
	
  
 

Scientific Background 
 

Discovery of cancer therapy by inhibition of negative immune 
regulation 

 
 
 
The 2018 Nobel Prize in Physiology or Medicine 
is awarded to James P. Allison and Tasuku 
Honjo for their discovery of cancer therapy by 
inhibition of negative immune regulation. Already 
150 years ago attempts were made to use 
infectious agents to stimulate immune responses 
to cancer. Since then many seminal discoveries 
in the fields of basic immunology and tumor 
biology, including some awarded with the Nobel 
Prize, enabled a deeper understanding of such 
processes. In 1996, James P. Allison and 
coworkers used this accumulated knowledge to 
demonstrate that antibodies directed against a 
cell surface molecule on T cells, CTLA-4, is 
capable of unleashing an immune response, 
which cured mice from tumors. Prior to this, in the 
laboratory of Tasuku Honjo, a new molecule 
named PD-1 had been identified. Similar to 
CTLA-4, PD-1 also serves as a brake, which can 
prevent T cells from killing cancer cells. With the 
aid of biomedical companies Allison succeeded 
in developing the new concept with anti-CTLA-4 
into clinical therapy for patients with advanced 
forms of melanoma. The use of antibodies 
directed against PD-1 and its ligand PD-L1 has 
now been approved for several cancer forms and 
this treatment is even more efficacious. The best 
clinical results have so far been obtained by 
combining treatment with anti-CTLA-4 and anti-
PD-1. These antibodies are known as immune 
checkpoint inhibitors and the seminal discoveries 
by the two laureates have added a new pillar for 
the treatment of cancer. 
 
Cancer 
 
Cancer is a common term for a group of diseases 
caused by uncontrolled cell proliferation and 
migration. This results in abnormal growth of a 
tumor mass, first within an organ, then infiltrating 
adjacent tissues. Eventually, cancer cells can 
also colonize distant organs via blood or 
lymphatic vessels, so called metastases, causing 
morbidity and death. The symptoms, course and 

prognosis of the disease vary depending on the 
tissue origin. The risk of cancer increases with 
age and the remarkably longer life span of the 
world population contributes to cancer as an 
increasing problem. Life style and environmental 
factors add to this development, with smoking as 
the most important factor. 
 
According to WHO, more than 18 million persons 
in the world are estimated to be diagnosed with 
cancer in 2018 (Global Cancer Observatory, 
2018). Today, one in three will develop cancer in 
the economically more developed countries and it 
is estimated to be one in two in two decades. The 
number has increased steadily during the last 50 
years. Within the same period the proportion of 
cured patients, as estimated by five-year survival, 
has increased from less than a third to more than 
two thirds. That said, these are average figures, 
which conceal major differences – between 
cancers in different organs, between earlier and 
more advanced forms of the disease in the same 
organ, and also between different countries. The 
occurrence of metastasis often implies that it is 
impossible to cure the disease, even if life can be 
prolonged by different treatments. In countries 
with less developed economy, a lower proportion 
of patients are diagnosed and treated, resulting in 
fewer cures and reduced average survival.  
 
Scientific discoveries have paved the way for 
better understanding of the disease, as well as 
for novel treatments. Etiology and pathogenesis 
is complex, but all cancers display certain 
hallmarks (Hanahan & Weinberg, 2011). Some of 
these concern intrinsic cellular processes that 
regulate division, death, metabolism and 
migration; others influence interactions in the 
tumor microenvironment with cells forming blood 
vessels or stroma, and cells of the immune 
system. Each of the hallmarks is influenced by 
multiple pathways, which have been rendered 
dysfunctional by alterations in the genes of 
cancer cells. Some of these genetic changes can 
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be inherited via the germ line DNA, while the 
majority is acquired as mutations in somatic cells 
in processes influenced by a variety of external 
factors.  
      
Several discoveries leading to today’s knowledge 
about cancer represent breakthroughs that have 
been awarded with The Nobel Prize in 
Physiology or Medicine. Those discoveries 
awarded have included infection as an etiological 
factor (e g Rous 1966, for tumor-inducing viruses; 
zur Hauzen 2008, for Human Papilloma virus as 
a cause of cervical cancer); and the relation 
between cellular and viral genes in pathogenesis 
(e g Baltimore, Dulbecco and Temin 1975, for 
integration of retroviral genetic information into 
DNA; Bishop and Varmus 1989, for the cellular 
origin of viral oncogenes).  In addition, novel 
therapies have also been awarded the Nobel 
Prize in Physiology or Medicine, e g Huggins 
1966, for hormone treatment of prostate cancer; 
Elion and Hitchins 1988, for novel principles 
leading to cytostatic drugs affecting the 
metabolism of nucleic acids, and Thomas 1990, 
for discoveries concerning bone marrow 
transplantation, used to treat certain blood 
cancers. These therapies were introduced in the 
latter half of the previous century to complement 
the traditional methods of surgery and 
radiotherapy. Additional Nobel Prizes, including 
in Chemistry, have awarded groundbreaking 
discoveries regarding basic cellular functions with 
relevance to cancer regarding DNA replication, 
cell cycle mechanisms, apoptosis, and genome 
integrity. 
 
