulatory signals through surface receptors 
(such as CD28) and cytokines [such as interleukin (IL)-12] for 
effective T cell stimulation (2).

Tumor cells adopt a variety of mechanisms to avoid 
immune recognition and immunomediated destruction. 
Established tumors are often thought to arise through the 
selection of clones that are able to evade the immune system, a 
process known as immunoediting (3). Tumor cells may evade 
immune recognition directly by downregulating features that 
make them vulnerable such as tumor antigens or MHC class 
I (4–6). Alternatively, tumors may evade immune responses 
by taking advantage of negative feedback mechanisms that 
the body has evolved to prevent immunopathology. These 
include inhibitory cytokines such as IL-10 and tumor growth 
factor (TGF)-β, inhibitory cell types such as regulatory T cells 
(Tregs), regulatory B  cells (Bregs), and myeloid-derived 
suppressor cells (MDSCs), metabolic modulators such as 
indoleamine 2,3-dioxygenase (IDO), and inhibitory receptors 
such as PD-1 and CTLA-4 (7, 8).

iMMUNe eXHAUSTiON CONTRibUTeS TO 
iMMUNe DYSFUNCTiON iN CANCeR

Inhibitory receptors, also known as immune checkpoints, 
and their ligands can be found on a wide range of cell types. 
They are essential for central and peripheral tolerance in that 
they counteract simultaneous activating signaling through 
co-stimulatory molecules. Inhibitory receptors may act dur-
ing both immune activation and ongoing immune responses. 
During chronic inflammation in particular, T cells are known 
to become exhausted and to upregulate a wide range of non-
redundant inhibitory receptors that limit their effectiveness, 
such as PD-1, CTLA-4, T-cell immunoglobulin and mucin-
domain containing-3 (TIM-3), lymphocyte-activation gene 
3 (LAG-3), or T-Cell immunoreceptor with Ig And ITIM 
domains (TIGIT) [See Table 1 (9–11)]. Originally described 
in the context of chronic viral infections, where the host fails 
to clear the pathogen, it is now apparent that exhausted T cells 
can also occur in cancer (12, 13). It is believed that, under 
these conditions, persistent high antigenic load leads to the 
T  cells upregulating the inhibitory receptors, whose signal-
ing subsequently leads to a progressive loss of proliferative 
potential and effector functions and in some cases to their 
deletion (14).

Exhaustion is therefore both a physiological mechanism 
designed to limit immunopathology during persistent infection 
and a major obstacle for anti-tumor immune responses (17). 
It should be noted that expression of inhibitory markers is not 
always a sign of immune exhaustion, because the receptors 
may be expressed individually during conventional immune 
responses (18).

THe iMMUNe CHeCKPOiNT ReCePTOR 
CTLA-4

The anti-CTLA-4 blocking antibody ipilimumab was the first 
immune checkpoint inhibitor to be tested and approved for 
the treatment of cancer patients (19, 20). CTLA-4 (CD152) is 
a B7/CD28 family member that inhibits T  cell functions. It is 
constitutively expressed by Tregs but can also be upregulated by 
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other T cell subsets, especially CD4+ T cells, upon activation (21). 
Exhausted T cells are also often characterized by the expression 
of CTLA-4 among other inhibitory receptors. CTLA-4 is mostly 
located in intracellular vesicles and is only transiently expressed 
upon activation in the immunological synapse before being 
rapidly endocytosed (22).

CTLA-4 mediates immunosuppression by indirectly dimin-
ishing signaling through the co-stimulatory receptor CD28. 
Although both receptors bind CD80 and CD86, CTLA-4 does 
so with much higher affinity, effectively outcompeting CD28 
(23). CTLA-4 may also remove CD80 and CD86 (including 
their cytoplasmic domains) from the cell surfaces of antigen-
presenting cells via trans-endocytosis (24), therefore reducing 
the availability of these stimulatory receptors to other CD28-
expressing T cells. Indeed, this process is an important mecha-
nism by which Tregs mediate immune suppression on bystander 
cells (25).

By limiting CD28-mediated signaling during antigen pres-
entation, CTLA-4 increases the activation threshold of T  cells, 
reducing immune responses to weak antigens such as self- and 
tumor antigens. The central role that CTLA-4 plays in immu-
nological tolerance is exemplified by experiments in mice that 
lack the CTLA-4 gene globally or specifically in the Forkhead 
box P3 (FoxP3)+ Treg compartment. These animals develop 
lymphoproliferative disorders and die at a young age (25, 26). 
Similarly, polymorphisms within the CTLA-4 gene are associated 
with autoimmune diseases in humans (27). CTLA-4 signaling has 
been shown to dampen immune responses against infections and 
tumor cells (28, 29).

THe iMMUNe CHeCKPOiNT  
ReCePTOR PD-1

The surface receptor PD-1 (CD279) was first discovered on a 
murine T  cell hybridoma and was thought to be involved in 
cell death (30). It has since become clear, however, that PD-1, 
which is homologous to CD28, is primarily involved in inhibi-
tory immune signaling, and is an essential regulator of adaptive 
immune responses (31). In both humans and mice some T cell 
populations constitutively express PD-1; one example is fol-
licular helper T  cells (32). Although most circulating T  cells 
do not express the receptor, they can be induced to do so 
upon stimulation, through the T cell receptor (TCR) complex 
or exposure to cytokines such as IL-2, IL-7, IL-15, IL-21, 
and transforming growth factor (TGF)-β (33, 34). Other cell 
types, such as B cells, myeloid dendritic cells, mast cells, and 
Langerhans cells, can also express PD-1 which may regulate 
their own and bystander cell functions under pathophysiologi-
cal conditions (35–38). PD-1 has two ligands: PD-L1 (B7-H1; 
CD274) and PD-L2 (B7-DC; CD273). Both can be found on 
the surface of antigen-presenting cells (such as dendritic cells, 
macrophages, and monocytes), but are otherwise differentially 
expressed on various non-lymphoid tissues (39, 40). Interferon 
(IFN)-γ is the main trigger known to cause PD-L1 and PD-L2 
upregulation (41).

PD-1 bears an immunoreceptor tyrosine-based inhibition 
motif (ITIM) and an immunoreceptor tyrosine-based switch 
motif (ITSM) motif on its intracellular tail. The intracellular 
signaling events initiated upon PD-1 engagement are best 
described in T  cells and are illustrated in Figure  1. In these 
cells, engagement of PD-1 causes tyrosine residues to become 
phosphorylated, starting an intracellular signaling cascade that 
mediates the dephosphorylation of TCR proximal signaling 
components (9, 42–44). Among these, CD28 has recently been 
found to be the primary target (45). In the presence of TCR 
stimulation, CD28 provides critical signals that are important for 
T cell activation. By interfering with early TCR/CD28 signaling 
and associated IL-2-dependent positive feedback, PD-1 signaling 
therefore results in reduced cytokine production [such as IL-2, 
IFN-γ, and tumor necrosis factor (TNF)-α], cell cycle progres-
sion, and pro-survival Bcl-xL gene expression, as well as reduced 
expression of the transcription factors involved in effector func-
tions such as T-bet and Eomes (42, 43, 46, 47). PD-1 activity is 
therefore only relevant during simultaneous T cell activation, as 
its signal transduction can only come into effect during TCR-
dependent signaling (39, 41, 48). Details about PD-1 signaling 
in other cell types that bear this receptor, such as B cells, remain 
to be elucidated.

Overall, PD-1 is crucial for the maintenance of peripheral 
tolerance and for containing immune responses to avoid immu-
nopathology. Mice deficient in the receptor initially appear 
healthy, but develop autoimmune diseases such as lupus-like 
proliferative glomerulonephritis and arthritis with age and 
exacerbated inflammation during infections (18, 31, 49, 50). 
Humans with genetic polymorphisms in the PD-1 locus also 
have an increased likelihood of developing various autoimmune 
diseases (51, 52).

CTLA-4, PD-1, AND THeiR LiGANDS  
iN CANCeR

CTLA-4 may be expressed in tumor lesions on infiltrating Tregs 
or exhausted conventional T cells as well as tumor cells themselves 
(53, 54). Despite the immunosuppressive role of CTLA-4, its 
association with disease prognosis is not clear; however, it should 
be noted that only a few studies have described the prognostic 
value of CTLA-4 levels in the tumor site. So far, the expression of 
CTLA-4 on tumors has been associated with decreased survival 
in nasopharyngeal carcinoma (54) and increased survival in non-
small cell lung cancer (53).

PD-1 can be upregulated transiently during stimulation 
and constitutively during chronic immune activation (17). The 
inhibitory receptor has been detected on both circulating tumor-
specific T cells and tumor-infiltrating lymphocytes, where it was 
associated with decreased T cell function in humans and mice (13, 
29, 55–57). Other cell types may also upregulate PD-1 in tumor 
lesions. PD-1-positive dendritic cells, for example, have been iden-
tified in hepatocellular carcinoma where they exhibited a reduced 
ability to stimulate T cells (37). Another study identified a popula-
tion of tumor-infiltrating PD-1-expressing regulatory B cells that 
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FiGURe 1 | Programmed cell death protein 1 (PD-1) mediated intracellular signaling events during T cell activation. (1) Upon T cell activation, the extracellular 
receptors PD-1, CD28, and the T cell receptor (TCR) complex (including CD4 or CD8) bind their ligands PD-L1 or PD-L2, CD80 or CD86, and major 
histocompatibility complex (MHC) class I or II, respectively. This brings all the receptors into close proximity with each other at the immunological synapse and allows 
them to interact with each other. (2) The Src kinase Lck (P56Lck), which is bound to the intracellular tail of CD4 and CD8, can now phosphorylate the tyrosine 
residues on the intracellular tails of PD-1 and CD28 as well as the CD3ζ chain of the TCR/CD3 complex. (3a) Phosphorylation of the immunoreceptor tyrosine-
based switch motif (ITSM) motif on the intracellular tail of PD-1 allows recruitment of the Src homology region 2 domain-containing phosphatase 2 (SHP-2), resulting 
in the activation of SHP-2 phosphatase activity. SHP-1 may also bind PD-1 but to a lesser extent than SHP-2. (3b) Simultaneously, the phosphorylated tail of CD28 
is now able to recruit PI-3K and Grb2 among other signaling molecules. (4) Through close proximity at the immunological synapse, PD-1-associated SHP-2 can 
dephosphorylate the cytoplasmic tail of CD28, and to a lesser extent that of the CD3ζ chain, therefore preventing the recruitment of further downstream signaling 
molecules associated with these molecules. SHP-2 may also dephosphorylate PD-1, causing auto-regulation of this inhibitory pathway. (5) CD28 provides critical 
signals alongside TCR stimulation, and the abrogated binding of PI3K and Grb2 to this receptor therefore leads to decreased signaling in pathways important for 
IL-2 production, survival, proliferation, and certain effector functions. In the absence of its ligands, PD-1 is not recruited to the immune synapse and can therefore 
not interfere with activation signaling. (6) The inhibitory receptor CTLA-4 primarily restricts CD28 signaling indirectly by reducing the availability of CD80 and CD86, 
to which it binds with a much higher affinity than the co-stimulatory receptor CD28. Sources (43–45).
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produced IL-10; higher proportions of these cells were correlated 
with worse disease outcome in hepatocellular carcinoma patients 
(58). Tumor-associated macrophages were also recently shown to 
express PD-1 in both mice and humans with colorectal cancer and 
to impair macrophage phagocytosis (59).

