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 This book is a tribute to Professor Dr. Christoph Huber and his lifetime 
achievements. It is also a testimony to the scientifi c and medical progress in 
the growing fi eld of immuno-oncology which is about to improve the stan-
dard of care for cancer patients. 

 In 2002, anticipating the possibilities of immunotherapy in the treatment 
of cancer, Christoph Huber, together with a core group of basic scientists and 
clinicians founded the Association for Cancer Immunotherapy (CIMT). Since 
then, CIMT has grown into the largest European platform and expert meeting 
with sole focus on cancer immunology. 

 Over the last  12 years, speakers and contributors of the CIMT faculty 
have taken us on a dynamic journey: The efforts of numerous scientists in the 
fi eld have revealed novel mechanisms of how the immune system is able to 
control tumor growth, while at the same time increasing our general knowl-
edge about the interdependencies of the human immune system. We have 
witnessed the translation of this knowledge into the fi rst-time approval of 
vaccines and immune-modulatory antibodies and have seen the formation of 
the fi rst dedicated regulatory frameworks in Europe and the USA that address 
the peculiar features of cancer immunotherapies. Recently, clinical trials with 
adoptively transferred  ex vivo  generated or immunoreceptor-engineered lym-
phocytes have shown unprecedented effects in patients. Novel combinations 
of immune-modulatory treatments with immunological and non- 
immunological treatments promise to lead to further breakthroughs in the 
near future. Increasing fi nancial constraints in global health-care systems 
mandate the wise use of innovative drugs. This may be achieved by selecting 
patients who are most likely to respond to the use of novel immunological 
and molecular biomarkers. The advent of affordable whole genome sequenc-
ing has opened the door to a new discipline of immune-genomics that will 
lead to better diagnostics and personalized therapies. 

 Under the chairmanship of Christoph Huber, CIMT has developed into a 
thriving platform for disseminating the latest research fi ndings among spe-
cialists working in academia, industry, and regulatory agencies. Throughout 
the years, CIMT has invited the most relevant experts in the world. In addi-
tion, CIMT has supported young scientists by giving them an opportunity to 
present their recent fi ndings and awarding prizes for the best abstracts and 
posters. The CIMT working groups have been instrumental in harmonizing 
cellular immune assays and the generation of a reporting framework for 
T-cell assays as well as providing input on new regulatory documents and the 
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generation of a blueprint for personalized mutanome vaccines that was 
aligned with the European Medicines Agency. All these achievements would 
have been impossible without people who are willing to share their innova-
tive ideas for the greater good. Christoph Huber is one of these visionaries 
who is interested not only in science but also in the people he has been work-
ing with, he has mentored, or he has treated as a medical doctor. 

 Therefore, this book is dedicated to Christoph Huber and all scientists and 
investigators who share his vision of immune-oncology and work passion-
ately to develop better treatments for cancer patients. 

 Mainz, Germany Cedrik Michael Britten 
 Mainz, Germany Sebastian Kreiter 
 Mainz, Germany Mustafa Diken 
 Tübingen, Germany Hans-Georg Rammensee  
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           Origins 

 Paul Ehrlich obviously was fascinated by the 
then newly discovered adaptive immune receptor 
molecules able to distinguish between different 
infectious agents and by the plasticity of the 
immune system to select such receptors and to 
make many copies on demand. Constructing “ein 
Gedankengebäude” to explain the observations 
made by Emil von Behring and Shibasaburo 
Kitasato ( 1890 ), he not only created the term 
“Antikörper” (antibody) to describe such adap-
tive receptors but also considered the problems 
connected to their development within a mouse 
or human being, that is, the way how self-reactive 
antibodies are to be avoided. Presumably within 
this context, he hypothesized that antibodies, 
respectively, the immune system, should be able 
to somehow recognize and attack cancer cells, 
leading to his famous 1909 postulate of cancer 
immunosurveillance (Ehrlich  1909 ): We would 
have a much higher incidence of cancer without 
an immune system constantly chasing and 
destroying newly developing cancer cells. “…
Würden diese  (die Schutzvorrichtungen des 
Organismus)  nicht bestehen, so könnte man ver-
muten, dass das Karzinom in einer geradezu 
ungeheuerlichen Frequenz auftreten würde.” 
Independently of Paul Ehrlich, and earlier, two 

surgeons, Wilhelm Busch (1866) in Bonn 
(Hartmann  2008 ) and William B. Coley (1893) in 
New York (Coley  1991 ), reported a positive 
 correlation between infection and tumor regres-
sion, early hints on TLR ligands and cytokines. 

 In the century thereafter, a tremendous amount 
of work searching for manifestations of such can-
cer immunity was performed, mostly leading to 
nothing or to discoveries seemingly unrelated to 
cancer. One such prominent case was the discov-
ery of histocompatibility antigens (Klein  1986 ), 
following the observation that transplanted 
mouse tumors are readily rejected by recipient 
mice, but normal tissue from the other mouse as 
well, because the mice at that time were not 
inbred suffi ciently (reviewed in (Klein  1986 )).  

    Modern Cancer Immunology 

 It took almost 50 years until Richmond Prehn and 
Joan Main were able to show that at least 
methylcholanthrene- induced tumors could be 
rejected by an immune reaction in syngeneic 
mice (Prehn and Main  1957 ), and shortly thereaf-
ter, in 1960, George Klein and colleagues found 
tumor rejection to be also possible for an autolo-
gous tumor (Klein et al.  1960 ). The decades to 
follow brought a long row of ups and downs in 
the perception of the relevance of cancer immu-
nity by the scientifi c community. A severe blow 
to the cancer immunosurveillance theory was the 
thymusless nude mouse, showing no higher 
 incidence of spontaneous cancer than fully 
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immunocompetent mice, as reported by Osiasis 
Stutman in 1974, again with a chemically induced 
tumor model (Stutman  1974 ). Another blow to 
the belief in cancer immunity was Prehn’s experi-
ment in 1972, demonstrating that, in opposite to 
Ehrlich’s view, an immune reaction could also 
enhance rather that inhibit tumor growth (Prehn 
 1972 ). This experiment actually picked up an 
older observation of 1962 from the Old group 
(Boyse et al.  1962 ). (This collection of phenom-
ena can now be put into the drawer of “tumor- 
promoting infl ammation” (Hanahan and 
Weinberg  2011 ).) During all these years, a rather 
small number of scientists still were of the opin-
ion that there must be something to it and contin-
ued to invest in experiments to discover 
mechanisms and target structures of cancer 
immunity, by studying both antibody and T-cell 
responses. Some of the leading fi gures were 
Lloyd Old et al. ( 2005 ), Robert North ( 1982 ), and 
Thierry Boon et al. ( 1988 ), to name only a few 
who infl uenced my own education. It took until 
the 1980s to molecularly identify in the mouse 
the fi rst nonviral tumor antigen recognized by T 
cells, with a contribution from Mainz (Thomas 
Wölfel) (De Plaen et al.  1988 ). This actually 
turned out to be a mutated antigen, and in col-
laboration with the Boon group, we were able to 
identify and to quantify the mutated peptide pre-
sented on the MHC molecules of the tumor cells 
(Wallny et al.  1992 ). The fi rst human T-cell epit-
ope representing a tumor antigen again was 
reported by the Boon group in 1991 (van der 
Bruggen et al.  1991 ) and again with essential 
contribution from the University of Mainz 
(Alexander Knuth). Tumor-associated antigens 
spontaneously recognized by antibodies were 
analyzed early on by Lloyd Old and Edward 
Boyse in mice (Old and Boyse  1964 ), extended 
by Old’s group to patients’ sera (Pfreundschuh 
et al.  1978 ) and brought to high throughput in the 
1990s by the SEREX approach, pioneered by 
Ugur Sahin, Özlem Türeci, and Michael 
Pfreundschuh (Sahin et al.  1997 ; Tureci et al. 
 1997 ). 

 Since the days of Paul Ehrlich, a full century 
was required to understand the basic molecules 
and mechanisms our immune system uses for its 

daily tasks in fi ghting infections. We still are far 
away from having gained complete knowledge 
but what we know to date is just suffi cient to 
manipulate the immune system such that it can 
attack and destroy cancer cells. Currently, several 
of such attempts are proving to be successful. 
After getting to know the structures and functions 
of antibodies, T-cell receptors, MHC molecules 
and their ligands, cytokines and their receptors, 
cells of the innate immune system including their 
receptors and ligands, T-cell populations (chapter 
by T. Bopp et al.), and their co-receptors and 
inhibitory receptors, we now start to get insight 
into the complex interactions between immune 
mechanisms attacking tumors and the counteract-
ing measures of tumors to defend themselves 
against this attack, formulated by Bob Schreiber 
into the “immunoediting” concept (Schreiber 
et al.  2011 ).  

    Modern Cancer Immunotherapy 

 The fi rst hopes into cancer immunotherapy were 
raised by the discovery of the fi rst cytokines, the 
interferons, in the 1950s by Alick Isaacs and Jean 
Lindenmann ( 1957 ) and later in the mid-1970s 
by the invention of making monoclonal antibod-
ies on demand by Georges Köhler and Cesar 
Milstein ( 1975 ). 

 The fi rst successful cancer immunotherapy, 
however, was a special kind of adoptive T-cell 
transfer, the donor lymphocyte infusion in the set-
ting of bone marrow transplantation. This was a 
result from the development of bone marrow 
transplantation into irradiated recipients as a treat-
ment of leukemias performed by the Edward 
Donnall Thomas lab with Rainer Storb in Seattle, 
who observed that the detrimental graft-versus- 
host reaction regularly occurring in human 
patients or outbred dogs, but not within inbred 
mice, was benefi cial since it seemed to have an 
effect against leukemia (Weiden et al.  1979 ). This 
observation could be attributed to donor leuko-
cytes in the late 1980s by Hans-Jochem Kolb 
( 1990 ), who then systematically developed the 
use of DLI (donor leukocyte infusion) for the 
treatment of leukemia relapses after the original 
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bone marrow transplantation (Weiden et al.  1979 ). 
Such donor-derived T cells, including those 
already present in the bone marrow graft, induced 
not only graft-versus-host disease but also a graft-
versus-leukemia effect. The recurrence of leuke-
mia after transplantation could be successfully 
treated by additional transfer of a small number of 
leukocytes from the original donor, which in 
many cases led not only to an aggravation of 
GvHD but also to complete cure. Other early suc-
cesses in antigen nonspecifi c cancer immunother-
apy were the development of cytokines, in 
particular interferon alpha in hairy cell leukemia, 
where Christoph Huber was a pioneer (Gastl et al. 
 1985a ,  b ; Huber et al.  1985 ; Aulitzky et al.  1985 ), 
and the use of a TLR ligand, BCG, for the treat-
ment of bladder carcinoma (De Jager et al.  1991 ). 

 The fi rst attempts of using monoclonal anti-
bodies for passive immunotherapy of cancer 
were by the groups of Stuart Schlossman et al. 
( 1980 ) and Ronald Levy and Miller ( 1981 ). It 
took, however, until the late 1990s to use mono-
clonal antibodies for passive immunotherapy of 
cancer on a routine basis, pioneered by Ralph 
Reisfeld et al. ( 1992 ), Gert Riethmüller et al. 
( 1998 ), and others. In 1997, the fi rst antibody 
was approved by the FDA for the treatment of 
cancer – rituximab (Grillo-Lopez et al.  2000 ) – 
directed not against a cancer antigen but rather 
against a cell type-specifi c antigen, CD20, 
expressed on normal cells dispensable for sur-
vival, the B cells. 

 Three principal problems in these develop-
ments were (1) the task to produce humanized 
antibodies in suitable formats to achieve suffi -
cient production rates in cell cultures as well as to 
avoid anti-antibody reactions in the recipient, (2) 
achieving effi cient effector function in the 
patient, and (3) fi nding the right antigen. The fi rst 
problem has been largely solved by now, and the 
second is being solved at present by enhancing 
Fc-receptor interaction or by using bispecifi c 
antibodies capable of recruiting T cells with their 
superior proliferative potential, as pioneered by 
Uwe Staerz et al. ( 1985 ), Gundram Jung et al. 
( 1986 ,  2001 ), and Gert Riethmüller (Topp et al. 
 2011 ). The third problem, fi nding suitable target 
structures on the surface of cancer cells that are 

not, or at least not much, expressed on normal 
cells, is still unsolved. Finding cancer cell surface 
antigens as target structures for therapeutic anti-
bodies essentially follows three strategies:
    1.    Using information derived from cancer biol-

ogy; epithelial carcinomas, for example, 
express epithelial markers, such as Epcam 
(Riethmuller et al.  1998 ). In growth factor 
receptor-driven cancers, in particular, this 
receptor or others of the EGFR family can be 
used as target, as pioneered by Axel Ullrich 
for HER2/neu in breast cancer (Hudziak et al. 
 1987 ; Fischer et al.  2003 ).   

   2.    Looking at the antibody response produced 
spontaneously by cancer patients, as followed 
by the SEREX technology.   

   3.    By systematically comparing cell surface 
antigens of tumor cells with that of normal 
cells, an approach that has been attempted 
surprisingly late in a systematic way, but then 
very successfully as shown by the work of 
Özlem Türeci and colleagues (Sahin et al. 
 2008 ).    
  The design of present and future cancer immu-

notherapies is drawing essential benefi t from the 
revelations of cancer biology in the last 30 years. 
The insight that not only viral but also cellular onco-
genes (Doolittle et al.  1983 ; Waterfi eld et al.  1983 ; 
Downward et al.  1984 ) are causative for cancer 
development, and the fi rst indications that muta-
tions in genes regulating cellular signaling or DNA 
repair such as K-Ras or p53 (Vogelstein et al.  1988 ; 
Hollstein et al.  1991 ) already hinted toward interest-
ing targets for cancer immunotherapy. This is true in 
particular for T cells, since we know that HLA mol-
ecules present peptides from all cellular compart-
ments, including nuclear proteins. Indeed, Thomas 
Wölfel showed that T cells specifi c for peptides rep-
resenting mutated gene products can spontaneously 
develop in melanoma patients (Wolfel et al.  1995 ), 
and Gustav Gaudernack introduced peptide vacci-
nation against K-ras mutations in a clinical trial fol-
lowed over many years, with encouraging clinical 
results (Weden et al.  2011 ). The recent methodolog-
ical improvements in genome sequencing have 
been used to systematically  analyze the spectrum of 
mutations in many individual cancers, the result 
being an amazing  heterogeneity of number and sites 
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of mutations, many of them drivers of cancer devel-
opment but even more so just passenger mutations 
(Vogelstein et al.  2013 ). Since peptides derived 
from mutated gene products can principally be pre-
sented by HLA molecules (Falk et al.  1991 ) at the 
surface of the tumor cells, such mutated peptides 
have been recognized as ideal tumor-specifi c anti-
gens, not shared by any normal cells (Rammensee 
and Singh-Jasuja  2013 ; Rammensee  2006 ; Castle 
et al.  2012 ; Segal et al.  2008 ). 

 Present cancer biology indeed is a fi eld char-
acterizable with Ehrlich’s words “Auf dem 
Gebiete der Geschwulstforschung hat sich im 
letzten Dezennium eine durchgreifende 
Umwälzung vollzogen (Ehrlich  1909 ).” The fore-
most of the new insights comes from the genome 
sequence information we now have available for 
thousands of individual human cancers of all fre-
quent entities, indicating hundreds to thousands 
of mutations in every human cancer (Vogelstein 
et al.  2013 ). Many of these mutations are drivers 
of cancer hallmarks, whereas others are inert pas-
sengers. Other new revelations come from the 
most striking new branch of cancer immunother-
apies, inhibition of immunoregulatory check-
points, pioneered by Jim Allison ( 1994 ). The 
exciting clinical benefi t fi rst of CTLA-4 (Wolchok 
et al.  2013a ), and later PD1 antibodies (Wolchok 
et al.  2013b ), convinced classical cancer biolo-
gists that after all the immune system can do 
something against cancer (compare the famous 
Hanahan and Weinberg reviews from 2000 and 
2011 (Hanahan and Weinberg  2000 ,  2011 )). 
What is recognized by the T cells supposedly 
released from suppression by these antibodies are 
most likely peptides representing cancer-specifi c 
mutations, as shown already in a few examples 
(van Rooij et al.  2013 ). A further solid demon-
stration of immunity at work against cancer 
comes from detailed analysis (“immunoscore”) 
of tumor-infi ltrating T cells (Fridman et al.  2012 ).  

    Perspectives 

    There are several interesting developments in can-
cer immunotherapy, as reviewed in detail by (Fox 
et al.  2011 ). The four most promising main strate-

gies are as  follows: (1) active vaccination with can-
cer antigens in various forms, e.g., peptides (Walter 
et al.  2012 ; Kenter et al.  2009 ) (see the chapters by 
C. Melief and H. Singh), mRNAs (Rittig et al. 
 2011 ; Kallen et al.  2013 ) (chapters by K-J Kallen 
and S. Kreiter et al.), proteins, viral constructs, or 
autologous tumor lysates, applied directly or on 
dendritic cells (Kreutz et al.  2013 ; Schierer et al. 
 2012 ) (chapters by H. Westdorp et al. and C.M. 
Britten et al.), an approach that can be validated by 
deep immunomonitoring (see the chapter by S.H. 
van der Burg et al. from the CIMT Immunoguiding 
Programme); (2) passive vaccination with func-
tion-improved antibodies directed against cancer 
antigens (Bargou et al.  2008 ; Hofmann et al.  2012 ) 
(chapters by M. Glennie et al. and G. Jung et al.); 
(3) adoptive transfer (Morgan et al.  2013 ; Meyer 
and Herr  2010 ) of T cells or T-cell receptors or 
chimeric antigen receptors (CAR) (Kalos and June 
 2013 ; Grupp et al.  2013 ; Riet et al.  2013 ; 
Chmielewski et al.  2013 ) (chapters by D. Schendel 
et al., U. Hartwig et al. and H. Abken et al.); and 
(4) manipulation of the patient’s immune response 
by inhibition of immunoregulatory checkpoints 
(Page et al.  2014 ) (chapter by A. Hoos). Additional 
strategies are other antigen nonspecifi c interven-
tions, such as the application of oncolytic or 
immuno-enhancing viruses (chapters by M.D. 
Mühlebach et al.), or innate immunity stimulators 
like toll-like receptor ligands or cytokines, or 
agents or measures inducing immunogenic cell 
death (Kroemer et al.  2013 ) (chapter by J.M. Pitt 
et al. ), such as certain conventional or new drugs 
targeting cancer cells directly, or irradiation or 
local tumor ablation (chapters by T.M. Gorges 
et al., J.-P. Marschner et al. and S. Kasper et al.).  

    Chances and Pitfalls 

 Whereas active vaccination in general has been 
proven to be rather safe, but not as effi cient as 
desired, the other three main strategies – function- 
improved antibodies, in particular, bispecifi c 
antibodies targeting T cells, adoptive transfer of 
effector cells, and checkpoint inhibition – can be 
extremely effi cient but at the cost of toxicities. 
The contributions collected in this Festschrift 
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indicate the directions to go for improvement of 
these items. I see particular exciting potential in 
the development of active vaccination against the 
really tumor-specifi c antigens, the mutations 
(Britten et al.  2013 ), which, however, requires an 
individualized approach so that a new drug (e.g., 
peptides or RNAs) has to be manufactured for 
every patient, as we had suggested a while ago 
(Rammensee et al.  2002 ; Weinschenk et al. 
 2002 ), obviously a logistic and regulatory chal-
lenge (see the chapters by C.M. Britten et al. 
from the CIMT Regulatory Research Group and 
J.C. Castle et al.). In addition, combinations of 
two or more strategies – e.g., vaccination accom-
panied by checkpoint inhibition or immunother-
apy together with any kind of conventional 
chemo- or radiotherapy – seem extremely prom-
ising. The limitations of antibody and CAR- 
mediated therapies are in the limited selection of 
suitable target antigens, which almost never will 
be entirely tumor specifi c. For therapies involv-
ing adoptive transfer of T cells or TCR gene 
transfer, care should be taken if the TCR has not 
been educated in the very patient’s thymus. If the 
TCR comes from a mouse, or from a human indi-
vidual with a different HLA restriction, or if it is 
affi nity optimized, the danger of cross-reactivity 
with unpredictable target peptides certainly 
exists. I was the fi rst to demonstrate allorestricted 
CTL (Rammensee and Bevan  1984 ) and at that 
time was convinced that such T cells should be 
great for cancer immunotherapy (Rammensee 
 1997 ), but later turned from Paulus to Saulus 
because we saw the unpredictable cross- 
reactivities (Obst et al.  1998 ,  2000 ). A problem 
with the mutation-directed vaccination approach 
lies in the diffi culty we are presently experienc-
ing with the verifi cation of HLA presentation of 
peptides harboring a mutation, perhaps partially 
due to negative selection of tumor cells present-
ing an immunodominant mutated peptide. Exome 
or transcriptome sequencing cannot provide this 
information; the only way to prove the physical 
existence of peptides is mass spectrometry 
(Rammensee and Singh-Jasuja  2013 ) or, if pos-
sible, the recognition of tumor cells by T cells 
(van Rooij et al.  2013 ) as treated in this book by 
M.V. van Buuren et al.  

    Bright Future 

 After prophylactic vaccination against virus- 
induced cancer has proven to be successful and 
has entered clinical routine (Michels and zur 
Hausen  2009 ), it appears now that immunother-
apy of clinically manifest cancer other than pas-
sive vaccination with antibodies has reached the 
bedside. Many scientists have contributed to this 
success; one eminent of these is Christoph Huber 
from Mainz, the “target” of this Festschrift. 
Christoph, we all thank you for your tremendous 
contributions to the fi eld, by your own science, 
and by creating a surrounding fostering progress 
in cancer immunotherapy.     
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           Introduction 

   Two roads diverged in a yellow wood, 
 And sorry I could not travel both. 
 … 
 I took the one less traveled by, 
 And that has made all the difference… 

    The fi nal lines from this poem (Robert Frost, 
1920) take on a double meaning in the context of 
this short review. First the targeting of neo- 
antigens in human cancer can without doubt be 
considered “the road less traveled,” a road of 
which the tracks are only just now becoming 
somewhat visible. Second, the targeting of “the 
difference,” those determinants that can be used 
by the immune system to distinguish healthy cells 
from cancer, forms the central goal of cancer 
immunotherapy, and – conceivably – neo- 
antigens make up a large, if not essential, part of 
this difference.  

 There is now solid proof that the immune sys-
tem can recognize a variety of different human 
cancers. Early – and admittedly weak – evidence 
for this has been the occasional spontaneous 
regression of tumor lesions in cancers such as 
melanoma (Kalialis et al.  2009 ). More recently, 

direct evidence for tumor control by the human 
immune system has been provided by the clinical 
success of different forms of immunotherapy in 
melanoma (Rosenberg and Dudley  2009 ; Hodi 
et al.  2010 ), but also in other cancer types such as 
renal-cell carcinoma (RCC) and non-small-cell 
lung cancer (NSCLC) (Topalian et al.  2012 ). 

 In spite of the recent successes in other tumor 
types, the potential of cancer immunotherapy 
and the mechanisms underlying immune-medi-
ated cancer regression are to date still most 
clearly established for melanoma. Tumor-
infi ltrating lymphocyte (TIL) therapy, in which 
patients are treated with ex vivo-expanded autol-
ogous tumor- infi ltrating T cells, has shown 
objective responses in about 50 % of patients 
treated in multiple centers, with a good fraction 
of patients showing a complete response (range 
6.5–22 %) (Rosenberg et al.  2011 ; Radvanyi 
et al.  2012 ; Besser et al.  2013 ). Furthermore, 
from studies that entailed the infusion of CD8 + -
enriched T-cell products, it is now evident that 
cytotoxic T cells are responsible for at least part 
of the reactivity observed (Dudley et al.  2010 , 
 2013 ). Further (indirect) support for the notion 
that CD8 +  T cells can control tumor growth is 
provided by a large number of studies that dem-
onstrate that for several tumor types a strong 
infi ltrate of CD8 +  T cells correlates with a good 
clinical prognosis (Fridman et al.  2012 ). 

 In parallel work, the clinical use of antibodies 
directed against T-cell checkpoint molecules has 
shown impressive results in a number of studies. 
In two phase III studies, treatment of patients 
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with advanced melanoma with the anti-CTLA4 
antibody ipilimumab was shown to improve 
overall survival (Hodi et al.  2010 ). A remarkable 
observation in these clinical trials has been the 
long duration of these responses in 10–20 % of 
the patients treated (Ott et al.  2013 ). Furthermore, 
substantial clinical activity has now also been 
seen with anti-PD1 antibodies, inducing objec-
tive response rates in around 30 % of melanoma 
patients treated in phase I studies (Topalian et al. 
 2012 ; Hamid et al.  2013 ), and early evidence 
suggests substantial synergy between the two 
treatment strategies (Wolchok et al.  2013 ). 

 These studies provide clear evidence that 
human tumors must express determinants, “anti-
gens,” that can be recognized by the human 
immune system. However, it is currently unclear 
which antigenic determinants are the main tar-
gets in the observed tumor regression. Knowledge 
of such antigens could provide a way not only to 
increase the activation state of the immune sys-
tem by checkpoint blockade but also to specifi -
cally alert this activated immune system to tumor 
determinants of interest.  

    The Roads Toward Tumor 
Recognition: The Antigens That 
Can Be Targeted by CD8 +  T Cells 

 There are two major classes of antigens that can 
be targeted by T cells. The fi rst class is formed by 
the “self-antigens,” non-mutated antigens that are 
only expressed in a restricted set of cell types and 
for which T-cell tolerance is (therefore) incom-
plete. An interesting subset of the class of self- 
antigens is formed by the group of cancer 
germline antigens (C/G antigens). The expres-
sion pattern of many of the C/G antigens is to a 
large part – if not fully – restricted to germline 
tissue (which forms an immune privileged site), 
and, because of this, C/G antigens can be consid-
ered an attractive target in immunotherapy (vide 
infra). 

 The second major class of antigens is formed 
by the so-called neo-antigens. During cancer 
development, human tumors acquire large 
 numbers of mutations within their DNA. These 

mutations are not restricted to driver mutations 
that contribute to cellular transformation but also 
include “passenger mutations” that haphazardly 
occur during the process of tumor outgrowth. An 
interesting feature of those mutations is the fact 
that they can result in the presentation of novel 
peptides by MHC molecules on the tumor cell 
surface. Furthermore, as these newly formed 
antigens (“neo-antigens”) are fully tumor 
restricted, the targeting of these antigens should 
result in an immune response that is most likely 
(see below) entirely specifi c for the tumor tissue. 

 The potential relevance of neo-antigens in 
cancer was recognized many years ago by a few 
pioneers in the fi eld, and early work using cDNA 
library screening tools provided the fi rst evidence 
for recognition of neo-antigens by (autologous) T 
cells in human cancer (Wolfel et al.  1995 ; 
Robbins et al.  1996 ; Lennerz et al.  2005 ). 
However, with tools lacking to study the recogni-
tion of neo-antigens in human cancer in a system-
atic way, attention shifted rapidly toward the 
class of tumor-associated self-antigens, and this 
has been the main road taken since. 

 With the developments in next-generation 
sequencing technology over the past years, anal-
ysis of the human cancer genome has suddenly 
become straightforward. The defi nition of the 
genomic alterations in cancers, such as single 
nucleotide variants (SNVs) and insertions and 
deletions (indels), has now been performed for 
over thousands of human tumors (Stratton  2011 ; 
Alexandrov et al.  2013 ; Kandoth et al.  2013 ). 
With the technology to rapidly determine the 
genomic alterations in human tumors established, 
a key next step has been to assess whether such 
information can be utilized to dissect neo-
antigen- specifi c CD8 +  T-cell recognition. Sahin 
and colleagues were the fi rst to show the feasibil-
ity of using whole-exome sequencing data in 
order to identify neo-antigens encoded by a can-
cer genome. In this seminal work, mutations 
within the B16F10 murine melanoma cell line – a 
workhorse of cancer immunologists for the past 
decades – were fi rst identifi ed, and this informa-
tion was then used to assess the immunogenicity 
of predicted neo-antigens by peptide vaccination. 
Interestingly, these experiments showed that a 
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good part of the mutated epitopes was able to 
elicit an immune response, and vaccination with 
some of these could be shown to result in immune 
control of tumor growth (Castle et al.  2012 ). 
Parallel work from Schreiber and colleagues, 
using a distinct murine cancer model, demon-
strated that cancer-exome sequencing could be 
utilized to reveal the identity of a neo-antigen that 
was recognized during in vivo tumor outgrowth. 
Furthermore, this work also showed how such a 
neo-antigen can be lost under immune pressure 
(Matsushita et al.  2012 ), an important aspect to 
take into account when considering the road 
toward personalized immunotherapy. 

 Following these initial studies in mouse mod-
els, recent efforts by the group of Rosenberg and 
by our group have shown how cancer-exome data 
can be used to reveal T-cell responses against 
neo-antigens in humans (van Rooij et al.  2013 ; 
Robbins et al.  2013 ) and also how these T-cell 
responses can be infl uenced by immunotherapy 
(van Rooij et al.  2013 ). In the fi rst study, neo-
antigen- specifi c T-cell reactivity within the TIL 
compartment of melanoma patients was detected 
in four out of fi ve patients analyzed, with the 
remark that this analysis primarily focused on 
patients with a clinical response upon TIL ther-
apy (Robbins et al.  2013 ). In our work, neo-
antigen- specifi c T-cell reactivity was analyzed in 
a patient with metastatic melanoma that showed a 
partial response to ipilimumab treatment. First, 
analysis of the tumor exome revealed a striking 
number of mutations (>1,000 non-synonymous 
mutations), and with the use of computational 
algorithms to predict proteasomal cleavage 
(Kesmir et al.  2002 ) and MHC binding (Nielsen 
et al.  2003 ), a list of HLA-A- and HLA-B- 
restricted possible neo-antigens was generated. 
Second, using a combination of MHC-based 
monitoring tools that we established in prior 
work (Toebes et al.  2006 ; Hadrup et al.  2009 ), we 
measured reactivity against any of these potential 
epitopes in T-cell populations of this patient. This 
analysis revealed two neo-antigen-specifi c T-cell 
responses within the TIL: one low-level response, 
targeting the mutated product of ZNF462 
(0.003 % of CD8 +  T cells) that was not pursued 
further, and one T-cell response directed against a 

nonameric peptide encoded by the mutated ATR 
gene product (3.3 % of CD8 +  T cells). 
Furthermore, this ATR-specifi c T-cell response 
was also present in the peripheral blood compart-
ment of this patient and showed a marked increase 
after treatment with ipilimumab (van Rooij et al. 
 2013 ). 

 Following this initial work, we have utilized 
cancer-exome data to analyze neo-antigen- specifi c 
T-cell reactivity in an additional seven patients, 
revealing neo-antigen-specifi c T-cell responses in 
fi ve of them (range 0.002–65 % of CD8 +  T cells, 
van Buuren et al, unpublished observations). 
Importantly, for a number of reasons, we consider 
it highly likely that we are still underestimating the 
number of neo-antigen-specifi c T-cell responses in 
these patients. Among other factors, exome cap-
ture is incomplete, alternative open reading frames 
are not taken into account, and the prediction of 
epitope presentation is far from optimal for many 
HLA class I alleles. 

 Taking into account that neo-antigen reactiv-
ity has been found in most of the melanoma 
patients thus far analyzed (10 out of 13 in the 
combined NIH/NKI studies), these data indicate 
that neo-antigen recognition in melanoma must 
be a common phenomenon. Furthermore, as the 
size of the pool of neo-antigens is expected to 
roughly correlate with the mutational load in dif-
ferent tumor types, these data can also be used as 
a benchmark to determine the potential for neo- 
antigen recognition in other human malignan-
cies. Comparison of the number of mutations 
across a large set of different human tumor types 
has revealed that melanoma forms the tumor type 
with the highest average mutational load 
(Alexandrov et al.  2013 ; Kandoth et al.  2013 ). 
Importantly though, the variation in the number 
of mutations between different melanomas is 
very high, and the mutation load in many human 
melanomas is comparable to that of other com-
mon human cancers, such as lung cancer, esopha-
geal cancer, and colorectal cancer. Because of 
this, we hypothesize that also in these human 
tumor types, a signifi cant repertoire of neo- 
antigens should be present that may be targeted 
by T cells. As a side note, the observation that 
NSCLC patients treated with anti-PD1 also do 
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show objective responses (27 % OR) (Topalian 
et al.  2012 ) is in line with the idea that tumors 
with a high mutation load may be particularly 
attractive for the development of cancer 
immunotherapy.  

    The Road Not Taken 

 In previous work, we and others have set out to 
defi ne which of the antigens expressed by tumor 
cells can be considered true “cancer-regression 
antigens,” antigens that are critically involved in 
(immunotherapy-induced) cancer regression 
(Gilboa  1999 ; Kvistborg et al.  2013 ). Two charac-
teristics are thought to be particularly important for 
this. First and foremost, it is likely that T-cell 
responses directed against antigens that show a 
fully tumor-restricted expression pattern are of 
superior value, as central tolerance toward these 
antigen is not an issue (Gilboa  1999 ; Kvistborg 
et al.  2013 ). Furthermore, T-cell responses against 
such antigens are also of interest from a safety per-
spective, as toxicity due to the recognition of 
healthy tissues is not likely to form a concern. In 
this regard it should be noted that it can at this point 
not be excluded that a strong T-cell response 
against a neo-antigen would result in cross-reactiv-
ity with the wild- type counterpart (e.g., in a case in 
which the WT counterpart has the same TCR-
exposed surface but is only expressed at a lower 
level). However, experimental evidence for this has 
thus far not been obtained. Second, T-cell responses 
against antigens that are unlikely to be lost from 
tumor cells may be of particular value, as tumor 
escape due to antigen loss is less likely to occur. 
From a more pragmatic point of view, when a set of 
antigens would exist that displays these character-
istics and that is shared among many patients, this 
would be of interest, as it would allow the use of 
off-the-shelf targeted immunotherapies to enhance 
reactivity against such antigens. 

 With respect to the tumor-restricted nature of 
antigen expression, two classes of antigens stand 
out, the neo-antigens and the C/G antigens. As 
mentioned previously, expression of C/G anti-
gens is thought to be largely restricted to cancer 
cells and germline tissues, and the targeting of at 

least one C/G antigen with a high-magnitude 
T-cell response has been shown to be safe 
(Robbins et al.  2011 ). Nevertheless, for a sub-
stantial number of C/G antigens, expression 
within somatic tissues has also been observed 
(Hofmann et al.  2008 ), and because of this, the 
targeting of these antigens can lead to toxicity, as 
shown in a recent example where an affi nity- 
enhanced TCR was used to target an epitope 
from the MAGE A3 gene product (Linette et al. 
 2013 ). By the same token, data from Kyewski 
and co-workers (Gotter et al.  2004 ) has revealed 
that at least some C/G antigens are expressed 
within the thymic epithelium. Because of this, 
the T-cell repertoire available for tumor recogni-
tion may be restricted to lower-affi nity TCRs/
epitopes that are presented ineffi ciently. 

 Importantly, at present the quality of T-cell 
responses directed against neo-antigens and C/G 
antigens has not been compared. As a fi rst thought, 
one could compare the dissociation (K off ) rate of 
neo-antigen and C/G antigen- specifi c TCRs or T 
cells obtained from patients. As a more direct test, 
one could conceivably compare the ability of neo-
antigen and C/G antigen- specifi c T cells isolated 
from patient material to recognize autologous 
tumor. Such experiments would be useful to 
establish whether T-cell responses directed 
against neo-antigens are commonly of a higher 
quality than T-cell responses directed against C/G 
antigens or whether the two classes are essentially 
indistinguishable. 