Despite this remarkable progress, the incidence 
of cancer is rising in most countries of the world, 
partly due to an increasing life span and 
improved diagnosis; one out of three will develop 
the disease and one of 6 will die of cancer 
(Global Cancer Observatory, 2018). In 2018, the 
global mortality from cancer is estimated to 
surpass 9 million people. The scientific 
knowledge has led to programs for prevention 
and early diagnosis. However, even dramatically 
improved prevention programs will not solve the 
problem, since it is estimated that at least 50% of 
cases may be caused by accumulation of 
spontaneous DNA mutations occurring during 
normal ageing (Tomasetti et al., 2013). Novel 
types of treatment are strongly needed, and there 
has been a huge investment in basic research on 

normal and cancer cells, with the aim of acquiring 
basic knowledge as a platform for new 
therapeutic concepts. 
 
 
Immunotherapy for tumors until 1995 
 
Throughout history there are many accounts on 
tumors disappearing after infectious episodes, 
whereas the investigation of experimental 
infections as therapy for cancer patients dates 
back to the late 19th century. The basic concept 
behind such treatments has been the possibility 
that the infections stimulated the immune system, 
leading to an immune rejection of the tumor.  
Most well-known for studies in this field is the 
American surgeon William B. Coley, who 
reported on the treatment of malignant tumors by 
repeated “inoculation of erysipelas”, i.e. of live, 
cultured Streptococci, in the early 1890s (Coley 
1891). However, the first attempts in this field 
were by German clinicians 150 years ago 
(Busch, 1868, Fehleisen, 1882). While infectious 
therapy was practiced in numerous tumor 
patients, the clinical outcome varied, causing 
disbelief within the medical community. Today, 
the concept is manifested in the form of 
alternating intradermal and intracavitary 
administration of Bacillus Calmette-Guerin to 
patients with bladder tumors (Morales et al 1976; 
Alexandroff et all 1999).  
 
In the early 20th century, the mechanism 
underlying the effect of infectious agents on 
tumors was not understood, but the concept that 
immunity could influence tumor development was 
around.  In the beginning of the last century Leo 
Loeb mentioned the possible role of immunity for 
the growth of experimentally transplanted tumors 
(Loeb, 1902). It was apparent that a basic 
understanding of the immune system was 
needed. Inbred mouse strains were established. 
Using this new possibility it was discovered that 
alleles within at the histocompatibility-2 (H-2) 
locus in the mouse were key determinants for 
tumor transplantation (Snell & Higgins, 1951) and 
George D. Snell became a Nobel laureate in 
1980 for his work in this field. These 
groundbreaking discoveries paved the way for 
the understanding of how lymphocytes use 
molecules of the Major Histocompatibility 
Complex (MHC) to discriminate ‘self’ from ‘non-
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self’ and through this process can identify and 
eliminate infectious intruders. Related to this, the 
Nobel Prize in 1996 was awarded to Peter C. 
Doherty and Rolf M. Zinkernagel “for their 
discoveries concerning the specificity of the cell 
mediated immune defence”. 
 
Another example from the early 20th century 
relates to the Nobel laureate Paul Ehrlich, who 
shared the 1908 Prize with Ilya Ilyich Mechnikov 
"in recognition of their work on immunity". He 
discussed in depth the potential effects of natural 
and acquired immunity for cancer (Ehrlich, 1909). 
Sixty years later Sir Frank Macfarlane Burnet, 
who shared the 1960 Nobel Prize "for discovery 
of acquired immunological tolerance", proposed 
that the immune system serves as a surveillance 
system for cancer (Burnet, 1970). 
 
A sign of the belief in immunotherapy for tumors 
is that a very large part of the funding in the field 
of immunology has been directed towards cancer 
research. This led to a number of fundamental 
discoveries in tumor immunology, e g the 
demonstration of tumor-specific antigens (Klein & 
Klein, 1962) and their molecular nature (Lurquin 
et al., 1989), cytotoxic T cell killing of tumor cells 
(Brunner et al., 1968), tumor-infiltrating 
lymphocytes (Klein et al., 1977) and their role in 
immunotherapy (Rosenberg et al., 1986) and 
immunoselection and immunoediting during 
tumor progression (Dunn et al., 2002). Numerous 
reports on experimental animal studies 
demonstrated profound, beneficial effects of the 
immune system on tumor growth. However, 
translating these findings into clinical therapy 
failed almost without exception. Moreover, 
numerous case reports have described treatment 
effects on cancer patients related to 
immunotherapy, but also here, when such novel 
approaches were tested in controlled clinical 
studies, there were typically failures or logistical 
problems in translating the complicated protocols. 
There are a few examples of success, one being 
that allogeneic bone marrow transplants, apart 
from serving as a replacement of hematopoietic 
tissue, also cause a graft-versus-leukemia effect 
(Weiden et al., 1979).  
 