Both cancer cells and tumor-infiltrating immune cells 
(such as macrophages) may express PD-L1 and upregulate it 
in response to IFN-γ (60). PD-L1 expression may therefore be 
indicative of active anti-tumor immune responses and may also 
actively contribute to local immunosuppression. The relation-
ship between PD-1 or PD-L1 expression at the tumor site and 
disease outcome is thus not consistent among all tumor types 
and patients. High PD-1 and/or PD-L1 may correlate with 
poor prognosis in some cancers (including melanoma, renal 
cell carcinoma, esophageal, gastric, and ovarian cancers) and 

with improved prognosis in others (such as angiosarcoma and 
gastric cancer) (55, 60–65).

eFFiCACY AND MODe OF ACTiON OF 
CHeCKPOiNT iNHibiTORS

Both CTLA-4 and PD-1 checkpoint inhibitors have resulted in 
increased patient survival in a number of studies, including stud-
ies on melanoma, renal cell carcinoma, squamous cell carcinoma, 
and non-small cell lung cancer, when compared to conventional 
chemotherapies (summarized in Table  2). In melanoma, anti-
PD-1 treatment was more effective in patients with smaller 
tumors (66). A direct comparison between the two checkpoint 
inhibitors in a Phase III clinical trial found better response (44%) 
and survival rates (6.9 months progression-free survival) among 

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


TAbLe 2 | Treatment outcome of clinical trials for immune checkpoint inhibitors in various cancer types.

Target Drug Condition Treatment regimen Treatment in 
control group

Objective 
response 
rate

Complete 
response 
rates

Overall 
survival 
(months)

Progression-
free survival 
(months)

Grade 
3–5 
adverse 
events

Participants 
treated (and 
controls)

Reference

Programmed 
cell death 
protein 1 (PD-
1) signaling

PD-1 Nivolumab  
(IgG4a)

Melanoma (stage III/IV) 3 mg/kg/2 weeks (vs combination 
therapy)

43.7% 8.9% n/a 6.9 16.3% 316 (67)

Renal cell carcinoma 
(metastatic)

3 mg/kg/2 weeks 10 mg/day 
Everolimus

25% (4% 
control)

1% (<1% 
control)

25.0 (19.6 
control)

4.6 (4.4 
control)

19% (27% 
control)

406 (397 
control)

(68)

Hodgkin’s lymphoma 
(relapsed/refractory)

3 mg/kg/2 weeks n/a 87% 17% n/a 86% at 
24 weeks

22% 23 (69)

Squamous-cell carcinoma 
of the head and neck 
(recurrent)

3 mg/kg/2 weeks Single-agent 
systemic therapy 
(methotrexate, 
docetaxel, or 
cetuximab)

13.3% 
(5.8% 
control)

2.5% 
(0.8% 
control)

36.0%/1 year 
(16.6% 
control)

19.7% at 
6 months 
(9.9% control)

13.1% 
(35.1%)

240 (121 
control)

(70)

Non-small cell lung cancer 3 mg/kg/2 weeks Docetaxel 19% (12% 
control)

1% (<1% 
control)

12.2 (9.4 
control)

2.3 (4.2 
control)

10% (54% 
control)

292 (290 
control)

(71)

3 mg/kg/2 weeks Docetaxel 20% (9% 
control)

1% (0% 
control)

9.2 (6 control) 3.5 (2.8 
control)

7% (55% 
control)

135 (137 
control)

(72)

Ovarian cancer 
(platinum-resistant)

1 or 3 mg/kg/2 weeks n/a 15% 10% 20 3.5 40% 20 (62)

Pembrolizumab  
(IgG4a)

Melanoma (stage III/IV) 10 mg/2 weeks or 
3 weeks

(vs ipilimumab) 33.7–32.9% 5.0–6.1% n/a 5.5–4.1 13.3–
10.1%

279–277 (73)

Merkel cell carcinoma 2 mg/kg/3 weeks n/a 56% 16% n/a 65% at 
6 months

15% 26 (74)

Non-small cell lung cancer 2 mg/kg/3 weeks
10 mg/kg/3 weeks
10 mg/kg/2 weeks

n/a 19.4% n/a 12 3.7 9.5% 495 (75)

200 mg/2 weeks  
(PD-L1 + patients only)

Platinum-based 
chemotherapy

44.8 (27.8% 
control)

n/a 80.2% at 
6 months 
(72.4% 
control)

10.3 (6 
control)

26.6% 
(53.3% 
control)

154 (154 
control)

(76)

2 or 10 mg/kg/3 weeks 
(PD-L1 + patients only)

Docetaxel 18/18% 
(9% control)

0/0% (0% 
control)

10.4/12.7 
(8.5 control)

3.9/4.0 (4.0 
control)

13/16% 
(35% 
control)

345/346 (343 
control)

(77)

Progressive metastatic 
colorectal cancer

10 mg/kg/every 2 weeks n/a 40/0% 0/0% >5 months/5 >5/2.2 41% 
overall

10/18 (78)

Pidilizumab  
(IgG1)

B cell lymphoma (after 
autologous stem cell 
transfer)

1.5 mg/42 days n/a 51% 34% 85% at 
16 months

72% at 
16 months

n/a 66 (79)
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Target Drug Condition Treatment regimen Treatment in 
control group

Objective 
response 
rate

Complete 
response 
rates

Overall 
survival 
(months)

Progression-
free survival 
(months)

Grade 
3–5 
adverse 
events

Participants 
treated (and 
controls)

Reference

Follicular lymphoma 
(relapsed)

3 mg/kg/4 weeks 
(+ rituximab)

n/a 66% 52% n/a n/a 0% 29 (80)

PD-L1 Atezolizumab  
(IgG1)

Non-small cell lung cancer 
(stage III–IV)

1,200 mg/3 weeks Docetaxel 18% (16% 
control)

2% (<1% 
control)

15.7 (10.3 
control)

2.8 (4 control) 15% (43% 
control)

425 (425 
control)

(81)

Urothelial carcinoma 
(locally advanced and 
metastatic)

1,200 mg/3 weeks n/a 23% 9% 15.9% 2.7 16% 119 (82)

T-lymphocyte-
associated 
protein 4 
(CTLA-4) 
signaling

CTLA-
4

Ipilimumab  
(IgG1) 

Melanoma (stage III/IV) 10 mg/kg plus 
decarbazine

Decarbazine 
alone

15.2% 
(10.3% 
control)

1.6% 
(0.8% 
control)

11.2 (9.1 
control)

n/a 56.3% 
(27.5%)

250 (252 
control)

(83)

3 mg/kg/3 weeks (vs 
Pembrolizumab)

11.9% 1.4% n/a 2.8 19.9% 278
315

(73)

3 mg/kg/3 weeks (vs combination 
with nivolumab)

19% 2.2% n/a 2.9 27.3% 311 (67)

Tremelimumab  
(IgG2)

Melanoma (stage III/IV) 15 mg/kg/90 days chemotherapy 
(temozolomide 
or dacarbazine)

10.7% 
(9.8% 
control)

3% (2% 
control)

12.6% (10.7 
control)

20.3% at 
6 months 
(18.1% 
control)

52% (37% 
control)

328 (327 
control)

(84)

Combination 
therapy

Nivolumab +  
 Ipilimumab

Melanoma (stage III/IV) 3 mg/kg/2 weeks 
Nivolumab
3 mg/kg/3 weeks 
Ipilimumab

(vs single) 57.6% 11.5% n/a 11.5 55% 314 (67)

Non-small cell lung cancer Nivo + Ipi: 1 + 3 or 
3 + 1 mg/ml

Nivolumab alone 23/19% 
(10% 
control)

2/0% (0%) 7.7/6 (4.4) 2.6/1.4 (1.4 
control)

30/19% 
(13% 
control)

61/54 (98 
control)

(85)

n/a: not available.
Where the median values for overall or progression-free survival were not reached within the time frame of a study and the percentage of patients surviving for a given time frame are shown instead.
The anti-PD-L1 antibodies avelimumab and durvalumab are currently undergoing early-stage clinical trials and therefore no data has yet been published on their efficacy.
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patients treated with the anti-PD-1 antibody nivolumab than 
among those treated with the anti-CTLA-4 antibody ipilimumab 
(19% and 2.8  months). Combined administration of both 
nivolumab and ipilimumab resulted in even higher response rates 
(58%) and survival (11.5 months) (67).

Both CTLA-4 and PD-1 act independently as brakes on CD3/
CD28-dependent signaling, suggesting that underlying immune 
responses are required for checkpoint inhibitor treatment to take 
effect (66). Indeed, as mentioned in the previous section, both 
PD-1 and CTLA-4 blockades are more effective in tumors that 
are infiltrated by T cells or that have high mutation rates and are 
therefore more immunogenic prior to treatment (86–88).

The direct immunological consequences of anti-PD-1 and 
anti-CTLA-4 treatments have mostly been investigated in T cells 
(Figure 2). It is thought that the blockade of CTLA-4 most likely 
impacts the stage of T cell activation in the draining lymph nodes 
when CTLA-4 expressing Tregs remove CD80/CD86 from the 
surface of antigen-presenting cells, thereby reducing their abil-
ity to effectively stimulate tumor-specific T cells (24). CTLA-4 
blockade may also take effect at the tumor site as exhausted 
CTLA-4-expressing T  cells and Tregs can accumulate within 
the tumor microenvironment (29, 53). PD-1-expressing tumor-
infiltrating T cells can be disabled by PD-L1 on the surfaces of 
tumor cells or other infiltrating immune cells, and blocking 
antibodies targeting PD-1 signaling are therefore thought to 
mainly affect the effector stage of the immune response (13, 
55–57). Since other cell types (such as dendritic cells and B cells) 
can also be influenced by PD-1 signaling, inhibition of the PD-1/
PD-L1 pathway may also have T cell-independent effects, whose 
impact on immune responses during checkpoint inhibitor 
therapy remain to be elucidated (36, 58).

Type I immune responses, which include IFN-γ produc-
tion and cytotoxic T  cell functions, are important for effective 
anti-tumor immune responses and are associated with better 
responses to anti-CTLA-4 and anti-PD-1 treatments. Indeed, 
mouse models have shown that local IFN-γ upregulation is essen-
tial for anti-PD-1-mediated tumor regression (89). Similarly, 
IFN-γ and the cytotoxic granule component granzyme B were 
increased in regressing lesions of melanoma patients after anti-
PD-1 treatment (90). Tumors in patients treated with anti-PD-1 
who initially responded and then relapsed showed mutations that 
caused a subsequent loss in MHC class I surface expression (to 
avoid cytotoxic T cell recognition) or in IFN-γ response elements 
(6). Th9 CD4+ T  cells have also been suggested to play a role 
according to a recent study that detected a significant increase in 
Th9 cell frequency in patients responding to anti-PD-1 treatment 
(91, 92).