 As a second factor determining the relative role 
of T-cell responses against neo-antigens and C/G 
antigens, it will be important to quantify the size of 
the “antigenic space” of both antigen classes in 
different tumors, something that may be feasible 
on the basis of cancer-exome/RNAseq data. 
Without such data presently being available, per-
haps the best argument in favor of a signifi cant role 
of neo-antigens as cancer-regression antigens is 
the observation that tumors with a high mutation 
load are clearly responsive to T-cell checkpoint 
blockade. On the basis of this early evidence, and 
with the recently developed technology to describe 
the patient-specifi c neo- antigen repertoire avail-
able, it seems justifi ed to take some fi rst steps on 
the road of personalized immunotherapy.  
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    A Roadmap to Personalized 
Immunotherapy 

 In the fi nal part of this review, we will discuss 
three aspects of this road toward personalized 
cancer immunotherapy, in which T-cell responses 
against specifi c neo-antigens are induced or 
boosted by vaccination: (1) the approach that 
may be used to select the epitopes that should be 
contained within such vaccines, (2) the issue of 
tumor heterogeneity, and (3) the changes in the 
regulatory landscape that are required for the 
clinical development of patient-specifi c 
vaccines. 

 A vaccine that encodes a series of predicted 
neo-antigens can only be of value if at least some 
of the neo-antigens contained are truly present on 
the tumor cell surface. As such, our ability to 
select those neo-antigens that have a protective 
capacity will be key. A recent effort to predict the 
immunogenicity of antigenic determinants was 
performed by Singh-Jasuja and colleagues. Here 
a multipronged approach, including mass spec-
trometry, gene expression profi ling, and 
literature- based functional assessment, was uti-
lized to assemble a set of tumor-associated pep-
tides to treat patients with RCC. Interestingly, 
evaluation of this vaccine revealed that a favor-
able clinical course could be associated with 
vaccine-induced immune responses (Walter et al. 
 2012 ). Importantly though, the selection process 
used here appears too complex to be used for 
individual patients, and profound improvements 
in mass spectrometry would also be required to 
allow the evaluation of the MHC-associated epit-
ope repertoire on the basis of biopsy material. 

 A substantially more straightforward approach 
from a logistic point of view will be the use of 
computational algorithms such as NetChop and 
NetMHC (Kesmir et al.  2002 ; Nielsen et al.  2003 ) 
to predict neo-antigens with cancer exome (and 
RNAseq) data as sole input. While results are still 
limited to a few examples, potential neo-antigens 
that are predicted to bind tightly to MHC class I 
may be more likely to induce T-cell reactivity 
than neo-antigens with a lower predicted affi nity, 
consistent with prior data (Harndahl et al.  2012 ). 
Nevertheless, even when focusing on predicted 

high-affi nity ligands, the false-positive rate is 
still high, in particular for the less commonly 
studied HLA class I alleles for which epitope pre-
diction algorithms are of a lower quality. For this 
reason, it would perhaps seem useful to focus 
early trials in this area to HLA alleles such as 
HLA-A*02:01, for which we have a solid under-
standing of ligand preference. 

 While being able to select those neo-antigens 
that are actually presented by tumor cells is a 
major challenge, tumor heterogeneity adds 
another layer of complexity to this. Within a 
given tumor, cells may be present which do not 
express a given neo-antigen, conferring a selec-
tive advantage to those cells at the moment 
immune pressure is imposed. Signifi cant evi-
dence for both intralesional and inter-lesional 
heterogeneity has accumulated over the past 
years. To provide some examples, a comparative 
study in patients with metastatic pancreatic can-
cer showed that there was only a partial overlap 
in the mutations encountered in different meta-
static lesions or in the primary lesions (Campbell 
et al.  2010 ). Thus, the neo-antigens predicted on 
the basis of one tumor lesion will unlikely be 
present in all others. Furthermore even within the 
same lesion, the genetic landscape can differ 
between different tumor cells in that lesion, 
something that is particularly apparent when 
comparing the genetic landscape in different geo-
graphical areas of the tumor. In both breast and 
kidney cancer, it has already been shown how 
genomic lesions in tumors varied between adja-
cent areas (Navin et al.  2011 ; Gerlinger et al. 
 2012 ), and there is little reason to assume this 
will be different for other tumor types. As such, 
mutations encountered within a biopsy may not 
be present within the entire tumor mass, another 
challenge for vaccine design. 

 To increase the likelihood that a neo-antigen- 
directed vaccine will lead to the induction of 
T-cell responses against epitopes that are truly 
presented by tumor cells, and to at the same time 
reduce the likelihood of clonal escape, the inclu-
sion of a series of predicted neo-antigens within 
personalized neo-antigen vaccines appears man-
datory. How large the number of such neo- 
antigens needs to be is presently unclear, and this 
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is something that should be evaluated in preclini-
cal patient-derived xenograft models and early 
phase clinical trials. 

 The fi nal hurdle to take in the development of 
patient-specifi c neo-antigen vaccines is formed 
by the regulatory landscape. Contrary to conven-
tional vaccines, extensive safety and effi cacy 
testing of individual vaccines is not feasible. As 
such, safety/effi cacy will need to be judged on 
the basis preclinical and clinical proof-of- 
principle studies in which (1) the intended 
immune response is induced, (2) an antitumor 
effect is conferred, and (3) the toxicity profi le is 
acceptable. Additionally, a stepwise enrollment 
of patients should be done when clinical trials are 
started while implementing sensible strategies 
for managing risks and stopping rules (Britten 
et al.  2013 ). A recent paper by Kalinke and col-
leagues indicates that, conceivably, the regula-
tory landscape for personalized neo-antigen 
vaccines can be modeled after that used for autol-
ogous cell therapy, which would form an impor-
tant step forward. 

 Here we have outlined the progress that has 
recently been made in cancer immunotherapy 
and in particular our ability to dissect melanoma 
neo-antigen recognition by T cells on the basis of 
cancer exome data. Based on analysis of the 
mutational load in different human tumors, we 
consider it likely that also in other major human 
tumor types, recognition of such antigens can 
occur. On the basis of the data available, there is 
some reason to assume that the targeting of this 
neo-antigen pool by vaccination will be worth 
our while. Development of high-quality neo-
antigen- specifi c vaccines that do induce a broad 
tumor-reactive T-cell response will form a logis-
tic and regulatory challenge, but the ultimate 
result may be signifi cant.     
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          Introduction 

 Organisms control the development of malignant 
transformation and infection with the help of effi -
cient induction and maintenance of adaptive 
immune responses. Essential for this induction is 
the specifi c recognition of antigenic structures. T 
cell activation is initiated by the detection of 
major histocompatibility complex (MHC)-
peptide complexes by T cell receptors delivering 
the so-called signal 1. The degradation of extra-
cellular and intracellular proteins by different 
proteases in the cytosol, ER, phagolysosomes, or 
autophagolysosomes generates peptides, which 
are characteristic for their source proteins. After 

the peptides are loaded onto MHC molecules in 
distinct intracellular compartments, the MHC- 
peptide complexes are transported to the cell 
 surface (Stoltze et al.  2000 ; Tenzer et al.  2009 ). 
Central tolerance controls the recognition of 
these MHC-peptide complexes resulting in the 
elimination of high-affi nity self-reactive T cells 
in the thymus. Consequently, adaptive immune 
responses to self-antigens overexpressed in 
tumors are restricted to low-affi nity T cells 
(Kuball et al.  2005 ; Stanislawski et al.  2001 ). 

 In addition, surface molecules tightly control 
adaptive immune responses (signal 2) compris-
ing costimulatory and inhibitory molecules. An 
important costimulator is CD28, which is 
expressed on the surface of T cells and crucial 
for T cell proliferation and IL-2 production. The 
most prominent inhibitor is the CD28-relative 
CTLA-4, which is upregulated after T cell acti-
vation for up to 3 days, binds CD80 and CD86 
molecules with a much higher affi nity than 
CD28 and impairs T cell proliferation, IL-2 pro-
duction, and IL-2 receptor expression (Walunas 
et al.  1996 ). In addition to CD28 and CTLA4, 
the CD28 superfamily consists of the inhibitory 
molecule PD1. PD1 interacts with PD-L1 and 
negatively regulates cytokine production and 
proliferation of T cells (Freeman et al.  2000 ). In 
animal models, the interference with PD1/PD-L1 
interactions modulates peripheral tolerance 
mechanisms and has improved the control of 
tumor growth and revived exhausted T cells in 
chronic viral infections (Blank and Mackensen 
 2007 ; Probst et al.  2005 ). BTLA on T cells 
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 interacts with the herpesvirus entry mediator 
(HVEM) and affects important T cell functions 
like IL-2 production (Watanabe et al.  2003 ) and 
has been reported to control infl ammatory 
immune responses (Steinberg et al.  2008 ). Its 
role in pathogen- or tumor-specifi c immune 
responses is to be studied further. Interestingly, 
recent fi ndings suggest a different regulation of 
BTLA expression on tumor versus virus specifi c 
T cells (Derré et al.  2010 ). The MHC class II 
interacting molecule LAG-3 is upregulated dur-
ing T cell activation and has been shown to inter-
fere with this process. Thus, LAG-3 expression 
correlates with defective T cell function observed 
in chronic infections and ineffi cient control of 
tumor growth. 

 Furthermore and in addition to surface mol-
ecules, soluble mediators released by different 
regulatory cells contribute to the control of T 
cell activation and the maintenance of periph-
eral tolerance (signal 3). Regulatory T cells 
(Tregs) play an important role in this context. In 
addition to different cytokines (IL-10 and TGF-
β), Tregs control the activation of T cells or den-
dritic cells (DC) in a cell contact-dependent 
manner by the transfer of the second messenger 
cAMP (Bopp et al.  2007 ; Fassbender et al. 
 2010 ). 

 The interplay between inhibitory and activat-
ing signals determines the fate of a T cell. 
Therefore, costimulatory signals prevent T cells 
recognizing MHC-peptide complexes from 
becoming anergic, and their nature controls the 
activation and differentiation of T cells into dif-
ferent subpopulations. Since various T cell popu-
lations communicate differently with B cells, 
signals 2 and 3 subsequently infl uence the activa-
tion of B cells and the nature of the humoral 
immune response substantially. 

 The different regulatory mechanisms are criti-
cally important and play an essential role for the 
control and the duration of adaptive immune 
responses while at the same time preserving 
peripheral tolerance. Hence, through concerted 
actions, these regulatory mechanisms allow for 
the effi cient recognition and elimination of 
malignant or mutated self- and nonself- structures, 
yet preventing autoimmunity.  

    Tumor Immunity and Regulatory 
T Cells  

 The elimination of “CD4+CD25+ immunoregu-
latory cells” caused regression of transplanted 
tumors in a CD8+ T cell-dependent manner 
(Onizuka et al.  1999 ). While on the one hand 
being indispensable for the perpetuation of 
peripheral tolerance to self-antigens, the immune 
suppressive properties of Tregs obviously con-
tribute to cancer pathogenesis and progression. 
Subsequent observations in experimental model 
systems showed the depletion or functional inac-
tivation of Treg cells by anti-CD25 and/or anti-
 CD152 (anti-CTLA-4) mAb (Sutmuller et al. 
 2001 ) or chemotherapeutic agents (Ercolini et al. 
 2005 ) and did not only allow generation of effec-
tive tumor-specifi c cytotoxic T cells but also 
boosted tumor-specifi c T cell responses induced 
by vaccination leading to enhanced protection 
against tumors. In consecutive clinical work, the 
occurrence of elevated numbers of Tregs in the 
blood or tumor tissues of patients has been widely 
described and is associated with tumor progres-
sion at numerous occasions. In an extensive 
study, an inverse correlation of tumor-infi ltrating 
Tregs and survival of patients with ovarian carci-
noma was observed (Curiel et al.  2004 ). In the 
presence of Tregs, the tumor tissue produced 
high levels of CCL22 attracting CCR4-expressing 
Tregs able to inhibit the proliferation of tumor- 
specifi c effector T cells in vitro. Thus, the pres-
ence of Tregs at the tumor site might be a major 
reason why tumor-specifi c T cells are unable to 
eradicate their targets despite the fact that they 
are detectable and systemically functional (Yu 
et al.  2005 ).  

    Treg Mechanisms 

 There are different suppressive mechanisms 
known with regard to Tregs inhibiting the func-
tion of cells of the immune system (Josefowicz 
et al.  2012 ). Several of these mechanisms have 
been shown to target DC activation. Among them 
are the inhibitory cell surface molecules CTLA-4 
and LAG-3 which suppress via direct interaction 
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with molecules on the DC surface. In addition to 
its role in cell autonomous tolerance, CTLA-4 is 
important for the suppressive function of Tregs 
(Walker and Sansom  2011 ). CTLA-4 expressed 
on Tregs mediates the downregulation or trans- 
endocytosis of its ligands, the costimulatory mol-
ecules CD80 and CD86, on DCs (Qureshi et al. 
 2011 ; Wing et al.  2008 ), and blocking CTLA-4 in 
vivo resulted in functional activation of steady- 
state DCs (Schildknecht et al.  2010 ). In addition, 
ligation of B7 molecules by CTLA-4 expressed 
on Tregs can contribute to the tolerogenic func-
tion of steady-state DCs by indoleamine 2,3-diox-
ygenase (IDO) expression leading to the 
deprivation of the essential amino acid trypto-
phan and thus limiting metabolism of immune 
cells (Fallarino et al.  2003 ). 

 LAG-3 expressed on Tregs has been shown to 
interact with MHC class II molecules on DCs and 
suppresses DC activation via an ITAM-mediated 
inhibitory signaling pathway (Liang et al.  2008 ). 
LAG-3-mediated suppression was found to 
depend on antigen-specifi c recognition, under-
pinning the necessity of cognate interactions 
between Tregs and DCs for peripheral tolerance. 

 In tumor-draining lymph nodes, another 
mechanism of immunosuppression by Tregs was 
observed where DCs are killed by Tregs through 
a perforin-dependent mechanism (Boissonnas 
et al.  2010 ). It remains to be proven whether this 
is a general mechanism of Treg-mediated sup-
pression or a distinctive feature of immune 
responses to tumors. Coculture experiments sug-
gest that cell contact-dependent suppression of 
DC by Tregs is a two-step process where the ini-
tial formation of Treg-DC aggregates involves 
the adhesion molecule LFA-1 (Onishi et al.  2008 ) 
before active suppression via effectors such as 
CTLA-4 can occur. 

 A central molecule for T cell homeostasis and 
peripheral tolerance is TGF-β (Li and Flavell 
 2008 ). In mice, the lack of TGF-β receptor 2 
selectively on DCs leads to multiorgan autoim-
munity, and DCs fail to induce certain Treg sub-
types (Ramalingam et al.  2012 ). Also, mice in 
which DCs express a dominant negative TGF-β 
receptor show enhanced susceptibility to experi-
mentally induced autoimmune encephalitis 

(Laouar et al.  2008 ). This indicates that DCs are 
indeed target of TGF-β-mediated suppression. In 
addition, defi ciency of DCs for integrin αvβ8 
which mediates the activation of latent TGF-β 
results in autoimmunity (Li et al.  2007 ). 

 Among many other cells, Tregs can produce 
TGF-β. Cell contact-dependent suppression by 
Tregs in vitro could be blocked by antibodies to 
TGF-β (Nakamura et al.  2001 ). Furthermore, 
TGF-β-defi cient Tregs were unable to block coli-
tis development upon cotransfer into  Rag1 - 
defi cient  mice (Li et al.  2007 ). Surprisingly, 
inactivation of TGF-β selectively in FoxP3 +  Tregs 
did not result in any autoimmune phenotype 
(Gutcher et al.  2011 ). Thus, while activation of 
TGF-β on DCs and TGF-β signaling into DCs 
appears to be critical for peripheral tolerance, it 
remains to be proven whether it is a mediator of 
DC suppression by Tregs.  

    cAMP: A Key Component 
of Treg Function 

 Initially, Thornton et al. were able to show in 
vitro that Treg-mediated suppression of cocul-
tured conventional CD4+ T cells was not cyto-
kine mediated but strictly dependent on cell 
contact between Tregs and the responder cells 
(Thornton and Shevach  1998 ). However, 
membrane- bound molecules exclusively 
expressed by Tregs and responsible for mediating 
this suppression could not be identifi ed. 
Eventually, we were able to show that the sup-
pression of conventional CD4+ T cells by Tregs 
is substantially based on a transfer of cAMP via 
gap junction intercellular communication (GJIC) 
(Bopp et al.  2007 ). Recently, this fi nding was fur-
ther corroborated by Ring et al. showing that gap 
junction intercellular communication between 
Tregs and DC in vivo is essential for the sensiti-
zation of CD8+ T cells (Ring et al.  2010 ). 

 As an underlying mechanism for this observa-
tion, we found that the cAMP-cleaving enzyme 
phosphodiesterase 3b (PDE3b) is hardly 
expressed in Tregs when compared to conven-
tional CD4+ T cells. As a consequence, a 20-fold 
higher intracellular cAMP concentration in Tregs 
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compared to conventional CD4+ T cells was 
observed. Interestingly, our further analyses 
revealed that not only nTregs harbor high amounts 
of cAMP in their cytosol but also CD4+ T cells 
contacted by Tregs show increased amounts of 
intracellular cAMP. The second messenger 
cAMP was reported to be a potent inhibitor of T 
cell proliferation and differentiation (Kammer 
 1988 ) as well as IL-2 production, a capability 
that was strictly attributed to Tregs (Thornton and 
Shevach  1998 ). This notion provides an explana-
tion for a potential mechanism of Treg function.  

    Treg Control of DC Function 

 Dendritic cells (DCs) play a central role in the 
control and modulation of immune responses. 
They are the master regulators of T cell responses. 
During infl ammation and cellular stress, DCs 
undergo a differentiation and maturation process 
that turns them into potent activators of naïve 
CD4 +  and CD8 +  T cells. In the steady state, DCs 
induce peripheral T cell tolerance. Tregs play a 
crucial role in controlling the maturation and 
activation of dendritic cells. While being indis-
pensable for the perpetuation of tolerance to self- 
antigens, the immune suppressive properties of 
Tregs contribute to cancer pathogenesis and pro-
gression. Thus, understanding Treg interaction 
with DCs represents a promising therapeutic 
strategy to control adaptive immunity. 

 The suppression of conventional T cells by 
Tregs on a cell-to-cell basis in vitro is well docu-
mented. However, in vivo, 2-photon laser scan-
ning microscopy showed an intimate interaction 
of Tregs with DCs (Tadokoro et al.  2006 ; Tang 
et al.  2006 ). Interestingly, both DCs and T cells 
are sensitive to cAMP-mediated inhibition. In 
this context, it was shown that cAMP-elevating 
agents or cAMP itself is able to considerably 
counteract TLR-mediated activation of DCs 
(Galgani et al.  2004 ). Moreover, by inducing 
IL-10 expression, cAMP induces a tolerogenic 
phenotype upon DC activation (Eigler et al.  1998 ; 
Hammad et al.  2007 ). 

 Elevation of the cytosolic cAMP levels in DCs 
by Tregs instantly abrogates the costimulatory 

potency of DCs by impairing the expression of 
CD80/86 costimulators and promoting the upreg-
ulation of B7H3/H4 co-suppressors. Moreover, 
this cAMP-dependent inhibition is subsequently 
strengthened and further intensifi ed by Treg- 
derived IL-10, which inhibits cytokine produc-
tion (IL-6, IL-12) by DCs (Fassbender et al. 
 2010 ). Therefore, Tregs use at least two immune 
suppressive molecules (cAMP, IL-10) in order to 
inhibit DCs at multiple levels ultimately leading 
to an inert and suppressive DC phenotype. 

 To overcome the suppressive features of 
Tregs, optimized stimulation of professional 
antigen- presenting cells might be a choice. This 
approach, successfully applied by Busch, 
Fehleisen, and Coley more than a century ago 
despite the complete lack of knowledge about 
adaptive immunity and immunosuppression, has 
been revisited by many groups since the identifi -
cation of TLRs and their ligands. 

 As an example, it was demonstrated that co- 
administration of a TLR ligand bypassed Treg- 
mediated tolerance of tumor-specifi c T cells in 
vivo (Yang et al.  2004 ). This has been validated in 
a more systematic approach by Warger et al. show-
ing that DC activation by TLR ligand combina-
tions overruled the Treg-mediated suppression of 
CD4+ and CD8+ T cell proliferation in vitro 
(Warger et al.  2006 ). Thereafter, a detailed analy-
sis of the immunosuppressive features of Tregs has 
been aided by the development of mice allowing 
the specifi c elimination of Tregs expressing the 
diphtheria toxin receptor under the control of the 
 Foxp3  promoter (Lahl et al.  2007 ). The depletion 
of Treg led to the development of autoimmune-
like syndromes. So far, the exact mechanisms by 
which Tregs execute immunosuppression are still 
elusive. For the design of effi cient T cell-based 
immunotherapies, a detailed understanding of 
mechanisms and regulatory networks Tregs are 
involved in will provide a major advancement.  

    Outlook 

 In the past years, numerous mechanisms which 
contribute or control signals 1–3 have been iden-
tifi ed, and it became evident that in cancer and 
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also chronic infections many of the signals are 
deviated at comparable levels and add substan-
tially to the manifestation of the disease. 
Consequently, dysfunctional T cells specifi c for 
tumors or viruses have been reported to express 
PD1, CTLA4, and LAG-3 molecules on their sur-
face. Presently used immunotherapies in cancer 
patients mainly aim at the induction of specifi c 
immune responses and are based on vaccine for-
mulations (e.g., antigens in combination with dif-
ferent adjuvants) and are found to be successful 
in naïve organisms without preexisting immune 
deviation. So far, they do not show clinical suc-
cess. However, recently, the use of antigen- 
nonspecifi c strategies (anti-CTLA4 antibodies or 
IFN-α) in patients with tumors or chronic hepati-
tis has shown promising results for the fi rst time. 
This indicates that immunotherapy of cancer and 
chronic infections is possible and that the correc-
tion/modulation/targeting of immune tolerance 
mechanisms might play a crucial role in the 
future treatment of these diseases. However, so 
far, it is unclear to which extent common or 
disease- specifi c mechanisms contribute to 
immune dysfunction in cancer or chronic infec-
tion and, as an important consequence, if com-
mon or disease-specifi c therapeutic strategies 
have to be applied or developed. Therefore, the 
future challenge is to develop novel therapeutic 
concepts based on the combination of antigen- 
specifi c and antigen-nonspecifi c strategies.     
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           Diversity of Cancer 
Immunotherapies 

 So far no consistent and unambiguous defi nition 
of cancer immunotherapies exists. A plethora of 
different immunological approaches have been 
proposed for the treatment of cancer that involves 
noncellular as well as cellular components of the 
immune system (Finn  2008 ). They all have in 
common therapeutic effects conferred by compo-
nents of the innate or adaptive immune system. 
Cancer immunotherapy approaches may range 
from the use of cytokines, immunoglobulins, 
monoclonal antibodies and various adjuvants up 
to vaccines that come in countless formats and 
are intended to induce antigen-specifi c B- and 

T-cell responses. Even  ex vivo  cultured or gene- 
modifi ed immune cells are being tested in the 
context of adoptive cell transfer approaches. 
Although this is certainly not a complete listing 
of all therapeutic approaches that a given reader 
may associate with the term cancer immunother-
apy, it becomes clear that the sheer number of 
widely divergent approaches mandate product- 
specifi c considerations for their clinical develop-
ment. Such product-specifi c aspects should (in 
the optimal case) be appropriately covered by the 
existing regulatory landscape in this constantly 
changing fi eld of medicine.  

    Active Versus Passive 
Immunizations 

 From the regulatory perspective, active immuni-
zation is an intervention aiming at the induction 
of a pathogen-specifi c immune response that is 
appropriate to protect against the development of 
the corresponding infectious disease. This view 
is refl ected in the vaccine defi nition as presented 
in the European Community Code, Directive 
2001/83/EC where vaccines are defi ned as agents 
used to produce active immunity, such as cholera 
vaccine, BCG, polio vaccines, and smallpox vac-
cine. Passive immunization strategies substitute 
active effectors of the immune system, such as 
immunoglobulins, antibodies, or immune cells. 
When translating the active versus passive immu-
nization principle that was historically estab-
lished for infectious diseases to the emerging 
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fi eld of onco-immunology, it seems straightfor-
ward that the induction of tumor-specifi c immune 
responses after immunization against tumor- 
associated antigens (= cancer vaccines) should be 
considered an active immunization strategy. 
Accordingly, cancer immunotherapies based on 
the adoptive transfer of immune cells (e.g., T or 
NK cells) would fall under the passive approach.  

    Monoclonal Antibodies 

 The group of monoclonal antibodies (mAbs) 
need specifi c considerations because they are 
classifi ed in three different categories. First, there 
are antibodies that target antigens expressed on 
the surface of tumor cells. Herceptin and ritux-
imab are probably the two most commonly 
known antibodies that more than 10 years ago 
received marketing authorization both from the 
FDA and EMA for the treatment of Her2-positive 
breast cancer or CD20-positive B-cell malignan-
cies, respectively. Although a great part of their 
therapeutic effects are certainly mediated by 
immune-effector mechanisms, such as 
complement- dependent cytotoxicity (CDC) and 
antibody-dependent cellular-cytotoxicity 
(ADCC), they probably may not count as “true” 
cancer immunotherapies, as they do not primarily 
trigger the immune system but hit tumor cells 
directly. In contrast the compounds of the second 
and third mAb categories do not bind directly to 
tumor cells but “hit” immune cells. Consequently, 
all effects on the tumor lesion will occur subse-
quently as an indirect effect of the treatment- 
induced modulation of the function, phenotype, 
and number of immune cells. The most promi-
nent examples of the second category are mAbs 
targeting co-inhibitory molecules on T cells like 
CTLA-4 or PD-1, thereby “releasing the breaks” 
on T cells (Korman et al.  2006 ; Wolchok et al. 
 2013 ). The third category of mAbs that modulate 
the activity of immune cell subsets are antibodies 
directed against co-stimulatory molecules such 
as CD40, 4-1BB, or OX-40 (Melero et al.  2007 ). 
There is broad consensus that mAbs targeting 
checkpoint inhibitors or immune-activating 
receptors should be considered to be “true” 

 cancer immunotherapies. To make things even 
more complex there is still no consensus which 
mode of action contributes to what extent to the 
well-documented therapeutic activity of ipilim-
umab, which is the most intensively studied 
immune-modulating mAb. Releasing the breaks 
of T cells as a rather general nonspecifi c mode of 
action, depletion of CTLA-4 positive Tregs, and 
active induction of mutation-specifi c T cells are 
being intensively discussed (Wolchok et al.  2013 ; 
van Rooij et al.  2013 ). Therefore, it might still be 
a matter of debate whether some mAb approaches 
can also be referred to as an active immunother-
apy. By no means, however, they should be 
termed cancer vaccines.  

    Cytokines 

 Also cytokines require a specifi c consideration as 
they play multiple roles in the area of cancer 
immunotherapy. First, they are often used during 
the manufacture of cell-based cancer vaccines 
such as antigen-loaded DCs. In this context, cyto-
kines have to be classifi ed as a raw material 
which is used during manufacture of a medicinal 
product. They are normally removed from the 
cells by several washing steps and thus might 
only be present in the fi nal product at trace 
amounts. Secondly, in some cases cytokines are 
administered concomitantly with cancer vaccines 
to enhance the desired immune response. For 
example, the simultaneous administration of 
GM-CSF and of a therapeutic vaccine helps to 
attract dendritic cells to the site of vaccine admin-
istration. In such a case, the cytokine can be 
envisaged as an immunomodulator rather than 
the medicinal product (EMEA/CHMP/
VEG/134716/2004). Thirdly, cytokines are also 
used as a medicinal product in cancer immuno-
therapy. For example, interferon-alfa-2b 
(Interferon A) is approved in the EU for the treat-
ment of hairy cell leukemia, chronic myeloge-
nous leukemia, multiple myeloma, follicular 
lymphoma, carcinoid rumor, and malignant mel-
anoma. Again, as in case of the mAb-based 
approaches, cytokine treatments obviously do not 
resemble active cancer immunotherapy. 
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 In summary, the term cancer immunotherapy 
covers a huge range of different therapeutic inter-
ventions. The underlying modes of action can be 
rather divergent, and they cannot always be deter-
mined for one given product. Consequently, reg-
ulation of cancer immunotherapies needs to 
acknowledge the constantly changing state of the 
art of this broad area of medicine.  

    Terminology and Some Regulatory 
Consequences 

 From the regulatory point of view, it is important 
to note that available vaccine guidance is almost 
exclusively dedicated to vaccines against infec-
tious diseases. Notably, the legally binding EU 
defi nitions for vaccines also make reference to 
infectious diseases. For example, the defi nition 
provided in the European Pharmacopoeia is as 
follows: “…Vaccines for human use are prepara-
tions containing antigens capable of inducing a 
specifi c and active immunity in man against an 
infecting agent or the toxin or antigen elaborated 
by it. Immune responses include the induction of 
the innate and the adaptive (cellular, humoral) 
parts of the immune system…” ( European 
Pharmacopoeia  7th Edition 2012/2013, General 
Chapter 8, General Monographs – Vaccines for 
human use (0153)). A less specifi c defi nition is 
given in the “European Drug Law,” Directive 
2001/83/EC where in Article 1 vaccines, toxins, 
and serums are defi ned as  “ agents used to pro-
duce active immunity, such as cholera vaccine, 
BCG, polio vaccines, smallpox vaccine .”  In both 
EU documents, however, a vaccine is clearly 
defi ned as a medicinal product against infectious 
diseases. It is interesting to compare these defi ni-
tions to the one given in the German Drug Law in 
Section 4: “Vaccines are [… ] containing anti-
gens or recombinant nucleic acids and are 
intended for use in human beings or animals for 
the production of specifi c antitoxins and protec-
tive agents and, in so far as they contain recombi-
nant nucleic acids, intended exclusively for the 
prevention or treatment of infectious diseases” 
(nonoffi cial translation). Thus, the German 
 vaccine defi nition is not restricted to infectious 

diseases. It is remarkable that in case of using 
recombinant nucleic acids for the prevention of 
infectious disease, these products are defi ned as 
vaccines, not as gene therapy. This defi nition was 
included into the German Drug Law as a conse-
quence of EU Directive 2001/83/EC, where in 
Part IV it is laid down that “Gene therapy medici-
nal products shall not include vaccines against 
infectious diseases.” In summary, while with 
regard to the regulatory context in the EU legisla-
tion the term “vaccine” is restricted to the treat-
ment or prophylaxis of infectious diseases, the 
German defi nition in principle also includes can-
cer vaccines. 

 Classifying a drug product as a vaccine will 
have very practical regulatory consequences. For 
example, in order to release an authorized vac-
cine to the German market, offi cial batch release 
by the competent higher federal authority (Paul-
Ehrlich- Institut) is required according to Section 
32 of the German Drug Law. Classifi cation also 
impacts on the expertise required for the so- 
called Qualifi ed Person (QP) who needs to be 
installed in companies manufacturing medicinal 
products. The QP is responsible to certify that 
each batch of product has been manufactured 
according to GMP and that each batch will only 
be released if predefi ned quality attributes and 
associated specifi cations are fulfi lled. The QP 
duties are described in both the German Drug 
Law and in Annex 16 of the Good Manufacturing 
Practices (GMP). The QP’s expertise required in 
Germany for blood preparations, sera of human 
or animal origin, vaccines, allergens, test sera, 
and test antigens is identical. Of note, a different 
expertise is required for Advanced Therapy 
Medicinal Products (ATMP) and remaining 
medicinal products (Regulation (EC) No. 
1394/2007).  

    Specifi c Guidelines Available for 
Cancer Vaccines 

 Since available defi nitions for vaccines in the EU 
restrict the term vaccine to infectious diseases, 
most, if not all, available vaccine guidelines are 
not suitable for the development of therapeutic 
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cancer vaccines. The most obvious difference 
between therapeutic cancer vaccines and prophy-
lactic vaccines is related to their clinical develop-
ment. The target population for prophylaxis 
normally is healthy individuals, in many cases 
children. In contrast, therapeutic cancer vaccines 
are intended to treat patients suffering from 
severe and life-threatening malignancies. This 
important difference impacts on how the antici-
pated benefi ts and risks are balanced. It is evident 
that during clinical development and at the time 
of marketing authorization, more risks are in 
principle acceptable in case of a therapeutic anti-
cancer product. Vice versa, the benefi t-risk ratio 
changes substantially in case of prophylactic vac-
cines which are characterized by a high benefi t 
expectation and acceptance of only minimal 
risks. 

 Owing to these facts, the development of ther-
apeutic cancer vaccines needs to comply with the 
guidelines dedicated to anticancer medicinal 
products. The EMA “parent guideline” address-
ing anticancer medicinal products originally was 
dedicated to cytotoxic agents, but noncytotoxic 
agents are meanwhile also included following a 
revision of the document in 2013 (EMA/
CHMP/205/95/Rev.4). In the chapter on immune 
modulating compounds, the tumor vaccines and 
immune-activating mAbs are dealt with. An 
interesting aspect of the guideline is the nonclini-
cal development of cancer vaccines, acknowledg-
ing that relevant animal models are often not 
available. In such cases homologous models, i.e., 
animal-derived or specifi c products tested in 
respective animals, can be used for nonclinical 
testing. Also, in vitro studies can be conducted to 
show preclinical proof of concept. As regards the 
clinical development of cancer vaccines, the 
guideline discusses several important topics such 
as the importance of immune monitoring, suit-
able indications, and the possibility for continued 
treatment after disease progression. 

 A further EMA guideline addressing thera-
peutic cancer vaccines discusses potency testing 
(EMEA/CHMP/BWP/271475/2006). The guide-
line indicates that, for example, in vitro lysis of 
target cells by tumor-specifi c cytotoxic T cells, in 
vitro cytokine production, and co-stimulatory 

capacity of dendritic cells can be considered as 
potency assays. In cases where the direct mea-
sure of potency is not possible or too laborious 
for routine analyses, surrogates for potency can 
be used, provided that a correlation between the 
surrogate and the real biological activity has been 
demonstrated. Surrogates may comprise expres-
sion of cell surface markers or secretion of fac-
tors. The reason why such specifi c guidance for 
cancer vaccines was published by EMA is that 
some cancer vaccines belong to the class of 
somatic cell therapies. The latter, together with 
gene therapy and tissue engineered products 
comprise the group of the so-called Advanced 
Therapy Medicinal Products (ATMP). For 
ATMPs a dedicated regulatory system has been 
established during the last years. Among others, 
the Committee for Advanced Therapies (CAT) 
has been set up at EMA which is responsible for 
the scientifi c review of marketing authorization 
applications for ATMPs. Based on the result of 
their review, the CAT will provide a recommen-
dation on whether or not a product can be mar-
keted in the EU. The fi nal decision on that issue 
has to be taken by the European Commission. 
Besides a central marketing authorization which 
is valid for all EU member states, an ATMP in 
principle can be marketed nationally if the fol-
lowing conditions are fulfi lled (Directive 
2001/83/EC; Article 3, Nr. 7):

  Any advanced therapy medicinal product […] 
which is prepared on a nonroutine basis according 
to specifi c quality standards, and used within the 
same Member State in a hospital under the exclu-
sive professional responsibility of a medical practi-
tioner, in order to comply with an individual 
medical prescription for a custom-made product 
for an individual patient. 

   Under these circumstances national marketing 
of ATMPs is also called the hospital exemption. 
In Germany the competent authority licensing 
ATMPs via the hospital exemption is the Paul-
Ehrlich- Institute. As soon as the abovementioned 
conditions are not fulfi lled, the respective ATMP 
needs to be licensed by EMA/European 
Commission for marketing in the EU. 