Moreover, in the 1980s two different approaches 
using complex protocols involving culture of 
patients’ lymphocytes ex vivo were developed, 

one based on tumor-infiltrating lymphocytes 
(Rosenberg et al., 1990) and another on a gene 
therapy concept, namely the generation of 
chimeric antigen-receptor  (CAR) T cells 
(reviewed in June & Sadelain, 2018). In 2017, the 
US Food and Drug Administration, (FDA) and this 
year, the European Medicines Agency (EMA) 
approved autologous CAR-T cell transfer for the 
treatment of leukemia. 
 
T cell activation and the concept of 
costimulation 
 
T cells have been at the center stage in 
immunology, but up until the 1980s their antigen-
recognizing receptor remained elusive, whereas 
the antigen-specific receptor on B cells was 
already well characterized. Thus, during their 
differentiation B cells were known to rearrange 
their immunoglobulin genes (Nobel Prize to 
Susumu Tonegawa in 1987), express the 
resulting immunoglobulin protein on their surface 
and secrete large amounts of it into body fluids. 
In 1975 the development of the monoclonal 
antibody technology by George J F Köhler and 
César Milstein, for which they were awarded the 
Nobel Prize in 1984, paved the way for the 
identification of novel cell surface markers. This 
technology became crucial not only for identifying 
key molecules on T cells, but also for the new 
treatment that this year’s Nobel Prize awards.  
 
Major developments for the understanding of 
cellular adaptive immune responses took place in 
the 1980s. During this decade the T cell receptor 
(TCR) was identified and its interaction with 
MHC-associated peptides on antigen-presenting 
cells was revealed. The gene for interleukin-2, an 
important regulator of T cells, was cloned and the 
mechanism underlying the signaling of the TCR 
was beginning to be understood. It became clear 
that the interaction between the TCR and MHC 
antigen was insufficient for activation of T cells, 
leading to the concept of costimulation. The 
deciphering of the underlying mechanisms was 
an incremental process that took place during the 
1980s and 1990s involving many laboratories all 
over the world. 
 
The first cell surface molecule identified in TCR 
costimulation was CD28, which was originally 
discovered by a monoclonal antibody recognizing 
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this protein on T cells and thymocytes (Hansen et 
al., 1980). CD28 was found to synergize with the 
TCR complex in the activation of T cells (Martin 
et al., 1986). Four years later a ligand for CD28 
was identified as the B7 molecule (now known as 
CD80), which is expressed on antigen-presenting 
cells (Linsley et al., 1990). Lieping Chen, Peter 
Linsley and coworkers (Linsley et al., 1992) 
suggested a role for costimulation in tumor 
immunology by demonstrating that the transfer of 
the B7 gene to tumor cells caused rejection, as 
shown also by James P. Allison’s group 
(Townsend & Allison, 1993).  
 
Identification of CTLA-4 as a negative 
regulator 
 
In 1987, incidentally the same year as the CD28 
gene was isolated, the cDNA for a T cell-
expressed, CD28-related molecule, CTLA-4 
(cytotoxic T lymphocyte antigen 4), also named 
CD152, was cloned in the laboratory of Pierre 
Golstein (Brunet et al., 1987). The function of 
CTLA-4 was unknown, but structurally both CD28 
and CTLA-4 belong to the immunoglobulin 
superfamily. It is now known that CTLA-4 protein 
resides intracellularly in resting T cells, but 
translocates rapidly to the membrane after 
activation (Lindsten et al., 1993; Linsley et al., 
1996). In contrast to other T cells, it is 
constitutively expressed as a membrane protein 
in regulatory T cells (Takahashi et al., 2000). 
Linsley et al. (1991) used soluble CTLA-4-Ig to 
demonstrate that CTLA-4, similar to CD28, binds 
to B7, but with higher affinity. In the following 
years the generally held view was that CD28 and 
CTLA-4 acted in a similar, costimulatory way.  
However, in 1994, Jeffrey Bluestone, Craig 
Thompson and colleagues (Walunas et al.1994), 
and subsequently, Krummel & Allison (1995) 
came to the conclusion that CTLA-4 instead 
served as a negative regulator of T cell 
activation. This was initially interpreted as an 
intrinsic effect on the T cell, where CTLA-4 would 
induce negative signalling interfering with positive 
signals elicited by TCR and costimulatory 
receptors. Several alternative or additional 
explanations are discussed today. Both the 
above studies were possible through the 
generation of monoclonal antibodies directed 
against CTLA-4. Inactivation of the Ctla4 gene in 
mice, performed in the laboratories of Arlene 