It may be tempting to speculate that immune checkpoint 
inhibitors specifically boost the function of T cells belonging to 
the effector memory compartment, as these cells readily express 
cytotoxic molecules such as perforin and granzyme B. However, 
these cells lack the co-stimulatory receptor CD28 through 
which both PD-1 and CTLA-4 inhibit T cell function (93). Two 
recent studies have shown that it is indeed CD28-expressing 
cells rather than already terminally differentiated effector cells 
that respond to PD-1 blockade with a proliferative burst and 
differentiation (94, 95).

The characteristics of a tumor itself may also influence immune 
checkpoint inhibitor efficacy. The mutational burden of tumor 
cells may increase their antigenicity but may also enhance their 
ability to evade treatment-induced immune responses. Indeed, 
a recent study identified a melanoma gene signature associated 
with innate anti-PD-1 resistance, which included upregulation 
of genes associated with angiogenesis, wound healing, mesen-
chymal transitioning, cell adhesion, and extracellular matrix 
remodeling (96).

Commensal bacteria may also play a role in influencing the 
efficacy of immune checkpoint inhibitors. Anti-CTLA-4 treat-
ment was found to be ineffective in mice reared under sterile 
conditions and to induce a shift in the gut flora of conventionally 
reared mice. Further experiments showed that the presence of 
certain bacterial strains, in particular Bacteroides fragilis, pro-
moted Th1 polarization in the animals and was associated with 
an improved anti-tumor immune response (97). Importantly, 
antibiotic treatment was also associated with reduced responses 
to anti-PD-1/PD-L1 treatments in cancer patients, possibly 
by altering the normal gut flora. Good treatment response 
among patients was instead associated with the presence of the 
commensal Akkermansia muciniphila, which also improved 
anti-PD-1 treatment responses in mice by allowing increased 
recruitment of CCR9 + CXCR3 + CD4 + T lymphocytes into 
the tumor (98).

TReATMeNT-ReLATeD ADveRSe eveNTS 
AND THeiR MANAGeMeNT

PD-1 and CTLA-4 prevent autoimmunity and limit immune 
activation to prevent bystander damage under physiological 
conditions. Inhibition of these receptors through therapeutic 
antibodies for the treatment of cancer is therefore associated with 
a wide range of side effects that resemble autoimmune reactions. 
Rates of severe side effects vary greatly by study and treatment 
(see Table  2). Clinical trials that directly compared different 
types of immune checkpoint inhibitors and their combination 
noted that more patients experienced side effects when treated 
with anti-CTLA-4 (27.3%) compared to anti-PD-1 (16.3%). Even 
more patients were affected when treated with a combination of 
both (55%) (67).

Almost all patients treated with immune checkpoint 
inhibitors experience mild side effects such as diarrhea, fatigue, 
pruritus, rash, nausea and decreased appetite. Severe adverse 
reactions include severe diarrhea, colitis, increased alanine ami-
notransferase levels, inflammation pneumonitis, and interstitial 
nephritis (67, 73, 99). There have also been reports of patients 
experiencing exacerbation of pre-existing autoimmune condi-
tions such as psoriasis (91, 92, 100) or developing new ones such 
as type 1 diabetes mellitus (101). Particularly severe side effects 
may require cessation of treatment, although these patients may 
still respond thereafter (102). Interestingly, certain treatment-
related auto-immune reactions such as rash and vitiligo have 
been shown to correlate with better disease prognosis (103), 
suggesting an overlap between auto-immune and anti-tumor 
immune responses.
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FiGURe 2 | The role of programmed cell death protein 1 (PD-1) and T-lymphocyte-associated protein 4 (CTLA-4) in the priming and effector phases of anti-tumor 
immune responses. For T cell priming, dendritic cells (DCs) sample antigen at the tumor site and transport it to the draining lymph nodes, where they present the 
antigens on their major histocompatibility complex (MHC) molecules to T cells. T cells become activated if their T cell receptors recognize and bind the antigen on 
MHC complexes and their CD28 costimulatory receptors bind CD80 and CD86 on DCs. CTLA-4 upregulation on T cells or bystander Tregs can interfere with the 
CD28 signal, as the former receptor binds CD80 and CD86 with higher affinity. Once activated, T cells migrate to the tumor site in order to kill malignant cells. 
Tumors or bystander cells such as macrophages may, however, upregulate PD-L1 and therefore obstruct T cell function by inducing inhibitory intracellular signaling. 
Anti-CTLA-4 blocking antibody may therefore restore T cell priming in the lymph nodes, and the PD-1 signaling blockade may enable T cell effector function at the 
tumor site. Additionally, other cell types such as Breg cells and DCs in the tumor microenvironment may express PD-1 and therefore be affected by PD-1 blockade. 
PD-1 and CTLA-4 blockade may also affect T helper cell profiles directly or by influencing the microbiota.
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biOMARKeRS OF ANTi-PD-1/CTLA-4 
TReATMeNT eFFiCACY

Biomarkers are needed both before and during treatment to 
identify the patients most or least likely to respond to immune 
checkpoint inhibitor treatments in order to reduce inappropriate 

drug exposure. Treatment response is defined as a reduction in 
tumor size during the course of treatment. A number of factors 
associated with disease prognoses in untreated patients are also 
linked to immune checkpoint inhibitor response rates (Table 3). 
For example, patients with smaller tumors or low serum lactate 
dehydrogenase (LDH) levels at baseline have a better prognosis 
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TAbLe 3 | Biomarkers associated with favorable responses to immune checkpoint inhibitors.

Pre-treatment Post-treatment

Tumor Tumor size and distribution (66) Reduction in tumor size
High mutation burden but no innate anti-PD-1 resistance (IPRES) gene  
signature (78, 86, 87, 96)
PD-L1 expression on tumor cells (only confirmed by some but not all  
studies) (67, 108)

Tumor-infiltrating immune cells Presence of CD8 + T cells inside the tumor or at the tumor margin (88) Proliferation of intratumoral CD8 + T cells (88)
PD-L1 expression by infiltrating cells (77)
Increased Th1- and CTLA-4-associated gene expression (77).

Circulation High relative lymphocyte counts (109) Increased levels of ICOS + T cells (110)
High relative eosinophil counts (109) Low neutrophil-to-lymphocyte ratio (110)
High serum TGF-β levels (91, 92) High levels of Th9 cells
Low serum LDH levels (66, 109) A reduction in serum LDH levels (104)
Low levels of ctDNA (107) A reduction in ctDNA (107)

Host genome Presence of HLA-A*26 allele (111)
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and are also more likely to respond to anti-PD-1 treatment (66). 
A reduction in LDH levels after treatment is also associated with 
improved response (104). Circulating tumor DNA (ctDNA), 
which contains melanoma-associated mutations and can be 
released by dead tumor cells, can be detected in the serum of 
some patients. CtDNA levels correlate strongly with tumor bur-
den and progression (105, 106). A recent study in advanced stage 
melanoma patients treated with anti-PD-1 (alone or in combina-
tion with anti-CTLA-4) showed high treatment response rates in 
individuals that were ctDNA negative prior to or after treatment 
(107), making serum ctDNA an attractive biomarker before and 
during immune checkpoint treatment.

For anti-PD-1 treatments, expression of PD-L1 within the 
tumor microenvironment has been an obvious biomarker candi-
date. Although PD-L1 expression on tumor cells was correlated 
with treatment efficacy in melanoma patients (67, 108), it was not 
in patients with squamous cell carcinoma, non-small cell lung 
cancer and Merkel cell carcinoma (70, 72, 74). Interestingly, one 
study assessing the role of PD-L1 in both cancer cells and tumor-
infiltrating immune cells found that only in the latter context was 
anti-PD-L1 treatment efficiency correlated with PD-L1 expres-
sion (77).

The presence of neoantigens on mutated tumor cells boosts 
anti-tumor immunogenicity and improves treatment efficacy. 
High genetic disparity between tumor cells and host cells is 
therefore an indicator of checkpoint inhibitor treatment efficacy. 
This was particularly noted in anti-CTLA-4-treated melanoma 
patients whose tumors displayed neo-antigens (87) and similarly 
in anti-PD-1-treated patients with colorectal cancers or non-small 
cell lung cancers that were mismatch-repair deficient or had high 
mutation rates, respectively (78, 86). Although overall mutational 
burden is associated with improved response to anti-PD-1 treat-
ment, reduced responses were detected in melanoma patients 
whose tumors displayed the IPRES gene signature (96). Antigen 
presentation by the host may also play a role during anti-PD-1 
treatment, as patients with the HLA-A*26 were more than twice 
as likely to respond than patients negative for the allele (111).

Other pre-treatment immunological factors associated with 
improved treatment responses include high eosinophil and 

lymphocyte blood counts, an abundance of CD8+ T cells infil-
trating the tumor or present at the tumor margin, and increased 
serum TGF-β levels in melanoma patients treated with anti-PD-1 
(88, 91, 92, 109). Increased Th1 and CTLA-4 (but not FoxP3) 
gene expression levels were also noted in responder patients 
with various solid tumors (including melanoma) treated with 
anti-PD-L1 (77).

A number of post-treatment immunological observations 
have also been associated with improved immune-checkpoint 
inhibitor responses. For example, patients more likely to respond 
to anti-CTLA-4 treatment had increased numbers of inducible 
co-stimulatory molecule (ICOS) expressing T  cells and lower 
neutrophil-to-lymphocyte ratios (110). An increase in CD8+ 
T  cell proliferation within the tumor lesion and an increased 
frequency of Th9 cells in the patients’ circulation were also associ-
ated with treatment response (88, 91, 92).

Taken together, many of these studies indicate that immune 
checkpoint inhibitors are most effective in patients who 
already display anti-tumor immune processes prior to therapy. 
However, not all biomarkers listed here may be equally effective, 
and patients may still respond to treatment despite contrary 
biomarker-based predictions. Further, accessing tumor tissue 
may be difficult in many patients, especially after treatment, and 
less invasive blood-based “liquid biopsies” may therefore be more 
appropriate. Importantly, it has been shown that investigating 
several biomarkers in combination can improve treatment pre-
dictions (109). Although the recently discovered ctDNA seems 
to be a particularly promising biomarker candidate, more studies 
are needed to identify more effective biomarkers or biomarker 
combinations, in order to devise the most appropriate treatment 
strategy for each patient.

LiMiTATiONS OF iMMUNe CHeCKPOiNT 
iNHibiTORS

Although immune checkpoint inhibitor treatment may be effec-
tive initially, many patients will eventually relapse and develop 
tumor progression. A number of studies have therefore sought 
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to understand the mechanisms by which anti-PD-1 and anti-
CTLA-4 treatments lose their efficacy.

The selection pressure caused by checkpoint inhibitor treat-
ment may give rise to tumor cells that can evade immunomedi-
ated recognition and deletion through new pathways. Tumor cells 
from patients refractory to anti-PD-1 treatment, for example, 
were recently shown to have acquired mutations making them 
less susceptible to T  cell-mediated killing via loss of IFN-γ 
response elements or MHC class I (6).