 Overarching guidelines (EMA/CHMP/
410869/2006; CPMP/BWP/3088/99) and more 
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specifi c ones related to the manufacturing and 
quality control as well as the nonclinical and clin-
ical development of somatic cell therapy and 
gene therapy products have been published by 
EMA. In case a cancer vaccine falls in one of 
these product classes, the respective guidelines 
need to be considered.  

    Toward a Novel Development 
Framework for onco-immunology 

 Available “classical” therapies in oncology, such 
as surgery, chemotherapy, irradiation, or mono-
clonal antibodies targeting surface-expressed 
tumor antigens, invariantly exert their effects 
directly on tumor cells (Fig.  1 ). In contrast, vac-
cines and immunomodulatory compounds affect 
the immune system and induce changes in the fre-
quency, phenotype, and number of immune sub-

sets which are meant to subsequently confer 
control of tumor growth and thus provide survival 
benefi t for patients. These unique biological fea-
tures of cancer immunotherapies need to be 
acknowledged to enable successful clinical devel-
opment of cancer immunotherapies. Clinical 
developers of cancer immunotherapies thus need 
to gain deep understanding of the subtle interplay 
between the immune system and the tumor. They 
also should anticipate the impact that stepwise 
evolving tumor immunity can have on study 
designs, clinical endpoints, and biomarker assess-
ments. Studies performed by clinical investiga-
tors, basic scientists, and drug developers allowed 
deduction of a new development paradigm for 
cancer immunotherapies which includes several 
elements such as harmonized use of methods for 
measuring immune response as a foundation for 
immune biomarker development (Britten et al. 
 2007 ; van der Burg et al.  2011 ), improved study 

Cancer Immunotherapy
(e.g. Vaccines and immunmodulatory compounds)

Classical Therapies in Oncology
(surgery, irradiation, chemotheraphy, antibodies binding to tumour surface antigens)

Immune response Tumor response Patient survival

  Fig. 1    Classical treatments in oncology versus vaccines 
and immunomodulatory compounds. Whereas all 
“ classical” therapies in oncology hit the tumor, cancer 

immunotherapies hit the immune system. This different 
biological features need to be acknowledged during clini-
cal development       
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designs (Britten et al.  2012 ) and clinical endpoints 
(Hoos et al.  2010 ; Wolchok et al.  2009 ), a publica-
tion framework for immune monitoring resulting 
from clinical trials (Britten et al.  2012 ), and scien-
tifi c exchange and regulatory interactions to 
inform guidance document development by regu-
latory authorities. The described elements consti-
tuting a development paradigm for cancer 
immunotherapy evolved over several years with 
the participation of all major stakeholders from 
academia, biotechnology and pharmaceutical 
industries, and regulatory agencies in the USA 
and Europe. Both, the US-based Cancer 
Immunotherapy Consortium as well as the 
Association for Cancer Immunotherapy were 
strongly involved in driving this process (Hoos 
et al.  2011 ). In 2007, the FDA hosted a workshop 
where the peculiar features of cancer immuno-
therapies were reviewed. Subsequently, the 
agency drafted a guidance document on “Clinical 
Considerations for Therapeutic Cancer Vaccines” 
that for the fi rst time constituted a dedicated regu-
latory document for immunotherapies. The fi nal 
version of the FDA guidance has become avail-
able in late 2011 (FDA  2011 ). In 2012, the 
European Medicines Agency (EMA) published a 
concept paper to stimulate public feedback on a 
proposed revision of the guidance on “evaluation 
of anticancer medicinal products in man” (EMA 
 2010 ). The revised guidance document including 
a chapter dedicated to immunomodulatory com-
pounds was fi nally published in 2012 (EMA  
 2011 ).

   The gain of knowledge due to recent successes 
in the fi eld together with a novel and dedicated 
regulatory framework now supports reproducible 
and likely more successful development of cancer 
immunotherapies and lays the foundation for the 
new clinical subspecialty of immune-oncology.  

    Individualized Approaches 
and APVACs and RRG 

   Genetic heterogeneity is a hallmark of cancer. 
Distinct genotypes are found for individual tumors 
and even within single lesions. This heterogeneity 
and the high diversity of the overall constitution of 
individual patients demand tailored approaches in 

tumor therapy. The promise of new approaches 
categorized as personalized medicine is that such 
drugs show increased effi cacy and reduced adverse 
effects. Recent studies identifi ed the therapeutic 
potential of immunogenic tumor mutations in 
mouse models. For the fi rst time, it has become 
technologically feasible to integrate data from 
high-throughput genome sequencing to identify 
immunogenic mutations and to design therapies 
tailored to the mutational composition of individ-
ual tumor genomes (mutanomes). Translation of 
genome-based vaccine approaches into human 
clinical trials is imminent. 

   This is the introduction of a paper recently 
published in  Nature Biotechnology  (Britten et al. 
 2013 ) by the CIMT Regulatory Research Group 
(RRG). This publication is the fi rst one describ-
ing principles of enhancing personalization of 
cancer immunotherapies fi nally leading to the 
ultimate objective, the development of  actively 
personalized vaccines  (APVACs). APVACs go 
far beyond current concepts of personalized med-
icine, also termed precision medicine. The latter 
is usually referring to the application of an 
approved drug to certain patient subgroups who 
are more likely to profi t from the treatment with a 
given drug. A typical example is Her2/neu, which 
is expressed in 25 % of breast cancer patients and 
who are eligible to receive the monoclonal anti-
body Herceptin®. APVACs are also beyond pre-
vious concepts of passive personalization, where 
an individual cancer vaccine was manufactured 
for an individual patient based on the processing 
typically of autologous material, e.g., irradiated 
tumor lysates being reinjected into patients as a 
therapeutic vaccine. Though it is known that such 
tumor lysates do contain tumor-associated anti-
gens (TAA), these TAAs are highly diluted 
among the vast majority of antigens not relevant 
for cancer therapy. Additionally, such  passively 
personalized  immunotherapies have diffi culties 
to be manufactured in a fully reproducible and 
scalable fashion, making manufacturing and 
logistics highly expensive. So far only one prod-
uct of this type has been approved in the EU and 
the USA (sipuleucel-T) relying on PAP (prostatic 
acid phosphatase)-loaded autologous dendritic 
cells. Like  passively personalized  immunothera-
pies,  actively personalized  immunotherapies 
including APVACs are also fully personalized, 
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but the components of APVACs are molecularly 
defi ned and can be manufactured fully syntheti-
cally, and their design and selection is based on a 
rational, biomarker-guided approach. While clas-
sical personalized medicine seeks patient sub-
groups fi tting to the drug, APVACs take the 
inverse approach: the drug is fi tted or tailored to 
the patient. APVACs can be based on antigens 
found highly overexpressed in many different 
tumors, but not being broadly expressed in a 
patient population, which would qualify such 
antigens for an off-the-shelf therapeutic vaccine. 
More excitingly, APVACs may be based on anti-
gens which were newly created in a given tumor 
by somatic mutations. Two recent examples for 
projects translating APVACs to the clinical stage 
are the European Commission-funded consortia 
GAPVAC and MERIT. 

 The Glioma Actively Personalized Vaccines 
Consortium’s (GAPVAC;   http://gapvac.eu    ) goal is 
to develop highly personalized vaccines for glio-
blastoma patients. The Melanoma RNA Immuno-
Therapy (MERIT;   http://merit- consortium.eu    ) 
consortium’s goal is to develop personalized vac-
cines for patients with triple- negative breast 
cancer. 

 In both consortia, patient that will enter a clin-
ical phase I trial scheduled to start in 2014 will 
undergo a series of biomarker analyses. The per-
sonalized vaccines will be applied in two steps: 
Step 1 comprises the composition of a set of pep-
tides or RNAs chosen from a pre-manufactured 
warehouse of tumor-associated lead structures. 
The goal is to match an antigen with the patient’s 
tumor and immune system and to initiate vacci-
nation treatment as early as possible. Step 2 com-
prises determination of tumor-specifi c somatic 
non-synonymous mutations by next-generation 
sequencing (NGS) and validation of identifi ed 
mutations by different methods including Sanger 
sequencing or mass spectrometry-based analysis. 
Genomic analysis and mutation selection is fol-
lowed by on-demand GMP manufacturing of the 
tailored mutanome vaccine that will become 
available for treatment following release testing. 

 Challenges in both highly innovative projects 
are manifold. The CIMT RRG has specifi cally 
looked at regulatory challenges associated with 

the development of APVACs. CIMT RRG con-
cluded that existing regulatory principles apply-
ing to the manufacture and quality control of 
APVACs overlap in many aspects with those rel-
evant for autologous cell therapies, and thus the 
development of APVACs may be pursued within 
the existing regulatory framework of the 
European Union. To validate this position, the 
CIMT RRG met with experts of the Innovation 
Task Force (ITF) of the European Medicines 
Agency (EMA). Experts from EMA acknowl-
edged RRG’s thoughts on several instants as 
described in the recent RRG publication:

  First, the current regulatory framework of the EU 
does not specifi cally address the development of 
APVACs; second, several aspects of APVAC 
development differ from the development of exist-
ing cancer vaccines, and thus some fl exibility in 
the interpretation of the existing guidance would 
be needed; and third and most importantly, several 
regulatory principles already in place for the devel-
opment of passively personalized vaccines, such as 
cellular/autologous therapeutics, might also be 
applicable to APVACs. 

   In summary, although most of the challenges 
are still ahead of us, laying out the principles of 
the regulatory framework for developing such 
complex personalized therapies is the fi rst 
groundwork and will now be put into practice by 
the fi rst consortia engaged in this space. These 
seem to be exciting times for the fi eld of person-
alized medicine.  

    Concluding Remarks 

 The currently available regulatory landscape for 
cancer vaccines and immunomodulatory com-
pounds has undergone substantial changes over 
the last years by constantly incorporating novel 
fi ndings refl ecting progress in science and medi-
cine. With novel technologies enabling even 
newer concepts of personalized immune inter-
ventions, additional challenges have arisen that 
will surely fuel further evolution of new regula-
tory documents. The CIMT RRG is committed to 
continue the discussion on regulatory principles 
for novel personalized immune interventions. In 
summary, it is clear that on one hand medical 
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progress has infl uenced the development and 
evolution of dedicated regulatory frameworks. 
On the other hand, changes in regulation infl u-
ence the way of how novel compounds will need 
to be clinically developed. It is the goal of the 
CIMT RRG to encourage stakeholders in 
immune-oncology not only to study the immuno-
logical mechanisms of tumor control but also to 
embark into regulatory research to facilitate and 
enhance the development of novel and highly 
innovative therapies for patients in a fashion that 
the medical need is addressed not only margin-
ally but also substantially.     
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           Successes in Immunotherapy 
and Challenges Ahead 

 Effective immunotherapy of cancer has been 
practiced for many years. A multitude of thera-
peutic antibodies targeting tumor cell-surface 
molecules, growth receptors, or cytokines sus-
taining tumor growth (Sliwkowski and Mellman 
 2013 ) have found their way into current clinical 
practice. The clinical effects mediated by 
 therapeutic antibodies sometimes require the 
presence of cells of the innate immune system 

(e.g.,  macrophages or NK cells), but essentially 
not that of the adaptive immunity. For long and 
despite a constantly growing pile of evidence on 
the protective role of T cells against cancer 
(Fridman et al.  2012 ; Rosenberg  2011 ), attempts 
to reinforce this arm have been dismissed by 
many within the clinical arena. In the last 5 years, 
however, a series of studies have consequently 
shown that therapeutic interventions which are 
based on transfer, activation and expansion, or 
de-blocking of tumor-specifi c T cells have met 
with clinical success (Kenter et al.  2009 ; Kantoff 
et al.  2010 ; Rosenberg  2011 ; Brahmer et al.  2012 ; 
Topalian et al.  2012 ; Hamid et al.  2013 ; Wolchok 
et al.  2013 ). The fraction of patients responding 
to these therapies varies widely, but successful 
responses can be impressive and durable. These 
outcomes suddenly position reinforcement of the 
systemic and local tumor-specifi c T-cell response 
at the forefront of cancer therapy. In the near 
future, the road to successfully treat tumors will 
be paved by different therapies that are currently 
being developed, many of which need to be com-
bined to achieve the highest response rate. In a 
nutshell these therapies comprise methods to 
increase the number of tumor-specifi c T cells by 
(1) vaccines (Mocellin et al.  2004 ; Melief and 
van der Burg  2008 ) or by the transfer of ex vivo 
expanded (engineered) T cells (Restifo et al. 
 2012 ), (2) antibodies antagonizing early and late 
co-inhibitory molecules expressed on T cells 
and/or agonistic antibodies to amplify T-cell 
responses via engagement of co-stimulatory mol-
ecules (Melero et al.  2013 ), (3) compounds to 
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relieve T cells from immunosuppressive elements 
(regulatory T cells (Tregs), myeloid-derived sup-
pressor cells (MDSCs), M2 macrophages) and/or 
to stimulate tumor-rejecting innate immune cells 
(M1 macrophages, dendritic cells (DC)) 
(Gabrilovich et al.  2012 ; Rakhmilevich et al. 
 2012 ; Galluzzi et al.  2012 ) in order to change the 
tumor microenvironment. In addition, these 
immune-activating strategies may be combined 
with standard chemo(radio)therapy to reduce the 
tumor load. 

 Success comes with a downside. Clearly, it 
will be impossible to combine all therapies. It 
will be virtually impossible to test each and every 
possible combination of compounds for potential 
synergistic clinical effects for one single tumor 
type, let alone for the many different tumor types 
and stages which potentially could benefi t from 
immunotherapy. There is simply not enough 
money nor are suffi cient patients available for the 
high number of clinical trials required to under-
take such a huge effort. Furthermore, one may 
question whether such an approach would lead to 
success as it becomes increasingly clear that the 
immune microenvironmental landscape differs 
between patients even having a tumor from the 
same cell origin (DeNardo et al.  2011 ; Sautes- 
Fridman et al.  2011 ; de Vos van Steenwijk et al. 
 2013 ; Gajewski et al.  2013 ). These differences 
are more likely to dictate the type of immuno-
therapeutic treatment that will be successful. As 
example, patients with dense T-cell infi ltrated 
tumors may only require co-inhibitory molecule 
blocking, patients of whom the tumors are infi l-
trated with high numbers of MDSCs, M2 macro-
phages, or Tregs may need to be treated with 
depleting compounds, whereas in other cases, 
several weapons should be combined. The future 
will tell, but it is highly likely that treatment 
options will be determined not only by the tumor 
type but also by the patient’s tumor immune 
microenvironment. 

 With this in mind and all the new choices on 
the horizon, there is an increased pressure to 
come up with appropriate biomarkers, which (1) 
provide a rationale for the choice of immunother-
apeutic agents and combinations thereof, (2) 
refl ect the in vivo activity of the used compound(s) 

based on the mechanism of action, and (3) cor-
relate with clinical outcome after treatment so 
that for each and every patient, the right choice 
for a reasonable price is made. This process, for 
which we coined the term immunoguiding (van 
der Burg  2008 ), requires the use of immunologi-
cal assays to identify and validate such biomark-
ers. Most of these are likely to refl ect 
immunological processes and many will be 
related to T cells and myeloid cells since the 
immune-based cancer therapies primarily target 
these components of the immune system. As will 
be pointed out below, immunoguiding already 
started to leave some marks of success, especially 
in the fi eld of vaccine development where the 
magnitude and reactivity of antigen-specifi c T 
cells are measured. However, for it to fully blos-
som necessitates solutions to at least two big 
challenges, the latter of which will be discussed 
in more detail. 

 The fi rst challenge concerns the immunologi-
cal landscape of tumors and comprises the deter-
mination of target antigens expressed, HLA 
expression, magnitude and orientation of the 
infi ltrating T lymphocytes, as well as the pres-
ence of further supportive or suppressive immune 
cells. In order to make a rational choice from the 
toolbox of immune therapeutics, we need to 
defi ne robust markers for the different immune 
cells or for those markers known to bear impact 
on clinical outcome. Furthermore, there is a 
requirement for objective scoring methods that 
are fast and can routinely be used in diagnostic 
laboratories not only for the immune cells but 
also for the antigens expressed, as they can form 
targets for therapeutic vaccines. 

 The second challenge concerns immuno-
monitoring of immune cells in a manner not 
only depending on antigen-specifi c assays. In 
particular, in treatments using T-cell immunos-
timulatory antibodies but also in the setting of 
certain adoptive T-cell therapies, the specifi city 
of the responding T cells will not be fully 
known and potentially is unique to each indi-
vidual patient. Hence, a completely different 
monitoring strategy is required than currently 
followed in vaccination studies. These prob-
lems will also play a role in the measurement of 
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other immune cells suppressing or enhancing 
immunity. A number of them (e.g., Tregs, 
myeloid cells) are already assessed, but due to 
the different methodologies and markers cur-
rently used in the fi eld, it is diffi cult to get a 
clear picture of their impact. 

 Fundamental to defying these challenges is 
harmonization. The measurement, identifi ca-
tion, and validation of (sets of) markers are not 
a simple task. There is a great need for a fast 
track to reliable markers and this requires many 
laboratories to work together and reach con-
sensus. A relatively quick way to success is the 
currently ongoing assay harmonization effort. 
Harmonization is a rational, effi cient, and effec-
tive mechanism that demonstrably improved the 
quality of immunological assays and the inter-
pretation of the data in clinical trials (van der 
Burg et al.  2011 ). 

 Here we will discuss the role, success, and 
challenges in monitoring the immune system in 
patients with cancer and on immunotherapy, the 
impact of assay harmonization, and how to boost 
these in new areas.  

    Correlating Immune Responses 
and Clinical Outcome 
in Immunotherapy Trials 

    Immune reactivity, in particular the adaptive 
immune response and tumor immune microenvi-
ronment, are two recently recognized hallmarks 
of cancer (Hanahan and Weinberg  2011 ). Hence, 
the reinforcement of immune effector cells to 
fi ght cancer has been the focus of immunothera-
peutic interventions. The effi cacy of such inter-
ventions is generally assessed by parameters 
defi ning the clinical outcome such as overall or 
progression-free survival. Clearly, immune 
responses can be assessed much earlier than these 
clinical parameters and may be used for immu-
noguiding purposes during therapy and even 
before therapy starts in order to stratify patients 
for maximum treatment benefi t (van der Burg 
 2008 ; Galon et al.  2013a ; Gajewski et al.  2013 ). 
Importantly, effective immunoguiding requires 
reliable sets of immune measurements for each 

immunotherapeutic strategy. While numerous 
immune-monitoring assays exist and many are 
generally well established within the fi eld, vari-
ous factors can hamper the comparability of 
results obtained by different laboratories, as 
recently demonstrated (Janetzki et al.  2008 ; 
Britten et al.  2008a ). Such factors include, but are 
not limited to, (1) the actual standard operating 
procedure (SOP) used; (2) materials, reagents, 
and equipment applied for testing; (3) sample 
handling techniques; (4) training and experience 
of operators; (5) data analysis; and (6) fi nal 
reporting of study results. Therefore, mecha-
nisms to control variability in biomarker assays 
are warranted. A tool to do this is standardization 
of assay protocols across all laboratories but this 
would be a doomed mission. Alternatively, one 
may harmonize the protocols between laborato-
ries, an approach that has been well embraced 
within the fi eld. Harmonization guidelines for 
MHC-multimer staining, ELISPOT, and gating in 
fl ow cytometry were introduced to the fi eld. This 
has led to improved assay performance, decreased 
variability across labs (Britten et al.  2008a ; 
Janetzki et al.  2008 ; Britten et al.  2009 ; Attig 
et al.  2011 ; McNeil et al.  2013 ; van der Burg 
et al.  2011 ), and recommendations for data anal-
ysis, as well as web-based analysis tools (Moodie 
et al.  2010 ). This ongoing and all steps encom-
passing harmonization process provides effective 
tools to immune-monitoring laboratories to adapt 
their protocol to highest possible effi ciency and 
comparability, fostering the biomarker develop-
ment and data interpretation within clinical trials. 
While assay harmonization is an effective mech-
anism to allow data comparability across labora-
tories, an assay can only be as good as the sample 
that is being monitored. To this end, fi rst initia-
tives are evolving to ensure top quality samples. 
For example, the Duke Brain Tumor Immuno-
therapy Program collaborated with multiple 
SPORE (Specialized Program of Research 
Excellence) sites to harmonize and standardize 
PBMC collection, processing, and shipping pro-
cedures. Similar efforts were successfully under-
taken across Europe as a prelude to a large 
multicenter vaccine trial in renal cancer patients 
(Walter et al.  2012 ). 
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 Whereas the measurement of immune reactiv-
ity refl ecting the proposed mechanism of action 
of an immune therapeutic agent is a fi rst step for 
product development, it is absolutely essential 
for biomarker identifi cation and immunoguiding 
to demonstrate a correlation between immune 
biomarkers and clinical outcome. Recently, vari-
ous clinically successful immunotherapeutic 
approaches were reported, which has already led 
to Food and Drug Administration (FDA) approval 
for selected treatments, as sipuleucel-T for pros-
tate cancer (Kantoff et al.  2010 ) and ipilimumab 
for melanoma (Hodi et al.  2010 ), based on their 
effects on patient survival. In contrast to many 
standard therapies (e.g., chemotherapy or radia-
tion), objective clinical responses are typically 
delayed under immunotherapy due to the time 
required for activation and amplifi cation of 
immune effector mechanisms (Thoren et al. 
 2013 ). Hence, the measurement of the early 
effects of immunotherapy on the immune system 
has become a recommendation as an early and 
additional endpoint (Hoos et al.  2010 ). 

 An early report of such successful assessment 
evolved from vaccine trials for high-grade pre-
malignant lesions of the vulva (VIN3) induced by 
the human papillomavirus type 16 (HPV16). 
Upon treatment with a therapeutic vaccine con-
sisting of long overlapping peptides covering the 
complete oncoproteins E6 and E7 of HPV16, a 
high number of patients with complete or partial 
regression were observed (Kenter et al.  2009 ). 
Clinical success was associated with a signifi -
cantly larger magnitude and breadth of response 
by vaccine-induced IFNγ-producing T cells as 
well as higher IFNγ and IL-5 cytokine produc-
tion levels, revealing that not only the frequency 
but also the polarization of T cells were related to 
clinical effi cacy (Welters et al.  2010 ). Importantly, 
for the applied immune-monitoring assays, har-
monization guidelines were implemented when 
relevant. 

 A second example is sipuleucel-T, a vaccine 
consisting of autologous PBMCs loaded with a 
fusion protein of prostatic acid phosphatase and 
GM-CSF for treatment of patients with castration- 
resistant prostate cancer. Immune cell activation 
as well as specifi c T-cell and B-cell responses 

could be demonstrated in a signifi cant group of 
patients receiving the vaccine and correlated with 
overall survival (Sheikh et al.  2013 ). Again, 
immunomonitoring was based on internally vali-
dated and externally harmonized T-cell assays. 

 A third example is a report on two trials in 
which renal cell cancer patients were treated with 
IMA901, a therapeutic vaccine consisting of 
multiple tumor-associated peptides (TUMAPs) 
(Walter et al.  2012 ). In a phase 1 trial, immune 
responses to multiple TUMAPs measured by 
assays following established harmonization 
guidelines correlated with improved disease con-
trol, and this notion was confi rmed in the subse-
quent phase 2 study by a longer survival of 
patients with such immune responses. 

 While most immune response assessments are 
performed using peripheral blood samples, some 
studies employ other cell sources. The presence 
of tumor-specifi c skin-infi ltrating T cells, 
responding to intradermal injection with tumor 
antigen-pulsed DC and able to recognize natu-
rally processed antigen after their isolation, were 
associated with a strongly improved overall sur-
vival of patients with melanoma who had been 
vaccinated with tumor antigen-loaded DC 
(Aarntzen et al.  2012 ; de Vries et al.  2005 ). The 
skin test was suggested to integrate multiple 
aspects of cellular functions required for effec-
tive immunity in melanoma. 

 But also out of the context of immunotherapy, 
there are studies employing immunomonitoring 
assays for which harmonization guidelines exist 
and of which the results show correlations with 
clinical benefi t. In patients with advanced mela-
noma, endogenous T-cell responses against 
melan-A and NY-ESO-1, as assessed by intracel-
lular cytokine staining in blood samples, had a 
strong prognostic impact on survival. 
Impressively, the median survival of patients 
with a response against one or both peptide anti-
gens was 21 months, compared to 6 months for 
those without a response (Weide et al.  2012 ). 
Furthermore, in NY-ESO-1-positive metastatic 
melanoma patients, the integrated immune 
responses to NY-ESO-1 provided a predictive 
value for ipilimumab treatment. Patients with 
existing antibody and CD8+ T-cell responses 
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against NY-ESO-1 experienced a clinical benefi t 
and signifi cant survival advantage as compared 
to those without such responses (Yuan et al. 
 2011 ). In untreated breast cancer patients, mea-
surement of tumor-specifi c T-cell responses in 
the bone marrow and intratumoral multiplex 
analysis were performed. Preexisting T-cell 
responses correlated with more favorable patho-
logic tumor characteristics and reduced cancer 
mortality risk (Domschke et al.  2009 ). 

 Many of the studies that successfully demon-
strate a correlation between vaccine- or spontane-
ously induced immune responses and clinical 
benefi ts are based on well-established immuneas-
says, which underwent external validation and 
followed harmonization guidelines for optimal 
performance. However, we are still in need for 
larger data sets in order to establish reliable bio-
markers that can be used for broad application of 
immunoguiding.  

    Beyond Monitoring of 
Vaccine- Specifi c T Cells 

 It is relatively straightforward to monitor T cells 
specifi c for antigen(s) used in vaccines. In other 
situations, there may be still a strong rationale to 
monitor T cells, as they are part of the known or 
expected mechanism of action. In the following, 
we will discuss four examples and the associated 
methods that may be available to address this 
challenge. 

 First, there is accumulating evidence that the 
immune system has a major impact on the prog-
nosis of cancer patients (Galon et al.  2006 ; 
Fridman et al.  2012 ). The patients in most of 
these studies were treated with current standard 
of care, which were mostly chemotherapy and/or 
a targeted therapy. Based on these data, the view 
was expressed that “most, if not all, chemothera-
pies are immunotherapies.” Although the densi-
ties, phenotype, and location of tumor-infi ltrated 
lymphocytes (TILs) could be determined system-
atically, the antigens recognized by in situ prog-
nostic T cells remain largely unknown. It could 
be hypothesized that the prognostic value of these 
naturally occurring immune responses in cancer 

patients would be even higher if the relevance of 
the recognized antigens would be known. One 
option is to test if the T cells respond to known 
tumor antigens. In one publication, high levels of 
tumor-specifi c T cells in the peripheral blood 
were reported to be prognostic (Weide et al. 
 2012 ). Such approaches will be facilitated in the 
future by novel tools that are available to monitor 
many T-cell specifi cities at the same time such as 
multidimensionally encoded MHC-multimers 
(Hadrup et al.  2009 ; Newell et al.  2009 ), but the 
main diffi culty remains that such trial-and-error 
approaches are dwarfed by the number of poten-
tially relevant epitopes which is much larger than 
the number of epitopes that can be experimen-
tally tested. An alternative, more systematic 
approach employs screening of tumor-cDNA 
libraries with patient-derived T-cell clones 
(Lennerz et al.  2005 ), which is diffi cult to scale to 
large studies. 

 Second, the last years have witnessed a great 
interest in non-vaccine cancer immunotherapies, 
some of which have already reached the market 
or are in late-stage clinical development. These 
included the before-mentioned immunostimula-
tory antibodies and compounds to relieve T cells 
from immunosuppressive elements and alter the 
hostile local milieu for T cells. In these cases, a 
central role of activated T cells is clear from both 
theory and supportive animal models. The speci-
fi city of the T cells in patients is unfortunately 
largely unknown, which limits the rational 
biomarker- guided development of these drugs. In 
a few cases, however, potentially relevant epit-
opes for these types of immunotherapies have 
been identifi ed by trial-and-error testing of 
known targets (Yuan et al.  2011 ) or by exploiting 
the cancer mutanome via next-generation 
sequencing, prediction of epitopes spanning 
those mutations, and confi rmation by immunoas-
says (van Rooij et al.  2013 ). 

 Third, the therapeutic potential of autologous 
T cells, by means of adoptive cellular therapy of 
ex vivo expanded naturally occurring tumor- 
specifi c T cells in tumors or PBMCs, has been 
demonstrated over the last decade by several 
research groups (Dudley et al.  2002 ; Radvanyi 
et al.  2012 ; Verdegaal et al.  2011 ). Here too, the 
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nature of the antigen(s) recognized by reinfused 
T cells remains unknown in most cases, making it 
diffi cult to derive predictive markers for the suc-
cess of adoptive T-cell therapy in a given patient. 
Approaches that aimed to decipher the TIL reper-
toire based on trial-and-error testing of known 
antigens could only account for a small fraction 
of TILs (Andersen et al.  2012 ). A more recent 
study reported the specifi city for large fractions 
of cells within TIL samples, notably again by 
using next-generation sequencing of the cancer 
mutanome, prediction, and subsequent immuno-
assay confi rmation of epitopes spanning those 
mutations (Robbins et al.  2013 ). 

 Fourth, even in the case of active immunother-
apy using defi ned cancer vaccines, there is poten-
tial for epitope spreading of the immune response 
toward antigens not present in the vaccine. It is 
not yet clear whether this is an epiphenomenon or 
may be causally related to effi cacy of immuno-
therapy. The relatively low magnitude of vaccine- 
specifi c T-cell responses described in many 
studies, which can nevertheless be associated 
with clinical benefi t (Walter et al.  2012 ), may 
indirectly point to a role for epitope spreading. 
There is even direct evidence (Lurquin et al. 
 2005 ; Corbiere et al.  2011 ) that epitope spreading 
may be causally related to the effi cacy of active 
immunotherapy. In the latter two studies, the rel-
evant spreading antigens (which were again 
derived from somatic tumor-specifi c mutations) 
were identifi ed by screening large cDNA librar-
ies with T-cell clones. 

 Finally, a new and exciting methodological 
prospect to characterize the immune repertoire in 
cancer patients is the use of highly parallel next- 
generation sequencing of T-cell receptor (TCR) 
CDR3 regions (Freeman et al.  2009 ; Warren et al. 
 2011 ). With this method, it is possible to quanti-
tate TCR clonotypes from inexpensive total blood 
DNA or RNA and even from archived formalde-
hyde-fi xed paraffi n tissues. Combined with 
enrichment of clonotypes of interest (Klinger 
et al.  2013 ), for example, by mixed lymphocyte- 
tumor culture, this method may complement 
existing antigen-specifi c approaches as it provides 
a comprehensive insight into the overall immune 
repertoire over time and at different sites.  

    Immunoscoring the Intratumoral 
T-Cell Response Predicts Patient 
Survival 

 The most common system for classifying the 
extent of spread of cancer is the TNM classifi ca-
tion. This classifi cation has been used for over 80 
years and has been shown to be valuable in esti-
mating the outcome of patients for a variety of 
cancers (Locker et al.  2006 ; Weitz et al.  2005 ) as 
well as to select patients for inclusion in clinical 
trials (Nagtegaal et al.  2012 ). While this approach 
is powerful, TNM classifi cation provides incom-
plete prognostic information as the clinical out-
come can dramatically vary among patients 
within the same histological tumor stage 
(Nagtegaal et al.  2012 ). The predictive accuracy 
of this traditional staging system still relies on the 
assumption that disease progression is largely a 
tumor cell-autonomous process and fails to incor-
porate the effects of the host immune response 
(Bindea et al.  2010 ). Still, albeit imperfect, the 
TNM classifi cation was never surpassed in multi-
variate analysis by alternative methods such as 
immunohistochemistry for tumor biomarkers, 
fl ow cytometry for DNA content, molecular sig-
natures, or genetic features. Until recently, when 
it became clear that the analysis of a specifi c type 
of intratumoral immune response, by a test called 
“Immunoscore,” outperformed TNM classifi ca-
tion in multivariate analysis (Galon et al.  2006 ; 
Mlecnik et al.  2011 ). As a result, tumor progres-
sion is now considered to be an imbalance 
between an invasive tumor process and a defense 
system whose major component is constituted by 
the host immune response (Galon et al.  2013a ). 

    The immune contexture of a tumor, defi ned by 
the number, type, functional orientation, and loca-
tion of immune infi ltrates in primary tumors that 
are prognostic for the disease-free survival (DFS) 
and the overall survival (OS) (Galon et al.  2006 ; 
Mlecnik et al.  2011 ; Pages et al.  2005 ; Fridman 
et al.  2012 ; Galon et al.  2007 ; Bindea et al.  2013 ), 
was particularly described in patients with 
colorectal cancer, but the benefi cial impact of the 
immune infi ltrate comprising cytotoxic and mem-
ory T cells has been demonstrated also for cancers 
from diverse anatomical sites,  including 
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 melanoma; lung, gastric, esophageal, head and 
neck, breast, bladder, urothelial, ovarian, cervical, 
prostatic, and pancreatic cancer; hepatocellular 
carcinoma; medulloblastoma; and Merkel cell 
carcinoma (Fridman et al.  2012 ). Notably, the 
impact of immune infi ltration extends to different 
cancer cell types (adenocarcinoma, squamous cell 
carcinoma, large cell cancer, and melanoma). An 
important aspect precluding the use of immune 
infi ltration data in the clinical setting was the 
method used to determine the impact of the infi l-
trate, predominantly based on a statistical group-
ing of patients in low and high responders within 
the group analyzed. Broad application requires a 
scoring method that can objectively be applied in 
any cancer center. This hurdle has potentially 
been solved by the introduction of a scoring sys-
tem designated “Immunoscore” (Angell and 
Galon  2013 ), which is based on the numeration of 
two lymphocyte populations both in the core 
of the tumor (CT) and in the invasive margin (IM) 
of tumors, as a clinically useful prognostic marker 
in colorectal cancer (Pages et al.  2009 ). The 
Immunoscore provides a score ranging from 
Immunoscore 0 (I0), when low densities of both 
cell types are found in both regions, to 
Immunoscore 4 (I4), when high densities are 
found in both regions. Current immunohisto-
chemical technologies allow the application of 
such analyses in routine diagnostic pathology. 
Thus, considering the probable universal charac-
ter of the immune  control of tumors, it is essential 
for the patients to take into account the immune 
parameter as a prognostic factor and to introduce 
the Immunoscore as a component of cancer 
 classifi cation (Bindea et al.  2010 ; Angell and 
Galon  2013 ). 

 Clinical validation of the Immunoscore with 
standardized/harmonized procedures is neces-
sary to reach clinical applicability for individual 
patients. To this end, multiple Immunoscore 
quality controls were performed to test the accu-
racy and repeatability of the method. Currently, a 
prospective multicenter national study to assess 
the use of the Immunoscore in clinical practice is 
tested with 600 colorectal cancer patients from 7 
hospitals. Moreover, to promote the utilization of 
the Immunoscore in routine clinical settings, a 

worldwide Immunoscore consortium was erected 
(Galon et al.  2012a ,  b ). This consortium, com-
posed of international expert pathologists and 
immunologists, identifi ed a strategy for the orga-
nization of worldwide retrospective study for the 
validation of the Immunoscore in colon cancer by 
scoring several thousands of tumors. Twenty- 
three international pathology expert centers, rep-
resenting countries in Asia, Europe, North 
America, Australia, and the Middle East, are par-
ticipating with the aim to implement the 
Immunoscore – when successful – as a new com-
ponent for the classifi cation of cancer TNM-I 
(Immune)(Galon et al.  2013b ). This test has a 
dual advantage: fi rstly, it serves as a prognostic 
factor and secondly because of its biological 
meaning it will provide tools and targets for novel 
(immuno)therapeutic approaches.  