Sharpe and Tak Mak, confirmed and further 
substantiated its negative regulatory role, since 
these mice developed very severe autoimmune 
disease associated with proliferating T cells (Tivol 
et al., 1995; Waterhouse et al., 1995). Soluble 
CTLA4-Ig was later used by Linsley and 
colleagues as a decoy to block costimulation, 
developing it into a drug, abatacept, for treatment 
of rheumatoid arthritis (Linsley et al., 1992). 
 
Inhibition of tumor growth by antibodies 
against CTLA-4 in animals 
 
While some investigators used this new 
knowledge to develop treatments for 
autoimmunity (Lenschow et al., 1992), Allison 
followed another path. In spite of all the previous 
failures, he intended to find a cure for cancer. He 
attempted to block the negative effects that 
CTLA-4 induced, thereby unleashing an immune 
response. In contrast to most other concepts in 
tumor immunology, there was no need to 
understand which antigens the T cells would 
recognize, and the strategy was not selective for 
a particular type of tumor, but was in essence 
universal. The first experiment was set up in his 
laboratory at the University of California, Berkeley 
in the end of 1994 with an immediate blinded 
repeat over the Christmas period. Mice that had 
been transplanted with tumors were treated with 
monoclonal antibodies against CTLA-4. The 
result was spectacular (Fig. 1 and Fig. 4), and 
eventually led to the seminal discovery that this 
treatment directed towards the immune system, 
had curative potential in tumor-bearing mice 
(Leach et al 1996). Thus, (1) the authors 
confirmed the hypothesis that blocking of CTLA-4 
would strengthen the T cell anti-tumor response, 
(2) even pre-established tumors were found to be 
sensitive, (3) rejection was followed by durable 
tumor immunity and (4) two types of tumors were 
tested and both responded. One of the tumor cell 
lines studied was a colon carcinoma, used with 
as well as without transfection with the murine 
B7.1 (CD80) gene. Both cells responded to 
therapy with antibodies directed against CTLA-4.   
 
This work represents the birth of a new concept 
for immunotherapy. Monoclonal antibodies with 
similar capacity to unleash responses against 
tumors are nowadays often referred to as 
immune checkpoint inhibitors (ICIs).  
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The Allison laboratory initially carried out a 
number of studies in other animal tumor models 
including, prostate cancer (Kwon et al., 1997), 
mammary tumor (Hurwitz et al., 1998) and 
melanoma (van Elsas et al., 1999). Some of 
these investigations included combined therapies 
such as the use of anti-CTLA-4 and the 
immunostimulatory cytokine, GM-CSF 
(granulocyte-macrophage colony stimulating 
factor). In a short period, Allison had thus proved 
that several different tumor types responded to 
the same treatment strategy. Given the many 
previous failures of immune therapies 
demonstrated in mice, the challenge remained to 
develop the concept into clinical practice – could 
this be achieved? 
 
 

 
 
Figure 1. The discovery of James P. Allison and 
coworkers, utilizing the role of CTLA-4 as an 
inhibitor of activation and developing antibodies 
to release the brake. The graph shows the effect 
of anti-CTLA-4 treatment in tumor-bearing mice 
compared to controls. 
 
The development of clinical immune 
checkpoint inhibitor therapy  
 
Translating this research into the clinics became 
a long-term goal of Allison. At the time there was 
very limited interest from the pharmaceutical 
industry for a treatment based on the removal of 
the brakes of immune responses, without 
knowledge on which antigens were recognized 
on the tumor cells. Moreover, the severe 
autoimmune phenotype of mice lacking CTLA-4 
posed a major risk for severe side effects. 
However, through perseverance Allison 
eventually managed to establish collaboration 
with Alan Korman from the small biotech 

company, Medarex, in which an acquired 
technology based on transgenic mice made it 
possible to generate human monoclonal 
antibodies. An anti-CTLA-4 IgG1 monoclonal 
antibody named MDX-010 was developed in 
1999, later named ipilimumab (Wolchock et al., 
2013). The company Bristol-Myers Squibb 
subsequently acquired Medarex and continued 
the clinical development. With these studies, 
Jedd Wolchok and Stephen Hodi together with 
scientists at Bristol-Myers Squibb Company 
advanced the clinical program for the study of the 
new ICI.  
 