Anti-PD-1 or anti-CTLA-4 treatment may also cause upregu-
lation of other inhibitory receptors. For example, patients with 
melanoma or prostate cancer exhibited upregulation of the 
inhibitory receptor V-domain Ig suppressor of T cell activation 
(VISTA) on various tumor-infiltrating immune cells after anti-
CTLA-4 treatment (112). Another study noted the upregulation 
of the inhibitory receptor TIM-3 (but not VISTA) on the surface 
of T  cells in anti-PD-1-treated mice with lung cancer as well 
as TIM-3 upregulation on T  cells in adenocarcinoma patients 
refractory to PD-1 treatment (113).

Most recently, a study revealed another unexpected resistance 
mechanism to anti-PD-1 therapy in mice whereby tumor-
associated macrophages removed the therapeutic antibody from 
the surface of the T cells in vivo, thus making them once again 
susceptible to inhibitory signaling through the receptor. This 
phenomenon could be partially overcome by administration of 
Fc-receptor blocking agents prior to treatment (114). A better 
understanding of the mechanisms limiting the effectiveness of 
immune checkpoint inhibitors will therefore allow improvement 
of future treatments.

FUTURe AveNUeS: eXPANDiNG THe 
iMMUNe CHeCKPOiNT iNHibiTOR 
TReATMeNT RePeRTOiRe

PD-1 and CTLA-4 blocking agents are not effective in all patients, 
and even those patients who do respond initially can relapse, 
highlighting the need for improved or alternative treatments. 
Alternative inhibitory receptors have been identified that may 
also be targeted for anti-tumor immune therapy. These include 
the TIM-3, LAG-3, TIGIT, and B- And T-Lymphocyte-Associated 
Protein (BTLA) receptors associated with T  cell exhaustion as 
well as VISTA, a receptor found on tumor-infiltrating myeloid 
cells, whose inhibition promoted anti-tumor immune responses 
in murine models, and CD96, which has been shown to inhibit 
NK cell activity in murine cancer models (115–117).

Combinations of immune checkpoint inhibitors with each 
other or with other treatments are also being explored. Indeed, 
the combination of anti-CTLA-4 with anti-PD-1 treatments 
showed superior efficacy compared to individual administra-
tion, but was also associated with an increase in side effects. 
The tryptophan-metabolizing enzyme IDO inhibits T  cell 
function, and combining IDO-blocking agents together with 
immune checkpoint inhibitors has shown promising results in 
mice and is also currently undergoing clinical trials in humans 
(105, 118). Macrophages may also interfere with anti-tumor 
immunity or even directly restrict therapeutic antibodies (114). 

Their depletion through a Colony stimulating factor-1 receptor 
(CSF-1R) inhibitor is therefore being explored in clinical trials 
together with anti-PD-1, after having shown efficacy in a glioblas-
toma mouse model (119). Anti-tumor T  cell function induced 
by PD-1 blockade in mice could also be improved by a targeted 
increase in mitochondrial function (120).

Because immune checkpoint inhibitors work by removing 
brakes on the immune system rather than directly boosting 
immune function, patients may also benefit from combination 
therapies that include immunostimulatory substances. Mouse 
melanoma models, for example, have shown that the combination 
of anti-CTLA-4 with cytokines such as granulocyte-macrophage 
colony-stimulating factor (GM-CSF) or with agonistic antibod-
ies targeting costimulatory receptors such as CD40, increased 
tumor rejection in a synergistic manner (121, 122). The geneti-
cally modified herpes simplex virus talimogene laherparepvec is 
designed to replicate in tumor cells and to release GM-CSF, thus 
attracting immune cells into the tumor environment. The virus 
has been tested in recent clinical trials in combination with either 
CTLA-4 or PD-1 in advanced-stage melanoma patients, resulting 
in increased treatment response rates compared to the immune 
checkpoint inhibitors alone (123, 124).

Even modulation of the gut microbiome may improve 
immune checkpoint inhibitor-based therapies. Administration 
of intestinal Bifidobacteria alone was associated with reduced 
tumor growth in a murine B16 melanoma model by promoting 
dendritic-cell mediated CD8+ T cell responses. Importantly, the 
administration of these bacteria also added to the therapeutic 
effect of anti-PD-1 treatment in these mice (125). In a similar 
study, administration of B. fragilis to sterile mice treated with 
anti-CTLA-4 resulted in reduced tumor growth, most likely by 
inducing a favorable shift toward Th1 responses (97). Studies in 
humans were further able to link the presence of fecal A. mucin-
iphila, Ruminococcaceae, and Faecalibacterium to a favorable out-
come to anti-PD-1 treatment (98, 126) Together, these findings 
suggest that human patients too may benefit from appropriate 
management of their intestinal flora while undergoing immune 
checkpoint inhibitor treatment.

A wide range of promising new avenues are therefore currently 
being explored, although their clinical efficacy remains to be 
confirmed by ongoing and future clinical trials.

CONCLUDiNG ReMARKS

Although PD-1 and CTLA-4 targeting therapies have been able 
to increase average life expectancy for cancer patients, mortality 
remains high among advanced-stage patients, highlighting the 
need for further innovation in the field. Both anti-PD-1 and anti-
CTLA-4 therapies appear to be more effective in patients with 
pre-existing anti-tumor immunity, suggesting that, in patients 
without such immunity, these drugs are unable to mediate anti-
tumor immune responses de novo. However, as our understand-
ing of the mechanisms of these drugs improves, avenues are being 
opened to improve their use not only by specifically targeting 
those patients who are most likely to respond through appropri-
ate biomarker screening procedures, but also by pairing currently 
used immune checkpoint inhibitors with other complimentary 

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


11

Seidel et al. Insights into Immune Checkpoint Inhibitors

Frontiers in Oncology | www.frontiersin.org March 2018 | Volume 8 | Article 86

ReFeReNCeS

1. Lawrence MS, Stojanov P, Polak P, Kryukov GV, Cibulskis K, Sivachenko A, 
et al. Mutational heterogeneity in cancer and the search for new cancer-associ-
ated genes. Nature (2013) 499(7457):214–8. doi:10.1038/nature12213 

2. Pennock ND, White JT, Cross EW, Cheney EE, Tamburini BA, Kedl RM. T cell 
responses: naïve to memory and everything in between. Adv Physiol Educ 
(2013) 37(4):273–83. doi:10.1152/advan.00066.2013 

3. Teng MW, Galon J, Fridman WH, Smyth MJ. From mice to humans: devel-
opments in cancer immunoediting. J Clin Invest (2015) 125(9):3338–46. 
doi:10.1172/JCI80004 

4. Otsuka A, Dreier J, Cheng PF, Nägeli M, Lehmann H, Felderer L, et  al. 
Hedgehog pathway inhibitors promote adaptive immune responses in basal 
cell carcinoma. Clin Cancer Res (2015) 21(6):1289–97. doi:10.1158/1078-
0432.CCR-14-2110 

5. Otsuka A, Levesque MP, Dummer R, Kabashima K. Hedgehog signaling 
in basal cell carcinoma. J Dermatol Sci (2015) 78(2):95–100. doi:10.1016/j.
jdermsci.2015.02.007 

6. Zaretsky JM, Garcia-Diaz A, Shin DS, Escuin-Ordinas H, Hugo W, 
Hu-Lieskovan S, et al. Mutations associated with acquired resistance to PD-1 
blockade in melanoma. N Engl J Med (2016) 375(9):819–29. doi:10.1056/
NEJMoa1604958 

7. Vinay DS, Ryan EP, Pawelec G, Talib WH, Stagg J, Elkord E, et al. Immune 
evasion in cancer: mechanistic basis and therapeutic strategies. Semin Cancer 
Biol (2015) 35(Suppl):S185–98. doi:10.1016/j.semcancer.2015.03.004 

8. Sarvaria AJ, Madrigal A, Saudemont A. B  cell regulation in cancer and 
anti-tumor immunity. Cell Mol Immunol (2017) 14(8):662–74. doi:10.1038/
cmi.2017.35 

9. Parry RV, Chemnitz JM, Frauwirth KA, Lanfranco AR, Braunstein I, 
Kobayashi SV, et  al. CTLA-4 and PD-1 receptors inhibit T-cell activation 
by distinct mechanisms. Mol Cell Biol (2005) 25(21):9543–53. doi:10.1128/
MCB.25.21.9543-9553.2005 

10. Blackburn SD, Shin H, Haining WN, Zou T, Workman CJ, Polley A, et  al. 
Coregulation of CD8+ T cell exhaustion by multiple inhibitory receptors during 
chronic viral infection. Nat Immunol (2009) 10(1):29–37. doi:10.1038/ni.1679 

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

12. Day CL, Kaufmann DE, Kiepiela P, Brown JA, Moodley ES, Reddy S, et al. 
PD-1 expression on HIV-specific T cells is associated with T-cell exhaustion 
and disease progression. Nature (2006) 443(7109):350–4. doi:10.1038/
nature05115 

13. Baitsch L, Baumgaertner P, Devêvre E, Raghav SK, Legat A, Barba L, et al. 
Exhaustion of tumor-specific CD8+ T  cells in metastases from melanoma 
patients. J Clin Invest (2011) 121(6):2350–60. doi:10.1172/JCI46102 

14. Wherry EJ. T cell exhaustion. Nat Immunol (2011) 12(6):492–9. doi:10.1038/
ni.2035 

15. Jin HT, Ahmed R, Okazaki T. Role of PD-1 in regulating T-cell immunity. Curr 
Top Microbiol Immunol (2011) 350:17–37. doi:10.1007/82_2010_116 

16. Gardner D, Jeffery LE, Sansom DM. Understanding the CD28/CTLA-4 
(CD152) pathway and its implications for costimulatory blockade. Am 
J Transplant (2014) 14(9):1985–91. doi:10.1111/ajt.12834 

17. Speiser DE, Utzschneider DT, Oberle SG, Münz C, Romero P, Zehn D. T cell 
differentiation in chronic infection and cancer: functional adaptation or 
exhaustion? Nat Rev Immunol (2014) 14(11):768–74. doi:10.1038/nri3740 

18. Erickson JJ, Gilchuk P, Hastings AK, Tollefson SJ, Johnson M, Downing MB, 
et al. Viral acute lower respiratory infections impair CD8+ T cells through 
PD-1. J Clin Invest (2012) 122(8):2967–82. doi:10.1172/JCI62860 

19. Hodi FS, Mihm MC, Soiffer RJ, Haluska FG, Butler M, Seiden MV, et  al. 
Biologic activity of cytotoxic T  lymphocyte-associated antigen 4 antibody 

blockade in previously vaccinated metastatic melanoma and ovarian carci-
noma patients. Proc Natl Acad Sci U S A (2003) 100(8):4712–7. doi:10.1073/
pnas.0830997100 