    Monitoring More Than Just 
Effector T Cells in the Tumor 
Microenvironment 

 Within the tumor microenvironment, the magni-
tude and functional capacity of effector T-cell 
responses are shaped by the cancer cells them-
selves and by a variety of infi ltrating immune cell 
subsets belonging to the innate or adaptive immu-
nity. Of particular signifi cance are immune sup-
pressive cells which may impair T-cell recruitment, 
differentiation, and function, as highlighted by 
many reports published in the recent years 
(Gabrilovich et al.  2012 ; Nishikawa and Sakaguchi 
 2010 ). In short, the rationale to monitor suppres-
sive cells in cancer patients is based on two funda-
mental observations: (1) Immunosuppressive 
cells (Foxp3+ Tregs, MDSCs, M2 macrophages) 
are found at increased proportions in the blood 
and/or tumors of patients with various cancers as 
compared to healthy donors (Woo et al.  2002 ; 
Nishikawa and Sakaguchi  2010 ; Attig et al.  2009 ; 
Walter et al.  2012 ; Piersma et al.  2007 ) and (2) the 
number of intratumoral Tregs, M2 macrophages, 
and blood MDSCs often inversely correlates with 
patient survival (Curiel et al.  2004 ; Fridman et al. 
 2012 ; Jordanova et al.  2008 ; Solito et al.  2011 ; 
Heusinkveld and van der Burg  2011 ). 
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 In the context of immunotherapy, measuring of 
suppressive cells (Tregs, MDSCs, possibly M2 
macrophages) may be therefore relevant both 
prior to (as a predictive biomarker in order to 
assess the level of immunosuppression and to 
assist therapy decision) and during treatment (as a 
pharmacodynamic biomarker). This step forward 
has already been taken (Olson and McNeel  2013 ). 
In the phase I study of multipeptide vaccination 
for mRCC mentioned above, it was observed that 
low pretreatment levels of blood Foxp3+ Tregs 
were associated with broader anti- vaccine T-cell 
responses and enhanced disease control. In the 
subsequent phase II trial, overall survival of 
patients was improved if they received the 
immune modulator cyclophosphamide for Treg 
elimination before vaccination and developed 
vaccine-specifi c T cells. At the same time, overall 
survival was negatively correlated with the num-
bers of several MDSC subsets before treatment, 
suggesting that elimination of both Tregs and 
MDSCs may further improve vaccine effi cacy 
(Walter et al.  2012 ). In patients with castrate- 
resistant metastatic prostate cancer (mPCa) 
treated with a poxvirus-based tumor vaccine, 
enhanced suppressive function, but not the mere 
number of peripheral Tregs posttreatment, was 
associated with shortened overall survival (Gulley 
et al.  2010 ). Last but not least, the group of 
patients who failed to display a complete response 
after HPV16 long peptide vaccination displayed a 
higher HPV-specifi c Treg frequency and a lower 
frequency of HPV16-specifi c effector cells after 
vaccination than patients having a complete 
regression of their lesion (Welters et al.  2010 ). 

 As our knowledge progresses new hurdles accu-
mulate on the horizon. Notably, the populations of 
suppressive T cells, tumor-associated macrophages, 
and MDSCs are heterogeneous. Regulatory CD4+ 
T cells with suppressive properties can be natural or 
adaptive Foxp3-positive cells, Foxp3-negative type 
1 Tregs (Tr1), or T-helper type 3 (Th3) cells, with 
different  differentiation pathways and suppression 
mechanisms (Curotto de Lafaille and Lafaille  2009 ; 
Miyara et al.  2009 ). MDSCs may be of monocytic 
(CD14-positive) or granulocytic (CD15-positive) 
origin and come with multiple described  phenotypes 
(Montero et al.  2012 ) similarly as was earlier 

reported for macrophages (Gabrilovich et al.  2012 ; 
Heusinkveld and van der Burg  2011 ). Depending 
on the local milieu, these immune cells can change 
their functional properties (Zhou et al.  2009 ; 
Sakaguchi et al.  2013 ; Gordon and Taylor  2005 ; 
Gabrilovich et al.  2012 ), a plasticity which may 
greatly complicate monitoring of these immune 
cells. Moreover, no consensus exists so far on sur-
face or intracellular markers that should be used for 
identifying these various suppressive immune cells. 
For example, Foxp3 has been described in certain 
effector T cells while not all suppressive T cells do 
express this transcription factor (Wang et al.  2007 ; 
Curotto de Lafaille and Lafaille  2009 ; van der Burg 
et al.  2007 ). Although antibody panels have been 
proposed for staining Tregs (Murdoch et al.  2012 ), 
no standard phenotypes have been yet defi ned, and 
many investigators use a combination of between 3 
and 7 antibodies. The picture is even more complex 
when it comes to the identifi cation and measure-
ment of MDSCs and macrophages. At the same 
time, discussions are ongoing whether an in vitro 
inhibition assay is necessary and suffi cient to defi ne 
regulatory subsets and which assay(s) should be 
recommended. At present, various assays are 
employed within the community. This heterogene-
ity in the techniques applied certainly impedes pro-
gression in the fi eld. Once harmonization has been 
reached for the detection of suppressive cells by 
rationally choosing a set of minimal and necessary 
markers and assays, this will enable a better 
 understanding of the relevance of each 
 suppressive subset for immunotherapy. The 
Association for Cancer Immunotherapy’s (CIMT) 
Immunoguiding Program (CIP;   http://www.cimt.
eu/workgroups/cip    ) is currently undertaking these 
endeavors. It can be predicted that the list of 
immune cell subsets which needs to be included as 
relevant biomarkers for cancer immunotherapy 
alone or in combination, will expand in the coming 
years.  

    Boosting Harmonization Efforts 

 In 2005, large-scale profi ciency panel programs 
for the most commonly applied T-cell immunoas-
says were initiated by the CIP and the Cancer 
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Immunotherapy Consortium of the Cancer 
Research Institute (Britten et al.  2008b ). The 
results generated in more than 25 independent 
panels in which so far more than 150 labs world-
wide participated impressively showed that 
results generated across institutions varied and 
even variation within one lab tended to be higher 
as known for analytical tests of soluble analytes 
(Janetzki et al.  2009 ) . In subsequent panels, the 
critical assay steps having an impact on the assay 
performance were defi ned, and harmonization 
guidelines for ELISPOT, ICS, and MHC- 
multimers were derived (Janetzki et al.  2008 ; 
Britten et al.  2008a ,  2009 ; Mander et al.  2010 ; 
Attig et al.  2011 ). Notably, variation was not only 
driven by the assay itself but also by the way how 
data was analyzed and processed (Moodie et al. 
 2012 ). In particular, results from fl ow-based 
assays were shown to critically depend on the 
gating strategy (Welters et al.  2012 ; McNeil et al. 
 2013 ). CIP has recently initiated a project to 
develop an algorithm for automated detection of 
rare antigen-specifi c T cells (Cron et al.  2013 ), in 
order to boost the harmonized analysis of fl ow 
data sets using computer software. 

 In addition to providing harmonization guide-
lines, the two networks characterized the assay 
performance (e.g., background spot production 
in ELISPOT or replicate variation) typically 
observed in heterogeneous groups of labs that 
can now be used as benchmarks (Moodie et al. 
 2010 ). Finally, the CIP developed cellular refer-
ence samples based on TCR-engineered lympho-
cytes that deliver predefi ned and reproducible 
signals and can be employed to control immune 
assay performance over time (Singh et al.  2013 ). 
Using a kit-based approach, CIP is now in the 
process of developing a robust and scalable RNA 
TCR technology that may enable the broad com-
munity to manufacture reference samples on 
demand as assay controls (Bidmon et al.  2014 ). 

 The benefi ts from assay harmonization derive 
from offering a complementary framework 
 consisting of (1) external control of performance 
in profi ciency panels, (2) harmonization guide-
lines, (3) benchmarks of assay performance, and 
(4) reference sample technology. The joint 
 harmonization efforts of both CIP and CIC 

 effi ciently tackled major issues in the fi eld of cel-
lular immune monitoring that impede their broad 
adoption in clinical immunology. In summary, 
harmonization provides tools that support the 
development and use of immune assay in bio-
marker programs and thus guide the clinical 
development of new immunotherapies (van der 
Burg  2008 ; van der Burg et al.  2011 ). It needs to 
be emphasized that assay harmonization efforts 
cannot replace the need to develop, standardize, 
performance-control, qualify, and (if applicable) 
validate immunoassays prior to use in every sin-
gle test facility (Kalos  2010 ). 

 As alluded to earlier, the results generated in 
the profi ciency panels allowed defi ning assay 
variables impacting on the test results. Similar 
conclusions were made by independent efforts 
from the human immunophenotyping (HIP) con-
sortium (Maecker et al.  2010 ). Despite the aware-
ness of the most critical assay steps, most material 
and method parts published in peer-reviewed sci-
entifi c journals still lack basic information on 
how the results from T-cell assays were generated 
(Janetzki et al.  2009 ). As a reaction, a fi eld-wide 
consensus effort to identify the minimal informa-
tion that should be provided about T-cell assays 
was initiated in 2008 (Janetzki et al.  2009 ; Britten 
et al.  2011 ). The outcome of the Minimal 
Information About T-cell Assays (MIATA) proj-
ect was a consolidated and well-vetted guideline 
that is now available for use and adoption (Britten 
et al.  2012 ). Recently, the project website was 
relaunched and now offers templates for easy 
reporting that will not only help authors to 
speedup writing materials and method parts but 
in parallel introduce MIATA-compliant structure 
(  http://www.miataproject.org    ). MIATA has 
already been endorsed by various journals.  

    Conclusion 

 The current clinical successes in immune-
based cancer treatments demand biomarkers 
to guide their application and for new devel-
opments. This has resulted in a rapid growth 
of immunomonitoring activities, with increas-
ing numbers of assays and immune cells to 
analyze. Furthermore, experts in the fi eld are 
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continuously professionalizing their activities 
via large-scale profi ciency panels, workshops, 
and by research and development activities, 
including setting up and establishing auto-
mated algorithms for analysis of fl ow data as 
well as the generation of reference samples. 
CIP as a working group of the Association for 
Cancer Immunotherapy will continue to sup-
port the development of robust immunological 
biomarkers to guide the development of new 
therapeutic compounds. There are still many 
challenges ahead, but based on current suc-
cesses, there is no doubt that ongoing collab-
orative efforts struggling to solve these 
problems, in the end, will pay off.     
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           Background 

 Much progress has been made in basic oncologic 
science over the last decades, which has created 
high hopes to deliver more effective drugs and bet-
ter success rates in clinical investigation. 
Nevertheless, clinical success rates did not keep up 
with reported scientifi c progress and thus did not 
meet expectations of academic or industry drug 
developers, patients, or society at large. A recent 
study by Begley and Ellis suggests the reproduc-
ibility of published landmark preclinical data from 
oncologic research to be as low as 11 % (Begley and 
Ellis  2012 ). The results were attributed to limited 
scrutiny regarding experimental controls and data 
interpretation as well as selection of nonrepresenta-
tive data for publication. While a similar analysis is 
not available for cancer immunotherapy, repeat 
observations such as limited reproducibility of data 
or limited correlation of fi ndings between pharma-
codynamic and clinical outcomes (e.g., immune 
monitoring) lead to the hypothesis that existing 
investigational methods used in cancer immuno-
therapy development would require adaptation, and 
the new methods would need to be added to the 
investigational toolbox to better refl ect biology and 
achieve higher reproducibility (Hoos et al.  2007a ). 

 Indeed, looking back at the history of cancer 
immunotherapy, which arguably began in the late 
nineteenth century, reveals the following: The 
fi rst regressions of cancerous tumors due to an 
immune intervention were observed by William 
B. Coley in 1890 after inducing infl ammation in 
these tumors through local injection of a bacterial 
cocktail also known as Coley’s toxins. In the sub-
sequent 100 years, progress was limited to the 
scientifi c knowledge of its time, which was able 
to accelerate with the emergence of modern 
methods such as the process for making mono-
clonal antibodies. However, even in the modern 
era of controlled clinical trials between the 1970s 
and today, clinical progress in cancer immuno-
therapy trials remained rather disappointing, 
which has led to mostly negative assessments 
regarding the potential of this modality in the 
pharmaceutical, oncology, and investment com-
munities (Lesterhuis et al.  2011 ; Parish  2003 ). It 
was only in the last decade that pivotal progress 
was made both on the basic science and method-
ological front, which culminated in 2010 and 
2011 in the approval of two modern cancer 
immunotherapies, sipuleucel-T (Kantoff et al. 
 2010 ) and ipilimumab (Hodi et al.  2010 ), based 
on improved survival outcomes in randomized 
Phase 3 trials (Fig.  1 ).

   Sipuleucel-T, a cell-based therapeutic cancer 
vaccine (Provenge ® ) approved for hormone- 
refractory prostate cancer (Kantoff et al.  2010 ), 
and ipilimumab, a T-cell potentiating monoclonal 
antibody blocking the cytotoxic T-cell antigen 4 
(anti-CTLA-4; Yervoy) approved for unresectable 
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or metastatic melanoma (Hodi et al.  2010 ; Hoos 
et al.  2010b ), are two distinct types of immuno-
therapies, which achieved survival improvements 
for patients as monotherapies in two unrelated 
tumor entities. Clinical development of both 
agents were infl uenced by a new development 
paradigm (Hoos et al.  2011 ). 

 A key factor for this recent turn in the fi eld is 
that – over the last decade – leading organizations 
in the cancer immunotherapy community began 
to systematically establish new methods for ratio-
nal clinical investigation. These methods support 
increased data reproducibility and enabled clini-
cal success (Goldman and DeFrancesco  2009 ; 
Finke et al.  2007 ) (Fig.  2 ).

   This addresses the broader methodological 
concern for Oncology research raised by Begley 
and Ellis ( 2012 ). But it also addresses the more 
immunotherapy-specifi c concerns by Goldman 
and DeFrancesco that immunotherapy failures 
can be explained due to an inadequate approach 
to their development, suggesting “companies not 
doing their homework” and asking “what lessons 
from the list of failures will inform future practi-
tioners in the fi eld” (Goldman and DeFrancesco 
 2009 ) ? With the recent methodological advances, 
such lessons are now available (Finke et al.  2007 ; 
Hoos et al.  2007b ,  2011 ) and are complementary 
with the basic scientifi c progress in the cancer 
immunotherapy fi eld. 

1890 1970 2013

Coley‘s toxins
Monoclonal Abs

CTL-A4

IL-2

Sipuleucel-T
ipilimumab

Cancer immunotherapy progress
(1890 –2013)

  Fig. 1    History of progress in 
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 Methodological improvements were moti-
vated by the struggle of the drug development 
industry and academic institutions devoted 
to inventing and developing cancer immuno-
therapies. Nonprofi t groups such as the  Cancer 
Immunotherapy Consortium  (CIC; a program 
of the nonprofi t Cancer Research Institute CRI) 
founded for the advancement of the cancer 
immunotherapy fi eld systematically began to 
create a methodological framework that would 
provide the knowledge and tools needed for suc-
cessful development programs. The US-based 
CIC created a partnership with the  Association 
for Cancer Immunotherapy  (CIMT) in Europe 
and, with broad contributions from the scientifi c 
and drug development communities, established 
this new framework encompassing the following: 
a biology-driven development paradigm for can-
cer immunotherapies (Hoos et al.  2007a ), harmo-
nized methods for detecting immune response to 
support immune biomarker development (Britten 
et al.  2007 ; van der Burg et al.  2011 ), improved 
clinical trial designs (Hoos et al.  2007b ) and 
clinical endpoints (Hoos et al.  2010a ; Wolchok 
et al.  2009 ), a publication framework for immune 
monitoring results from clinical trials (Janetzki 
et al.  2009 ; Britten et al.  2010 ), and scientifi c 

exchange and regulatory interactions to inform 
guidance document development by regulatory 
authorities (FDA  2009 ; EMA  2010 ). 

 This chapter provides a perspective on the 
recent methodological lessons in the immuno-
therapy space and summarizes the emerging 
framework that promises to enable greater and 
more reproducible success for future develop-
ment programs (Fig.  3 ).

       Immuno-oncology: An Evolving 
Area Within Oncology 

 Oncology, the clinical discipline of cancer ther-
apy, has been an established medical specialty 
for several decades. Its hallmarks are the science 
of cancer biology as described by Hanahan and 
Weinberg (Hanahan and Weinberg  2011 ); a rec-
ognized clinical development paradigm (based 
on observations with chemotherapy) for inves-
tigation of new therapies in Phase 1, 2, and 3 
clinical trials; defi ned criteria for measuring 
therapeutic effects such as RECIST (Response 
Evaluation Criteria in Solid Tumors) or WHO 
(World Health Organization) criteria for solid 
tumors; understood kinetics of therapeutic 
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effects; established standards for publication of 
new scientifi c data; and the availability of effec-
tive therapies paired with a clear understanding 
of their use. All this is anchored in a defi ned 
community represented by organizations such 
as the American Society of Clinical Oncology 
(ASCO) and the European Society of Medical 
Oncology (ESMO). Together, these hallmarks 
create a framework of credibility in which 
patient care, scientifi c discovery, publication, 
clinical development, and regulatory review can 
take place. 

 Despite clear evidence that the whole class 
of cancer immunotherapies has critical unique 
features that are different from those of the 
established classical therapeutic approaches 

in oncology, the fi eld did not initially respond 
to the need of creating an appropriate alterna-
tive methodological framework accommodat-
ing these class-specifi c characteristics. Rather, 
to minimize controversy, keep shorter timelines, 
and build recognition in oncology, investiga-
tions of immunotherapies utilized the existing 
development paradigm based on cytotoxic drugs. 
This  ultimately may have contributed to a high 
fraction of failures made in past developments 
(Goldman and DeFrancesco  2009 ). 

 Between 2004 and today, CIC and CIMT 
fi lled this void by creating a systematic frame-
work using broad community knowledge and 
providing needed tools for successful develop-
ment of immunotherapies (Table  1 ).

   Table 1    Solutions for methodological challenges within the immuno-oncology framework   

 Challenge  Solution  Perspective  Refs. 

 Use of chemotherapy 
principles for clinical 
development of 
immunotherapy 

 New clinical development paradigm for 
immunotherapy with key components: 
(1) development phases for proof of principle 
and effi cacy, (2) toxicity screening, 
(3) measurement of biologic activity, 
(4) immune response measurement in clinical 
trials, (5) dose and schedule, (6) developmental 
decision points, (7) trial design, (8) clinical 
endpoints, (9) combination therapy 

 A defi ned and 
reproducible path for 
adequate development of 
cancer immunotherapies 

 [2] 

 Clinical kinetics of 
immunotherapies not 
refl ected by conventional 
endpoints 

 Adjustment of endpoints to immunotherapy 
biology 

 More complete detection 
of effi cacy 

 [12] 

 No recognized system to 
measure all patterns of 
immunotherapy clinical 
activity 

 Immunotherapy response criteria derived from 
RECIST and WHO: Immune-related Response 
Criteria (irRC) 

 Capture all clinical 
activity patterns for a 
reliable assessment of 
activity signals in early 
trials 

 [13] 

 High data variability for 
immune monitoring in 
multicenter trials 

 Harmonization guidelines and quality 
assurance for immune monitoring assays 

 Enable reproducible 
investigation of immune 
response as biomarkers in 
clinical development. 
Subsequently, enable 
clinical qualifi cation and 
investigate surrogacy 

 [11, 
30–36] 

 Inconsistent reporting of 
immune monitoring results 
in scientifi c publications 

 Reporting framework for scientifi c 
publications: Minimal Information About 
T-Cell Assays (MIATA) 

 Transparency of results 
and comparability across 
centers and trials 

 [15, 17] 

 Absence of regulatory 
guidance for cancer 
immunotherapy development 

 Broad scientifi c exchange with participation of 
regulators to support guidance document 
development 

 Credible development 
criteria for prospective use 

 [18, 19] 

 Additional components  Based on community need  Continuous evolution of 
framework 

  Adapted from [9], with permission  
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       A Development Paradigm 
for Cancer Immunotherapies 

 The fi rst step was the proposal of a clinical devel-
opment paradigm in 2004. At the time, much 
knowledge around developmental problems 
and potential solutions existed in the fi eld with 
little consensus on how to uniformly utilize and 
translate it into a comprehensive new paradigm. 
CIC and its partner organization the Society for 
Immunotherapy of Cancer (SITC) formed the 
Cancer Vaccine Clinical Trial Working Group 
(CVCTWG) with stakeholders from academia, 
the biotechnology and pharmaceutical indus-
try and the US FDA. Together they built a para-
digm for development of cancer vaccines and 
related immunotherapies (Hoos et al.  2007a ). It 
recognizes differences between chemotherapy 
and immunotherapy such as (1) the optimal bio-
logic dose is often not the maximum tolerated 
dose; (2) a treatment effect is not proportionally 
linked to toxicity; (3) conventional pharmacoki-
netics may not solely determine dose and sched-
ule; (4) antitumor response may not be the only 
predictor of survival; and (5) clinical effects can 
be delayed in time and can occur after tumor vol-
ume increase (often categorized as progression). 
The new paradigm categorizes clinical develop-
ment into proof-of-principle trials and effi cacy 
trials, where effi cacy trials are recommended to 
be randomized (Phases 2 and 3). It also provides 
considerations for toxicity screening in early tri-
als, concepts for measurement of biologic activity, 
criteria for the use of immune monitoring assays, 
dose and schedule investigation, decision points in 
development, clinical study design, biology- based 
clinical endpoints, and combination therapy. The 
main value of this paradigm lies in the consensus 
between all main constituents involved with can-
cer immunotherapy development, namely, acade-
micians, pharmaceutical/biotech industry, and the 
US FDA (Hoos et al.  2007b ; FDA  2009 ).  

    Improved Clinical Endpoints 

 Chemotherapy and targeted therapy have direct 
effects on tumor cells and typically induce a 

measurable impact on tumor growth within a 
few weeks of administration or demonstrate not 
to be effective at all. In contrast, therapies utiliz-
ing the immune system induce indirect antitu-
mor effects by initially stimulating the immune 
system followed by a broader spectrum of clini-
cal responses including delayed effects. Delayed 
effects on tumors may include shrinkage after 
initial volume increase of existing lesions and 
appearance of new lesions, which may both be 
caused by immune infi ltrates or prolonged stabi-
lization of lesions without any shrinkage 
(Wolchok et al.  2009 ). With some immunothera-
pies, the latter patterns appear to be more com-
mon than the conventional response. They likely 
refl ect the interplay between the immune system 
and the tumor described as immunoediting 
(Dunn et al.  2002 ). 

 Delayed effects and stabilization of tumor 
lesions infl uence the standard effi cacy end-
points of antitumor response and overall sur-
vival (Finke et al.  2007 ; Hoos et al.  2010a ). 
Both endpoints need adjustment to address this 
biology. For  survival, Kaplan-Meier curves 
from randomized immunotherapy trials may 
show a delayed separation after months, which 
directly infl uences the statistical power to 
determine treatment effects observed over the 
entire length of a given curve (Fine  2007 ). 
Statistical models used in randomized oncol-
ogy trials, where separation of Kaplan- Meier 
(KM) curves is expected early after treatment 
initiation, typically assume proportional haz-
ards refl ected in a constant hazard ratio over 
time. In order to address the delayed separa-
tion, alternative statistical models need to con-
sider that all events prior to the separation do 
not contribute to the differentiation between 
study arms after the separation, thus causing 
reduced statistical power. Compensation for 
such power reduction can occur through a split 
of the hazard ratio into an early and a late com-
ponent before and after the separation (Hoos 
et al.  2010a ). When planning interim analyses 
in randomized studies, the absence of early 
effects would need to be accounted for to deter-
mine timing of the analysis and the value of 
testing for futility.  
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    Immune-Related Response Criteria 
to Characterize Antitumor Effects 

 Standard response criteria based on WHO ( 1979 ) 
or RECIST (Eisenhauer et al.  2009 ) for assessing 
clinical effects of anticancer agents were created 
with the experience from cytotoxic drugs using 
tumor shrinkage as their measure of activity. 
With the altered biology of immunotherapies, 
their response patterns are broader than those of 
chemotherapy and may manifest after a period 
of stable disease or after initial tumor burden 
increase or appearance of new lesions. This may 
represent infl ux of lymphocytes into the tumor 
(Wolchok et al.  2009 ; Ribas et al.  2009 ). Such 
patterns were commonly noted in past trials 
but were never systematically described due to 
lack of suitable criteria (Kruit et al.  2005 ; van 
Baren et al.  2005 ). Principles for development 
of new response criteria were derived from the 
described development paradigm (Hoos et al. 
 2007b ) and immune-related response criteria 
and were refi ned using large data sets from the 
ipilimumab (anti-CTLA-4) development pro-
gram with 487 advanced melanoma patients 
from Phase 2 trials (Wolchok et al.  2009 ). Four 
patterns of response were described:  A : immedi-
ate response,  B : durable stable disease with pos-
sible slow decline in tumor burden,  C : response 
after tumor burden increase (possible lympho-
cyte infi ltration), and  D : response in the pres-
ence of new lesions. Immune-related response 
criteria (irRC) are generally based on WHO 
and RECIST criteria, describe tumor burden as 
a continuous variable, account for new lesions 
in the overall tumor burden, and require confi r-
mation of progression similar to the established 
confi rmation of response at a subsequent time 
point after fi rst detection. Ipilimumab data sug-
gest that irRC identify patients with previously 
unrecognized benefi t as indicated by favorable 
survival outcomes. Such patients displayed 
novel response patterns (Wolchok et al.  2009 ). 
Since their creation in 2009, irRC are undergo-
ing prospective validation and are being tested in 
countless trials with a broad spectrum of cancer 
immunotherapies.  

    Managing Data Variability 
in Immune Biomarker Development 

 The monitoring of treatment-induced immune 
responses is important for understanding the 
mechanism of action and the description of early 
biologic effects prior to reaching clinical end-
points. Such immune biomarkers depend on reli-
able and reproducible assays and may provide 
data on (1) whether the biological target was hit, 
(2) how to dose the agent, (3) whether synergies 
exist for therapeutic combinations, (4) how patient 
populations may be defi ned, (5) how biologic 
activity can be characterized, and (6) whether 
they predict clinical outcomes as surrogates for 
patient benefi t (Wagner  2002 ). Common immune 
response assays used to determine function, phe-
notype, and frequency of antigen- specifi c T cells 
such as ELISPOT, intracellular cytokine staining, 
and HLA-peptide multimer staining have inher-
ently high data variability (Janetzki et al.  2009 ). 
This variability has contributed to the abundant 
challenge of developing biomarkers for the above 
applications. After extensive efforts across more 
than 120 academic, industry, and government lab-
oratories over close to a decade, a solution for this 
data variability has emerged: immune assay har-
monization. Harmonized use of immune assays 
across laboratories provides an external quality-
control mechanism and guidance for assay con-
duct that – if followed – can substantially increase 
assay performance and decrease data variability. 

 Harmonization criteria were established 
through large international profi ciency panel pro-
grams conducted by the CIC and CIMT (Janetzki 
et al.  2008 ; Britten et al.  2008 ,  2009 ; Attig et al. 
 2011 ; Mander et al.  2010 ; Moodie et al.  2010 ]. 
Harmonization is a tool to improve data reliability 
for immune monitoring and enhance clinical devel-
opment of immune therapies at any stage of assay 
evolution (Janetzki and Britten  2012 ; van der Burg 
et al.  2011 ). It reminds of the successful initiatives 
of ICH-GCP for clinical protocols (ICH  1996 ) and 
has the potential to bring immune monitoring to 
the forefront of immune biomarker development 
and provide support in guiding decision making in 
clinical development (van der Burg  2008 ).  
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    Consistent Reporting of Immune 
Monitoring Data 

 Variability is not limited to immune monitor-
ing. It extends to the presentation of methods 
and results in scientifi c publications. To date, 
many publications of T-cell assay experiments 
lack information critical variables known to 
impact assay performance. In its absence scien-
tists reading these publications are not enabled 
to fully understand the content or reproduce the 
experiment. The solution lies in creation of a 
publication framework that determines a mini-
mum set of critical variables a publication must 
contain to transparently summarize what experi-
ment was done under which conditions and with 
which results. The scientifi c community faced 
this challenge with a series of modern bioassays 
and responded with the creation of the Minimum 
Information About Biological and Biomedical 
Investigations (MIBBI) concept (Taylor et al. 
 2008 ). Over the last decade MIBBI created trans-
parency measures for more than 30 biological 
assays such as DNA microarrays, RNAi experi-
ments, or cellular assays. CIC and CIMT started 
the Minimal Information About T-Cell Assays 
(MIATA) project in 2009, which established a 
framework for publication of T-cell assay results 
from clinical trials (Janetzki et al.  2009 ). MIATA 
is based on an extensive community-wide vet-
ting process over approximately 2 years incor-
porating the expertise and concerns of more than 
120 experts from all areas of clinical immunol-
ogy and achieved wide acceptance (Britten et al. 
 2010 ). The fi nal version of MIATA became avail-
able in 2012 (Britten et al.  2012 ) and is being 
tested now as part of the  Materials and Methods  
sections of several peer-reviewed journals. Its 
impact will depend on the breadth of use across 
the community.  

    Regulatory Guidance 

 The described methodological advances for 
the growing immune-oncology space evolved 
under the auspices of CIC and CIMT and with 

the  participation of all major stakeholders from 
academia, biotechnology and pharmaceutical 
industries, and the US FDA. When a scientifi c 
area reaches the point of producing drug candi-
dates ready for regulatory review and possible 
approval, there is an accompanying need for reg-
ulatory guidance documents clarifying a uniform 
view of regulatory authorities on the subject. 
In the case of cancer immunotherapy, the FDA 
utilized the scientifi c lessons from the commu-
nity, hosted a workshop where these topics were 
reviewed, and published a draft guidance on 
“Clinical Considerations for Therapeutic Cancer 
Vaccines” ( 2009 ). The FDA draft document con-
tained many of the topics summarized above, went 
through public consultation, and was fi nalized 
2011. Similarly, the European Medicines Agency 
(EMA) issued a concept paper soliciting public 
feedback on a proposed revision of the guidance 
on “evaluation of anticancer medicinal products 
in man.” EMA specifi cally requested community 
input regarding clinical endpoints for biologics 
and cancer vaccines (EMA  2010 ). CIMT and CIC 
jointly offered their integrated positions to EMA, 
which found inclusion in the updated guidance 
document. Overall, CIC and CIMT have created 
a process that addresses cutting- edge aspects of 
the fi eld, create a uniform voice, and enable offi -
cials at FDA and EMA to more easily review and 
assess community positions.  

    Anti-CTLA-4 Antibody 
Development: Application 
of the Development Paradigm 

 The example of anti-CTLA-4 antibody develop-
ment (Hoos et al.  2010b ) illustrates the relevance 
of biology-based drug development as outlined in 
the new immunotherapy paradigm. Clinical trials 
with anti-CTLA-4 antibodies started at the biotech-
nology company Medarex in the year 2000 with 
Phase 1 and 2 trials suggesting an approximate 
10 % response rate in patients with advanced mela-
noma. Interest from big pharmacy for developing 
anti-CTLA-4 blocking antibodies led to indepen-
dent licensing deals with Pfi zer and Bristol-Myers 
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Squibb (BMS) for different antibody isoforms and 
sparked two parallel development programs in 
advanced melanoma with tremelimumab (Pfi zer) 
and ipilimumab (BMS), respectively. As was stan-
dard in the industry, both programs initially used 
chemotherapy criteria to guide development (Hoos 
et al.  2010a ; Finke et al.  2007 ). By its design, the 
tremelimumab program conducted an early interim 
analysis using conventional futility criteria for sur-
vival in its Phase 3 study. A survival difference was 
not observed, and, consequently, the Phase 3 trial 
was terminated for futility as per Data Monitoring 
Committee recommendations (Ribas et al.  2008 ). 
Two years downstream extended follow-up on the 
study population revealed a separation of survival 
curves (Ascierto et al.  2011 ). To the contrary, inter-
action of the ipilimumab development program 
with CIC enabled the program to adapt to new sci-
entifi c information. This resulted in the change of 
the primary endpoint for two pivotal Phase 3 trials 
in advanced melanoma from response or progres-
sion-free survival to overall survival with no early 
interim analyses that may mislead the assessment 
(Hodi et al.  2010 ; Hoos et al.  2010b ). Both Phase 3 
studies demonstrated improved survival (HR 0.66 
and HR 0.72, respectively) in their fi nal analyses, 
thus supporting the regulatory approval for patients 
with unresectable and metastatic melanoma. Based 
on the matured knowledge about immunotherapy 
development, BMS acquired Medarex in 2009 in a 
transaction valued $2.4 billion and is now develop-
ing a pipeline of immuno-oncology agents result-
ing from the acquisition ( 2011 ). 

 The development programs for ipilimumab 
and tremelimumab and their respective results 
illustrate the importance of science-driven clini-
cal development for immunotherapies and of col-
laboration across various constituents to direct 
scientifi c progress. These observations also sug-
gest that the prospective application of the new 
paradigm may help avoid critical pitfalls for 
future immunotherapy programs.  

    Summary 

 The last decade has brought many method-
ological improvements that accompany our 
growing scientifi c understanding of tumor 

immunology (Finn  2008 ). Their application has 
enabled  success in the space of immuno-oncol-
ogy and allowed it to emerge as a successful new 
subspecialty within oncology. By addressing 
the obvious weak spot in immunotherapy drug 
development, namely, the absence of a biology- 
based clinical development paradigm and other 
associated methodological advances, the foun-
dation for future progress in immuno-oncology 
has been created. The resulting methodological 
framework will likely expand with the now rap-
idly growing space.     
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           Introduction 

 Cancer vaccines have been vilifi ed as futile 
attempts to impact on a grave disease that easily 
withstands the weak attempts by cancer vaccines 
to reduce, let alone to eradicate it. Fortunately, 
persistent investigators in the fi eld of cancer 
immunology, among whom the Mainz group 
under the inspiring leadership of Cristoph Huber 
and the no less formidable group in Tübingen 
under the leadership of Hans-Georg Rammensee, 
the group of Jeff Schlom in Bethesda, and our 
own group in Leiden, have kept faith in cancer 
vaccines over the years. Indeed, the company 
Dendreon has succeeded in getting the fi rst can-
cer vaccine approved by the FDA (Kantoff et al. 
 2010 ). The vaccine has been proven to prolong 
the life of patients with hormone-resistant pros-
tate cancer and consists of dendritic cells loaded 
with prostate acid phosphatase as a tumor- 
associated antigen. Reportedly, the combination 
of gp100 peptide vaccination and interleukin-2 
can prolong the life of patients with metastatic 
melanoma (Schwartzentruber et al.  2011 ). 
Indeed, specifi c T cell responses are needed to 
eradicate tumors. Despite the formidable success 
of checkpoint blockers such as monoclonal 

 antibodies against CTLA-4 (Hodi et al.  2010 ), 
PD-1 (Topalian et al.  2012 ), or PDF-L1 (Brahmer 
et al.  2012 ), these antibodies rely on preexistent 
tumor- specifi c T cells. It seems possible to 
expand low numbers of T cells by combined 
treatment with CTLA-4 blocker and PD-1 
blocker (Wolchok et al.  2013 ). Therefore, only 
those patients benefi t most likely from these 
treatments, whose preexistent T cell immunity 
against their cancers has reached suffi cient levels 
to benefi t from checkpoint blocking. Specifi c 
vaccination can be used to greatly expand the 
proportion of patients benefi ting from checkpoint 
blocking by inducing cancer-specifi c T cells in 
those patients who lack suffi cient numbers of 
such cells. While cancer vaccines already per-
form much better in the presence of chemothera-
peutics, additional combination with checkpoint 
blocking and with cytokines such as IL-7 and 
IL-15 is likely to lead to multimodality combina-
tion treatment of cancer with minimal toxicity 
and great specifi city.  