In the first-in-man study MDX-010 was given to 9 
patients in a phase I clinical trial at a single dose 
of 3 mg/kg and a response was observed in 
some melanoma patients (Hodi et al., 2003). The 
same year complete regression was reported in 
another trial in some treated melanoma patients, 
while severe autoimmune side effects were also 
observed (Phan et al., 2003). The responses 
were frequently recorded later than for 
chemotherapy. A special feature was the 
observation that treatment initially could even 
increase the tumor volume, “pseudoprogression”, 
owing to the infiltration of immune cells, rather 
than reducing it immediately, as usually seen with 
chemo- or radiotherapy. 
  
Additional clinical studies were carried out and 
the major breakthrough came from a phase III 
trial for the treatment of unresectable, metastatic 
melanoma showing a significantly increased 
overall survival (Hodi et al., 2010). This trial was 
also the basis for the subsequent approval of 
anti-CTLA-4 by the FDA and the EMA in 2011.  
 
Discovery of the PD-1 receptor and its role in 
immune responses 
 
The second discovery awarded by this year’s 
Nobel Prize also originated in basic, curiosity-
driven research, not primarily oriented towards 
cancer. PD-1 (CD279) was identified and cloned 
by Tasuku Honjo’s group at Kyoto University in 
Japan already in the early 1990s (Ishida et al., 
1992), during the explosive progress in the field 
of costimulation, but before Allison’s discovery of 
CTLA-4 inhibition to treat cancer. At the time, 
Honjo and colleagues assumed that PD-1, 
identified by subtractive hybridization to isolate 
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mRNAs overexpressed in dying mouse cells, 
would be involved in pathways regulating 
apoptosis. Hence, they used the acronym PD (for 
Programmed Cell Death). The open reading 
frame predicted a protein with a transmembrane 
region, distantly related to the immunoglobulin 
gene superfamily. Follow-up studies reported the 
structure and chromosomal location of the gene 
(Shinohara et al., 1994), as well as the 
generation of a monoclonal antibody for PD-1 
used to demonstrate expression on activated T- 
and B-cells as well as on immature thymocytes 
(Agata et al., 1996).  
 
The function of PD-1 remained elusive for many 
years. Honjo launched an ambitious program to 
fully understand its function, in which the 
generation of mice deficient for this molecule was 
central. The first “knock-out” mice on C57Bl 
genetic background only showed a mild, 
intriguing phenotype with some splenomegaly 
and augmented B cell proliferation (Nishimura et 
al., 1996; 1998). Late in life, the mice developed 
a lupus like disease Nishimura et al., 1999). It 
took almost 10 years from the first discovery 
before a distinct picture emerged. By then, 
additional knock-out strains on multiple genetic 
backgrounds had revealed different types of T 
cell driven autoimmune syndromes (Nishimura 
and Honjo, 2001; Nishimura et al, 2001), i.e. a 
pattern resembling the CTLA-4 knock-out mice 
described above. Honjo concluded that PD-1, 
similar to CTLA-4, acts by negatively controlling 
immune responses. By then it had already 
emerged that PD-1 belongs to the extended 
CD28/CTLA-4 family of receptors, and that the 
cytoplasmic tail contains an essential 
“immunoreceptor tyrosine based switch motif 
(ITSM)” (Okazaki et al., 2001).  
 
In parallel, Honjo and colleagues had engaged in 
a hunt for the ligand of PD-1. They identified it 
together with the groups of Gordon Freeman and 
Clive Wood (Freeman et al, 2000) and it was 
named PD-1 ligand (PD-L1). A human equivalent 
of the molecule had been described already the 
year before in the laboratory of Lieping Chen 
(Dong et al., 1999), in search for genes belonging 
to the B7 family of ligands. The identified 
molecule, B7-H1 was not a ligand for CD28 or 
CTLA-4 and binding to PD-1 was not investigated 
in this study. The Freeman et al. report (2000) 

was also the first to discuss the possibility that 
some tumors may use PD-L1 to inhibit an 
antitumor immune response, based on the 
observation that the molecule was expressed, not 
only by macrophages, dendritic cells and 
additional immune cells, but also by certain 
cancer cells. A second ligand for PD-1, PD-L2 
(CD273), was identified soon thereafter, in further 
collaboration between the groups of Freeman, 
Honjo and Sharpe (Latchman et al., 2001). 
 
PD-1 blockade as a treatment of cancer 
The general concept that the PD-1/PD-L1 
pathway might be involved in immune responses 
to tumors was first tested in two studies 
published in 2002, one from Chen’s laboratory 
(Dong et al 2002) and another from the Kyoto 
groups of Minato and Honjo, in collaboration (Iwai 
et al 2002). Both reports focused on PD-L1 
molecules expressed on tumor cells, 
demonstrating that expression of this ligand could 
protect transformed cells from an immune attack 
in vivo, and that this could be reversed by 
antibodies to PD-Ll. The paper by Iwai et al was 
the first to discuss possible synergistic effects in 
combination therapy based on blockade of the 
PD-1 and CTLA-4 pathway. The concept of a role 
of the PD-1/PD-L1 pathway in tumor immunology 
was now established (Carrera & Collins, 2002; 
Greenwald et al., 2002; Dong and Chen, 2003). 
 