20. Phan GQ, Yang JC, Sherry RM, Hwu P, Topalian SL, Schwartzentruber DJ, 
et al. Cancer regression and autoimmunity induced by cytotoxic t lympho-
cyte-associated antigen 4 blockade in patients with metastatic melanoma. Proc 
Natl Acad Sci U S A (2003) 100(14):8372–7. doi:10.1073/pnas.1533209100 

21. Chan DV, Gibson HM, Aufiero BM, Wilson AJ, Hafner MS, Mi Q-S, et  al. 
Differential CTLA-4 expression in human CD4+ versus CD8+ T  cells is 
associated with increased NFAT1 and inhibition of CD4+ proliferation. Genes 
Immun (2014) 15(1):25–32. doi:10.1038/gene.2013.57 

22. Leung HT, Bradshaw J, Cleaveland JS, Linsley PS. Cytotoxic T lymphocyte-as-
sociated molecule-4, a high avidity receptor for CD80 and CD86, contains 
an intracellular localization motif in its cytoplasmic tail. J Biol Chem (1995) 
270(42):25107–14. doi:10.1074/jbc.270.42.25107 

23. Rudd CE, Taylor A, Schneider H. CD28 and CTLA-4 coreceptor 
expression and signal transduction. Immunol Rev (2009) 229(1):12–26. 
doi:10.1111/j.1600-065X.2009.00770.x 

24. Qureshi OS, Zheng Y, Nakamura K, Attridge K, Manzotti C, Schmidt EM, 
et al. Trans-endocytosis of CD80 and CD86: a molecular basis for the cell-ex-
trinsic function of CTLA-4. Science (2011) 332(6029):600–3. doi:10.1126/
science.1202947 

25. Wing K, Onishi Y, Prieto-Martin P, Yamaguchi T, Miyara M, Fehervari Z, 
et al. CTLA-4 control over Foxp3+ regulatory T cell function. Science (2008) 
322(5899):271–5. doi:10.1126/science.1160062 

26. Waterhouse P, Penninger JM, Timms E, Wakeham A, Shahinian A, Lee KP, 
et al. Lymphoproliferative disorders with early lethality in mice deficient in 
Ctla-4. Science (1995) 270(5238):985–8. doi:10.1126/science.270.5238.985 

27. Gough SC, Walker LS, Sansom DM. CTLA4 gene polymor-
phism and autoimmunity. Immunol Rev (2005) 204(1):102–15. 
doi:10.1111/j.0105-2896.2005.00249.x 

28. Nakamoto N, Cho H, Shaked A, Olthoff K, Valiga ME, Kaminski M, et  al. 
Synergistic reversal of intrahepatic HCV-specific CD8 T  cell exhaustion 
by combined PD-1/CTLA-4 blockade. PLoS Pathog (2009) 5(2):e1000313. 
doi:10.1371/journal.ppat.1000313 

29. Curran MA, Montalvo W, Yagita H, Allison JP. PD-1 and CTLA-4 combi-
nation blockade expands infiltrating T  cells and reduces regulatory T and 
myeloid cells within B16 melanoma tumors. Proc Natl Acad Sci U S A (2010) 
107(9):4275–80. doi:10.1073/pnas.0915174107 

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

31. Nishimura H, Nose M, Hiai H, Minato N, Honjo T. Development of lupus-
like autoimmune diseases by disruption of the PD-1 gene encoding an ITIM 
motif-carrying immunoreceptor. Immunity (1999) 11(2):141–51. doi:10.1016/
S1074-7613(00)80089-8 

32. Sage PT, Francisco LM, Carman CV, Sharpe AH. The receptor PD-1 controls 
follicular regulatory T  cells in the lymph nodes and blood. Nat Immunol 
(2013) 14(2):152–61. doi:10.1038/ni.2496 

33. Agata Y, Kawasaki A, Nishimura H, Ishida Y, Tsubat T, Yagita H, et  al. 
Expression of the PD-1 antigen on the surface of stimulated mouse T and B 
lymphocytes. Int Immunol (1996) 8(5):765–72. doi:10.1093/intimm/8.5.765 

34. Kinter AL, Godbout EJ, McNally JP, Sereti I, Roby GA, O’Shea MA, et  al. 
The common gamma-chain cytokines IL-2, IL-7, IL-15, and IL-21 induce 
the expression of programmed death-1 and its ligands. J Immunol (2008) 
181(10):6738–46. doi:10.4049/jimmunol.181.10.6738 

35. Peña-Cruz V, McDonough SM, Diaz-Griffero F, Crum CP, Carrasco RD, 
Freeman GJ. PD-1 on immature and PD-1 ligands on migratory human 
Langerhans cells regulate antigen-presenting cell activity. J Invest Dermatol 
(2010) 130(9):2222–30. doi:10.1038/jid.2010.127 

drugs to help those patients unable to respond to the current 
regimens.

AUTHOR CONTRibUTiONS

This review was drafted by JAS and AO, and critically revised by KK.

FUNDiNG

This work was supported in part by Grants-in-Aid for Scientific 
Research from the Ministry of Education, Culture, Sports, Science 
and Technology and the Ministry of Health, Labor and Welfare 
of Japan.

https://www.frontiersin.org/Oncology/
https://www.frontiersin.org
https://www.frontiersin.org/oncology/archive
https://doi.org/10.1038/nature12213
https://doi.org/10.1152/advan.00066.2013
https://doi.org/10.1172/JCI80004
https://doi.org/10.1158/1078-0432.CCR-14-2110
https://doi.org/10.1158/1078-0432.CCR-14-2110
https://doi.org/10.1016/j.jdermsci.2015.02.007
https://doi.org/10.1016/j.jdermsci.2015.02.007
https://doi.org/10.1056/NEJMoa1604958
https://doi.org/10.1056/NEJMoa1604958
https://doi.org/10.1016/j.semcancer.2015.03.004
https://doi.org/10.1038/cmi.2017.35
https://doi.org/10.1038/cmi.2017.35
https://doi.org/10.1128/MCB.25.21.9543-9553.2005
https://doi.org/10.1128/MCB.25.21.9543-9553.2005
https://doi.org/10.1038/ni.1679
https://doi.org/10.1016/j.immuni.2016.05.001
https://doi.org/10.1038/nature05115
https://doi.org/10.1038/nature05115
https://doi.org/10.1172/JCI46102
https://doi.org/10.1038/ni.2035
https://doi.org/10.1038/ni.2035
https://doi.org/10.1007/82_2010_116
https://doi.org/10.1111/ajt.12834
https://doi.org/10.1038/nri3740
https://doi.org/10.1172/JCI62860
https://doi.org/10.1073/pnas.0830997100
https://doi.org/10.1073/pnas.0830997100
https://doi.org/10.1073/pnas.1533209100
https://doi.org/10.1038/gene.2013.57
https://doi.org/10.1074/jbc.270.42.25107
https://doi.org/10.1111/j.1600-065X.2009.00770.x
https://doi.org/10.1126/science.1202947
https://doi.org/10.1126/science.1202947
https://doi.org/10.1126/science.1160062
https://doi.org/10.1126/science.270.5238.985
https://doi.org/10.1111/j.0105-2896.2005.00249.x
https://doi.org/10.1371/journal.ppat.1000313
https://doi.org/10.1073/pnas.0915174107
https://doi.org/10.1016/S1074-7613(00)80089-8
https://doi.org/10.1016/S1074-7613(00)80089-8
https://doi.org/10.1038/ni.2496
https://doi.org/10.1093/intimm/8.5.765
https://doi.org/10.4049/jimmunol.181.10.6738
https://doi.org/10.1038/jid.2010.127


12

Seidel et al. Insights into Immune Checkpoint Inhibitors

Frontiers in Oncology | www.frontiersin.org March 2018 | Volume 8 | Article 86

36. Thibult ML, Mamessier E, Gertner-Dardenne J, Pastor S, Just-Landi S, Xerri L, 
et al. PD-1 is a novel regulator of human B-cell activation. Int Immunol (2013) 
25(2):129–37. doi:10.1093/intimm/dxs098 

37. Lim TS, Chew V, Sieow JL, Goh S, Yeong JP, Soon AL. PD-1 expression on 
dendritic cells suppresses CD8+ T  cell function and antitumor immunity. 
Oncoimmunology (2016) 5(3):e1085146. doi:10.1080/2162402X.2015.1085146 

38. Rodrigues CP, Ferreira ACF, Pinho MP, de Moraes CJ, Bergami-Santos PC, 
et al. Tolerogenic IDO+ dendritic cells are induced by PD-1-expressing mast 
cells. Front Immunol (2016) 7:9. doi:10.3389/fimmu.2016.00009 

39. Latchman Y, Wood CR, Chernova T, Chaudhary D, Borde M, Chernova I, 
et al. PD-L2 is a second ligand for PD-1 and inhibits T cell activation. Nat 
Immunol (2001) 2(3):261–8. doi:10.1038/85330 

40. Freeman GJ, Wherry EJ, Ahmed R, Sharpe AH. Reinvigorating exhausted 
HIV-specific T  cells via PD-1–PD-1 ligand blockade. J Exp Med (2006) 
203(10):2223–7. doi:10.1084/jem.20061800 

41. Brown JA, Dorfman DM, Ma FR, Sullivan EL, Munoz O, Wood CR, et  al. 
Blockade of programmed death-1 ligands on dendritic cells enhances T cell 
activation and cytokine production. J Immunol (2003) 170(3):1257–66. 
doi:10.4049/jimmunol.170.3.1257 

42. Patsoukis N, Brown J, Petkova V, Liu F, Li L, Boussiotis VA. Selective effects 
of PD-1 on Akt and Ras pathways regulate molecular components of the 
cell cycle and inhibit T  cell proliferation. Sci Signal (2012) 5(230):ra46–46. 
doi:10.1126/scisignal.2002796 

43. Chemnitz JM, Parry RV, Nichols KE, June CH, Riley JL. SHP-1 and SHP-2 
associate with immunoreceptor tyrosine-based switch motif of programmed 
death 1 upon primary human T cell stimulation, but only receptor ligation 
prevents T  cell activation. J Immunol (2004) 173(2):945–54. doi:10.4049/
jimmunol.173.2.945 

44. Sheppard K-A, Fitz LJ, Lee JM, Benander C, George JA, Wooters J, et al. PD-1 
inhibits T-cell receptor induced phosphorylation of the ZAP70/CD3ζ signalo-
some and downstream signaling to PKCθ. FEBS Lett (2004) 574(1–3):37–41. 
doi:10.1016/j.febslet.2004.07.083 

45. Hui E, Cheung J, Zhu J, Su X, Taylor MJ, Wallweber HA, et al. T cell costimula-
tory receptor CD28 is a primary target for PD-1–mediated inhibition. Science 
(2017) 355(6332):1428–33. doi:10.1126/science.aaf1292 

46. Carter L, Fouser LA, Jussif J, Fitz L, Deng B, Wood CR. PD-1:PD-L inhibitory 
pathway affects both CD4+ and CD8+ T cells and is overcome by IL-2. Eur 
J Immunol (2002) 32(3):634–43. doi:10.1002/1521-4141(200203)32:3<634: 
AID-IMMU634>3.0.CO;2-9 