    The Different Types 
of Cancer Vaccines 

 Cancer vaccines come in different varieties. The 
universal aim is to induce robust effector T cell 
responses. Historically many cancer vaccines 
consisted of exact HLA-binding peptides rep-
resenting CTL epitopes (Feltkamp et al.  1993 ). 
We have demonstrated that these constitute sub-
optimal vaccines because such vaccines lack 
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suffi cient helper epitopes,  precluding suffi cient 
T cell memory formation. Also exact CTL epi-
tope peptides can bind exogenously to all cells 
that express MHC class I, including nonprofes-
sional antigen presenting cells without proper 
co-stimulatory molecule expression, therefore 
capable of causing tolerance (reviewed in Melief 
and van der Burg  2008 ; van der Burg and Melief 
 2011 ). This can be avoided by the use of lon-
ger peptides of 25–35 amino acids in length, 
called synthetic long peptides (SLP) (Zwaveling 
et al.  2002 ; Kenter et al.  2008 ,  2009 ; Welters 
et al.  2008 ,  2010 , reviewed in Melief and van 
der Burg  2008 ; van der Burg and Melief  2011 ; 
Quakkelaar and Melief  2012 , van der Burg et al. 
 2011 ). Such SLP need to go through an obliga-
tory dendritic cell (DC) processing step, which 
is achieved much more effi ciently by SLP than 
by proteins, achieving effi cient MHC class I 
and II presentation. Addition of a potent adju-
vant to the peptides is crucial. Clinically prom-
ising adjuvants are Montanide ISA-51 (Kenter 
et al.  2008 ,  2009 ), Poly I:C and CpG (Speiser 
et al.  2005 ; Sabbatini et al.  2012 ), which also 
perform well in preclinical mouse models (van 
Duikeren et al.  2012 ). Another very promising 
co- treatment that enhances Th1 T cell, CTL, and 
antibody responses to SLP p53 cancer vaccines 
is slow- acting pegylated interferon alpha-2b 
(Pegintron, Zeestraten et al.  2013 ). This cytokine 
may act equally well as the type I IFN inducer 
poly I:C. The effector T cell-enhancing effect of 
type I interferon has been amply documented. 
Mechanisms include promotion of cross- 
presentation of antigens by DC and activation 
of DC to express higher levels of co-stimulatory 
molecules (Belardelli et al.  2002 ; Hervas-Stubbs 
et al.  2011 ; Huber and Farrar  2011 ; Lattanzi 
et al.  2011 ; Spadaro et al.  2012 ; Sikora et al. 
 2009 ). The Schlom group at the National Cancer 
Institute of the USA in Bethesda, Md, has used 
recombinant pox virus vaccines with built-in co- 
stimulatory molecules. The problem, however, 
with recombinant virus vaccines is that most of 
the elicited T cell responses against such vac-
cines are directed against virus vector sequences 
and not against the inserted cancer antigens. This 
antigenic competition limits the potency of the 

cancer-specifi c immune response elicited by 
such vaccines. Despite these differences promis-
ing clinical responses have been elicited with all 
types of cancer vaccines just mentioned.  

    Comparison of the Clinical 
Effectiveness of Adoptive T Cell 
Transfer and Cancer Vaccines 

 Adoptive T cell transfer is supposed to be only 
effective if combined with lymphodepleting che-
motherapy and in addition of total body irradia-
tion, whereas cancer vaccines are asked to work 
without any additional combinatorial treatment. 
This is not fair! Lymphodepletion is obviously 
not a good idea with cancer vaccines because 
one then depletes the very cells that need to 
expand in response to the vaccine. Nevertheless, 
our recent preclinical and clinical experiments 
show that depletion of myeloid suppressor cells 
(Gabrilovich et al.  2012 ; Heusinkveld and van 
der Burg  2011 ) by certain chemotherapy com-
binations is highly capable of improving the 
expansion capacity of the T cells without affect-
ing T cell numbers or T cell function in both mice 
and in patients with cancer (T. van der Sluis, M. 
Welters, S.H. van der Burg, H. van Meir, K. 
Burggraaf, C.J.M. Melief, unpublished observa-
tions). Cisplatin reportedly improves the result of 
DNA vaccination (Tseng et al.  2008 ). Additional 
improvements of the results of therapeutic vac-
cination are likely by combining vaccination with 
checkpoint blocking with monoclonal antibodies 
against PD-1 or PD-L1. The rationale for this 
comes from the observation that in cancer tissues 
PD-L1 is induced by interferon-γ produced by 
vaccine-induced tumor- infi ltrating T cells (TILs). 
Such PD-L1 expression then interacts with PD-1 
on the TILs to stop their proliferation. Thus, the 
attack by the TILs calls into action a self-tissue 
protective mechanism that relies on PD-L1/PD-1 
interaction. Additional inhibition can be medi-
ated by the inhibitory Lag-3 (Norde et al.  2012 ) 
and TIM3 (Ngiow et al.  2011 ) mechanisms. 
Thus, like in adoptive T cell transfer, vaccination 
as monotherapy is unlikely to achieve its goal. 
Future  combination therapy needs to consist of 
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therapeutic vaccination, non-T-cell-suppressive 
 chemotherapy, and checkpoint blocking. Further 
effi cacy improvement is likely to be achieved by 
additional treatment with either of the cytokines 
IL-7 or IL-15 (Cheever et al.  2008 ), which can 
considerably enhance proliferation of tumor-
specifi c T cells with much less toxicity as IL-2 
treatment.     
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           Introduction on Dendritic Cells 

 Dendritic cells (DCs) are at the centre of the 
immune system. As professional antigen- 
presenting cells (APCs), they have the ability to 
control both tolerance and immune responses. 
DCs are capable of initiating primary T- and 
B-cell responses by presenting a captured and 
processed antigen to the specifi c arm of the 
immune system. Also they are well capable to 
stimulate naive resting T cells. These unique fea-
tures make DCs an interesting drug candidate in 
cancer immunotherapy. 

 The immune system has the potential to eradi-
cate cancer cells. It has been suggested that 
tumour growth and its tissue damage activate 
local DCs and subsequently the immune system 
(Finn  2003 ). In other words, the potency of the 
immune system to eliminate the cancer depends 
on the tumour size and its immunomodulatory 
characteristics. However, there is a weakness in 

this anticancer immunity. First, the expansion of 
the tumour is a slow and silent process that fails 
to provoke a ‘danger signal’ to activate the 
immune system. Second, neoplastic cells them-
selves are poor APCs, making the initiation of an 
immune response diffi cult. The aim of DC vac-
cination is restore this inattentiveness of the 
immune system by educating  ex vivo  DCs. These 
‘educated’ cells are appropriately activated and 
loaded with tumour antigen. 

 The fi rst clinical study of a dendritic cell vac-
cine was reported in Nature Medicine in 1996 
(Hsu et al.  1996 ). Nowadays all over the world, 
DC-based immunotherapy is studied in clinical 
vaccination trials with cancer patients focused on 
inducing or augmenting an anti-tumour immune 
response. 

    Immunobiology of Dendritic Cells 

 Dendritic cells arise from haematopoietic bone 
marrow progenitor cells. These bone marrow- 
derived cells migrate into peripheral tissues, 
where they abide as resting immature DCs. They 
mainly reside in tissues such as the skin and 
mucosa, which are in close contact to the outside 
world. Tissue-resident DCs act as gatekeepers of 
the immune system that continuously sample the 
environment to capture antigen. Nonactivated 
DCs comprise a phenotype, which is mainly 
characterised by a low surface expression of 
major histocompatibility complex (MHC) class I 
and II molecules and co-stimulatory molecules 
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(Banchereau and Steinman  1998 ). These imma-
ture cells have an extreme effi cient ability to cap-
ture and process antigens, a feature mediated by 
high endocytotic activity and expression of an 
array of cell surface receptors capable to uptake 
antigens that could harm the host (Sallusto and 
Lanzavecchia  1994 ; Jiang et al.  1995 ). 

 Antigens are divided into two main groups: 
exogenous antigens derived from extracellular 
pathogens such as bacteria and yeasts as well as 
endogenous antigens consisting of self-proteins 
or viral proteins. DCs capture these antigens 
through several complementary mechanisms 
(Trombetta and Mellman  2005 ). After internali-
sation they process antigenic proteins into pep-
tides that bind to MHC class I and II molecules. 
Exogenous and endogenous antigens are then 
presented on the cell surface as MHC–peptide 
complexes of class II and I molecules, respec-
tively. An interesting fi nding for DC-based immu-
notherapy is that exogenous antigens, like from 
apoptotic or necrotic neoplastic cells, may also be 
present in MHC class I molecules. This unique 
feature, a process called ‘cross- presentation’, 
allows DCs to present cancer antigens to CD8 +  T 
cells (Bevan  1976 ). The immune response of this 
entire process strongly depends on the maturation 
state of DCs. Immature DCs receiving inhibitory 
signals, such as interleukin- 10 (IL-10) or cortico-
steroids, induce immune tolerance via T cell dele-
tion or induction of regulatory T cells (T Regs ), 
whereas mature DCs induce immunity. 

 A strictly controlled series of events are 
important to convert an immature DC into a 
mature cell that is well antigen-loaded for pep-
tide presentation and T cell activation. Preparatory 
to this process, a ‘danger’ signal, derived from 
tissue damage or microbial products, is required 
(Reis e Sousa  2004 ). Subsequently a process of 
downmodulation of endocytic and phagocytic 
receptors and upregulation of chemokine recep-
tors CCR7 and CD62L takes place. Surface 
expression of MHC class I and II and co- 
stimulatory molecules CD40, CD58, CD80, 
CD83 and CD86 are upregulated, and morphol-
ogy of the DC lysosomal compartment changes 
(Banchereau and Steinman  1998 ). Finally, the 
process of maturation goes in parallel with the 
migration of DCs into the draining lymph node. 

 In lymphoid tissues activated DCs present 
MHC–peptide complexes to naive T cells. The 
interaction between an MHC–peptide complex 
and T cell receptor (signal 1), stimulation of 
 co- stimulatory molecules from DC to the T cell 
(signal 2) and cytokines in the microenvironment 
(signal 3) lead all together to the activation of T 
cells. Activated T cells proliferate, leave the 
lymph nodes and circulate through the body in 
search of cells that express antigen. In addition, 
DCs are also able to directly activate natural 
killer (NK) cells (Fernandez et al.  1999 ) and can 
produce large amounts of interferon in response 
to virus encounters (Kadowaki, Antonenko et al. 
 2000 ).  

    Dendritic Cell Subsets 

 DCs consist of a heterogeneous population of 
cells. In mice and human, two major subsets of 
DCs can be distinguished: myeloid DCs (mDCs; 
also known as conventional or classical DCs) and 
plasmacytoid DCs (pDCs). These subsets differ 
in function, localisation and phenotype. mDCs 
mainly migrate to or reside in the marginal zone 
of the lymph nodes (a primary entry point for 
blood-borne antigens), whereas pDCs mainly 
reside in the T cell areas (Banchereau and 
Steinman  1998 ; Liu  2001 ). Human subsets can 
be distinguished by the differential expression of 
three surface molecules: fi rstly, CD303, which is 
also known as BDCA2 or CLEC4C; secondly, 
CD1C, known as BDCA1; and fi nally, CD141, 
known as BDCA3 or thrombomodulin (Dzionek 
et al.  2000 ). 

 Natural DC subsets express various Toll-like 
receptors (TLRs) and therefore respond dif-
ferently to pathogenic stimuli, i.e. each subset 
has a specialised function in directing immune 
responses (Schreibelt et al.  2010 ). A large quan-
tity of data suggests that mDCs mainly recognise 
and respond to bacterial and fungal antigens, 
whereas pDCs represent a front line of immu-
nity against viral infections (Siegal et al.  1999 ). 
More recent observations suggest that both pDCs 
and mDCs may be of importance for the induc-
tion of anti-tumour responses with and without 
DC-based immunotherapy. 
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 The production of a DC vaccine requires a 
large amount of DCs. However, human periph-
eral blood leukocytes consist only about 0.2 % 
of natural DCs. The immunological community 
has developed several ways to generate DCs from 
precursors. In 1994 this resulted in the discov-
ery that DCs can be generated from monocytes 
or CD34 +  progenitors by culture in the presence 
of IL-4 and granulocyte-macrophage colony- 
stimulating factor (GM-CSF). This fi nding 
allowed the acquisition of these otherwise scarce 
cells in considerable numbers which were essen-
tial to conduct clinical trials (Romani et al.  1994 ). 

    Plasmacytoid Dendritic Cells 
 Human pDCs form a rare subpopulation of cells. 
They are a destitute of lineage markers and 
myeloid antigens and do not express CD11c. 
pDCs express CD303 and CD304 (also known as 
BDCA4 or neuropilin-1) (Dzionek et al.  2000 ). 
In the steady state they are round, non-dendritic 
and relatively long-lived cells. After receiving 
infl ammatory stimuli, pDCs develop a dendritic 
cell morphology and function. Most notably, 
pDCs are the major producers of type I interferon 
(IFN), which is important in defence against 
viruses, and are therefore thought to be crucial to 
antiviral immunity (Colonna et al.  2004 ). 
Presynthesised stores of MHC class I molecules 
allow induction of a rapid CD8 +  T cell response 
to viral infections (Di Pucchio et al.  2008 ). pDCs 
can induce strong allogeneic T cell responses and 
prime CD4 +  and CD8 +  T cells against tumour and 
viral antigens (Cella et al.  2000 ; Fonteneau et al. 
 2003 ). Studies have shown that antigen-loaded 
pDCs induce inhibition of tumour growth and 
initiate T cell responses (Salio et al.  2004 ; Takagi 
et al.  2011 ). Furthermore, cytokines and surface 
signalling from activated pDCs can also induce 
the maturation of B cells into plasma cells (Jego 
et al.  2003 ; Shaw et al.  2010 ). pDCs reside in 
blood as well as in several lymphoid organs, and 
some studies suggest functional differentiation 
between different tissue-residing pDCs (Hochrein 
et al.  2004 ).  

    Myeloid Dendritic Cells 
 In peripheral blood mDCs are distinguished by 
the expression of myeloid markers, such as CD13 

and CD33. They lack lineage-specifi c markers 
(CD3, CD14, CD19 and CD56) but express MHC 
and CD11c molecules. mDC can be further 
 subdivided into three classes based on differential 
surface expression of CD1C, CD141 and CD16 
(Schreibelt et al.  2010 ). All these subsets differ in 
their expression of cell surface markers and 
potency to stimulate T cells (MacDonald et al. 
 2002 ; Lindstedt et al.  2005 ; Piccioli et al.  2007 ). 
As an example, the C-type lectin receptor (CLR) 
CLEC9a is expressed only by CD141 +  mDCs 
(Huysamen et al.  2008 ). These CD141 +  mDCs 
have a high capacity to internalise exogenous 
antigens for presentation on MHC class I mole-
cules (cross-presentation) and are essential for the 
generation of CD8 +  T cell-mediated immune 
responses (Bachem et al.  2010 ; Crozat et al. 
 2010 ). Further, mDCs express two extracellular 
TLRs on the cell surface that recognise exterior 
components of bacteria and fungi, e.g. cell wall 
components such as lipopolysaccharide (TLR4) 
and peptidoglycan (TLR2). TLR3 and TLR8 are 
expressed intracellularly to respond to viral RNA. 
Activated mDCs, especially CD1C +  and CD141 + , 
are mainly producing IL-12, which enables the 
generation of INF-γ-secreting type 1 CD4 +  T cells 
and the priming of naive CD8 +  T cells, i.e. they 
regulate the differentiation of naive T cells into 
antigen-specifi c effector T cells to augment a cel-
lular immune response (Meixlsperger et al.  2013 ; 
Schlitzer et al.  2013 ). 

 It has been suggested that mDCs and pDCs 
cooperate and act synergistically (Lou et al. 
 2007 ; Piccioli et al.  2009 ). This could open up 
the possibility to combine mDCs with pDCs in 
cancer immunotherapy. Future research will 
address whether mDC–pDC cross-talk could 
improve anti-tumour responses in cancer patients.  

     Ex Vivo -Generated Dendritic Cells 
 Up to now, most clinical studies have been 
conducted with  ex vivo -generated ‘monocyte-
derived dendritic cells’ (moDCs) (Sallusto and 
Lanzavecchia  1994 ). Monocytes are pre-DCs that 
originate from myeloid progenitor cells. They are 
easily obtained by leukapheresis. In vivo, mono-
cytes are capable of transforming into DCs after 
sensing infl ammatory signals and are important 
for the replenishment of dendritic cells in the 
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host.  Ex vivo , stimulation with GM-CSF and IL-4 
differentiates monocytes into immature moDCs 
over a period of 3–5 days (Romani et al.  1994 ; 
Sallusto and Lanzavecchia  1994 ). Subsequent 
maturation can be achieved by addition of cyto-
kines such as tumour necrosis factor-α (TNF-α), 
prostaglandin E2 (PGE2), IL-1β, IL-6 or mono-
cyte-conditioned medium (MCM), the superna-
tant of activated autologous monocytes (Jonuleit 
et al.  1997 ; de Vries et al.  2002 ). This allows 
the generation of large quantities (>500 × 10 6 ) of 
clinical grade DCs from a single leukapheresis 
(Romani et al.  1994 ; Sallusto and Lanzavecchia 
 1994 ). Although  ex vivo -generated moDCs share 
many phenotypic and functional characteristics 
with circulating mDCs, it remains unclear to 
what extent they resemble natural blood DCs. 

 In addition to monocytes, CD34 +  progenitors 
in blood are also used to generate DCs for vacci-
nation of cancer patients. In the presence of 
GM-CSF, Flt3L and TNF-α, these progenitors 
are cultured in about a week (Banchereau et al. 
 2001 ). They consist of two populations: one with 
Langerhans cell-like properties and another with 
dermal DCs with properties resembling moDCs. 
Yields from leukapheresis after in vivo Flt3L 
expansion and negative selection  ex vivo  are 
much lower than for monocytes (Fong et al. 
 2001 ). 

 Most clinical DC vaccination studies use 
monocytes to generate DCs  ex vivo . However, 
immunological and clinical responses have been 
observed in cancer patients vaccinated with 
monocyte-derived DCs as well as with CD34 +  
progenitor-derived DCs (Banchereau et al.  2001 ; 
Figdor et al.  2004 ; Lesterhuis et al.  2008 ).    

    Dendritic Cell Maturation 

 Immature DCs are primarily involved in the rec-
ognition and internalisation of antigens. Certain 
changes take place when these immature cells 
receive maturation signals, e.g. they change their 
chemokine receptor repertoire, downmodulate 
endocytic and phagocytic receptors and upregu-
late their co-stimulatory molecules. During this 
maturation process immature DCs acquire the 
phenotype and functionality of mature DCs. 

Activated DCs are capable to migrate to the 
lymph nodes and activate T cells. In the absence 
of these signals, DCs would not upregulate their 
co-stimulatory molecules and thus remain 
anergy- or tolerance-inducing APCs. 

 DC maturation is a highly complex process. In 
order to elicit a productive immune response, 
DCs need a proper activation by adjuvants. 
Maturation should be regarded as a fl exible pro-
cess of which the outcome is depending on the 
type of signals a DC receives in the periphery. 
Different adjuvants activate DCs through differ-
ent molecular pathways, resulting in various 
types of T cell responses (Maldonado-Lopez 
et al.  1999 ; Pulendran et al.  1999 ). Normally, in 
vivo, these signals primarily are derived from 
pathogens or tissue injury (Matzinger  2002 ; 
Skoberne et al.  2004 ).  Ex vivo  maturation can be 
achieved by coculturing the DCs with several 
stimuli such as cytokines (Thurner et al.  1999 ), 
pathogen-associated triggers (Reis e Sousa  2004 ) 
or endogenous ‘danger signals’, e.g. heat shock 
proteins (Singh-Jasuja et al.  2000 ). 

 In most clinical studies, immature or semi- 
mature monocyte-derived DCs have been used 
(Figdor et al.  2004 ). Worth mentioning is that 
studies show that when the immunogenicity of 
immature and mature DCs is compared, matura-
tion is essential for the induction of immune 
responses in cancer patients (Jonuleit et al.  2001 ; 
de Vries et al.  2003b ). Besides, the use of mature 
DCs appears to be associated with a better clini-
cal outcome compared to patients receiving 
immature DCs (de Vries et al.  2003b ; McIlroy 
and Gregoire  2003 ). This difference may partly 
be explained on the basis of some essential fea-
tures of mature DCs. Firstly, after intradermal or 
subcutaneous injection, mature DCs have a better 
migratory capacity to the draining lymph nodes 
compared to their immature counterparts. 
Secondly, within the lymph node, mature DCs 
show a pronounced migration into the T cell 
areas where antigen presentation takes place, 
whereas immature DCs remain at the periphery 
(De Vries et al.  2003a ). And lastly, mature DCs 
also have a higher expression of MHC and co- 
stimulatory molecules. Together this leads to 
superiority of mature DCs in antigen presentation 
and therefore in inducing T cell responses. 
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    Cytokine Maturation Cocktails 

 Maturation of DCs can be induced by pro- 
infl ammatory cytokines such as IL-1β or IL-6. 
Several maturation methods have been applied 
with maturation being defi ned by a high expres-
sion of mature DC-specifi c surface markers 
such as CD80, CD83, CD86 and MHC mole-
cules. Since the maturation stage of DCs cannot 
be fully characterised by the expression of co-
stimulatory molecules and surface MHC, it is 
therefore of crucial importance that the pheno-
typic and functional characteristics of the used 
DCs are carefully described when reporting 
clinical DC vaccination trials (Figdor et al. 
 2004 ). For example, functionality of DCs can 
be measured by the production of IL-12, a cyto-
kine that plays an essential role in the differen-
tiation of T cells into T helper 1 (T H 1) cells. The 
most widely used method to mature immature 
DCs is a cytokine cocktail that includes TNF-α, 
with any of the following cytokines in any com-
bination: IL-1β, IL-6, PGE2 or MCM which 
was used in early clinical studies (Jonuleit et al. 
 1997 ; Thurner et al.  1999 ; Schuler-Thurner 
et al.  2000 ; de Vries et al.  2002 ; Schuler-
Thurner et al.  2002 ). There is some evidence 
that culturing DC with IL-15 may lead to a type 
of mature DC that induces stronger T H 1 type of 
immune responses (Pulendran et al.  2004 ). 
However, no comparative studies have been 
reported yet. Lastly, also CD40 ligation has 
been used as a method of activation of DCs in a 
clinical setting (Davis et al.  2006 ; Palucka et al. 
 2006 ). 

 In addition, another level of complexity is 
added by the timing and duration of the matura-
tion signal. Different cytokine cocktails require 
different lengths of maturation periods and can 
induce some dissimilarity in expression of co- 
stimulatory molecules and cytokine production 
of the DCs (Langenkamp et al.  2000 ; Camporeale 
et al.  2003 ). None of these different maturation 
methods has shown to be clearly superior, which 
is mainly due to the fact that there are no direct 
comparative studies, although the use of PGE2 
for maturation may negatively affect DC function 
because of less IL-12 production (Kalinski et al. 
 2001 ; Kaka et al.  2008 ).  

    Maturation via Toll-Like Receptors 

 Besides cytokine maturation cocktails, another 
DC maturation method is triggering TLRs by 
using TLR ligands. TLRs are part of the pattern 
recognition receptors (PRRs). These receptors 
are sensors providing DCs to detect pathogens 
(Akira and Takeda  2004 ). Triggering of TLRs 
may be a more natural route to induce DC matu-
ration. During evolution, the immune system has 
acquired various receptor families that recognise 
several crucial molecular components of patho-
gens. This set of pathogen-associated molecular 
patterns (PAMPs) recognised by the immune 
system is limited and constituted mostly of gen-
eral molecular patterns that are absent on cells of 
the host and are essential for survival of the 
microbe. DCs sense their environment through 
both intracellular and surface receptors. These 
receptors comprise several families: CLRs, intra-
cellular and surface TLRs and intracellular heli-
cases (Zhang et al.  2011 ). The TLR family is 
best characterised as PRR and recognises the 
most diverse group of PAMPs. Nowadays 15 
mammalian Toll- like receptors are found 
(TLR1–TLR15), of which 10 are expressed in 
humans (Iwasaki and Medzhitov  2004 ; Akira 
et al.  2006 ). 

 The Toll-like receptors TLR1–TLR9 can be 
divided into two main groups: extracellular TLRs 
that are found on the cell surface (TLR1, TLR2, 
TLR4, TLR5 and TLR6) and the intracellular 
TLRs that are located in endosomal compartments 
(TLR3, TLR7, TLR8 and TLR9). In general, intra-
cellular TLRs recognise nucleotide-containing 
structures, for example, RNA molecules (TLR3, 
TLR7 and TLR8) and unmethylated CpG DNA 
(TLR9), originating from viruses and bacteria. 
Extracellular TLRs recognise exterior components 
of bacteria and fungi, e.g. cell wall components. 
Besides PAMPs derived from pathogens, TLRs 
have been proposed to recognise also endogenous 
ligands, such as heat shock proteins or necrotic 
cells (Asea et al.  2002 ; Vabulas et al.  2002 ). DC 
maturation varies according to different PAMPs 
that trigger different PPRs; thus the signalling 
pathways associated with ligation of the different 
TLRs are not identical and therefore distinct bio-
logical responses are initiated. Ligand binding of 
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TLRs recruits one or more adaptor molecules. The 
difference in signalling outcome (e.g. variation in 
cytokine production) can be explained in part by 
the use of different adaptor molecules by the 
TLRs. The binding partners of the recently discov-
ered TLR10–TLR15 are less well known. 

 Both moDCs and mDCs express TLR1–TLR8 
and not TLR9 (Krug et al.  2001 ; Ito et al.  2002 ) 
and only mDCs express TLR10. They respond to 
specifi c ligands of these TLRs, leading to a 
mature phenotype and production of pro- 
infl ammatory cytokines (Krug et al.  2001 ; Ito 
et al.  2002 ; Matsumoto et al.  2003 ; Means et al. 
 2003 ; Renn et al.  2006 ). However, some signifi -
cant differences between moDCs and mDCs in 
TLR expression and ligand reactivity were found. 
TLR1, TLR2 and TLR6 are expressed by both 
moDCs and mDCs (Kadowaki et al.  2001 ; Krug 
et al.  2001 ; Matsumoto et al.  2003 ; Renn et al. 
 2006 ). Through the formation of heterodimers 
with TLR1 or TLR6, TLR2 gains the capacity to 
bind a wide variety of bacterial and yeast-derived 
ligands. Consequently, this plays a central func-
tion in pathogen recognition by DCs. Activation 
of TLR1, TLR2 and TLR6 leads to DC matura-
tion and secretion of several cytokines important 
in immune system activation, especially IL-6, 
IL-8, IL-10, IL-12 and TNF-α. TLR9 is only 
expressed by pDCs in the human setting and is 
responsible for a very high type I IFN response 
(Gilliet et al.  2008 ). Most notably, moDCs show 
negligible TLR10 expression, whereas blood 
mDCs do express TLR10. Unfortunately, the 
ligands and functionality of TLR10 are still 
unknown. 

 pDCs show a more distinct pattern of TLRs 
compared to moDCs and mDCs. They abun-
dantly express TLR7 and TLR9 in their endo-
somal compartments. In addition, triggering of 
TLR7 and TLR9 on pDCs leads to high type I 
IFN secretion and a typical mature DC pheno-
type. Interestingly, it has been suggested that in 
human pDCs, TLR9 displays a unique feature 
that is not shared by the other described TLRs. 
Depending on the stimulus, activation of TLR9 
on human pDCs can have different outcome. The 
dual function of TLR9 is attributed to the distinct 
intracellular locations where TLR9 can be 

 triggered. It can either activate an innate immune 
response via IFN-α secretion after encountering 
nucleic acids via early endosomes or activate an 
adaptive immune response by IL-6 and TNF-α 
secretion in case of late endosomes (Guiducci 
et al.  2006 ). 

 With respect to the type of TLR ligands, it has 
been shown that combinations of different TLR 
ligands can have a synergistic effect on the immu-
nogenic potential of DC  ex vivo  (Napolitani et al. 
 2005 ) and in vivo (Warger et al.  2006 ). It was 
identifi ed that preventive vaccines against infec-
tious diseases contain TLR ligands that are capa-
ble of inducing DC maturation. The combination 
of these clinical grade TLR ligands and PGE2 
resulted in the generation of mature DCs that 
secrete high levels of IL-12, IFN-γ and TNF-α 
(Boullart et al.  2008 ). With the discovery of those 
promising  ex vivo  data, the potency of these TLR 
ligand-activated monocyte-derived and natural 
blood DCs is being explored in clinical trials. 
Despite their low number of natural blood DCs, 
the fi rst results indicate that these cells are 
extremely potent in initiating immune responses 
in cancer patients (Schreibelt et al.  2010 ).   

    Dendritic Cell Antigen Loading 

 The MHC molecules of a mature DC must be 
loaded with relevant tumour antigens in order to 
initiate an anti-tumour immune response. 
Preferably, tumour antigens are presented by 
DCs to both CD4 +  T helper cells (in MHC class 
II) and CD8 +  cytotoxic T cells (in MHC class I). 
There is convincing preclinical evidence that tar-
geting both T cells is important for the induction 
of a strong and sustained anti-tumour T cell 
response. 

    Peptide- or Protein-Pulsed 
Dendritic Cells  

 Several techniques have been developed to load 
human DCs with tumour-associated antigens 
(TAAs). The most widely used method is incuba-
tion of DCs with human leukocyte antigen (HLA) 
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class I-binding peptides, which can bind directly 
to MHC molecules on the cell surface (Nestle 
et al.  1998 ; de Vries et al.  2003b ; Ribas et al. 
 2004 ; Banchereau et al.  2005 ). In some clinical 
vaccination studies, HLA class I-binding pep-
tides are combined with class II-binding peptides 
to support the activation of T helper cells 
(Schuler-Thurner et al.  2002 ; Schadendorf et al. 
 2006 ). 

 The immune response, if it is induced, is 
restricted to the used epitope(s). On the opposite 
side, it has been described that death of tumour 
cells after vaccination against a single epitope 
results in a release of other tumour antigens, a 
phenomenon known as ‘antigen-spreading’. 
These ‘novel’ antigens can subsequently be taken 
up by DCs and presented to T cells, resulting in T 
cell responses against antigens that were not 
included in the vaccine (Butterfi eld et al.  2003 ). 

 Alternatively to HLA-binding peptides, pep-
tides can be endogenously loaded onto MHC 
molecules after proteolytic processing of recom-
binant protein or endocytosed tumour lysates. 
The DC processes the protein into peptides, 
which has the advantage that multiple epitopes 
are presented in both MHC class I and II and that 
it does not require upfront consideration of HLA 
restriction. Unfortunately, only few recombinant 
proteins are available in clinical grade (Gilboa 
 2007 ). 

 Autologous (Nestle et al.  1998 ; Griffi oen et al. 
 2004 ; Hersey et al.  2004 ; Ridolfi  et al.  2006 ) or 
allogeneic (Berard et al.  2000 ; Palucka et al. 
 2006 ; Salcedo et al.  2006 ) tumour cell lysates 
have also been applied as a source of antigens. 
This has several advantages: (1) the antigen 
expression by the tumour does not need to be 
defi ned and (2) a wide array of both MHC classes 
I and II epitopes are presented including tumour- 
unique antigens. Possible drawbacks of this 
method are the presentation of autoantigens, the 
requirement of a suffi cient volume of tumour tis-
sue for preparation of the lysate and diffi culties in 
monitoring tumour-specifi c T cell responses 
since the antigens relevant to T cell responses are 
not known. 

 New prospects within this fi eld include 
sequencing of tumours and targeting on mutated 

proteins that contain MHC-binding peptides, 
thus increasing the number of potentially immu-
nogenic tumour-specifi c antigens (Dutoit et al. 
 2012 ).  

    mRNA Transfected Dendritic Cells 

 Transfection of DC with RNA is another antigen- 
loading technique (Sullenger and Gilboa  2002 ). 
This method uses tumour-derived RNA (Nair 
et al.  2002 ; Kyte et al.  2005 ) or synthetic RNA- 
encoding full-length tumour antigens (Schaft 
et al.  2005 ). A frequently applied technique of 
RNA transfection is RNA electroporation. 
Application of an electric fi eld provides transient 
permeabilisation of the plasma membrane, 
thereby allowing entrance of RNA into the cell. 
A benefi t of this technique lies in the presentation 
of several MHC class I and class II epitopes, 
depending on the presence of an endosomal tar-
geting sequence (Bonehill et al.  2004 ). Also, it 
may lead to a more prolonged presentation of the 
antigen as compared to peptide loading which 
appears to be short-lived (Laverman et al.  2006 ). 
Disadvantages of RNA transfection include a 
variable expression and a low yield of viable cells 
after transfection. However, this goes without loss 
of phenotype and maturation potential of these 
viable cells. mRNA electroporation is more effi -
cient compared to plasmid DNA electroporation, 
and since it is a nonviral method of transfection, 
the RNA lacks the potential to integrate in the host 
genome and thereby obviating safety concerns 
associated with clinical gene therapy trials. 

 Although tumour-derived RNA potentially 
harbours tumour-specifi c epitopes of mutated 
genes, it has the additional disadvantage that an 
unknown number of autoantigens are also pre-
sented. However, several studies have shown that 
this technique is feasible and results in highly 
effi cient DC transfection (Ponsaerts et al.  2002 ; 
Ueno et al.  2004 ; Schaft et al.  2005 ). Furthermore, 
anti-tumour T cell responses and some evidence 
for clinical activity have been reported in patients 
vaccinated with DC electroporated with tumour- 
derived RNA (see Fig.  1 ) (Kyte et al.  2006 ; Kyte 
et al.  2007 ).
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   Furthermore, RNA technology can be 
exploited not only to improve antigen presenta-
tion but also to improve DC maturation and T cell 
stimulation. For example, it is shown that the T 
cell stimulatory capacity of peptide-pulsed DC 
can be greatly enhanced by providing them with 
three different molecular adjuvants. Through 
electroporation with mRNA encoding, the so- 
called TriMix of CD40 ligand (CD40L), CD70 
and a constitutively active form of TLR4 
(caTLR4) is generated, which induces T cell 
stimulation. The combination of CD40L and 
caTLR4 electroporation would mimic CD40 
ligation and TLR4 signalling of the DC and gen-
erates phenotypically mature, cytokine-secreting 
DCs. Additionally, the introduction of CD70 into 
the DC would provide a co-stimulatory signal to 

CD27 +  naive T cells by inhibiting activated T cell 
apoptosis and by supporting T cell proliferation 
(Bonehill et al.  2008 ).   

    Applicability of Vaccines 
Against Cancer 

 Dendritic cell-based immunotherapy is explored 
worldwide in clinical vaccination trials (Lesterhuis 
et al.  2004 ). Most trials use autologous  ex vivo -
cultured, antigen-loaded, monocyte- derived or 
CD34 +  progenitor-derived DCs (see also Fig.  2 ). 
In recent years over 100 clinical studies have been 
carried out in cancer patients. The most studied 
cancer type in DC immunotherapy is melanoma, 
consisting of tumour differentiation antigens such 

a

b

  Fig. 1    Response after RNA-transfected moDC vaccina-
tions: A patient with primary melanoma of the nasal 
mucosa ( left side ) with bilateral cervical lymph node 
metastases ( in the middle ) and a submandibular metastasis 
( right side ). The localizations of the primary melanoma and 

the metastases are indicated with  red arrows . ( a ) Shows the 
situation before moDC vaccinations. ( b ) After 1 cycle of 
moDC vaccinations, a signifi cant reduction of the primary 
tumour and the metastases was seen. These radiological 
images are published with the permission of the patient       
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as gp100 and tyrosinase and tumour-specifi c anti-
gens such as melanoma- associated antigen 3 
(MAGE-3) (Rosenberg  1999 ). Other reasons are 
that melanoma is considered as one of the most 
immunogenic tumours and that no fi rst-line treat-
ment is available which improves overall survival 
in case of metastatic disease (Balch al.  2001 ; 
Eggermont and Kirkwood  2004 ; Ives et al.  2007 ).