 
 
Figure 2. The discovery by Tasuku Honjo and 
coworkers, the identification of the PD-1 surface 
protein, recognizing its role as an inhibitor of 
activation and developing antibodies to release 
the brake. The graph shows the effect of anti-PD-
1 treatment in mice with metastasizing melanoma 
compared to untreated controls.  
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The first studies where an antibody to the 
receptor PD-1 was used to treat experimental 
cancer in mice were published in 2005 (Fig. 2 
and Fig. 4). The paper from Honjo’s group 
presented several key conclusions that correctly 
anticipated the clinical pattern emerging today: 
anti-PD-1 treatment could a) induce immune 
responses, also to tumors that did not express 
detectable PD-L1 or PD-L2 b) be at least as (or 
even more) efficient as CTLA-4 therapy to treat 
tumors; c) lead to less severe autoimmune side 
effects than CTLA-4 (Iwai et al, 2005). In parallel, 
Chen’s group used B7-H1/PD-L1 transfected 
cancer cells to demonstrate efficacy of antibody 
inhibition of PD-1 or PD-L1 in the treatment of 
tumors that expressed high levels of ligands 
(Hirano et al, 2005).  
 
This development led to clinical studies based on 
PD-1 inhibition and Honjo and coworkers had 
filed a patent based on this concept. This was 
advanced by the company Ono Pharmaceuticals, 
which at an early stage joined forces with Bristol-
Myers Squibb for the development of clinical 
grade antibodies directed against PD-1. The 
clinical trials of the PD-1 antibody nivolumab 
were led by Suzanne Topalian. The first phase I 
study, initiated in 2006, showed that the drug was 
well tolerated (Brahmer et al., 2010). Two years 
later, Topalian et al. reported the use of anti-PD-1 
antibodies in 296 patients in a phase I study, 
indicating remarkable efficacy in treatment of 
advanced disease of different tumor types (Fig. 

3). Objective responses were seen in 20-25% of 
patients with advanced non-small-cell-lung 
cancer (NSCLC), melanoma, or renal cancer, 
most of which were durable and some resulting in 
complete tumor regression (Topalian et al., 
2012). In 14% of patients, severe adverse 
events, mainly pneumonitis, occurred. A phase I 
trial of another PD-1 antibody, pembrolizumab, 
developed by Merck (at the time called 
lambrolizumab), in 135 melanoma patients also 
showed very positive results, with clinical 
responses in 38% of patients, most of them 
durable and some of them observed in patients 
who had not responded (or ceased to respond) to 
anti-CTLA-4 treatment (Hamid et al., 2013). In 
parallel, several randomized phase III trials, 
where treatment with the PD-1 antibodies was 
compared to arms in which patients received 
standard chemotherapy, confirmed their efficacy 
and safety (Brahmer et al., 2015; Borghaei et al., 
2015; Motzer et al., 2017). The first marketing 
and manufacturing approval was granted 2014 in 
Japan. This was followed by FDA approval 
through accelerated and breakthrough filing 
pathways, for two different anti PD-1 antibodies 
later the same year, pembrolizumab and 
nivolumab, for the treatment of unresectable or 
metastatic melanoma. The next year the approval 
was expanded to patients with metastatic 
squamous non-small cell lung cancer in March 
2015 by FDA and EMA approved the use of PD-1 
blockade in Europe for treatment of melanoma 
the same year. 
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Figure 3. Immune checkpoint therapy in non-small cell lung cancer treated with anti-PD-1 (adopted from 
Topalian et al., 2012). Please note the pseudoprogression at 2 months due to infiltrating immune cells 
and the reduced tumor size after 4 months. 
 
Cancer therapy using checkpoint inhibition 
today 
 
More than fifteen years has passed since the first 
dose of anti-CTLA4 antibodies was given to a 
patient, while the first treatment with anti-PD-1 
antibodies was administered twelve years ago. 
Today, there is a solid clinical experience, based 
not only on mono-treatment with each antibody, 
but also on combination treatment. The 
introduction of ICIs has dramatically changed the 
situation for patients with advanced, metastatic 
melanoma. Most of the responses are durable, 

and the curves that follow tumor-free survival 
show a plateau. In resected stage III and IV 
melanoma anti-PD-1 yielded significantly 
improved results as compared to anti-CTLA-4 
treatment with ipililumab (Weber et al., 2017). 
Recurrence-free survival after 18 months of 
treatment with pembrolizumab in resected stage 
III melanoma was 71% (Eggermont, 2018). This 
is a spectacular development when considering 
metastatic disease of a solid tumor, which 
previously meant death within two years for most 
patients. 
 