47. Nurieva R, Thomas S, Nguyen T, Martin-Orozco N, Wang Y, Kaja MK, 
et al. T-cell tolerance or function is determined by combinatorial costim-
ulatory signals. EMBO J (2006) 25(11):2623–33. doi:10.1038/sj.emboj. 
7601146 

48. Freeman GJ, Long AJ, Iwai Y, Bourque K, Chernova T, Nishimura H, et al. 
Engagement of the Pd-1 immunoinhibitory receptor by a novel B7 family 
member leads to negative regulation of lymphocyte activation. J Exp Med 
(2000) 192(7):1027–34. doi:10.1084/jem.192.7.1027 

49. Nishimura H, Minato N, Nakano T, Honjo T. Immunological studies on PD-1 
deficient mice: implication of PD-1 as a negative regulator for B cell responses. 
Int Immunol (1998) 10(10):1563–72. doi:10.1093/intimm/10.10.1563 

50. Salama AD, Chitnis T, Imitola J, Ansari MJ, Akiba H, Tushima F, et al. Critical 
role of the programmed death-1 (PD-1) pathway in regulation of experimental 
autoimmune encephalomyelitis. J Exp Med (2003) 198(1):71–8. doi:10.1084/
jem.20022119 

51. Nielsen C, Hansen D, Husby S, Jacobsen BB, Lillevang ST. Association of a 
putative regulatory polymorphism in the PD-1 gene with susceptibility to 
type 1 diabetes. Tissue Antigens (2003) 62(6):492–7. doi:10.1046/j.1399-0039. 
2003.00136.x 

52. Velázquez-Cruz R, Orozco L, Espinosa-Rosales F, Carreño-Manjarrez R, 
Solís-Vallejo E, López-Lara ND, et al. Association of PDCD1 polymorphisms 
with childhood-onset systemic lupus erythematosus. Eur J Hum Genet (2007) 
15(3):336–41. doi:10.1038/sj.ejhg.5201767 

53. Salvi S, Fontana V, Boccardo S, Merlo DF, Margallo E, Laurent S, et  al. 
Evaluation of CTLA-4 expression and relevance as a novel prognostic factor in 
patients with non-small cell lung cancer. Cancer Immunol Immunother (2012) 
61(9):1463–72. doi:10.1007/s00262-012-1211-y 

54. Huang PY, Guo SS, Zhang Y, Lu JB, Chen QY, Tang LQ, et al. Tumor CTLA-4 
overexpression predicts poor survival in patients with nasopharyngeal carci-
noma. Oncotarget (2016) 7(11):13060–8. doi:10.18632/oncotarget.7421 

55. Ahmadzadeh M, Johnson LA, Heemskerk B, Wunderlich JR, Dudley ME, 
White DE, et al. Tumor antigen–specific CD8 T cells infiltrating the tumor 
express high levels of PD-1 and are functionally impaired. Blood (2009) 
114(8):1537–44. doi:10.1182/blood-2008-12-195792 

56. Chapon M, Randriamampita C, Maubec E, Badoual C, Fouquet S, Wang SF, 
et al. Progressive upregulation of PD-1 in primary and metastatic melanomas 
associated with blunted TCR signaling in infiltrating T lymphocytes. J Invest 
Dermatol (2011) 131(6):1300–7. doi:10.1038/jid.2011.30 

57. Saito H, Kuroda H, Matsunaga T, Osaki T, Ikeguchi M. Increased PD-1 expres-
sion on CD4+ and CD8+ T cells is involved in immune evasion in gastric 
cancer. J Surg Oncol (2013) 107(5):517–22. doi:10.1002/jso.23281 

58. Xiao X, Lao XM, Chen MM, Liu RX, Wei Y, Ouyang FZ, et al. PD-1hi identifies 
a novel regulatory b-cell population in human hepatoma that promotes disease 
progression. Cancer Discov (2016) 6(5):546–59. doi:10.1158/2159-8290.CD- 
15-1408 

59. Gordon SR, Roy LM, Ben WD, Gregor H, Benson MG, Melissa NM, et al. PD-1 
expression by tumour-associated macrophages inhibits phagocytosis and 
tumour immunity. Nature (2017) 545(7655):495–9. doi:10.1038/nature22396 

60. Honda Y, Otsuka A, Ono S, Yamamoto Y, Seidel JA, Morita S, et al. Infiltration 
of PD-1-positive cells in combination with tumor site PD-L1 expression is 
a positive prognostic factor in cutaneous angiosarcoma. Oncoimmunology 
(2016) 6(1):e1253657. doi:10.1080/2162402X.2016.1253657 

61. Hino R, Kabashima K, Kato Y, Yagi H, Nakamura M, Honjo T, et al. Tumor 
cell expression of programmed cell death-1 ligand 1 is a prognostic factor 
for malignant melanoma. Cancer (2010) 116(7):1757–66. doi:10.1002/
cncr.24899 

62. Hamanishi J, Mandai M, Ikeda T, Minami M, Kawaguchi A, Murayama T, et al. 
Safety and antitumor activity of anti–PD-1 antibody, nivolumab, in patients 
with platinum-resistant ovarian cancer. J Clin Oncol (2015) 33(34):4015–22. 
doi:10.1200/JCO.2015.62.3397 

63. Inman BA, Sebo TJ, Frigola X, Dong H, Bergstralh EJ, Frank I. PD-L1 (B7-H1) 
expression by urothelial carcinoma of the bladder and BCG-induced granulo-
mata. Cancer (2007) 109(8):1499–505. doi:10.1002/cncr.22588 

64. Kim JW, Nam KH, Ahn SH, Park DJ, Kim HH, Kim SH, et  al. Prognostic 
implications of immunosuppressive protein expression in tumors as well 
as immune cell infiltration within the tumor microenvironment in gastric 
cancer. Gastric Cancer (2016) 19(1):42–52. doi:10.1007/s10120-014-0440-5 

65. Zhang Y, Kang S, Shen J, He J, Jiang L, Wang W, et al. Prognostic significance 
of programmed cell death 1 (PD-1) or PD-1 ligand 1 (PD-L1) expression in 
epithelial-originated cancer: a meta-analysis. Medicine (2015) 94(6):e515. 
doi:10.1097/MD.0000000000000515 

66. Ribas A, Hamid O, Daud A, Hodi FS, Wolchok JD, Kefford R, et al. Association 
of pembrolizumab with tumor response and survival among patients with 
advanced melanoma. JAMA (2016) 315(15):1600–9. doi:10.1001/jama. 
2016.4059 

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

68. Motzer RJ, Escudier B, McDermott DF, George S, Hammers HJ, Srinivas S, 
et al. Nivolumab versus everolimus in advanced renal-cell carcinoma. N Engl 
J Med (2015) 373(19):1803–13. doi:10.1056/NEJMoa1510665 

69. Ansell SM, Iwamoto FM, LaCasce A, Mukundan S, Roemer MGM, Chapuy B,  
et  al. PD-1 blockade with nivolumab in relapsed or refractory Hodgkin’s 
lymphoma. N Engl J Med (2015) 372(4):311–9. doi:10.1056/NEJMoa1411087 

70. Ferris RL, Blumenschein G, Fayette J, Guigay J, Colevas AD, Licitra L, et al. 
Nivolumab for recurrent squamous-cell carcinoma of the head and neck.  
N Engl J Med (2016) 375(19):1856–67. doi:10.1056/NEJMoa1602252 

71. Borghaei H, Paz-Ares L, Horn L, Spigel DR, Steins M, Ready NE, et  al. 
Nivolumab versus docetaxel in advanced nonsquamous non-small-cell lung 
cancer. N Engl J Med (2015) 373(17):1627–39. doi:10.1056/NEJMoa1507643 

72. Brahmer J, Reckamp KL, Baas P, Crinò L, Eberhardt WE, Poddubskaya E, et al. 
Nivolumab versus docetaxel in advanced squamous-cell non–small-cell lung 
cancer. N Engl J Med (2015) 373(2):123–35. doi:10.1056/NEJMoa1504627 

73. Robert C, Schachter J, Long GV, Arance A, Grob JJ, Mortier L, et  al. 
Pembrolizumab versus ipilimumab in advanced melanoma. N Engl J Med 
(2015) 372(26):2521–32. doi:10.1056/NEJMoa1503093 

74. Nghiem PT, Bhatia S, Lipson EJ, Kudchadkar RR, Miller NJ, Annamalai L, 
et al. PD-1 Blockade with pembrolizumab in advanced Merkel-cell carcinoma. 
N Engl J Med (2016) 374(26):2542–52. doi:10.1056/NEJMoa1603702 

https://www.frontiersin.org/Oncology/
https://www.frontiersin.org
https://www.frontiersin.org/oncology/archive
https://doi.org/10.1093/intimm/dxs098
https://doi.org/10.1080/2162402X.2015.1085146
https://doi.org/10.3389/fimmu.2016.00009
https://doi.org/10.1038/85330
https://doi.org/10.1084/jem.20061800
https://doi.org/10.4049/jimmunol.170.3.1257
https://doi.org/10.1126/scisignal.2002796
https://doi.org/10.4049/jimmunol.173.2.945
https://doi.org/10.4049/jimmunol.173.2.945
https://doi.org/10.1016/j.febslet.2004.07.083
https://doi.org/10.1126/science.aaf1292
https://doi.org/10.1002/1521-4141(200203)32:3 < 634:
AID-IMMU634 > 3.0.CO;2-9
https://doi.org/10.1002/1521-4141(200203)32:3 < 634:
AID-IMMU634 > 3.0.CO;2-9
https://doi.org/10.1038/sj.emboj.
7601146
https://doi.org/10.1038/sj.emboj.
7601146
https://doi.org/10.1084/jem.192.7.1027
https://doi.org/10.1093/intimm/10.10.1563
https://doi.org/10.1084/jem.20022119
https://doi.org/10.1084/jem.20022119
https://doi.org/10.1046/j.1399-0039.
2003.00136.x
https://doi.org/10.1046/j.1399-0039.
2003.00136.x
https://doi.org/10.1038/sj.ejhg.5201767
https://doi.org/10.1007/s00262-012-1211-y
https://doi.org/10.18632/oncotarget.7421
https://doi.org/10.1182/blood-2008-12-195792
https://doi.org/10.1038/jid.2011.30
https://doi.org/10.1002/jso.23281
https://doi.org/10.1158/2159-8290.CD-
15-1408
https://doi.org/10.1158/2159-8290.CD-
15-1408
https://doi.org/10.1038/nature22396
https://doi.org/10.1080/2162402X.2016.1253657
https://doi.org/10.1002/cncr.24899
https://doi.org/10.1002/cncr.24899
https://doi.org/10.1200/JCO.2015.62.3397
https://doi.org/10.1002/cncr.22588
https://doi.org/10.1007/s10120-014-0440-5
https://doi.org/10.1097/MD.0000000000000515
https://doi.org/10.1001/jama.
2016.4059
https://doi.org/10.1001/jama.
2016.4059
https://doi.org/10.1056/NEJMoa1504030
https://doi.org/10.1056/NEJMoa1510665
https://doi.org/10.1056/NEJMoa1411087
https://doi.org/10.1056/NEJMoa1602252
https://doi.org/10.1056/NEJMoa1507643
https://doi.org/10.1056/NEJMoa1504627
https://doi.org/10.1056/NEJMoa1503093
https://doi.org/10.1056/NEJMoa1603702