   Tumour types that also have been investigated 
using DC vaccines include colon cancer, renal 
cell carcinoma, breast cancer, ovarian cancer, 
nasopharyngeal carcinoma, hepatocellular carci-
noma, pancreatic tumours, adrenal carcinoma, 
cholangiocarcinoma, parathyroid carcinoma, 
non-small cell lung cancer, head and neck cancer, 
sarcoma, bladder cancer, glioma and paediatric 

malignancies (Schott et al.  1999 ; Brossart et al. 
 2000 ; Geiger et al.  2001 ; Toungouz et al.  2001 ; 
Holtl et al.  2002 ; Lin et al.  2002 ; Stift et al.  2003 ; 
Yamanakaet al.  2003 ). In most of these studies, 
DCs were cultured without maturation stimuli. 
Because of the highly individual DC vaccines in 
these cancer types, there is a large interest in 
developing strategies to target DCs in vivo. 

    Clinical Results 

 The fi rst proof of principle studies exploring DC 
vaccination was performed in the late nineties of 
the last centuries, showing the feasibility and the 
potential effi cacy of DC vaccination in cancer 
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  Fig. 2    The    induction of tumour antigen-specifi c T cells 
via dendritic cell vaccination: DCs cultured from mono-
cytes or CD34 +  progenitor cells can be loaded with 
tumour antigen  ex vivo  and administered to cancer 
patients via different routes, after culture in the presence 
of pro-infl ammatory cytokines for maturation. Within the 
lymph node DCs present antigens to T cells, in combina-
tion with a co-stimulatory signal, to initiate an immune 
response. The activated tumour antigen-specifi c T cells 
proliferate and migrate out of the lymph node towards the 
site of the antigen, the tumour site. At the tumour site 
MDSCs and T Regs  are able to create an immunosuppres-
sive microenvironment, inducing peripheral tolerance 
and complicating tumour clearance by T cells. Exploiting 

natural DC subsets can be performed by isolating either 
pDCs or mDCs and stimulating them  ex vivo  with adju-
vant and antigen (not shown). Both pDCs and mDCs are 
administered intranodally in a benign lymph node by the 
radiologist in order to stimulate T cells. Cross-talk 
between both DC subsets may also stimulate other 
immune cells such as NK cells.  Im-moDC  immature 
monocyte-derived dendritic cell,  moDC  mature mono-
cyte-derived dendritic cell,  i.d.  intradermal,  s.c.  subcuta-
neous,  i.v.  intravenous,  i.n.  intranodal,  mDC  myeloid 
dendritic cell,  pDC  plasmacytoid dendritic cell,  CD4, 
CD4   +   T helper cell,  CD8, CD8   +   cytotoxic T cell,  NK  
natural killer cell,  MDSC  myeloid-derived suppressor 
cell,  T   Reg   regulatory T cell       
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patients (Hsu et al.  1996 ; Nestle et al.  1998 ; 
Thurner et al.  1999 ). DC vaccines have proven to 
be safe with only minimal side effects in multiple 
phase I and/or II trials in adults (Banchereau 
et al.  2001 ; Schuler-Thurner  et al.  2002 ; de Vries 
et al.  2003b ) as well as in children (Carusoet al. 
 2005 ). Side effects were mostly limited to tran-
sient chills, fever, fatigue, nausea and headache. 
Although immunological responses are often 
reported using several immune monitoring meth-
ods and different culture protocols, objective 
clinical responses remain anecdotal with objec-
tive response rates not exceeding 5–15 %, with 
disease stabilisation and mixed responses being 
observed more often (Lesterhuis et al.  2008 ). 
Interestingly however, in cases where clinical 
responses were induced, these were often long- 
lasting (Rosenberg et al.  2004 ). 

 Previously very few phase III DC-based stud-
ies were performed, mainly because it was 
thought that the vaccines had not yet reached 
their full potential, but also because fi nancial 
support was hard to obtain since most companies 
were not interested in producing laborious 
patient-specifi c vaccines. Less than 2 years after 
one of the fi rst publications on dendritic cell ther-
apy was published (Nestle et al.  1998 ), a prospec-
tive phase III trial was initiated in 2000 that 
compared standard dacarbazine chemotherapy 
with a dendritic cell vaccine as fi rst-line treat-
ment of patients with metastatic melanoma 
(Schadendorf et al.  2006 ). The trial was prema-
turely discontinued at the fi rst interim analysis 
after the inclusion of 103 patients owing to lack 
of effi cacy. The authors identifi ed several possi-
ble negative contributing factors, including a 
variable quality of the dendritic cell vaccine 
among participating centres and a suboptimal 
maturation state, dose and route of administration 
of the DCs. In retrospect, this trial was carried 
out too soon and was performed at a time when 
DC vaccination was too early in its development. 
Although this trial could be interpreted as a 
 negative trial for DC vaccination in melanoma 
patients, it was perhaps not a bad starting point. 

 Few years back, sipuleucel-T (Provenge, 
Dendreon) was introduced, a cell-based vaccine 
composed of enriched blood APCs that are 

 cultured with fusion protein of prostatic acid 
phosphatase (PAP) and GM-CSF. The United 
States Food and Drug Administration (FDA) has 
approved sipuleucel-T for the treatment of meta-
static prostate cancer. Sipuleucel-T is the fi rst 
cellular immunotherapy ever to be approved for 
any malignancy. This decision of the FDA was 
made after three placebo-controlled phase III 
randomised trials (Small et al.  2006 ; Higano 
et al.  2009 ; Kantoff et al.  2010 ). Sipuleucel-T  ex 
vivo  activation of APCs generates long-lived 
immune responses in vivo, and antigen-specifi c 
memory T cell responses have been assessed by 
IFN gamma ELISPOT. The proposed mechanism 
of sipuleucel-T is inducing these antigen-specifi c 
immune responses and thereby targeting prostate 
cancer (Sheikh et al.  2013 ). Treatment with this 
vaccine prolonged median overall survival (OS) 
with approximately 4 months (Small et al.  2006 ). 
However, no difference could be shown in time to 
prostate-specifi c antigen increase (Beer et al. 
 2011 ) or in terms of improvement in progression- 
free survival (PFS) (Small et al.  2006 ; Kantoff 
et al.  2010 ). The OS benefi t of sipuleucel-T can-
not be fully explained by the recorded immune 
responses, and further research is currently ongo-
ing to defi ne additional biomarkers that could be 
related with increased survival. 

 Within the next decade the fi eld will have to 
demonstrate maturity and not only yield a higher 
percentage of clinically responding patients but 
preferentially also develop means to predict in an 
early stage which patients will likely benefi t from 
DC-based vaccines and which will not. Only this 
will warrant the implementation of DC vaccina-
tion in the long run as the preferred form of stan-
dard therapy. So, we will not only have to improve 
our vaccines but also our monitoring tools. The 
latter will not only be benefi cial for DC vaccina-
tion but also for other forms of immunotherapy.   

    Novel Concepts and Future 
Perspectives 

 The immunological and clinical responses in clin-
ical trials thus far support the concept of DC-based 
immunotherapy. Nevertheless, a  number of 
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 variables need to be evaluated and controlled to 
further improve clinical outcome in DC vaccina-
tion in more patients. Among these are optimisa-
tion of the  ex vivo  generation of DCs, the use of 
different natural DC subsets, route of administra-
tion, maturation stimuli for DCs (Boullart et al. 
 2008 ) and antigen loading of DCs (Figdor et al. 
 2004 ). These variables are still subject of an ongo-
ing debate, but one can clearly conclude that the 
potential of DC-based immunotherapy has not yet 
been fully exploited. The next hurdle to take is the 
local immune suppressive environment created by 
the tumour. No matter how effective a DC vaccine 
is developed, an immunosuppressive tumour 
microenvironment is considered catastrophic. To 
circumvent or tackle these hurdles, novel con-
cepts are under development to further improve 
DC-based immunotherapy. 

    Natural Dendritic Cell Subsets 

 It remains unclear whether DCs, differentiated  ex 
vivo  from precursor cells, are the optimal source 
of DCs for the induction of potent immune 
responses. It may be possible that the extensive 
culture period (7–9 days) and compounds 
required to differentiate DCs negatively affect 
their functionality. For example, exhaustion of 
cells may affect the migration capacity towards 
the site of T cell interaction (Soruri et al.  2003 ; 
Breckpot et al.  2005 ). Therefore, it is attractive to 
consider alternative DC sources, such as mDCs 
and pDCs. These natural DCs may not require 
extensive culture. However, in order to be effec-
tive, they must be activated through molecularly 
defi ned triggers, such as TLRs or CD40 ligand, 
prior to reinfusion (Krug et al.  2001 ). This is 
important, because nonactivated or improperly 
activated DCs might result in T cell tolerance 
(Steinman and Nussenzweig  2002 ). 

 A recent study used natural pDCs as a 
 therapeutic vaccine against cancer. Fifteen patients 
with stage IV metastatic melanoma received intra-
nodal injections of  ex vivo  tumour antigen- loaded 
pDCs (see also Fig.  2 ). Scintigraphic imaging 
showed that administered pDCs were capable to 
distribute over multiple lymph nodes. The pDCs 

were also capable to induce tumour antigen-spe-
cifi c CD4 +  and CD8 +  T cell responses. Although 
the number of patients did not allow drawing sig-
nifi cant conclusions, the observed clinical out-
comes were still interesting. Two subjects showed 
stable disease and were eligible for two additional 
vaccination cycles. One patient showed regression 
of lung metastasis, but with progression of a nodal 
metastasis. All subjects were compared with 
matched control patients who received standard 
dacarbazine. The median PFS in the vaccine group 
was 4.0 versus 2.1 months in the control group. 
The median OS was 22.0 versus 7.6 months for the 
pDC treatment group and the control group, 
respectively (see Fig.  3 ). In summary, this study 
showed that vaccination with natural pDCs is fea-
sible with minimal toxicity and capable to induce 
both immune responses and preliminary signs of 
clinical effi cacy in patients with metastatic mela-
noma (Tel et al.  2013 ).

   Natural DCs might represent the next genera-
tion of anticancer immunotherapy to induce anti- 
tumour responses and improve clinical effi cacy. 
Several studies even suggest that pDCs and 
mDCs may cooperate and act synergistically, 
generating stronger cancer-specifi c responses 
than moDC-based vaccinations.  

    Combating Tumour Escape 
Mechanisms 

 The accrual of immunosuppressive cells at the 
tumour site, and creating an immunosuppressive 
niche, is another mechanism contributing to 
tumour escape (see Fig.  2 ). This well-known 
type of cell that can suppress the immune system 
and plays a key factor in peripheral tolerance is 
the regulatory T cell. T Regs  are specifi c T cells 
that control immune responses and maintain 
immunological self-tolerance by downregulating 
the activation and expansion of self-reactive T 
cells without killing them. By this, autoreactivity 
and immune-mediated responses by effector T 
cells are in balance. A defi ciency of effector T 
cells may lead to serious infections, while a defi -
ciency of T Regs  can cause autoimmunity. T Regs  are 
not only capable of infi ltrating a site of infection, 
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it is also a well-known phenomenon that they 
can infi ltrate tumours (Miller et al.  2006 ; Ling 
et al.  2007 ). T Regs  can affect immune responses at 
the level of antigen presentation and during the 
effector phase of T cells at the site of infl amma-
tion or tumour growth (Fehervari and Sakaguchi 
 2004 ). The suppression T Regs  exert is antigen 
nonspecifi c, and these cells could therefore 
inhibit immune responses to all tumour antigens 
regardless of whether these antigens are self-
antigens or not (Takahashi et al.  1998 ). In most 
cancer types their presence correlates negatively 
with survival (Curiel et al.  2004 ; Petersen et al. 
 2006 ; Wang  2006 ; El Andaloussi and Lesniak 
 2007 ). T Reg  frequencies are elevated in the blood 
of cancer patients but are also signifi cantly 
enriched within the tumour microenvironment. 
This generates new therapeutic possibilities in 
order to manipulate the balance of anti-tumour 
infi ltrating lymphocytes and immunosuppressive 

cells (Ondondo et al.  2013 ). Besides T Regs , 
myeloid-derived suppressor cells (MDSCs) 
expand in cancer-bearing hosts and also have 
immunosuppressive properties (Kusmartsev and 
Gabrilovich  2006 ; Serafi ni et al.  2006 ). MDSCs 
are immature myeloid progenitor cells that sup-
press T cell effector functions and promote 
angiogenesis (Olson and McNeel  2013 ). Studies 
in tumour-bearing mice and cancer patients 
showed the critical role of MDSCs in the regula-
tion of immune responses in cancer (Youn et al. 
 2008 ,  2012 ,  2013 ; Gabrilovich et al.  2012 ). 
Fibrocytes, haematopoietic stem cell-derived 
fi broblast precursors, represent a novel cancer-
induced MDSC subset circulating in patients 
with metastatic cancer. They mediate immune 
suppression by prevention of CD3 +  T cell prolif-
eration (Zhang et al.  2013 ). Therefore suppres-
sion of MDSCs appears like a promising measure 
in cancer immunotherapy.  
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  Fig. 3    Overall survival benefi t after pDC vaccination: 
pDC vaccination improves OS. Clinical outcome to pDC 
vaccination was compared with a group of carefully 
matched historical control patients who received 
 dacarbazine as fi rst- line treatment. Median OS data 

showed a signifi cant improvement compared with 
matched control patients: 22.0 versus 7.6 months. 
Statistical signifi cance between the survival of the groups 
was determined by a log-rank test,  P  = 0.001 (Reproduced 
from Tel et al. ( 2013 ))       
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    Other Negative Regulatory Pathways 

 Cytotoxic T lymphocyte antigen 4 (CTLA-4), also 
known as CD152, is a protein receptor that also 
downregulates the immune system. CTLA-4 is 
found on the surface of T cells, which lead the cel-
lular immune attack on antigens. Blockade of 
CTLA-4 was thought to deplete T Regs . However, 
data indicate that CTLA-4-blocking antibodies did 
not result in depletion or decreased suppressive 
activity of T Regs , but executes its immunostimula-
tory effect by preventing normal downregulation 
of activated T cells by blocking CTLA-4/B7 inter-
action (Chambers et al.  2001 ; Maker al.  2005 ; 
Khan et al.  2011 ). 

 Another important pathway through which tol-
erance or anergy might be induced involves mod-
ulation of pathways regulating cell death, such as 
the Fas/Fas ligand (FasL) pathway and the inhibi-
tory co-stimulatory molecule programmed death 
1 (PD-1) and its ligands, PD-L1 and PD-L2 
(Khoury and Sayegh  2004 ; Lang et al.  2006 ). The 
membrane receptor PD-1 is, as CD28 and CTLA-
4, a member of the B7 family of co-stimulatory/
inhibitory molecules. Engagement of this receptor 
by a B7 family molecule leads to a negative regu-
lation of T cell activation (Ishida et al.  1992 ; 
Blank and Mackensen  2007 ; Fife and Pauken 
 2011 ). PD-1 is expressed on activated T cells, B 
cells and macrophages, suggesting that compared 
to CTLA-4, PD-1 has a more extended negatively 
regulation on different immune responses. Two 
ligands have been described for PD-1. PD-L1 is 
upregulated on APCs, macrophages and T cells 
upon activation (Freeman et al.  2000 ). PD-L2 is 
not that widely expressed and is restricted to DCs 
and a few tumour cell lines (Latchmanet al.  2001 ). 
For several cancers, it was shown that the expres-
sion of PD-L1 is correlated with poor clinical out-
come (Thompson et al.  2006 ).  

    Immune Checkpoint Antibodies 

 Promising results have already been generated in 
immunotherapy with human antibodies directed 
against the immune checkpoint proteins CTLA-4 
(Hodi et al.  2010 ; Wolchok et al.  2010 ; Robert 

et al.  2011 ), PD-1 (Topalian et al.  2012 ) and 
PD-L1 (Brahmer et al.  2012 ). Since treatment 
with anti-CTLA-4 is antigen nonspecifi c, the 
combination with a vaccine could potentially 
direct the T cell response in a more specifi c man-
ner, thereby probably diminishing autoimmune 
side effects. There is anecdotal information that 
anti-CTLA-4 treatment after DC vaccination 
may indeed enhance DC vaccine-induced T cell 
responses (Ribaset al.  2005 ); however, clinical 
trials that are specifi cally designed to answer this 
question have not yet been published. Also com-
bination therapy with anti-CTLA-4 and DC vac-
cination, instead of consecutive use, may have a 
synergistic effect. In advanced melanoma 
anti-CTLA- 4 antibodies showed pivotal data 
(Wolchok et al.  2010 ; Robert et al.  2011 ), and 
this led to the registration of ipilimumab as an 
immunotherapeutic agent. However, in other 
solid tumour types, the place of anti-CTLA-4 
antibody therapy is less determined, and more 
studies are needed to determine its position. 

 Further research is needed to combine these 
approaches with DC vaccination. Trials will have 
to answer the question whether DC vaccination 
can elicit sustainable clinical responses in a sub-
stantial percentage of treated patients or can add 
to the clinical effi cacy of other anticancer treat-
ment modalities. With the wealth of information 
currently available on the molecular mechanisms 
that control the immune system, there is no doubt 
that these are thrilling times for immunotherapy.   

    Summary and Conclusions 

 During the past decade considerable progress 
was made in understanding the biology of DCs, 
and the quality of DC-derived vaccines has been 
improved signifi cantly since these fi rst clinical 
trials. We have by now proven that DC vaccina-
tion is amongst the safest types of immunother-
apy, and with the current development towards 
natural DCs, which require only minimal in vitro 
culturing, also the reproducibility and quality of 
the vaccines will further improve. Next- 
generation DC vaccines need to be based on 
those DC subsets that are best equipped to elicit 
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CD8 +  T cells, but also CD4 +  T cells regulating 
CD8 +  T cell immunity in both the priming and 
the effector phases are equally important. Ahead 
of us lies the introduction of strategies aiming at 
in vivo targeting of DC subsets, which would fur-
ther widen their applicability in the clinic. 

 It remains of utmost importance to resolve the 
discrepancy between the immune and clinical 
effi cacy as measured by overall survival and the 
rate of cancer rejection. Therefore, it would be a 
tremendous step forwards if we could develop 
biomarkers that could predict which patients ben-
efi t most of DC vaccination. It is clear that we 
have to remove the barriers for cytotoxic T cells 
induced by DC vaccines, to reach the tumour and 
properly exert their effector functions. For that, 
immunosuppressive networks as discussed above 
must be eradicated. A logical approach to address 
these issues is the combination of DC vaccine 
candidates and immune checkpoint inhibitors. 

 We strongly believe that ultimately antigen- 
specifi c vaccination strategies will remain impor-
tant next to less specifi c checkpoint inhibitors, to 
obtain curative immunotherapies. We believe that 
DC vaccines will fi nd their way in the standard rep-
ertoire of therapeutic options of the oncologist.     
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           A Short History of mRNA-Based 
Vaccines 

 Being discovered in 1961, mRNA is a subject of 
consistent basic as well as application-oriented 
research for a diversity of diseases. The use of 
in vitro-transcribed mRNA for vaccination was 
fi rst suggested in 1986 when infectious poliovi-
rus mRNA was produced by in vitro transcription 
with T7 polymerase (van der Werf et al.  1986 ). 
The concept of in vivo application of nucleic 
acid-encoded drugs was launched when Wolff 
et al. demonstrated the expression of the encoded 
protein in mice after direct injection of messen-
ger RNA (mRNA) or plasmid DNA (pDNA) to 
the skeletal muscle (Wolff et al.  1990 ). The fi rst 
reported T-cell response upon mRNA vaccination 
is documented by induction of infl uenza virus-
specifi c immune responses in mice upon in vivo 
delivery of liposome-entrapped infl uenza nucleo-
protein-coding mRNA (Martinon et al.  1993 ). 

 The development of anticancer mRNA vac-
cines was initiated in 1995 when Conry and 

coworkers demonstrated tumor antigen-specifi c 
antibody responses upon intramuscular  injection 
of carcinoembryonic antigen (CEA) mRNA 
(Conry et al.  1995 ). A year later, Gilboa and 
colleagues demonstrated T-cell responses and 
antitumoral immunity by immunization of tumor-
bearing mice with murine dendritic cells (DC) 
transfected either with antigen-specifi c mRNA or 
total mRNA extracted from tumor cells. At that 
time dendritic cells emerged as the key antigen 
presenters for priming of T cells and crucial cell 
population for the induction of potent antigen-
specifi c immune response (Inaba et al.  1990 ; Rock 
et al.  1990 ). This together with the discovery of 
cancer vaccine targets by novel tumor antigen-
cloning approaches    (van der Bruggen et al.  1991 ; 
Sahin et al.  1995 ) stimulated the rapid develop-
ment and clinical translation of the mRNA-trans-
fected dendritic cell approach with entry into 
clinical testing more than one decade ago (Morse 
et al.  1998 ; Rains et al.  2001 ). Since then, many 
clinical trials using mRNA- transfected dendritic 
cell vaccines were performed in cancer patients 
and fi rmly established the feasibility, safety, 
and antitumoral activity of this approach    (Van 
Lint et al.  2013 ; Kreiter et al.  2011b ). 

 The clinical translation of cell therapies is 
expensive and cumbersome. Constraining the 
use of mRNA to cell therapy approaches lim-
its the major advantages mRNA as a drug may 
have (e.g., simple platform-type production 
process, low cost of goods). Therefore, direct 
in vivo administration of tumor antigen mRNA 
was revisited by various groups. Between 1990 
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and 2000, scientists already set out to utilize 
mRNA in different formulations and also tested 
self- amplifying mRNA vectors obtained from 
the genome of positive-strand RNA viruses. To 
improve delivery gene gun approaches, complex-
ing of mRNA with positively charged lipids or 
liposomal encapsulation were investigated (Qiu 
et al.  1996 ; Martinon et al.  1993 ; Zhou et al. 
 1994 ,  1999 ; Ying et al.  1999 ). Whereas most of 
these approaches remained preclinical, two con-
cepts employing either the intradermal delivery 
of naked mRNA (Hoerr et al.  2000 ) or the in vivo 
mRNA delivery into lymphatic dendritic cells in 
situ (Kreiter et al.  2010 ) advanced to clinical test-
ing in cancer patients. Currently, clinical trials are 
running employing the intradermal as well as the 
intranodal application route for mRNA in differ-
ent cancer entities, and a rising number of studies 
are expected to be launched in the coming years.  

    Concept and Molecular Design 
of mRNA Vaccines 

 Synthetic mRNA is produced by in vitro tran-
scription from plasmid-based vectors. The result-
ing transcript structurally resembles mature and 
processed mRNA molecules as they occur natu-
rally in the cytoplasm of eukaryotic cells. The 
concept behind using mRNA vaccines is to intro-
duce the mRNA into cells of interest for transla-
tion of a corresponding protein antigen that acts 
as an immunogen for the induction of antigen- 
specifi c immune responses. Upon cellular mRNA 
uptake the most critical factors determining the 
antigen yield are the translational effi cacy and the 
cytoplasmic half-life of the mRNA. The stabil-
ity and translation of the mRNA are controlled 
by precisely regulated and complex mecha-
nisms involving various pathways and molecules 
(Garneau et al.  2007 ; Jacobson and Peltz  1996 ; 
Meyer et al.  2004 ). Intracellular mRNA is 
metabolized to a great extent by exonucleases in 
5′–3′or reverse direction (Balagopal et al.  2012 ; 
Houseley and Tollervey  2009 ). The initial decay 
step is mostly removal of the poly(A) sequence 
at the 3′ end (deadenylation) followed by degra-
dation through the cytoplasmic exosome and the 

scavenger enzyme DcpS (Balagopal et al.  2012 ; 
Lykke-Andersen et al.  2011 ). Alternatively, the 
deadenylation is followed by decapping via the 
enzymes Dcp1 and Dcp2 (Song et al.  2010 ). This 
is followed by 5′–3′ exonucleolytic degradation 
by Xrn1 (Jinek et al.  2011 ; Chang et al.  2011 ). 
The main features of an mRNA that determine its 
susceptibility to mRNA decay mechanisms are 
therefore the 5′-cap, the 5′-, and 3′-untranslated 
regions (UTR) and the poly(A)-tail. Modifi cation 
of vector design or components used for in vitro 
synthesis of mRNA allows modulation of mRNA 
pharmacology. In order to achieve a synergy and 
maximize antigen yield, several benefi cial modi-
fi cations can be combined (Fig.  1 ). The main 
determinants of mRNA-mediated protein biosyn-
thesis are described in the following paragraph.

   The natural 5′ cap is an m 7 GpppN structure 
that is recognized by the eukaryotic translation 
initiation factor eIF4E and is mandatory for 
effi cient translation. Synthetic mRNA is mostly 
produced by adding a dinucleotide of the gen-
eral form m 7 GpppG as structural homolog of the 
endogenous cap directly to the reaction mixture 
(Pascolo  2008 ). Unfortunately this cap analogue 
can be incorporated in both directions into the 
mRNA with the one incorporated in the reverse 
orientation not being recognizable by the cellular 
translational machinery (Pasquinelli et al.  1995 ). 
Therefore, the development of anti-reverse caps 
(ARCA, m 2  7,2′-O GpppG, m 2  7,3′-O GpppG among 
other modifi cations) that can only be incorporated 
in the correct orientation was a major improve-
ment albeit no clinical data are yet reported 
(Jemielity et al.  2003 ; Peng et al.  2002 ; Stepinski 
et al.  2001 ; Kuhn et al.  2010 ). Resistance against 
cleavage by decapping enzyme Dcp2 was striven 
for by imido- phosphates, where the bridg-
ing oxygen is replaced by NH and S-ARCA in 
which a non- bridging oxygen is changed to a 
sulfur (Rydzik et al.  2012 ; Kowalska et al.  2008 ; 
Grudzien- Nogalska et al.  2007 ; Warminski et al. 
 2013 ). Administering antigen-encoding mRNA 
containing phosphorothioate-modifi ed cap into 
mice has been shown to greatly enhance antigen 
production in immature dendritic cells and to 
induce potent antigen-specifi c immune responses 
superior to a control cap (Kuhn et al.  2010 ). 
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 3′-UTRs can have a deep impact on mRNA 
stability. Many mRNA vectors incorporate the 3′ 
UTRs of alpha- and beta-globin mRNAs that har-
bor sequence elements increasing stability and 
translation of mRNA    (Yu and Russell  2001 ). This 
effect is mainly dependent on a phylogenetically 
conserved pyrimidine-rich element (Waggoner 
and Liebhaber  2003 ; Yu and Russell  2001 ). 
Interestingly Holtkamp et al. showed in a com-
parative study that two copies of beta-globin 
3′-UTRs compared to one copy resulted syner-
gistically in increased mRNA stability and func-
tional half-life (Holtkamp et al.  2006 ). Another 
option to enhance mRNA stability and transla-
tional effi cacy is to utilize structural elements 
found in viral mRNAs (Bergman et al.  2007 ; 
Sjoberg et al.  1994 ; Pogue et al.  1993 ; Garneau 
et al.  2008 ; Chiu et al.  2005 ). Moreover, mRNA 
translation can be improved by species-specifi c 
tailoring of the codon usage that differs from 
organism to organism (Grantham et al.  1980 ) as 
well as by considering that defi ned codon pairs as 
well as other sequence elements (e.g., UA dinu-
cleotides, AU-rich elements) may have an impact 
on mRNA stability and translational effi cacy 
(Moura et al.  2011 ; Duan and Antezana  2003 ; 
Khabar  2005 ). 

 Finally the poly(A) tail can be designed to 
maximize translational output. Its mechanistic 
impact is explained by the association of multiple 
copies of poly(A)-binding protein (PABP) which 
in complex interaction network enables mRNA 
circularization (Bernstein et al.  1989 ; Sachs et al. 
 1987 ; Baer and Kornberg  1980 ). This process has 
been proposed to stabilize mRNA by minimizing 
access of decapping and deadenylating enzymes, 
as well as promoting translation. A poly(A)-tail 
can be added either directly in the in vitro tran-
scription if it is encoded in the template vector or 
by a two-step reaction extending the in vitro- 
transcribed RNA enzymatically using recombi-
nant poly(A)-polymerase. For clinical translation 
the latter approach seems not appropriate as for 
enzymatic polyadenylation reproducibility from 
one reaction to another is poor and each mRNA 
preparation consists of a mixture of RNA species 
differing in length of the poly(A) (Holtkamp 
et al.  2006 ). For human DCs, it was shown that 
for template-encoded poly(A)-tails the protein 
expression increases with increasing length of 
the poly(A)-tail until around 120 adenosines 
(Holtkamp et al.  2006 ). Importantly, only an 
unmasked 3′ ending guarantees maximum trans-
lational effi cacy (Holtkamp et al.  2006 ).  
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    Production of mRNA Drugs 

 Messenger RNA can be generated from a 
plasmid- based template by in vitro transcrip-
tion. The plasmid vector is equipped with a bac-
teriophage RNA polymerase promoter (e.g., 
T3, T7, or SP6) located upstream of the tran-
scription start side. Usually, the protein-coding 
open- reading frame is fl anked by regulatory 
sequences that ensure effi cient mRNA transla-
tion and stability (e.g., poly(A) tail, 5′-, 
3′-UTRs) (Kuhn et al.  2011 ; Grudzien-Nogalska 
et al.  2013 ; Kuhn et al.  2012 ). Prior to in vitro 
transcription, the plasmid is linearized by cut-
ting at a restriction site downstream of the 
mRNA transcription cassette thereby ensuring 
that the resulting mRNA has a defi ned length. 
Alternatively, instead of plasmid vectors, a 
polymerase chain reaction- amplifi ed cDNA 
template can be used for in vitro transcription. 
Capping of the mRNA can be achieved co-tran-
scriptionally by adding a cap analogue or post-
transcriptionally by usage of a recombinant 
capping enzyme. In vitro transcription is fol-
lowed by purifi cation of the mRNA. To this end 
residual plasmid DNA is degraded by treatment 
with RNAse-free DNAse. Afterwards, bead-
based methods, precipitation, or chromato-
graphic methods are used to purify the mRNA. 
The purifi ed mRNA can then be subject of for-
mulation after sterile fi ltration. 

 The mRNA production and purifi cation pro-
cess is robust and largely template independent. 
When a work fl ow is established, the same pro-
cess can be used with relatively minor adapta-
tions for production of virtually any individual 
mRNA sequence of similar size. The mRNA syn-
thesis and purifi cation take only a few days and 
can be scaled from a few milligrams and large 
gram quantities of drug substance. This opens up 
the opportunity to produce mRNA quickly in an 
“on-demand” fashion for personalized use. On 
top of various in-process analytics, GMP release 
of the mRNA drug substance and of the formu-
lated drug products requires extensive testing and 
characterization, such as tests confi rming iden-
tity, appearance, content, integrity, residual DNA, 
endotoxin contamination, and sterility. 

 The rising interest in mRNA as drug format 
will probably drive further process improvements 
enabling to decrease the production costs, the 
production time, and thereby attract more groups 
to the fi eld of mRNA-based cancer vaccination.  

    Delivery of mRNA and Induction 
of Antigen-Specifi c Immune 
Responses in the Preclinical 
and Clinical Setting 

 Different approaches are utilized for the delivery 
of mRNA vaccines. The seminal article of 
Boczkowski et al. showed for the fi rst time that 
transfecting DCs via incubating them with 
mRNA is feasible, and these mRNA-transfected 
cells can be used for presentation of the antigen 
in vitro and in vivo (Boczkowski et al.  1996 ). 
Subsequent studies proved electroporation as an 
effi cient method to transfect DCs (Van Tendeloo 
et al.  2001 ; Ponsaerts et al.  2002 ). Motivated by 
promising fi ndings in animal models, mRNA- 
transfected DCs were tested in several clinical 
trials, the results of which are reviewed elsewhere 
(Kreiter et al.  2011b ; Van Lint et al.  2013 ) (see 
also Chap.   8    ). 

 Cationic liposomes are also employed for 
mRNA delivery to trap the negatively charged 
mRNA. Liposomal formulations of mRNA were 
used for induction of T-cell responses by sub-
cutaneous or intravenous delivery of liposome 
containing infl uenza protein-coding mRNA 
(Martinon et al.  1993 ). Further support for this 
approach came from another study in which the 
injection of liposome encapsulated melanoma 
antigen gp100 coding mRNA by direct injec-
tion into spleens of mice resulting in antitumor 
responses (Zhou et al.  1999 ). Moreover, systemic 
injection of MART1-mRNA containing histi-
dylated and mannosylated lipopolyplexes were 
shown to increase the effi ciency of internalization 
by antigen-presenting cells leading to a better 
inhibition of tumor growth in a mouse melanoma 
mode I (Perche et al.  2011 ; Mockey et al.  2007 ). 

 Delivery of mRNA precipitated on gold 
particles to the dermis via gene gun is yet 
another approach for mRNA-based vaccination. 
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By  transfecting dermal DCs in mice, Qui et al. 
reported for the fi rst time generation of antibod-
ies against human alpha-1 antitrypsin protein 
after gene gun bombardment of mRNA-coated 
gold particles (Qiu et al.  1996 ). Another preclini-
cal study provided evidence that both humoral 
and cellular immune responses as well as protec-
tive tumor immunity in a melanoma model can 
be generated using gene gun-based administra-
tion of tyrosine- related protein 2 (TRP2)-coding 
mRNA (Steitz et al.  2006 ). Although delivery 
of mRNA via gene gun is a promising tool for 
cancer immunotherapy, the clinical translation of 
this approach has not been achieved. 

 Direct utilization of naked mRNA for vaccina-
tion obviates the need for laborious generation of 
DCs in vitro, preparation of complex liposome/
peptide-mRNA formulations, as well as use of 
expensive gold beads on which mRNAs are coated. 
   Indeed, vaccination with naked mRNA was one of 
the earliest application strategies among mRNA-
based vaccination studies such that those mice 
that received intramuscular injection of naked 
globin UTR-stabilized mRNA coding for carcino-
embryonic antigen (CEA) were able to generate 
anti-CEA antibodies (Conry et al.  1995 ). 

 Direct injection of naked globin UTR- 
stabilized ß-galactosidase-encoding mRNA into 
the ear pinna of mice resulted in induction of anti-
gen-specifi c antibody and CD8+ T-cell responses 
(Hoerr et al.  2000 ). The study suggested that by 
intradermal application of naked mRNA alone, a 
Th2-skewed antigen-specifi c immune response is 
induced. By co-application of adjuvants such as 
GM-CSF (Carralot et al.  2004 ) or by co-delivery 
of a protamine- complexed mRNA (Scheel et al. 
 2005 ), a strong shift toward Th1 was accom-
plished. Protamine- complexed mRNA as well 
as antigen-encoding mRNA combined with 
GM-CSF was tested in early clinical trials prov-
ing feasibility, safety, and immunogenicity in a 
portion of vaccinated patients (Weide et al.  2008 ; 
Rittig et al.  2011 ). The biotechnology company 
CureVac (Tübingen/Germany) further improved 
that approach developing a pharmaceutical 
grade two component vaccine which consists of 
a free antigen- encoding mRNA plus protamine-
complexed mRNA. This mRNA vaccine showed 

potent activity in preclinical studies (Fotin-
Mleczek et al.  2011 ). Interim results of ongoing 
clinical trials in patients with prostate cancer and 
non-small cell lung cancer proved high immuno-
genicity of this vaccine. 