 

 
 
Figure 4. The role of CTLA-4 and PD-1 as inhibitors of activation (upper panels) and the effect of 
releasing the corresponding brakes using antibodies (lower panels). 
 
While the outcome of multiple studies suggest 
that ICIs against PD-1 or its ligand, PD-L1, yield 
better treatment effects as compared to anti-

CTLA-4, combined therapy with blockade of both 
CTLA-4 and PD-1 seems to induce an even 
stronger anti-tumor effect in both melanoma 
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(Wolchock et al., 2013; Wolchock et al., 2017), 
depicted in Fig. 5, and in renal cell carcinoma 
(Motzer et al., 2018), possibly because of 
different mechanisms of action. As expected, 
there are severe side effects in the form of 
autoimmunity, in particular during anti-CTLA-4 
treatment (Eggermont et al., 2018; Postow et al., 
2018). Regardless of which therapy that is 
employed, immune-related adverse events occur 
at a high rate, as the immune system is no longer 
fully controlled, although with different clinical 
presentations. With inhibition of CTLA-4, severe 
colitis or endocrine dysfunction affecting the 
pituitary-adrenal axis are not uncommon, 
whereas thyroiditis shows a similar frequency in 

patients treated with anti-CTLA-4 or anti-PD-
1/PD-L1. Adrenal insufficiency whether caused 
by inflammation of the pituitary or destruction of 
the adrenal cortex can be life-threatening due to 
inability to produce endogenous cortisol, but can 
be easily treated with hydrocortisone 
supplementation, whereas e.g. pneumonitis may 
require aggressive immunomodulatory treatment 
with e.g. synthetic steroid or monoclonal antibody 
therapy directed against tumor necrosis factor 
(anti-TNF). As with many cancer treatment 
modalities, the adverse reactions associated with 
immune checkpoint therapy can in some 
instances be fatal. 
 

 
 

 
 
Figure 5. The effect of anti-CTLA-4, anti-PD-1 and combination therapy in a subgroup of patients with 
melanoma (adopted from Wolchock et al., 2017). 
 
The ICIs have revolutionized the treatment of 
tumors, where there previously was precious little 
to offer, and while still many patients do not 
respond, there are numerous long-term survivors. 
Using other forms of treatment, durable 
recurrence-free survival is extremely rare among 
patients with certain tumors, such as advanced 
melanoma and NSCLC. 
  
Currently very large numbers of studies for 
almost all cancer forms are being carried out 
worldwide and the development initiated by the 
study of CTLA-4 and PD-1 and its ligands is likely 
to continue. Promising results have been 
reported for anti-PD-1 treatment in several types 
of cancer, even if there is still limited information 

on cure and long-term survival. There are so far 
six anti-PD-1 or anti–PD-L1 antibodies approved 
by the FDA. The tumors that show the highest 
frequency of responses (50-90%) are Hodgkin´s 
lymphoma especially in patients with 
overexpression of PD-L1 and PD-L2 caused by 
gene amplification (Ansell et al., 2015), Merkel 
cell carcinoma of the skin, being of viral origin 
(Nghiem et al., 2016), in microsatellite-instability 
cancers of any origin having high mutational load 
from mismatch-repair deficiency (Le et al., 2017) 
and in desmoplasmic melanoma carrying 
numerous, UV-induced mutations (Eroglu et al., 
2018). Incidentally, the anti PD-1 antibodies were 
the first class of agents granted approval by the 
FDA based on a genetic characteristic of the 
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cancer rather on the organ or histological origin 
of the disease in 2016.  
 
The development is likely to continue, with 
combination treatments – using different agents 
to release the negative regulation of immune 
responses, but also by combining them with 
strategies to activate or improve immune 
responses (e g vaccination, adoptive cell therapy) 
or simply combining them with existing modalities 
(surgery, chemotherapy, radiotherapy, hormone 
treatment and drugs targeting specific pathways) 
in adjuvant or neo-adjuvant protocols. Novel ICIs 
will undoubtedly add additional fuel into this 
development with numerous candidates in the 
pipeline of the biotech and pharmaceutical 
industry. 

 
Mechanisms in the clinical response and how 
to predict it   
 
It is so far clear that the common and general 
mechanism by which checkpoint therapy 
functions is via unleashing of the negative control 
of T cells, leading to stronger and more sustained 
immune response to the tumor. Immuno-
histological and transcriptomic studies of biopsies 
indicate that a proportion of tumor infiltrating T 
cells, and signs of immune activation in the tumor 
prior to or during treatment, are associated with a 
favorable outcome (reviewed in Ribas & 
Wolchock, 2018). An analysis of 1535 advanced 
cancer patients treated with immune checkpoint 
inhibitors demonstrated that maximal 
heterozygosity at HLA class I loci improved 
overall survival, suggesting that antigen 
presentation to T cells plays a key role (Chowell 
et al., 2018). The molecular mechanisms of 
primary as well as acquired resistance of tumor 
cells to anti PD-1 therapy converge in alterations 
in the antigen presentation machinery (e.g. loss 
of β2-microglobulin, Zaretsky et al., 2016) and in 
the IFN-γ receptor pathway controlling PD-L1 
expression (Ribas & Wolchock, 2018).  
 