13

Seidel et al. Insights into Immune Checkpoint Inhibitors

Frontiers in Oncology | www.frontiersin.org March 2018 | Volume 8 | Article 86

75. Garon EB, Rizvi NA, Hui R, Leighl N, Balmanoukian AS, Eder JP, et  al. 
Pembrolizumab for the treatment of non–small-cell lung cancer. N Engl J 
Med (2015) 372(21):2018–28. doi:10.1056/NEJMoa1501824 

76. Reck M, Rodríguez-Abreu D, Robinson AG, Hui R, Csőszi T, et  al. 
Pembrolizumab versus chemotherapy for PD-L1–positive non–small-cell lung 
cancer. N Engl J Med (2016) 375(19):1823–33. doi:10.1056/NEJMoa1606774 

77. Herbst RS, Baas P, Kim DW, Felip E, Pérez-Gracia JL, Han JY, et  al. 
Pembrolizumab versus docetaxel for previously treated, PD-L1-positive, 
advanced non-small-cell lung cancer (KEYNOTE-010): a randomised con-
trolled trial. Lancet (2016) 387(10027):1540–50. doi:10.1016/S0140-6736(15) 
01281-7 

78. Le DT, Uram JN, Wang H, Bartlett BR, Kemberling H, Eyring AD, et al. PD-1 
blockade in tumors with mismatch-repair deficiency. N Engl J Med (2015) 
372(26):2509–20. doi:10.1056/NEJMoa1500596 

79. Armand P, Nagler A, Weller EA, Devine SM, Avigan DE, Chen YB, et  al. 
Disabling immune tolerance by programmed death-1 blockade with pidili-
zumab after autologous hematopoietic stem-cell transplantation for diffuse 
large B-cell lymphoma: results of an international phase II trial. J Clin Oncol 
(2013) 31(33):4199–206. doi:10.1200/JCO.2012.48.3685 

80. Westin JR, Chu F, Zhang M, Fayad LE, Kwak LW, Fowler N, et al. Safety and 
activity of PD1 blockade by pidilizumab in combination with rituximab in 
patients with relapsed follicular lymphoma: a single group, open-label, phase 
2 trial. Lancet Oncol (2014) 15(1):69–77. doi:10.1016/S1470-2045(13)70551-5 

81. Rittmeyer A, Barlesi F, Waterkamp D, Park K, Ciardiello F, von Pawel J, 
et  al. Atezolizumab versus docetaxel in patients with previously treated 
non-small-cell lung cancer (OAK): a phase 3, open-label, multicentre 
randomised controlled trial. Lancet (2016) 389(10066):255–65. doi:10.1016/
S0140-6736(16)32517-X 

82. Balar AV, Galsky MD, Rosenberg JE, Powles T, Petrylak DP, Bellmunt J, 
et  al. Atezolizumab as first-line treatment in cisplatin-ineligible patients 
with locally advanced and metastatic urothelial carcinoma: a single-arm, 
multicentre, phase 2 trial. Lancet (2017) 389(10064):67–76. doi:10.1016/
S0140-6736(16)32455-2 

83. Robert C, Thomas L, Bondarenko I, O’Day S, Weber J, Garbe C, et  al. 
Ipilimumab plus dacarbazine for previously untreated metastatic melanoma. 
N Engl J Med (2011) 364(26):2517–26. doi:10.1056/NEJMoa1104621 

84. Ribas A, Kefford R, Marshall MA, Punt CJ, Haanen JB, Marmol M, et  al. 
Phase III randomized clinical trial comparing tremelimumab with standard-
of-care chemotherapy in patients with advanced melanoma. J Clin Oncol 
(2013) 31(5):616–22. doi:10.1200/JCO.2012.44.6112 

85. Antonia SJ, López-Martin JA, Bendell J, Ott PA, Taylor M, Eder JP, et  al. 
Nivolumab alone and nivolumab plus ipilimumab in recurrent small-cell 
lung cancer (CheckMate 032): a multicentre, open-label, phase 1/2 trial. 
Lancet Oncol (2016) 17(7):883–95. doi:10.1016/S1470-2045(16)30098-5 

86. Rizvi NA, Hellmann MD, Snyder A, Kvistborg P, Makarov V, Havel JJ, et al. 
Mutational landscape determines sensitivity to PD-1 blockade in non–small 
cell lung cancer. Science (2015) 348(6230):124–8. doi:10.1126/science.aaa1348 

87. Snyder A, Makarov V, Merghoub T, Yuan J, Zaretsky JM, Desrichard A, et al. 
Genetic basis for clinical response to CTLA-4 blockade in melanoma. N Engl 
J Med (2014) 371(23):2189–99. doi:10.1056/NEJMoa1406498 

88. Tumeh PC, Harview CL, Yearley JH, Shintaku IP, Taylor EJ, Robert L, et al. 
PD-1 blockade induces responses by inhibiting adaptive immune resistance. 
Nature (2014) 515(7528):568–71. doi:10.1038/nature13954 

89. Peng W, Liu C, Xu C, Lou Y, Chen J, Yang Y, et al. PD-1 blockade enhances 
T-cell migration to tumors by elevating IFN-γ inducible chemokines. Cancer 
Res (2012) 72(20):5209–18. doi:10.1158/0008-5472.CAN-12-1187 

90. Anegawa H, Otsuka A, Kaku Y, Nonomura Y, Fujisawa A, Endo Y, et  al. 
Upregulation of granzyme B and interferon-γ MRNA in responding lesions 
by treatment with nivolumab for metastatic melanoma: a case report. J Eur 
Acad Dermatol Venereol (2016) 30(12):e231–2. doi:10.1111/jdv.13567 

91. Nonomura Y, Otsuka A, Ohtsuka M, Yamamoto T, Dummer R, Kabashima K. 
ADAMTSL5 Is upregulated in melanoma tissues in patients with idiopathic 
psoriasis vulgaris induced by nivolumab. J Eur Acad Dermatol Venereol 
(2017) 31(2):e100–1. doi:10.1111/jdv.13818 

92. Nonomura Y, Otsuka A, Nakashima C, Seidel JA, Kitoh A, Dainichi T,  
et  al. Peripheral blood Th9 cells are a possible pharmacodynamic bio-
marker of nivolumab treatment efficacy in metastatic melanoma patients.  
Oncoimmunology (2016) 5(12):e1248327. doi:10.1080/2162402X.2016. 
1248327 

93. Appay V, van Lier RA, Sallusto F, Roederer M. Phenotype and function of 
human T  lymphocyte subsets: consensus and issues. Cytometry A (2008) 
73(11):975–83. doi:10.1002/cyto.a.20643 

94. Im SJ, Hashimoto M, Gerner MY, Lee J, Kissick HT, Burger MC, et al. Defining 
CD8+ T cells that provide the proliferative burst after PD-1 therapy. Nature 
(2016) 537(7620):417–21. doi:10.1038/nature19330 

95. Kamphorst AO, Wieland A, Nasti T, Yang S, Zhang R, Barber DL, et al. Rescue 
of exhausted CD8 T cells by PD-1–targeted therapies Is CD28-dependent. 
Science (2017) 355(6332):1423–7. doi:10.1126/science.aaf0683 

96. Hugo W, Zaretsky JM, Sun L, Song C, Moreno BH, Hu-Lieskovan S, et al. 
Genomic and transcriptomic features of response to anti-PD-1 therapy in 
metastatic melanoma. Cell (2017) 168(3):542. doi:10.1016/j.cell.2017.01.010 

97. Vétizou M, Pitt JM, Daillère R, Lepage P, Waldschmitt N, Flament C, et al. 
Anticancer immunotherapy by CTLA-4 blockade relies on the gut microbi-
ota. Science (2015) 350(6264):1079–84. doi:10.1126/science.aad1329 

98. Routy B, Le Chatelier E, Derosa L, Duong CPM, Alou MT, Daillère R, et al. 
Gut microbiome influences efficacy of PD-1–based immunotherapy against 
epithelial tumors. Science (2018) 359(6371):91–7. doi:10.1126/science.
aan3706 

99. Abdel-Rahman O, Fouad M. A network meta-analysis of the risk of 
immune-related renal toxicity in cancer patients treated with immune 
checkpoint inhibitors. Immunotherapy (2016) 8(5):665–74. doi:10.2217/imt- 
2015-0020 

100. Kato Y, Otsuka A, Miyachi Y, Kabashima K. Exacerbation of psoriasis vulgaris 
during nivolumab for oral mucosal melanoma. J Eur Acad Dermatol Venereol 
(2016) 30(10):e89–91. doi:10.1111/jdv.13336 

101. Chae YK, Chiec L, Mohindra N, Gentzler R, Patel J, Giles F. A case of 
pembrolizumab-induced type-1 diabetes mellitus and discussion of immune 
checkpoint inhibitor-induced type 1 diabetes. Cancer Immunol Immunother 
(2016) 66(1):25–32. doi:10.1007/s00262-016-1913-7 

102. Zou W, Wolchok JD, Chen L. PD-L1 (B7-H1) and PD-1 pathway blockade 
for cancer therapy: mechanisms, response biomarkers, and combinations. Sci 
Transl Med (2016) 8(328):328rv4. doi:10.1126/scitranslmed.aad7118 

103. Freeman-Keller M, Kim Y, Cronin H, Richards A, Gibney G, Weber JS. 
Nivolumab in resected and unresectable metastatic melanoma: characteris-
tics of immune-related adverse events and association with outcomes. Clin 
Cancer Res (2016) 22(4):886–94. doi:10.1158/1078-0432.CCR-15-1136 

104. Diem S, Kasenda B, Spain L, Martin-Liberal J, Marconcini R, Gore M, et al. 
Serum lactate dehydrogenase as an early marker for outcome in patients 
treated with anti-PD-1 therapy in metastatic melanoma. Br J Cancer (2016) 
114(3):256–61. doi:10.1038/bjc.2015.467 

105. Sharma P, Hu-Lieskovan S, Wargo JA, Ribas A. Primary, adaptive, and 
acquired resistance to cancer immunotherapy. Cell (2017) 168(4):707–23. 
doi:10.1016/j.cell.2017.01.017 

106. Calapre L, Warburton L, Millward M, Ziman M, Gray ES. Circulating 
tumour DNA (CtDNA) as a liquid biopsy for melanoma. Cancer Lett (2017) 
404(Suppl C):62–9. doi:10.1016/j.canlet.2017.06.030 

107. Lee JH, Long GV, Boyd S, Lo S, Menzies AM, Tembe V, et al. Circulating 
tumour DNA predicts response to anti-PD1 antibodies in metastatic mela-
noma. Ann Oncol (2017) 28(5):1130–6. doi:10.1093/annonc/mdx026 

108. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF, 
et al. Safety, activity, and immune correlates of anti–PD-1 antibody in cancer. 
N Engl J Med (2012) 366(26):2443–54. doi:10.1056/NEJMoa1200690 

109. Weide B, Martens A, Hassel JC, Berking C, Postow MA, Bisschop K, et al. 
Baseline biomarkers for outcome of melanoma patients treated with pem-
brolizumab. Clin Cancer Res (2016) 22(22):5487–96. doi:10.1158/1078-0432.
CCR-16-0127 

110. Giacomo AM, Calabrò L, Danielli R, Fonsatti E, Bertocci E, Pesce I, et al. 
Long-term survival and immunological parameters in metastatic melanoma 
patients who responded to ipilimumab 10 Mg/Kg within an expanded access 
programme. Cancer Immunol Immunother (2013) 62(6):1021–8. doi:10.1007/
s00262-013-1418-6 

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

112. Gao J, Ward JF, Pettaway CA, Shi LZ, Subudhi SK, Vence LM, et al. VISTA is 
an inhibitory immune checkpoint that is increased after ipilimumab therapy 
in patients with prostate cancer. Nat Med (2017) 23(5):551–5. doi:10.1038/
nm.4308 

https://www.frontiersin.org/Oncology/
https://www.frontiersin.org
https://www.frontiersin.org/oncology/archive
https://doi.org/10.1056/NEJMoa1501824
https://doi.org/10.1056/NEJMoa1606774
https://doi.org/10.1016/S0140-6736(15)
01281-7
https://doi.org/10.1016/S0140-6736(15)
01281-7
https://doi.org/10.1056/NEJMoa1500596
https://doi.org/10.1200/JCO.2012.48.3685
https://doi.org/10.1016/S1470-2045(13)70551-5
https://doi.org/10.1016/S0140-6736(16)32517-X
https://doi.org/10.1016/S0140-6736(16)32517-X
https://doi.org/10.1016/S0140-6736(16)32455-2
https://doi.org/10.1016/S0140-6736(16)32455-2
https://doi.org/10.1056/NEJMoa1104621
https://doi.org/10.1200/JCO.2012.44.6112
https://doi.org/10.1016/S1470-2045(16)30098-5
https://doi.org/10.1126/science.aaa1348
https://doi.org/10.1056/NEJMoa1406498
https://doi.org/10.1038/nature13954
https://doi.org/10.1158/0008-5472.CAN-12-1187
https://doi.org/10.1111/jdv.13567
https://doi.org/10.1111/jdv.13818
https://doi.org/10.1080/2162402X.2016.
1248327
https://doi.org/10.1080/2162402X.2016.
1248327
https://doi.org/10.1002/cyto.a.20643
https://doi.org/10.1038/nature19330
https://doi.org/10.1126/science.aaf0683
https://doi.org/10.1016/j.cell.2017.01.010
https://doi.org/10.1126/science.aad1329
https://doi.org/10.1126/science.aan3706
https://doi.org/10.1126/science.aan3706
https://doi.org/10.2217/imt-
2015-0020
https://doi.org/10.2217/imt-
2015-0020
https://doi.org/10.1111/jdv.13336
https://doi.org/10.1007/s00262-016-1913-7
https://doi.org/10.1126/scitranslmed.aad7118
https://doi.org/10.1158/1078-0432.CCR-15-1136
https://doi.org/10.1038/bjc.2015.467
https://doi.org/10.1016/j.cell.2017.01.017
https://doi.org/10.1016/j.canlet.2017.06.030
https://doi.org/10.1093/annonc/mdx026
https://doi.org/10.1056/NEJMoa1200690
https://doi.org/10.1158/1078-0432.CCR-16-0127
https://doi.org/10.1158/1078-0432.CCR-16-0127
https://doi.org/10.1007/s00262-013-1418-6
https://doi.org/10.1007/s00262-013-1418-6
https://doi.org/10.1016/j.jid.2017.06.023
https://doi.org/10.1038/nm.4308
https://doi.org/10.1038/nm.4308


14

Seidel et al. Insights into Immune Checkpoint Inhibitors

Frontiers in Oncology | www.frontiersin.org March 2018 | Volume 8 | Article 86

113. Koyama S, Akbay EA, Li YY, Herter-Sprie GS, Buczkowski KA, Richards WG,  
et  al. Adaptive resistance to therapeutic PD-1 blockade is associated with 
upregulation of alternative immune checkpoints. Nat Commun (2016) 
7:10501. doi:10.1038/ncomms10501 

114. Arlauckas SP, Garris CS, Kohler RH, Kitaoka M, Cuccarese MF, Yang KS, et al. 
In vivo imaging reveals a tumor-associated macrophage–mediated resistance 
pathway in anti–PD-1 therapy. Sci Transl Med (2017) 9(389):eaal3604. 
doi:10.1126/scitranslmed.aal3604 

115. Lines JL, Sempere LF, Broughton T, Wang L, Noelle R. VISTA is a novel 
broad-spectrum negative checkpoint regulator for cancer immunother-
apy. Cancer Immunol Res (2014) 2(6):510–7. doi:10.1158/2326-6066.
CIR-14-0072 

116. Blake SJ, Dougall WC, Miles JJ, Teng MW, Smyth MJ. Molecular pathways: 
targeting CD96 and TIGIT for cancer immunotherapy. Clin Cancer Res 
(2016) 22(21):5183–8. doi:10.1158/1078-0432.CCR-16-0933 

117. Glen MC, Tsuyoshi F, Gabriela MW, Benjamin JB, Helen LW, Jason SR, et al. 
TIGIT marks exhausted T  cells, correlates with disease progression, and 
serves as a target for immune restoration in HIV and SIV infection. PLoS 
Pathog (2016) 12(1):e1005349. doi:10.1371/journal.ppat.1005349 

118. Spranger S, Koblish HK, Horton B, Scherle PA, Newton R, Gajewski TF. 
Mechanism of tumor rejection with doublets of CTLA-4, PD-1/PD-L1, or 
IDO blockade involves restored IL-2 production and proliferation of CD8(+) 
T cells directly within the tumor microenvironment. J Immunother Cancer 
(2014) 2:3. doi:10.1186/2051-1426-2-3 

119. Antonios JP, Soto H, Everson RG, Moughon D, Orpilla JR, Shin NP, et al. 
Immunosuppressive tumor-infiltrating myeloid cells mediate adaptive 
immune resistance via a PD-1/PD-L1 mechanism in glioblastoma. Neuro 
Oncol (2017) 19(6):796–807. doi:10.1093/neuonc/now287 

120. Chamoto K, Chowdhury PS, Kumar A, Sonomura K, Matsuda F, Fagarasan S,  
et  al. Mitochondrial activation chemicals synergize with surface receptor 
PD-1 blockade for T cell-dependent antitumor activity. Proc Natl Acad Sci  
U S A (2017) 114(5):E761–70. doi:10.1073/pnas.1620433114 

121. Quezada SA, Peggs KS, Curran MA, Allison JP. CTLA4 blockade and 
GM-CSF combination immunotherapy alters the intratumor balance 

of effector and regulatory T  cells. J Clin Invest (2006) 116(7):1935–45. 
doi:10.1172/JCI27745 

122. Sorensen MR, Holst PJ, Steffensen MA, Christensen JP, Thomsen AR.  
Adenoviral vaccination combined with CD40 stimulation and CTLA-4 
blockage can lead to complete tumor regression in a murine melanoma 
model. Vaccine (2010) 28(41):6757–64. doi:10.1016/j.vaccine.2010. 
07.066 

123. Chesney J, Collichio F, Andtbacka RHI, Puzanov I, Glaspy J, Milhem M, 
et al. Interim safety and efficacy of a randomized (1:1), open-label phase 2 
study of talimogene laherparepvec (T) and ipilimumab (I) vs I alone in unre-
sected, stage IIIB-IV melanoma. Ann Oncol (2016) 27(suppl_6):379–400. 
doi:10.1093/annonc/mdw379.04 

124. Ribas A, Dummer R, Puzanov I, VanderWalde A, Andtbacka RHI, Michielin 
O, et  al. Oncolytic virotherapy promotes intratumoral T  cell infiltration 
and improves anti-PD-1 immunotherapy. Cell (2017) 170(6):1109.e–19.e. 
doi:10.1016/j.cell.2017.08.027 

125. Sivan A, Corrales L, Hubert N, Williams JB, Aquino-Michaels K, Earley ZM, 
et al. Commensal Bifidobacterium promotes antitumor immunity and facil-
itates anti–PD-L1 efficacy. Science (2015) 350(6264):1084–9. doi:10.1126/
science.aac4255 

126. Gopalakrishnan V, Spencer CN, Nezi L, Reuben A, Andrews MC, Karpinets TV,  
et al. Gut microbiome modulates response to anti-PD-1 immunotherapy in 
melanoma patients. Science (2018) 359(6371):97–103. doi:10.1126/science.
aan4236 

Conflict of Interest Statement: AO has been awarded research grants by ONO 
PHARMACEUTICAL CO., LTD. and Bristol-Myers Squibb.

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

https://www.frontiersin.org/Oncology/
https://www.frontiersin.org
https://www.frontiersin.org/oncology/archive
https://doi.org/10.1038/ncomms10501
https://doi.org/10.1126/scitranslmed.aal3604
https://doi.org/10.1158/2326-6066.CIR-14-0072
https://doi.org/10.1158/2326-6066.CIR-14-0072
https://doi.org/10.1158/1078-0432.CCR-16-0933
https://doi.org/10.1371/journal.ppat.1005349
https://doi.org/10.1186/2051-1426-2-3
https://doi.org/10.1093/neuonc/now287
https://doi.org/10.1073/pnas.1620433114
https://doi.org/10.1172/JCI27745
https://doi.org/10.1016/j.vaccine.2010.
07.066
https://doi.org/10.1016/j.vaccine.2010.
07.066
https://doi.org/10.1093/annonc/mdw379.04
https://doi.org/10.1016/j.cell.2017.08.027
https://doi.org/10.1126/science.aac4255
https://doi.org/10.1126/science.aac4255
https://doi.org/10.1126/science.aan4236
https://doi.org/10.1126/science.aan4236
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Anti-PD-1 and Anti-CTLA-4 Therapies in Cancer: Mechanisms of Action, Efficacy, and Limitations
	Introduction
	Cancers Evade and Inhibit Immune Responses
	Immune Exhaustion Contributes to Immune Dysfunction in Cancer
	The Immune Checkpoint Receptor CTLA-4
	The Immune Checkpoint Receptor PD-1
	CTLA-4, PD-1, and Their Ligands in Cancer
	Efficacy and Mode of Action of Checkpoint Inhibitors
	Treatment-Related Adverse Events and Their Management
	Biomarkers of ANTI-PD-1/CTLA-4 Treatment Efficacy
	Limitations of Immune Checkpoint Inhibitors
	Future Avenues: Expanding the Immune Checkpoint Inhibitor Treatment Repertoire
	Concluding Remarks
	Author Contributions
	Funding
	References