 Our group has followed another delivery 
strategy. Following classical pharmacological 
principles and acknowledging the pivotal role of 
dendritic cells in priming of immune responses, 
we combined pharmacological optimization 
of mRNA with delivery routes allowing in situ 
transfection of dendritic cells in vivo. Our aims 
were to improve mRNA translation and stabil-
ity and to enhance presentation of the mRNA- 
encoded antigen on MHC class I and II molecules 
of murine and human DC (Holtkamp et al.  2006 ; 
Kreiter et al.  2007 ,  2008 ; Diken et al.  2013 ; Kuhn 
et al.  2010 ). We tested various application routes 
for these optimized mRNA vaccines. Direct 
injection of naked mRNA into lymph nodes 
resulted in unmatched strong antigen-specifi c 
CD4 +  and CD8 +  T-cell responses. We showed 
that after intranodal injection mRNA molecules 
are selectively and effectively taken up by lymph 
node resident DCs. Moreover, the inherent adju-
vant activity of the mRNA mediated a matura-
tion of the respective DC via TLR7 signaling and 
induced the secretion of various infl ammatory 
cytokines and T-cell-attracting chemokines. The 
immune-stimulatory intralymphatic milieu cre-
ated thereby promoted strong antigen-specifi c 
Th1 type T-cell responses and effective antitu-
moral immunity in preclinical animal models. 
Interestingly, we found that mRNA was internal-
ized by macropinocytosis, a special kind of endo-
cytosis restricted to immature DCs (Kreiter et al. 
 2010 ,  2011a ; Diken et al.  2011 ). The potency of 
intranodal vaccination could be further improved 
by combination with FLT3L, a molecular adju-
vant facilitating the increase of DCs in lymph 
nodes (Kreiter et al.  2011a ) or by co-delivery 
of mRNA-encoded immunomodulators as dem-
onstrated by Thielemans and colleagues ( 2012 ). 
The intranodal delivery approach is being phar-
maceutically developed by the biotechnology 
company BioNTech (Mainz/Germany), which 
recently started fi rst-in-human testing in mela-
noma patients (NCT01684241).  
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    Personalized mRNA Cancer 
Vaccines: Toward Bedside 

 Since cancer is a disease caused by mutations, it 
is tempting to also harvest this central character-
istic in immunotherapeutic approaches. 
Mutations in cancer can lead to changes in the 
protein sequence (e.g., non-synonymous single- 
nucleotide variations (SNV), indels, fusions, 
splice site mutations) and thereby generate neo-
antigens. These are not encoded in the germline 
and therefore confer the advantage of lacking 
development of central immunological tolerance. 
Due to the tumor specifi city of the encoded neo-
antigens, autoimmune toxicity against healthy 
tissues is not expected from T cells evoked 
against those neoantigens. As in general the num-
ber of mutations varies (Alexandrov et al.  2013 ), 
also the number of non-synonymous mutations 
varies between 10s and 100 s in different tumor 
entities (Greenman et al.  2007 ; Stratton  2011 a; 
Ding et al.  2010 ; Parsons et al.  2008 ; Jones et al. 
 2008 ; Totoki et al.  2011 ; Sjoblom et al.  2006 ; 
Wood et al.  2007 ; Pleasance et al.  2010a ,  b ; Wei 
et al.  2011 ; Lee et al.  2010 ). Further complexity 
is added to the task by the fact that more than 
95 % of these mutations are unique to a given 
tumor (Stratton  2011 b). Therefore, any strategy 
aiming for a broad usage of mutation-encoded 
neoantigens in immunotherapy has to incorporate 
measures to enable active personalization with 
acceptable effort (Britten et al.  2013 ). Importantly, 
it was shown already by Lennerz et al. that natu-
ral antitumoral T-cell reactivity in a melanoma 
patient is dominated by T-cell responses against 
neoantigens (Wolfel et al.  2008 ). Also in adoptive 
T-cell transfer therapies, it was shown that 
patient-derived T-cell lines from three clinically 
responding patients recognized mutated antigens 
(Robbins et al.  2013 ). The recent observation that 
a melanoma patient clinically responding to 
 anti- CTLA4 treatment developed a strong 
neoantigen- specifi c T-cell response further sup-
ports the hypothesis that those T cells can be of 
therapeutical    value (van Rooij et al.  2013 ). With 
respect to clinical translation, only a small num-
ber of vaccination studies have been performed 
so far (Carbone et al.  2005 ; Rahma et al.  2010 ). 

 The option of clinical development of a per-
sonalized cancer vaccines was opened up by the 
development of affordable deep sequencing tech-
nology (Koboldt et al.  2013 ). Further progress 
made regarding standardized sequencing meth-
ods, epitope prediction, and mutation evaluation 
as well as prioritization paved the way 
(Scholtalbers et al.  2013 ; Lower et al.  2012 ; 
Lundegaard et al.  2008 ; Cibulskis et al.  2013 ). 

 Entering hitherto unknown territories, we sys-
tematically investigated the immunogenicity of 
cancer mutations. For that aim we combined 
high-coverage deep sequencing of the B16F10 
melanoma exome with systematic immunogenic-
ity analyses of identifi ed mutations. Our study 
showed that 20–30 % of identifi ed non- 
synonymous mutations are immunogenic and can 
be used for induction of T cells specifi c for 
mutation- encoded neoantigens (Castle et al. 
 2012 ). Vaccination with mutated epitopes results 
in tumor growth retardation even though B16F10 
has a very low MHC expression (Boegel et al. 
 2013 ). Further studies demonstrated that mRNA- 
encoded neoantigens identifi ed in different 
murine tumor models can be used to induce T-cell 
responses that elicit antitumoral effects (unpub-
lished results   ). 

 In another study, Schreiber and coworkers 
showed that a mutated epitope can be lost in 
tumors by immunoediting (Matsushita et al. 
 2012 ). In order to minimize the risk of such 
escape mutants, it seems desirable to induce T 
cells against more than one neoepitope. This 
importance of the issue is supported by our obser-
vation that many of the immunogenic epitopes in 
B16F10 seem to be derived from passenger-type 
mutations (Castle et al.  2012 ). 

 A rapidly determined patient-specifi c tumor 
mutation pattern combined with a fl exible 
mutation- targeting drug platform could generate 
a mutation-targeting individualized therapy from 
which each single patient would benefi t. 

 Among the different antigen formats for 
vaccination, antigen-coding messenger RNA 
(mRNA) is a particularly attractive option. In 
vitro-transcribed mRNA is a favorable drug for-
mat for actively personalized cancer vaccines. 
It can be produced also under GMP conditions 
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in a short time range allowing a fast return to 
the patient. Since mRNA itself only transports 
the information for an antigen, its chemical fea-
tures will not differ dramatically between batches 
for different patients obviating the necessity 
for deep-characterizing studies of every single 
patient-specifi c vaccine batch. Utilizing in vitro 
transcription allows generating polytopic mRNA 
vaccines targeting multiple neoantigens, and it 
does not require knowledge of the minimal epit-
ope (Fig.  2 ).

   Accordingly, we started the development of 
actively personalized mRNA-based cancer vac-
cines by launching in 2010 the “Individualized 
Vaccines for Cancer (IVAC)” project aiming for 
treatment of melanoma patients supported by the 
German Federal Ministry for Education and 
Research. The project is driven by a public- 
private partnership consortium that pursues the 
development, production, clinical testing, and 
commercialization of individualized mRNA 

 vaccines (  http://tron-mainz.de/news-archiv-2012/
ivac-consortium-wins-bmbf-grant/    ). The IVAC 
phase I study (NCT02035956), initiated in 
December 2013, will allow treatment of patients 
from up to ten mRNA-encoded mutated epitopes, 
and in the future potentially even larger numbers 
of neoepitopes could be utilized in parallel or 
sequential treatment protocols.     
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           Therapeutic Monoclonal Antibodies 
in Oncology: A Short History 

 During the    three decades since monoclonal anti-
bodies (mAbs) fi rst became widely available, they 
have seen remarkable progress in their application 
to cancer treatment. In the early days the focus was 
on fi nding targets which would allow recruitment 
of the body’s innate immunity, in the form of Fc 
receptor- expressing cellular effectors and comple-
ment, against the unwanted cancer (Scott et al. 
 2012 ). Following some initial encouraging results 
from the use of anti-idiotype mAbs to treat lym-
phoma, this technology proved too cumbersome 
for wide application, and fully murine reagents 
failed to yield convincing responses in the clinic. 
Signifi cant progress was not made until major 
advances in molecular biology allowed antibody 
engineering and the production of human/mouse 
chimeric or humanised products. This resulted in 
drugs which target tumours directly for destruc-
tion by the body’s natural effectors as originally 

conceived, as with rituximab, or which also had 
the capacity to block the oncogenic properties of 
their target protein, as with the blocking of Her2    
by trastuzumab. Antibodies    were still relatively 
ineffective at treating solid tumours, partly because 
of a lack of good tumour-restricted targets but also 
because epithelial tumours are generally resistant 
to the cytotoxic activity of natural effectors. 
Throughout this period, the ability of mAbs to 
manipulate the immune system itself was being 
investigated in murine models, with different anti-
body formats either blocking or stimulating 
immune receptors and able to regulate conven-
tional acquired Ab and T-cell immunity. This 
immunomodulatory activity appears critical for 
the latest, and perhaps most promising, application 
of mAb. 

 Even though early attempts to use mAb to 
treat cancer were considered largely unsuccess-
ful, they were critical in defi ning many of the 
obstacles to their use as therapeutics and under-
standing their mechanism of action (MoA). The 
successes were suffi cient to sustain mAb devel-
opment through the diffi cult periods of the 1980s 
and early 1990s. They also established that mAbs 
were generally much more cytolytic against hae-
matopoietic malignancies as compared to epithe-
lial tumours, which is an observation that remains 
true even after mAb function is optimised to 
increase potency. This    resistance of solid tumours 
is only overcome when mAbs are used in a com-
pletely different way, not to attack the tumour 
directly, but to target the blood supply or to acti-
vate endogenous anticancer immunity (below). 
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 Early attempts to use mAbs against solid 
tumours focused on 17.1A, which recognised the 
anti-epithelial cell adhesion molecule (EPCAM) 
(Göttlinger et al.  1986 ) and was one of the many 
thousands tested that showed good specifi city for 
colon cancer. While modest success was reported, 
with some stabilisation of disease and occasional 
objective responses, 17.1A lacked potency and 
promoted strong human anti-mouse antibody 
(HAMA) responses. Interestingly, careful analy-
sis of the results showed a possible correlation 
between outcome and HAMA response, hinting 
at a therapeutic effect from recruitment of an 
anti-idiotype network, although this remains a 
controversial idea. The lack of effi cacy for 
EPCAM was later confi rmed in a phase III clini-
cal trial using a humanised version of the mAb. 

 Work targeting lymphoid tumours fared much 
better: fi rstly, because of the ease with which 
tumour-specifi c (idiotype) or cell-restricted 
(CD52, CD20) mAbs could be raised and, sec-
ondly, because of the greater sensitivity of the 
target cells to lysis by natural effector systems 
and fi nally because patients with lymphoid 
tumours proved less likely to raise HAMA 
responses. The lack of HAMA responses was 
attributed to a compromised immune system by 
previous chemotherapy and to the immunosup-
pressive nature of the disease and was critical for 
allowing multiple administrations of rodent mAb. 
Work by the Stevenson in Southampton and by 
Levy at Stanford showed that while the idiotope 
of the B-cell receptor (BCR) provided a highly 
specifi c target for individual lymphoid tumours, 
tailor-making these reagents for each patient was 
beyond the capacity of either academic or indus-
trial partners. However, although they would 
never be drugs on a large scale, it was this experi-
ence which demonstrated the potential effi cacy 
of immunoglobulin (Ig)G mAbs and their lack of 
overt toxicity. A corollary of this work was the 
demonstration that when mAbs bound and cross- 
linked a membrane receptor (in this case, the 
BCR), they could generate transmembrane sig-
nals which mimicked those elicited by a natural 
ligand, triggering cellular responses including 
antigenic modulation (internalisation) of the 
BCR, a rapid rise in intracellular signalling 

 molecules such as cAMP, and various inhibition 
or stimulation of cell growth. This cross-linking 
activity of mAb, often promoted by Fc receptors 
(FcRs), would emerge as a vital property of ther-
apeutic mAb, exploited in many subsequent 
developments. 

 The 1980s saw the exploration of a family of 
molecules based on the Campath mAb, recognis-
ing a dodecameric peptide, CDw52, expressed at 
high levels on most leucocytes. Waldmann and 
colleagues raised the Campath 1 M IgM mAb 
which was highly effective in activating human 
complement and lysing target cells (Hale et al. 
 1990 ). However, this activity, while useful for 
clearing cells from the circulation of patients 
with leukaemia, was unable to resolve more 
bulky disease in lymphomatous nodes. This was 
only achieved when the IgM mAb was converted 
to a rat IgG2b isotype, which was notably more 
active. This important observation pointed the 
way for future mAb design by identifying cellu-
lar effectors, including the FcR on myeloid and 
natural killer (NK) cells, as the primary mecha-
nism mediating therapeutic activity, at least 
against lymphoid tumours. The Campath mole-
cule was one of the fi rst used to develop human/
mouse chimeric reagents, in which the specifi city 
of the rodent mAb was genetically grafted onto 
human constant regions. This technology made 
mAbs into effective drugs. Reagents    were con-
verted either into chimeric mAbs with entire 
heavy- and light-chain variable domains from the 
required specifi city genetically spliced onto 
human constant region genes or using a more 
sophisticated process of humanisation using just 
the mAb complementarity-determining regions 
(CDRs) grafted into a suitable human framework. 
This latter process resulted on only 5 % of the 
mAb molecule being of rodent origin, and hence 
in practical terms it could be considered human. 
However, a cost of this elegant engineering was a 
slight but consistently observed reduction in 
binding affi nity. Later technology would over-
take the need for genetic engineering, allowing 
the isolation of fully human mAb either from 
phage libraries of human V regions or from trans-
genic mice, in which the mouse V regions had 
been replaced with most of the human V regions. 
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 Genetic engineering of this type was used in the 
fi rst widely successful anticancer mAbs rituximab 
(anti-CD20, chimeric) and trastuzumab (anti-
Her2/neu, humanised) and provided three impor-
tant features required for clinical effi cacy. Firstly, 
it greatly increased their ability to engage natural 
effectors, particularly using human IgG1 for 
recruiting via one of the activatory FcR, such as 
FcRIIIa on NK cells. Secondly, it reduced immu-
nogenicity, allowing multiple doses of most mAbs 
to be administered without HAMA responses. 
Thirdly, it greatly extended the biological survival 
of the reagents by their ability to bind to the so-
called Brambell receptor, or FcRn, which rescues 
human IgG from degradation in endothelial cells 
and recycles it back to the plasma. This leads to a 
half-life for most subclasses of human IgG of over 
20 days, compared with around 18 h for mouse 
mAb. Despite these improvements, it still proved 
hard to fi nd mAb which would tackle the diffi cult 
epithelial cancers. The success of reagents such as 
trastuzumab and cetuximab probably relate in 
large part to the ability of mAb to block the 
growth-promoting activity of their respective tar-
gets as much as to the recruitment of natural effec-
tors, although the relative contribution of cytotoxic 
FcR-expressing effector cells versus mAb-block-
ing activity remains a contentious issue. It remains 
to be seen whether naked mAbs, directed at “inert” 
targets on solid tumours where the antigen is not a 
growth receptor, such as MUC1 or CEA, will 
become effective therapies with the capacity to 
control cancer. While these targets have failed to 
date, strategies to promote the effi cacy of the mAb 
or to augment the potency of effector cells may 
change this.  

    Types of Monoclonal Antibody 
Therapeutics and Their Mechanisms 
of Action 

 During three decades of clinical investigation, 
mAbs have been developed to exert their 
 antitumour effect through different MoA, 
either naked or conjugated with radionuclides 
or toxins (Table  1 , Fig.  1 ) (Sliwkowski and 
Mellman  2013 ).

    For naked mAbs, one possible MoA is to per-
turb tumour-cell signalling. The mAbs acting in 
this way can block important signalling pathways 
essential for tumour-cell survival. They may tar-
get either membrane-bound receptors such as 
Her2 (trastuzumab) or epidermal growth factor 
receptor (EGFR) (cetuximab) or soluble growth 
factors such as vascular epithelial growth factor 
A (VEGF-A) (bevacizumab). However, clinically 
validated functional targets are scarce, which 
may limit the development of such blocking 
agents. 

 Upon binding to tumour cells, mAbs can also 
act through their Fc region and recruit intrinsic 
immune mechanisms, such as complement- 
dependent cytotoxicity (CDC) and antibody- 
dependent cellular cytotoxicity (ADCC; Fig.  1a ). 
In CDC, the complement cascade is activated to 
form a membrane attack complex which results 
in direct tumour-cell lysis, a mechanism which 
may be important for mAbs like rituximab and 
ofatumumab. In addition, the complement cas-
cade protein C5a is a powerful infl ammatory 
mediator with chemotactic activity especially 
for neutrophils but also for monocytes and mac-
rophages (Savola et al.  2011 ). These cells are 
important contributors to antitumour activity 
through phagocytosis. A further important MoA 
of mAbs is ADCC, which follows the “cross- 
linking” of the tumour with an NK cell. The mAb 
interacts through its Fc region with the FcγRIIIA 
present on NK cells, which release cytokines 
such as interferon (IFN) and cytotoxic gran-
ules containing perforin and granzymes, trig-
gering apoptosis and tumour-cell death. Recent 
research has focused on increasing the moderate 
affi nity between the mAb and the FcγRIIIA. It 
has been shown that the absence or low pres-
ence of a fucose residue on the sugar moiety of 
the mAb is associated with better binding to the 
FcγRIIIA and with increased ADCC activity 
(Niwa et al.  2004 ). The most advanced glyco-
engineered mAb, obinutuzumab, targets CD20 
and has recently been approved for the treatment 
of chronic lymphocytic leukaemia. 

 Recent results with immune-stimulating 
mAbs have revitalised the belief that the immune 
system not only has the potential to control solid 

Antibody Therapy in Oncology



104

   Ta
b

le
 1

  
  A

nt
ib

od
y-

ba
se

d 
th

er
ap

eu
tic

s 
in

 o
nc

ol
og

y   

 A
nt

ib
od

y-
ba

se
d 

th
er

ap
eu

tic
 

 Ta
rg

et
 

 M
ec

ha
ni

sm
s 

of
 a

ct
io

n 
 Ta

rg
et

ed
 c

an
ce

rs
 

  N
ak

ed
 m

A
bs

  
 R

itu
xi

m
ab

 (
R

itu
xa

n)
 

 C
D

20
 

 A
D

C
C

, C
D

C
, a

po
pt

os
is

 in
du

ct
io

n 
 N

H
L

, r
el

ap
se

d 
C

L
L

 
 O

fa
tu

m
um

ab
 (

A
rz

er
ra

) 
 C

D
20

 
 A

D
C

C
, C

D
C

 
 C

L
L

 r
ef

ra
ct

or
y 

to
 fl 

ud
ar

ab
in

e 
an

d 
al

em
tu

zu
m

ab
 

 O
bi

nu
tu

zu
m

ab
 (

G
az

yv
a)

 
 C

D
20

 
 A

po
pt

os
is

, A
D

C
C

 
 R

ec
ur

re
nt

 C
L

L
 

 A
le

m
tu

zu
m

ab
 (

C
am

pa
th

) 
 C

D
52

 
 A

D
C

C
, C

D
C

, a
po

pt
os

is
 in

du
ct

io
n 

 B
-c

el
l C

L
L

 
 T

ra
st

uz
um

ab
 (

H
er

ce
pt

in
) 

 H
er

2/
ne

u 
 In

hi
bi

tio
n 

of
 E

R
B

B
/H

er
2/

ne
u 

si
gn

al
lin

g 
–b

lo
ck

ad
e 

of
 c

el
l p

ro
lif

er
at

io
n 

 E
ar

ly
 a

nd
 a

dv
an

ce
d 

br
ea

st
 c

an
ce

r, 
ad

va
nc

ed
 g

as
tr

ic
 o

r 
ga

st
ro

-o
es

op
ha

ge
al

 c
ar

ci
no

m
a 

 Pe
rt

uz
um

ab
 (

Pe
rj

et
a)

 
 H

er
2/

ne
u 

 In
hi

bi
tio

n 
of

 E
R

B
B

/H
er

2/
ne

u 
si

gn
al

lin
g 

–b
lo

ck
ad

e 
of

 c
el

l p
ro

lif
er

at
io

n 
 N

eo
-a

dj
uv

an
t t

re
at

m
en

t o
f 

H
er

2 +
  b

re
as

t c
an

ce
r, 

m
et

as
ta

tic
 

H
er

2 +
  b

re
as

t c
an

ce
r 

bo
th

 in
 c

om
bi

na
tio

n 
w

ith
 tr

as
tu

zu
m

ab
 

an
d 

do
ce

ta
xe

l 
 B

ev
ac

iz
um

ab
 (

A
va

st
in

) 
 V

E
G

F-
A

 
 A

ng
io

ge
ne

si
s 

in
hi

bi
tio

n 
by

 d
ec

el
er

at
io

n 
of

 tu
m

ou
r 

va
sc

ul
ar

is
at

io
n 

 M
et

as
ta

tic
 c

ol
or

ec
ta

l, 
br

ea
st

, n
on

-s
m

al
l-

ce
ll 

lu
ng

 a
nd

 r
en

al
 

ce
ll 

ca
nc

er
; r

ec
ur

re
nt

 g
lio

bl
as

to
m

a 
m

ul
tif

or
m

e;
 a

dv
an

ce
d 

ov
ar

ia
n 

ca
nc

er
 

 C
et

ux
im

ab
 (

E
rb

itu
x)

 
 E

G
FR

 
 E

G
FR

 s
ig

na
lli

ng
 in

hi
bi

tio
n,

 A
D

C
C

 
 L

oc
al

ly
 a

dv
an

ce
d 

or
 r

ec
ur

re
nt

/m
et

as
ta

tic
 h

ea
d 

an
d 

ne
ck

 
ca

nc
er

 o
f 

sq
ua

m
ou

s 
hi

st
ol

og
y,

 in
 c

om
bi

na
tio

n 
w

ith
 

ch
em

ot
he

ra
py

: w
ild

-t
yp

e 
 K

R
A

S  
m

et
as

ta
tic

 c
ol

or
ec

ta
l c

an
ce

r 
 Pa

ni
tu

m
um

ab
 (

V
ec

tib
ix

) 
 E

G
FR

 
 E

G
FR

 s
ig

na
lli

ng
 in

hi
bi

tio
n 

 W
ild

-t
yp

e 
 K

R
A

S  
m

et
as

ta
tic

 c
ol

or
ec

ta
l c

an
ce

r 
 Ip

ili
m

um
ab

 (
Y

er
vo

y)
 

 C
T

L
A

-4
 

 Po
te

nt
ia

tio
n 

of
 T

-c
el

l a
ct

iv
at

io
n 

by
 b

lo
ck

in
g 

C
T

L
A

-4
 

 U
nr

es
ec

ta
bl

e 
or

 m
et

as
ta

tic
 m

el
an

om
a 

(s
ec

on
d-

lin
e 

tr
ea

tm
en

t)
 

  C
he

m
o -

 la
be

ll
ed

 A
D

C
s  

 B
re

nt
ux

im
ab

 v
ed

ot
in

 (
M

M
A

E
; 

A
dc

et
ri

s)
 

 C
D

30
 

 C
yt

ot
ox

ic
ity

 d
ue

 to
 c

he
m

ot
he

ra
pe

ut
ic

s 
de

liv
er

y 
to

 
ta

rg
et

 c
el

ls
; c

yt
os

ke
le

ta
l d

is
ru

pt
io

n 
 R

el
ap

se
d/

re
fr

ac
to

ry
 C

D
30

 +
  H

od
gk

in
 ly

m
ph

om
a 

 A
do

-t
ra

st
uz

um
ab

 e
m

ta
ns

in
e 

(D
M

1;
 K

ad
cy

la
) 

 E
R

B
B

2/
H

er
2/

ne
u 

 C
yt

ot
ox

ic
ity

 d
ue

 to
 c

he
m

ot
he

ra
pe

ut
ic

s 
de

liv
er

y 
to

 
ta

rg
et

 c
el

ls
; c

yt
os

ke
le

ta
l d

is
ru

pt
io

n 
 R

ef
ra

ct
or

y 
H

er
2 +

  b
re

as
t c

an
ce

r 

 G
em

tu
zu

m
ab

 o
zo

ga
m

ic
in

 
(M

yl
ot

ar
g)

 
 C

D
33

 
 C

yt
ot

ox
ic

ity
 d

ue
 to

 c
he

m
ot

he
ra

pe
ut

ic
s 

de
liv

er
y 

to
 

ta
rg

et
 c

el
ls

; D
N

A
 b

in
di

ng
 

 E
ld

er
ly

 p
at

ie
nt

s 
w

ith
 a

dv
an

ce
d 

A
M

L
 (

20
00

–2
01

0;
 d

ru
g 

w
ith

dr
aw

n 
fr

om
 m

ar
ke

t d
ue

 to
 la

ck
 o

f 
ef

fi c
ac

y 
be

ne
fi t

 in
 

po
st

-m
ar

ke
tin

g 
ph

as
e 

II
I 

tr
ia

l)
 

  R
ad

io
 - l

ab
el

le
d 

A
D

C
s  

  90
 Y

-l
ab

el
le

d 
ib

ri
tu

m
om

ab
 ti

ux
et

an
 

(Z
ev

al
in

) 
 C

D
20

 
 C

yt
ot

ox
ic

ity
 d

ue
 to

 r
ad

ia
tio

n 
de

liv
er

y 
to

 ta
rg

et
 c

el
ls

 
 R

el
ap

se
d 

fo
lli

cu
la

r 
ly

m
ph

om
a,

 o
r 

as
 c

on
so

lid
at

io
n 

tr
ea

tm
en

t 
in

 f
ol

lic
ul

ar
 ly

m
ph

om
a 

  13
1  I

-l
ab

el
le

d 
to

si
tu

m
om

ab
 (

B
ex

xa
r)

 
 C

D
20

 
 C

yt
ot

ox
ic

ity
 d

ue
 to

 r
ad

ia
tio

n 
de

liv
er

y 
to

 ta
rg

et
 c

el
ls

 
 N

H
L

 

   A
D

C
  a

nt
ib

od
y-

dr
ug

 c
on

ju
ga

te
,  A

D
C

C
  a

nt
ib

od
y-

de
pe

nd
en

t c
yt

ot
ox

ic
ity

,  A
M

L
  a

cu
te

 m
ye

lo
id

 le
uk

ae
m

ia
,  C

D
  c

lu
st

er
 o

f 
di

ff
er

en
tia

tio
n,

  C
D

C
  c

om
pl

em
en

t-
de

pe
nd

en
t c

yt
ot

ox
ic

ity
, 

 C
L

L
  c

hr
on

ic
 ly

m
ph

oc
yt

ic
 le

uk
ae

m
ia

,  C
T

L
A

-4
  c

yt
ot

ox
ic

 T
-l

ym
ph

oc
yt

e 
an

tig
en

 4
,  D

M
1  

m
er

ta
ns

in
e,

  E
G

F
R

  e
nd

ot
he

lia
l g

ro
w

th
 fa

ct
or

 r
ec

ep
to

r, 
 E

R
B

B
  a

vi
an

 e
ry

th
ro

bl
as

to
si

s 
on

co
-

ge
ne

 B
,  K

R
A

S  
K

ir
st

en
 r

at
 s

ar
co

m
a 

vi
ra

l o
nc

og
en

e 
ho

m
ol

og
,  M

M
A

E
  m

on
om

et
hy

l a
ur

is
ta

tin
 E

,  N
H

L
  n

on
-H

od
gk

in
 ly

m
ph

om
a,

  V
E

G
F

  v
as

cu
la

r 
en

do
th

el
ia

l g
ro

w
th

 f
ac

to
r  

M. Glennie et al.



105

tumour growth but that it can also be upregulated 
by appropriate intervention to deliver clinically 
meaningful responses (Lee et al.  2013 ). The cur-
rent leading candidates in this exciting fi eld are 
anti-cytotoxic T-lymphocyte antigen (CTLA)-4 
(ipilimumab) and anti-programmed death (PD)-1/
PD-ligand (L)1, which have delivered impressive 
clinical results both alone and in combination. 
The original concept for these immunomodula-
tory mAbs, sometimes called checkpoint block-
ers, was that they could block the negative 
feedback signals provided to effector T cells via 
CTLA-4 and PD-1 (Fig.  1b ). Such an interpreta-
tion was supported by considerable in vitro data 
showing that adding a CTLA-4-blocking mAb 
promoted effector T-cell responses. This inter-
pretation was also supported by growing evi-
dence showing that T-cell infi ltrates in a range of 
tumour types were anergic and showed signs of 
exhaustion including high expression of CTLA- 
4, PD-1 and other inhibitory receptors such as 

TIM3 and LAG3. Hence, blocking the function 
of inhibitory receptors seemed a logical step 
towards reversing the inactive state of immune 
effector cells. More recently, however, growing 
evidence demonstrated, at least for anti-CTLA-4 
in mice, that the isotype of the therapeutic mAb is 
important and that one with cytotoxic activity, 
such as IgG2a, is more active than an IgG which 
is unable to recruit cytotoxic cellular effectors. 
This is inconsistent with a blocking function 
alone, and recently convincing data from elegant 
animal models has suggested that anti-CTLA-4, 
at least in part, may work through its ability to 
delete regulatory T cells (Tregs) in the tumour 
which, unlike effector cells, express CTLA-4 at 
high levels. The observation that suffi cient levels 
necessary to mediate cell killing of the most 
active Fc receptor, FcRIV, on macrophages are 
only available in the tumour itself supports 
the earlier explanation and may explain why not 
all Tregs are deleted. It is not clear whether 
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 anti-PD- 1 mAb might have a similar ability to 
differentially deplete Tregs, but it is interesting to 
speculate that the success of ipilimumab, a cyto-
toxic human IgG1, was not matched by a similar 
anti-CTLA-4 reagent (tremelimumab), which 
was a human IgG2 with signifi cantly less activity 
in ADCC. 

 The two approved radioimmunotherapeutic 
mAbs are  90 Y-labelled ibritumomab tiuxetan and 
 131 I-labelled tositumomab, both targeting CD20. 
The lethal beta radiation emitted by the radionu-
clides induces cellular damage by the formation 
of free radicals in the targeted tumour cells as 
well as in healthy neighbouring cells (Fig.  1c ). 
Thus, the long beta emission, in millimetres, lim-
its their therapeutic index. There is an interest in 
exploiting short-range, high-energy α-particle- 
emitting nuclides for the eradication of minimal 
residual cancerous disease. 

 The recently emerging technology based on 
mAbs is the antibody-drug conjugate (ADC). 
ADCs are mAbs targeting a cytotoxic drug 
directly and selectively to tumour cells (Fig.  1d ). 
The major drawback with nontargeted chemo-
therapy is the systemic damage to all dividing 
cells which limits its potential use. In ADCs, the 
cytotoxic drug is conjugated to the mAb by a 
chemical linker. In order to be effective, the mAb 
has to bind to a membrane receptor that is inter-
nalised. Subsequently, the drug should be cleaved 
off the mAb by intracellular enzymes and be 
released in its functional cytotoxic form into the 
cytoplasm of the tumour cell. Gemtuzumab ozo-
gamicin was the fi rst ADC approved by the FDA 
in 2000. However, it was withdrawn from the 
market in 2010 because, in a post-marketing fol-
low- up clinical trial, it failed to meet prospective 
effi cacy targets that were required for its acceler-
ated approval by the FDA. During recent years a 
lot of research focussed on the improvement of 
the linker and drug technology to optimise the 
release of the active drugs into the cytoplasm. 
Recently, two ADCs, trastuzumab emtansine and 
brentuximab vedotin, have been approved by the 
FDA. Due to the experiences hitherto, nearly 20 
additional ADCs have been constructed and are 
in early-stage clinical development in several 
cancer types. 

 Thus, mAbs are multipurpose drugs, which 
combine highly specifi c targeting with a diversity 
of modes of action, each of which can be engi-
neered to be highly effi cient in its own right to 
induce antitumour activity.  

    The Clinical Impact of Antibody 
Therapies for Cancer 

 The introduction of mAbs into some areas of 
oncology was transformative. Although the 
results of treatment with murine anti-idiotype 
antibodies were striking in a few cases of B-cell 
lymphoma, it was only with the development of 
generic “tumour-selective” reagents with human 
Fc regions that the true potential of Kohler and 
Milstein’s invention became apparent (Köhler 
and Milstein  1975 ). The advanced state of knowl-
edge of the membrane of B lymphocytes was 
responsible for the early identifi cation of B-cell 
antigens as targets, and the development of the 
chimeric rituximab molecule for treating lym-
phoma boosted the fi eld in a way that the anti-
 CD52 antibodies had failed to do. Although 
anti-CD52 (alemtuzumab) had shown some effi -
cacy against diffuse bone marrow infi ltrates in 
low-grade lymphoid malignancies, it was disap-
pointing in the treatment of more substantial 
nodal disease, and its development was further 
hampered by the profound immunosuppression 
caused by targeting both T and B cells, leading to 
reactivation of lymphotropic infections. It was 
however this capacity for immunosuppression 
which led to its successful use for the control of 
graft-versus-host responses in allogeneic trans-
plantation, and it is licensed for the treatment of 
chronic lymphocytic leukaemia. 

 The licensing of rituximab was the turning 
point for this fi eld, following the pivotal study in 
which it evoked a response rate of nearly 50 % in 
recurrent and refractory low-grade lymphoma. It 
was rapidly incorporated into combination sched-
ules with chemotherapy, where it has increased 
response rates and duration of remission in every 
type of B-cell lymphoma in which it has been for-
mally tested, including follicular, marginal zone, 
mantle cell and diffuse large B cell. It was initially 
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diffi cult to demonstrate survival advantages in 
low-grade lymphomas where several lines of sal-
vage treatment were available, and many patients 
crossed over in randomised trials following pro-
gression on the control arm. However, following 
the demonstration of surprisingly good results 
with rituximab alone in diffuse large B-cell lym-
phoma, a further breakthrough came with the 
demonstration that combining it with CHOP che-
motherapy substantially increased survival in this 
lymphoma, where progress had previously been 
stalled for 20 years. R-CHOP as standard treat-
ment for diffuse large B-cell lymphoma has been 
shown to drive up cure rates by around 20 %. 
Further advances have come from the use of pro-
longed maintenance therapy for low-grade lym-
phomas, an approach which had rarely been 
successful with chemotherapy. The use of mainte-
nance rituximab has shown signifi cant survival 
advantages for several types of indolent lymphoma 
and has become a standard approach to care. It is 
possible to track increasing lymphoma survival 
fi gures across the population as a whole back to 
the introduction of rituximab, a very striking 
achievement for a single drug. A new generation 
of anti-CD20 antibodies is now in development, 
and the fi rst type 2 reagent, obinutuzumab, has 
been licensed for the treatment of CLL. This has 
the theoretical advantage of avoiding modulation 
off the cell surface and more effectively inducing 
apoptosis, although the results of direct compari-
sons with rituximab are not yet available. Another 
extension of anti- CD20 targeting was the develop-
ment of radioimmunotherapy by direct conjuga-
tion of radionuclides via chelating linkers. 
Although lymphoma is highly radiosensitive and 
there was evidence of improved progression-free 
survival from the use of  90 Y-labelled ibritumomab 
tiuxetan consolidation in a randomised trial in fol-
licular lymphoma, this approach has not been 
widely adopted, principally owing to the logistic 
diffi culties of preparing and managing radioactive 
treatments and also from concerns over the poten-
tial for bone marrow dysplasia resulting from irra-
diation due to the presence there of subclinical 
deposits of lymphoma. 