The responses can include and be influenced by 
several downstream mechanisms, mediated also 
by other cells of the immune system. These cells 
and various molecules are intensively studied as 
biomarkers, and it should be emphasized that the 
critical effector mechanisms may vary between 
tumors, stage of disease and among patients 

depending on their genetic constitution as well as 
on their previous immune responses.  
 
There are several interesting observations on 
how processes upstream of the initial T cell 
activation can correlate with the response of the 
patient. These processes include mutational load 
in the tumor, and, as a consequence, its 
expression of antigens, previous infections or 
vaccination, and the microenvironment and the 
microbiome in niches such as the colon or the 
skin (Snyder et al., 2014; Rizvi et al., 2015; Van 
Allen et al., 2015; Le et al, 2017; Mariathasan, 
2018; Tauriello et al., 2018; Gopalakrishnan et 
al., 2018; Routy et al., 2018). 
 
The actual mechanisms whereby the antibodies 
interfere with negative regulation are also 
complex. It has been suggested that temporal 
and spatial differences between the CTLA-4 and 
PD-1 pathways, due to receptor expression 
kinetics and ligand expression pattern, lead to 
different and complementary roles in the immune 
response, and consequently, synergistic effects 
in combination therapy. It was initially assumed 
that anti-CTLA-4 antibodies worked by interfering 
with intrinsic T cell signaling and mainly acting in 
lymph nodes to prevent initial T cell activation. 
However, the importance of intrinsic signaling is 
debated, and later studies by several groups, 
including Allison’s, have provided evidence for at 
least four different mechanisms 1) Blockade of a 
direct inhibitory intracellular signaling pathway in 
effector T cells 2) Competition for, or 
sequestration of, activating ligands on antigen 
presenting cells 3) Interference with the function 
of regulatory T cells 4) Elimination of regulatory T 
cells. Note that the last mechanism may be 
exerted in the local tumor environment via 
antibody dependent cell mediated cytotoxicity.  
 
Regarding PD-1, there is strong evidence that the 
antibodies act predominantly via T cell intrinsic 
signaling, mediated by the ITSM in the 
cytoplasmic tail of the molecule (Okazaki et al., 
2001). Furthermore, a major part of the effect 
occurs intratumorally to counteract exhaustion of 
infiltrating T cells. Indeed, cancer cells frequently 
express PD-L1, and PD-L1 staining of tumor 
biopsies has therefore been examined 
extensively as a predictive marker. While there is 
a correlation between tumor cell expression of 
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the ligand PD-L1 by immunohistochemistry and 
the likelihood of response to anti-PD-1, some 
patients (and mice) with undetectable PD-Ll on 
their tumors also respond (Brahmer et al., 2010; 
Topalian et al., 2012), and effects in the lymph 
nodes are not excluded, nor are effects exerted 
via PD-1 expressed by regulatory T cells.  
 
A crucial aspect in the future development is to 
improve understanding of these mechanisms, as 
well as the ones leading to adverse events. The 

identification of CTLA-4 and PD1/PD-L1 is only 
the beginning and additional molecules with 
similar functions are already being investigated. 
So far there is no single or combination of 
immune biomarkers that can predict the clinical 
response with certainty before or early in the 
treatment. There is intensive research going on, 
and the identification of key mechanisms and 
biomarkers is likely to improve clinical efficacy 
and safety as well as patient selection. 
 

 
 

 

 
 
Figure 6. The three pillars of cancer treatment, all directed against the cancer cell, and the fourth, 
immune checkpoint inhibitor, based on unleashing an immune response against the tumor, added by 
Allison and Honjo. 
 
Concluding remarks 
 
This year’s Nobel Prize in Physiology or Medicine 
awards the discovery of a novel principle for 
tumor therapy based on removal of the brakes in 
T cells. This new form of immunotherapy 
unleashes a vigorous, and often durable, immune 
response directed against essentially any tumor 
already recognized by the immune system. Given 

the perhaps unprecedented research activities in 
the immune checkpoint field, it is likely that there 
will be major developments regarding this 
therapy at all levels. This demonstrates how 
influential the discoveries of Allison and Honjo 
have been. Their findings have conferred great 
benefit on mankind; they add a new pillar to the 
existing cancer treatments (Fig. 6). 
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