 The extension of Ab therapy to solid tumours 
has been most successfully explored by targeting 

the Her2 receptor in breast cancer (e.g. trastu-
zumab), following the demonstration that dysreg-
ulation of this molecule was in part responsible 
for the uncontrolled proliferation of the tumours 
over-expressing it. mAbs raised against the Her2 
extracellular domain are capable of preventing its 
dimerisation and constitutive signalling, although 
it is still not clear whether the dominant therapeu-
tic effect stems from targeting the tumour cells for 
host-effector mechanisms or from signal block-
ade. It is interesting that small-molecule inhibi-
tors of the Her2 kinase domain such as lapatinib 
are capable of producing responses in tumours 
which have progressed during treatment with 
trastuzumab, suggesting that escape from immune 
effector mechanisms may play a role, while the 
tumour remains partly sensitive to blockade of the 
Her2 signal. In any case, initial studies with 
trastuzumab in advanced metastatic disease dem-
onstrated a modest but clear improvement in pro-
gression-free survival, an effect which was more 
pronounced in combination with chemotherapy, 
and which translated into a signifi cant survival 
advantage when applied in combination with 
adjuvant chemotherapy in early-stage Her2-
positive disease. Another antibody, pertuzumab, 
has been developed which recognises a distinct 
part of the Her2 extracellular domain and which 
appears to have an additive effect when given in 
combination with trastuzumab and chemotherapy, 
probably by preventing heterodimerisation with 
other members of the EGFR family. It is also pos-
sible that double antibody binding is responsible 
for a more effective mobilisation of effector 
mechanisms. A different extension of this 
approach has been in the development of an 
immunotoxin, ado-trastuzumab emtansine, capa-
ble of targeting a maytansinoid spindle antagonist 
linked to anti-Her2 antibody, which has shown 
impressive results in comparison to a conven-
tional chemotherapy regimen. Another immuno-
toxin, brentuximab vedotin, targeting an auristatin 
spindle toxin to the CD30 molecule in Hodgkin 
lymphoma and anaplastic large-cell lymphoma 
has similarly shown very impressive response 
rates in phase II studies of relapsed disease and is 
being investigated in fi rst- line treatment in combi-
nation with chemotherapy. 
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 Despite the successes of rituximab and trastu-
zumab, other antibodies targeting tumour-cell 
surface antigens in epithelial malignancies have 
been generally less impressive in the magnitude 
of their effects, although it is not clear whether 
this is attributable to low drug levels or modula-
tion of antigen expression or resistance of the 
tumour cells to complement and ADCC. 
Cetuximab targeting over-expressed EGFR-1 on 
colorectal cancer has a modest single-agent activ-
ity and an additive effect in combination with 
 irinotecan chemotherapy for metastatic disease, 
but there is continuing controversy over its wider 
role, and it is not effective in those tumours with 
mutant KRAS driving proliferation. It is moder-
ately active in head and neck cancer, where it 
improves the results in patients undergoing radio-
therapy or chemotherapy with cisplatin and 
5- fl uorouracil. Another anti-EGFR-1, panitu-
mumab, has the IgG2 isotype and in theory 
should be less active in triggering ADCC. It is 
not clear whether this impairs its effect, as it has 
never been compared directly to the IgG1 mAb 
cetuximab. In    contrast to the fi ndings with Her2 
targeting, small-molecule inhibitors of EGFR-1 
appear to have a quite different spectrum of activ-
ity. If anything, the results of combined antibody 
and small-molecule blockade of EGFR-1 seem to 
show antagonistic effects. Other antibodies tar-
geting tumour-surface molecules such as EPCAM 
or the insulin-like growth factor 1 receptor have 
shown limited effi cacy, and it seems likely that 
simple targeting of host-effector mechanisms 
may not be suffi cient for strong therapeutic 
effects in many epithelial cancers: a specifi c bio-
logic effect in the tumour such as induction of 
apoptosis or interruption of signalling is usually 
needed. 

 The approach of targeting the tumour micro-
environment rather than tumour cells themselves 
has given rise to several interesting antibody ther-
apies. At the simplest level, bevacizumab was 
developed to target the VEGF-A protein, with the 
intention of inhibiting tumour angiogenesis. This 
has produced moderate improvements in response 
rates and progression-free survival in colorectal 
cancer, and it also appears active in renal cell car-
cinoma, glioma and non-small-cell lung cancer in 

combination with chemotherapy. Overall, how-
ever, the absolute benefi ts reported for bevaci-
zumab in any of these tumour types are relatively 
limited, and it has not been demonstrated to pro-
duce long-term cures in any of them. It seems 
likely that tumours are capable of circumventing 
the suppression of angiogenesis quite readily. 
A more compelling development has been the 
targeting of the adaptive immune response to the 
tumour by the use of mAbs targeting signalling 
molecules of the immune system. The demon-
stration that blockade of CTLA-4 by ipilimumab 
was capable of producing signifi cant response 
rates and a small but clear proportion of long- 
term remissions when used as a single agent in 
melanoma has opened up a new fi eld of enquiry. 
It has now been shown to improve the results of 
treatment in combination with dacarbazine in 
metastatic melanoma, and very substantial 
response rates are observed in combination with 
another checkpoint blocking antibody, nivolim-
umab, which targets the PD-1 receptor. A large 
number of antibody-as-ligand molecules, both 
activating and blocking, are now in clinical test-
ing and hoping that these may be especially 
active in combination either with each other or 
with other immune-directed approaches such as 
vaccination or stimulation of innate immunity or 
with conventional chemotherapy and radiation. 

 When antibodies were fi rst in clinical devel-
opment, two important objections were raised to 
their use: the possibility that previous anticancer 
treatment or the illness itself would have depleted 
the capacity for host-effector responses via com-
plement or ADCC and concerns over potential 
toxicity. In practice, it appears that even patients 
treated with quite extensive chemotherapy for 
lymphoma retain suffi cient effector capability for 
rituximab to be effective, so this concern has 
been largely allayed. mAb therapies entail some 
toxicity, but this is generally specifi c to their 
MoA and less severe than that observed with 
cytotoxic treatment. Extended treatment with 
anti-CD20 can result in reduced Ig levels and 
impaired mucosal immunity, although this is 
rarely of clinical signifi cance. There have been a 
number of cases of progressive multifocal leuko-
encephalopathy reported with anti-CD20 and 
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other immunosuppressive mAbs, but these usu-
ally are quite uncommon and relate to the overall 
extent of treatment. Trastuzumab carries the risk 
of additive cardiotoxicity with anthracycline 
treatments, and this effect was more pronounced 
with bevacizumab, probably as a result of an 
impaired tissue repair response: neither antibody 
should be given in combination with other car-
diotoxic drugs. The immune modulating drugs 
such as ipilimumab and nivolimumab, which are 
effectively non-specifi c immunostimulators, 
have recognised patterns of autoimmune toxicity 
which bear some resemblance to  graft-versus- host 
disease such as colitis, dermatitis, pneumonitis 
and liver toxicity but also distinct effects such as 
endocrinopathy involving the pituitary and thy-
roid glands in particular. These may require con-
trol by steroid therapy or sometimes more 
powerful immunosuppressive drugs.  

    Future Prospects 

 The prospects for cancer treatment with mAb are 
increasingly exciting. In addition to the many 
reagents that target tumours directly, the check-
point blockers are producing impressive results 
and are likely to dominate the fi eld for the next 
few years, a success which is forcing many can-
cer specialists to look again at immune interven-
tion. It is also clear that CTLA-4 and PD-1 are 
only the beginning for this class of reagents, and 
soon clinical data will be available for VISTA, 
TIM3 and LAG3 either as single agents or in 
combination with ipilimumab and anti-PD-1. It is 
encouraging that combination immunomodula-
tory    mAb therapy is already showing signifi cant 
response rates in non-small-cell lung cancer, a 
tumour not previously regarded as especially 
immunogenic. 

 The other class of immunomodulatory mAbs 
which are gaining traction are the immunostimu-
latory molecules, such as anti-CD40 and anti-4- 
1BB, which target TNFR superfamily members 
and promote activation of effector cells or 
antigen- presenting cells. There    is still consider-
able work needed to defi ne their exact MoA and 
the optimal antibody format as well as to 

 understand which FcR is optimal for clinical 
activity. Current results suggest that immunos-
timulatory mAbs require FcR, not for recruiting 
cytotoxic effectors but to hyper-cross-link the 
mAb and promote suffi cient multimeriation to 
deliver effective transmembrane signalling and 
immune activation. For this function the inhibi-
tory FcR, FcRIIb, appears exceptionally potent, 
especially when given its wide distribution on 
both normal cells and tumour cells themselves 
(White et al.  2013 ; Li and Ravetch  2013 ). Two 
examples in particular that look exciting in this 
respect are the early studies in pancreatic cancer 
where Vonderheide (Beatty et al.  2013 ) has 
shown that an anti-CD40 mAb might be useful 
for activating myeloid cells, particularly in the 
presence of cytotoxic chemotherapy. Another 
approach uses anti-4-1BB, which is effective at 
activating NK cells to promote ADCC activity. 
Early results suggest that a combination of anti-
4-1BB to promote effector activation together 
with a mAb which targets tumour cells directly, 
such as anti-CD20 or anti-Her2, is a potent com-
bination. This approach has the advantage that 
the anti-4-1BB mAb might also promote a 
broader T-cell response against the tumour (Chen 
et al.  2000 ), allowing the short-term gain in direct 
killing of the tumour to be enhanced by a long-
term immune stimulation. Such epitope spread-
ing seems to occur in patients responding to 
checkpoint blocking drugs. 

 In summary, the last 30 years have seen anti-
bodies move from a hypothetical “silver bullet” 
to a real form of treatment, which has trans-
formed the outlook for some types of malignancy. 
The emerging evidence suggests that there is 
considerable scope for further progress in the 
future, as combinatorial approaches enhance the 
recruitment of host immune defences against 
tumours that have hitherto resisted systemic 
attack.     
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           Introduction 

 The most attractive feature of bispecifi c antibod-
ies is that they can do what conventional mono-
specifi c antibodies cannot do: recruit T cells with 
their superior effector potential. To some it may 
come as a surprise that the foundations of this 
approach have been laid already in the 1980s. 
However, it was not until recently that the good 
news about blinatumomab (Bargou et al.  2008 ; 
Topp et al.  2011 ,  2012 ; Bassan  2012 ), a bispecifi c 
single-chain (bssc) antibody with CD19 X CD3 
specifi city, culminated in a commentary in  Blood  
entitled “Toward victory in ALL. Blinatumomab 
joins in” (Bassan  2012 ). There is hardly anyone 
in the fi eld who does not appreciate the remark-
able achievement that gave rise to these publica-
tions. Our appreciation however comes with an 
unpleasant question: “Why did it take so long?” 
In fact, it is our conviction that the current state of 
affairs could have been reached earlier, if the 
translational process for bispecifi c antibodies 
would have been more effi cient, and that we shall 
improve on this process in the future only if we 
draw lessons from the past.  

    Historical Remarks 

 The fi eld was established by three papers which 
appeared in 1985. They demonstrated that mouse 
(Staerz et al.  1985 ) or human (Liu et al.  1985 ; 
Perez et al.  1985 ) T cells can be focused to cancer 
cells using bispecifi c antibodies directed to target 
antigens on these cells and to constant epitopes of 
the T cell receptor (TCR/CD3) complex, thus 
bypassing the antigen specifi city of this receptor. 
These results have been obtained using chemi-
cally conjugated intact antibodies and cloned or 
pre-activated T cells as effector cells. 

 In our own initial experiments, we noticed 
that bispecifi c antibody-mediated killing by rest-
ing human T cells was ineffective, and thus we 
concentrated our efforts on the generation of 
lytic capability as part of the T cell activation 
process. To this end, we stimulated peripheral 
blood mononuclear cells (PBMC) with CD3 
antibodies for various times and then focused the 
activated cells with bispecifi c antibodies (Jung 
et al.  1986 ). We found that the lytic activity of 
the cells reached a maximum after 2–3 days of 
stimulation and declined thereafter. It was well 
established at that time that activation of PBMC 
by anti-CD3 antibodies requires binding of the 
antibodies to Fc receptor (FcR)-carrying cells, 
such as monocytes, that multimerize the antibod-
ies and in addition provide costimuli for T cell 
activation (Williams et al.  1985 ). For bispecifi c 
antibodies, binding to FcR-expressing cells is 
not desirable for two reasons: (1) FcR-dependent 
T cell activation might lead to off-target 
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 activation in vivo. (2) By binding bispecifi c anti-
bodies FcR+ cells might become targets for 
stimulated T cells. We therefore suggested the 
use of Fc-free or Fc-attenuated antibodies to 
allow for a strictly target cell-dependent rather 
than an Fc-induced T cell activation (Jung et al. 
 1988 ,  1991 ). Moreover we found that with some 
target antigens, such as a melanoma-associated 
chondroitin sulfate proteoglycan (CSPG), a 
combination of two bispecifi c antibodies with 
CSPG X CD3 and CSPG X CD28 specifi city, 
triggering the costimulatory CD28 molecule in 
addition to the TCR/CD3 complex, is required to 
achieve effi cient target cell-dependent T cell 
activation (Jung et al.  1988 ,  1991 ).  

    The Challenges of Translation: 
Scientifi c Problems 

 Based on the fi ndings outlined above, several 
clinical trials were performed during the 1990s, 
most of them with Fc-free bispecifi c CD3 anti-
bodies either produced by chemical hybridization 
of Fab fragments or by fragmentation of antibod-
ies derived from hybrid hybridomas (quadromas) 
(Nitta et al.  1990 ; Kroesen et al.  1994 ; Canevari 
et al.  1995 ; Tibben et al.  1996 ; Jung et al.  2001 ). 
In one approach Fc-containing antibodies, gen-
erated by chimeric rat/mouse quadromas, have 
been used (Lindhofer et al.  1995 ; Heiss et al. 
 2005 ). All of these studies were initiated by aca-
demic institutions. The industry, at that time, did 
not seem to be interested in bispecifi c antibod-
ies although some of the early trials revealed 
remarkable antitumor effects after local appli-
cation of these novel therapeutic compounds 
(Nitta et al.  1990 ; Canevari et al.  1995 ; Jung 
et al.  2001 ). Following systemic administration, 
however, remarkable toxicity was noted due to 
pronounced release of cytokines by activated T 
cells (Kroesen et al.  1994 ; Tibben et al.  1996 ): in 
fact, the safely applicable doses (100–200 μg per 
patient and day) were orders of magnitude lower 
than those used during treatment with conven-
tional monospecifi c antibodies. It is quite obvi-
ous that such doses are not suffi cient to achieve 
optimal biologic activity in vivo, in particular, 

if solid tumors are to be targeted. In principle, 
this “dosing problem” might be caused by several 
different mechanisms:
    1.    Unspecifi c binding of the antibodies to FcR+ 

cells (if they are not completely devoid of 
active Fc parts) or to normal cells carrying the 
respective target antigen. This problem calls 
for strictly Fc-free antibodies targeting highly 
specifi c antigens.   

   2.    Specifi c binding of antibodies, if the target 
cells are systemically distributed. In this case 
side effects obviously depend upon the num-
ber of target cells and are avoidable only if 
this number does not exceed a certain thresh-
old level.   

   3.    T cell activation after monomeric binding of 
the CD3 antibodies contained in bispecifi c 
molecules. The role of this phenomenon is not 
clear yet. It has been postulated that it causes 
transmigration of lymphocytes through the 
endothelial layer of blood vessels (Molema 
et al.  2000 ), thereby inducing a pronounced 
lymphopenia shortly after the start of the 
treatment (Kroesen et al.  1994 ; Tibben et al. 
 1996 ). In our view, the impact of this phe-
nomenon has been underestimated. It might 
be avoidable, at least to some extent, by the 
choice of the particular TCR/CD3 antibody 
used.    
  In addition to the dosing problem, the fi eld 

suffered enormously over the years from labo-
rious production procedures. At this point help 
came again from recombinant antibody tech-
nology allowing, among others, the generation 
and large-scale production of bispecifi c single-
chain (bssc) antibodies. This will be dealt with 
in the following section. Whereas gene tech-
nology largely facilitated the development of 
blinatumomab, the prototypic bssc antibody, it 
did not solve the dosing problem: Applicable 
blinatumomab doses do not exceed 100 μg per 
patient and day resulting in steady-state serum 
concentrations below 1 ng/ml upon continuous 
i.v. infusion (Klinger et al.  2012 ). The success of 
this antibody in the treatment of B cell-derived 
leukemia and lymphoma is all the more remark-
able (Bargou et al.  2008 ; Topp et al.  2011 ,  2012 ; 
Bassan  2012 ).  
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    In Search for the Optimal Format: 
The View of an Antibody Engineer 

 Since the groundbreaking work of Köhler and 
Milstein, allowing the generation of monoclo-
nal antibodies of predefi ned specifi city, these 
reagents have proven to be an excellent paradigm 
for the design of high-affi nity, protein-based 
binding reagents. To convert mouse monoclo-
nal antibodies into successful therapeutics, the 
most immediate task for recombinant antibody 
technology was humanization 1  in order to mini-
mize immunogenicity and improve Fc-dependent 
effector functions. In fact, most “second- gene-
ration” antibodies currently approved for the 
treatment of cancer as well as infectious and 
infl ammatory diseases are humanized 1  by genetic 
engineering. The next stage of this development 
was the construction of human Fc parts employed 
with markedly increased affi nity to Fc receptors 
by defi ned modifi cation of either amino acid res-
idues (Lazar et al.  2006 ; Hofmann et al.  2012 ) 
or glycosylation patterns (Salles et al.  2012 ). At 
present, the fi rst of these “third-generation” anti-
bodies is evaluated in clinical trials (Salles et al. 
 2012 ), others are in late preclinical development 
(Hofmann et al.  2012 ). 

 With humanization, however, ambitions of 
antibody engineers were not satisfi ed. Already in 
the late 1980s, they started dissecting antibodies 
into minimal binding fragments. It was demon-
strated that VH and VL regions, expressed sepa-
rately in  E. coli , spontaneously reassemble to 
form small but functional antigen-binding Fv 
units (Skerra et al.  1988 ). Shortly thereafter the 
Fv structure was stabilized by linkers between the 
two V regions resulting in single-chain Fv frag-
ments (Bird et al.  1988 ). This structure became 
kind of the central “Lego brick” module for the 
modular construction system depicted in Fig.  1 . 
With this building block at hand and with the ease 
of prokaryotic production, a plethora of scFv-
based derivatives were generated including the 
development of diabodies (Holliger et al.  1993 ). 

1   Since humanization is not the major focus of this article, 
we use this expression here as a collective term for chime-
ric, CDR-grafted, and entirely human antibodies. 

Moreover, strategies to further stabilize the scFv 
fragment with disulfi de bonds were introduced 
(Brinkmann et al.  1993 ). It was at this stage that 
scFv molecules were used to construct bispecifi c 
bssc antibodies, again fi rst produced in  E. coli  
(Mallender et al.  1994 ; Gruber et al.  1994 ; Kurucz 
et al.  1995 ). However the limitations of bacterial 
expression of the more complicated bispecifi c 
molecules soon became apparent. Whereas 
eukaryotic expression, fi rst described by Mack 
et al. ( 1995 ), allows the production of functional 
bssc molecules in most cases, the bssc format as 
such suffers from additional weaknesses: produc-
tion rates in cell culture are moderate, the molec-
ular weight (approx. 50 kDa) is low resulting in a 
short serum half-life, and the tendency to form 
large molecular-weight aggregates (Worn et al. 
 2001 ) complicates production and purifi cation.

   Curiously, with parts of our work, we fi rst 
benefi ted from these potential disadvantages: we 
found that a spontaneously formed, bispecifi c 
single-chain dimer with CSPGXCD28 specifi c-
ity is capable of inducing target cell-restricted T 
cell activation by supra-agonistic stimulation of 
CD28 (Grosse-Hovest et al.  2003 ). In an attempt 
to address the problem of low production rates in 
eukaryotic cell culture, we produced the protein 
in the milk and the serum of cloned transgenic 
cows demonstrating at that time that “gene farm-
ing” might be a viable alternative for large-scale 
production of bispecifi c antibodies and other 
complex proteins (Grosse-Hovest et al.  2004 ). 
However, recent progress in the propagation of 
eukaryotic high- producer cell lines has led us to 
follow a more conservative approach not only 
with respect to the mode of production but also 
by considering antibody formats more closely 
resembling the physiological antibody structure. 
At present, our favorite bispecifi c format is the 
Fabsc-like molecule depicted in Fig.  1E . It con-
sists of a Fab fragment and a C-terminal single-
chain linked by an Fc-attenuated CH2 domain. Up 
to date, we have constructed numerous bispecifi c 
antibodies using this format. One of them (with 
FLT3 X CD3-specifi city) we have compared 
side by side with a bssc molecule with identical 
specifi cities. As expected the Fabsc was clearly 
superior to the bssc  molecule with respect to the 
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critical  parameters mentioned above: serum half-
life, production rate, and the tendency to aggre-
gate (Durben et al.  2014 ). Thus, to us, it looks as 
if some antibody constructs live up to the expec-
tations of their creators at last.  

    The Challenges of Translation: 
Nonscientifi c Hurdles 

 As already hinted above, it has been not only sci-
entifi c problems preventing rapid progress. When 
one of us (GJ) tried at the beginning of the 1990s 
to generate some interest in bispecifi c antibodies 
among the pharmaceutical industry, he was 
repeatedly told by company offi cials that CD3 is 
a “problematic molecule” with respect to intel-
lectual property issues. Obviously, the fact that 

the CD3 molecule was covered by an industrial 
patent at that time prevented other companies 
from working with this protein for at least as long 
as patent protection was valid. 

 Headwind for bispecifi c antibodies and other 
investigator-driven drugs did not only come 
from patent offi ces but also from regulatory 
authorities imposing an increasing pressure on 
both the process of antibody manufacturing 
(GMP regulations) and the execution of clinical 
trials (GCP regulations) (Hemminki et al. 
 2006 ). As a result of these restrictions, develop-
ment of innovative drugs, including bispecifi c 
antibodies, is nowadays completely in the hands 
of the pharmaceutical industry “where many 
factors other than strictly scientifi c/clinical ones 
infl uence the decision to develop a particular 
product” (Hale et al.  2000 ).  

VH
VH

VL
VL

B: Fv

A: IgG

F: IgG::scFv
E: Fab-sc

Fc-attenuated
CH2

C: scFv D: diabody

H: DART

G: bssc

  Fig. 1    An    antibody engineer building block system. 
Starting from scFv molecules (C), various formats of 
recombinant mono- and bispecifi c antibody constructs 
can be generated (upper and lower half, respectively). For 

T cell recruiting molecules, we favor the Fabsc format (E). 
It consists of a Fab and an scFv part linked by an 
Fc-attenuated CH2 domain to ensure target cell-induced 
rather than Fc-mediated T cell activation       
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    Lessons for Translation 

 In our personal view, the lessons from the cum-
bersome translational process for bispecifi c anti-
bodies and other innovative biologicals are 
clear-cut and may be summarized as follows:
•    Special programs should enable academic 

medical institutions to substantially partici-
pate in the process of drug development. This 
should include the capability to produce GMP-
compliant material for clinical pilot studies.  

•   Both GMP and GCP regulations for such 
studies should be changed to practical and 
meaningful ones. For selected patients with 
a life-threatening disease and no satisfactory 
conventional treatment option available, it 
should be possible, for example, to produce 
biological drugs for initial clinical studies 
(phase I/II) following the principle of vigorous 
end-product rather than in-process controls.  

•   Patent legislation should not allow protection 
of naturally occurring genes or proteins.  

•   For the construction of bispecifi c antibodies, 
improved recombinant formats should be used.    
 We believe that, if such measures are imple-

mented, it will take less than another 25 years for 
a new generation of T cell recruiting reagents, 
such as optimized bispecifi c antibodies, to reach 
the bedside.     
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           Adoptive T Cell Therapy 

 It has long been observed that T cells with the 
capacity to recognize and destroy tumor cells in 
vitro can be isolated from some cancer patients. 
Mostly, however, the endogenous T cell response 
to the tumor has been subjected to negative regu-
lation, limiting the effective control of cancer in 
vivo (Schreiber et al.  2011 ). This hindrance has 
been successfully bypassed in some patients by 
isolating tumor-infi ltrating lymphocytes (TIL) 
from the tumor microenvironment, activating 
them in vitro, and then expanding them to large 
numbers before reinfusing them back into the 
patients (Besser et al.  2013 ; Dudley et al.  2013 ; 
Rosenberg and Dudley  2009 ). Clinical benefi t 
has been reported, particularly for treatment of 
melanoma, but only a fraction of patients respond. 
Furthermore, technical hurdles in preparing 

specifi c cells have limited the wide application of 
TIL therapy to date. 

 Currently, TIL therapy is experiencing a 
revival based on the better understanding that 
TIL populations may include T cells with speci-
fi city for unique peptides derived from mutant 
proteins expressed in tumor cells that are missing 
from normal cells (Lennerz et al.  2005 ; Robbins 
et al.  2013 ; van Rooij et al.  2013 ). This is 
 particularly true in melanomas, which have accu-
mulated a very large number of mutations before 
becoming clinically evident (Alexandrov et al. 
 2013 ). These T cells are predicted to express 
TCRs of higher affi nity since they have not been 
exposed to negative selection. Thus, such T cells 
can recognize tumor cells more effi ciently, while 
at the same time providing ideal specifi city for 
distinction of malignant and healthy cells. 

 Nevertheless, the development of TIL-based 
immunotherapy remains limited to particular 
tumor types, with melanoma being the primary 
indication, and only for those patients from 
whom adequate numbers of T cells can be iso-
lated and expanded from accessible tumor sam-
ples. Furthermore, effi cient technologies essential 
to ascertain whether relevant T cells with mutant- 
peptide specifi city are present among expanded 
TIL populations are still not broadly available, 
which impedes development as well as in vitro 
and in vivo evaluation of potentially effective 
TIL populations. 

 The power of adoptively transferred lympho-
cytes to fully eradicate leukemia has been 
clearly demonstrated in the setting of allogeneic 
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hematopoietic cell transplantation (HCT). In 
fact, the early discovery of graft-versus-leuke-
mia (GVL) effects occurring during HCT estab-
lished the principle that T cell-mediated immune 
responses could cure leukemia. 

 Unfortunately, GVL is often accompanied by 
toxic graft-versus-host disease (GVHD), as 
unselected donor T cells can recognize antigens 
expressed not only by leukemic cells but also by 
normal host tissues. Thus, many efforts have 
been directed at fi nding suitable target antigens 
that can elicit T cell responses capable of mediat-
ing GVL in the absence of GVHD (Bleakley and 
Riddell  2011 ; Falkenburg and Warren  2011 ; Kolb 
 2008 ; Spierings et al.  2013 ). One such approach 
has been to search for genes expressed uniquely 
in cells of the hematopoietic lineage that are 
encoded by alleles with different (and immuno-
genic) sequences in the host and donor, as the 
only residual host hematopoietic cells that donor 
cells with specifi city for such minor histocompat-
ibility antigens should be capable of targeting 
after an HCT are persistent leukemia cells. As 
such donor T cells recognize foreign host pep-
tides, it should be possible to isolate T cells that 
express TCRs of high affi nity, and the transfer of 
T cells with such specifi city should provide effec-
tive GVL in the absence of GVHD. These efforts 
are now yielding promising outcomes in clinical 
studies (Burdach and Kolb  2013 ; Spierings et al. 
 2013 ; Warren et al.  2010 ). They also point the 
way to understanding the nature of T cells that 
contribute to successful eradication of tumor 
cells in vivo. As with TIL, the generation of T 
cells specifi c for minor histocompatibility anti-
gens capable of mediating GVL is laborious and 
time consuming and limited by the success in 
obtaining specifi c T cells for each patient. 
Consequently, broad application of this strategy 
to treatment of patients is greatly restricted at this 
time.  

    TCR Gene Therapy 

 Many more patients could be treated with spe-
cifi c adoptive T cell therapy by engineering their 
own peripheral blood T cells to express recombi-

nant TCRs that immediately imbue the trans-
duced cells with effective antitumor specifi city, 
an approach that is known as TCR gene therapy. 
To date, most strategies for TCR gene therapy are 
based on isolation and characterization of T cells, 
and subsequently the corresponding TCRs, which 
are specifi c for non-mutated tumor-associated 
antigens (TAAs). These TAAs are more widely 
detected and often overexpressed in tumors, 
allowing the same TCRs to be used in multiple 
patients. 

 A major problem encountered in targeting 
TAAs is the low affi nity of TCRs on T cells 
derived from the natural repertoire, since the T 
cells with high-affi nity TCRs for these antigens 
have undergone negative selection during in vivo 
development in the patients or healthy donors 
from whom they were isolated. These low- 
affi nity TCRs have reduced capacity for effective 
tumor cell recognition. Fortunately, several 
approaches are available to improve TCR affi nity 
through directed mutagenesis or by alteration of 
TCR glycosylation (Chervin et al.  2008 ; Kuball 
et al.  2009 ; Liddy et al.  2012 ). 

 As an alternative, TCRs of natural high affi n-
ity can be isolated from non-tolerant repertoires. 
For example, allogeneic donors can be used for 
generation of T cells specifi c for antigenic pep-
tides restricted by a foreign MHC molecule not 
encountered during negative selection, in a man-
ner learned from MHC-mismatched HCT (Amir 
et al.  2011 ; Morris et al.  2006 ; Wilde et al.  2012 ). 
TCRs can also be isolated from mice expressing 
a human MHC molecule and responding to for-
eign peptides from a human protein (Kuball et al. 
 2005 ; Parkhurst et al.  2011 ). Such xenogeneic 
TCRs, however, have the potential to be recog-
nized as foreign antigens in patients, initiating 
immune responses that can limit expansion and 
long-term persistence of T cells in vivo, both of 
which seem to be critical for clinical effi cacy. 
Alternatively, TCRs can be obtained from recom-
binant mice that have been developed to express 
the full repertoire of human TCRs (Li et al. 
 2010 ), as in vivo priming in these mice can 
induce T cells specifi c for human peptides that 
express fully human TCR sequences of high 
affi nity.  
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    On- and Off-Target Toxicity 
Associated with TCR Gene Therapy 

 Initial patient studies using higher-affi nity recep-
tors for TCR gene therapy indicate that they can 
provide better clinical effi cacy, but their use can 
also increase on- and off-target toxicity. One 
study of 20 patients given higher-avidity MART-
1- specifi c TCR-engineered T cells resulted in no 
patient deaths. However, some patients suffered 
from reversible hearing loss or vision impairment 
and most experienced skin melanocyte destruc-
tion (Johnson et al.  2009 ). These side effects rep-
resented clear cases of on-target toxicity since all 
of the healthy tissues that suffered unwanted 
attack were known to express the MART-1 anti-
gen. In a second trial using a different high- 
affi nity MART-1-specifi c TCR, a patient died of 
undetermined causes associated with the TCR 
gene therapy (van den Berg  2013 ). It remains 
unknown whether this patient death was related to 
on- or off-target toxicity. Therefore, it is unclear 
whether the lethal toxicity observed only in the 
second study represents a consequence of the 
poor health of the patient, differences in TCR 
affi nities, or differences in TCR-engineered recip-
ient lymphocytes, since the target pMHC ligand 
for both TCRs was identical in the two studies. 

 Cancer/testis (CT) antigens have long been 
considered as excellent targets for TCR gene 
therapy to reduce on-target toxicity, based on the 
limited normal tissue expression to germ cells. In 
fact, TCRs with NY-ESO-1 specifi city demon-
strated good clinical effi cacy (Robbins et al. 
 2011 ) with no apparent toxicity, in comparison to 
the toxicity noted to date with non-CT antigens 
as targets of high-affi nity TCRs (Johnson et al. 
 2009 ; Parkhurst et al.  2011 ; van den Berg  2013 ). 

 However, unexpected risks associated with CT 
targets have also been illustrated by the death of 
patients in two trials using MAGE-A3-specifi c 
TCRs modifi ed to achieve higher affi nity. In the 
fi rst trial, cross-reactive recognition of a small 
fraction of neurons expressing MAGE-A12, 
which contains an epitope that exhibits partial 
sequence sharing with MAGE-A3 and could be 
recognized by the higher-affi nity TCR specifi c for 
MAGE-A3, was postulated to have caused lethal 

neurotoxicity and patient death (Morgan et al. 
 2013 ). This toxicity was unpredicted, as the initial 
screen for expression of MAGE-A3 and 
MAGE-A12 failed to identify expression in the 
CNS. In the second instance, two patients died of 
cardiac impairment, presumably due to off-target 
recognition of the heart muscle protein, titin. This 
cross-recognition was also based on partial 
sequence sharing with MAGE-A3 (Cameron et al. 
 2013 ; Linette et al.  2013 ), with recognition likely 
facilitated by the way in which this TCR was 
affi nity enhanced, which included modifi cations 
to the CDR2 region that usually results in enhanced 
binding of the TCR to the MHC backbone that can 
be independent of the peptide epitope. 

 Finally, lethal GVHD has been associated 
with TCR gene therapy in animal models, due to 
mispairing of endogenous and transgenic TCR 
chains with each other creating new TCRs of 
unknown specifi cities (Bendle et al.  2010 ; Ferrara 
et al.  2010 ). This has not yet been observed in 
patient studies, and strategies to limit mispairing 
and facilitate proper pairing, such as by introduc-
tion of a point mutation into each of the inserted 
chains to create an interchain disulfi de bond 
(Kuball et al.  2007 ), are now routinely employed. 
However, such countermeasures do not com-
pletely abrogate TCR-chain mispairing, and, as 
the numbers of patients who are treated with 
TCR gene therapy expand, it will be essential to 
monitor patients for this toxicity to determine if 
more absolute strategies, such as excision of the 
endogenous TCR genes (Provasi et al.  2012 ), are 
needed. 

 These examples of lethal toxicity caused by 
TCR-engineered lymphocytes clearly show that 
new and better approaches are needed to fully 
understand the specifi city of high-affi nity TCRs 
and to help predict in advance their potential on- 
and off-target toxicities. Ideas to address these 
issues are emerging from the fi eld and new tools 
are being created to aid safety assessment of 
TCRs and their target ligands. Better means to 
judge pMHC-ligand expression and the conse-
quences or recognition of normal tissues are of 
particular importance with respect to on-target 
toxicity for target antigens known to be expressed 
at low levels in healthy tissues. 
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 It should be stressed, however, that even 
 high- affi nity TCRs directed against mutant pep-
tides that are only expressed in tumors and thus 
lack on-target toxicity for normal tissues are not 
risk- free with respect to off-target cross-recogni-
tion of other pMHC ligands of unknown origin. It 
is a particular challenge to fi nd strategies to ana-
lyze off-target toxicity. The retrospective analysis 
of the cross-recognition of titin in patients treated 
with MAGE-A3 TCR gene therapy used more 
elaborate cell culture methods to assess off-target 
tissue recognition; this provides one new approach 
that could be moved up front in preclinical studies 
(Cameron et al.  2013 ; Linette et al.  2013 ). 
Additionally, greater use of in silico tools could 
provide better insight into tissue expression of 
potentially cross-reactive target antigens that could 
be prescreened and might thereby help to reduce 
off-target recognition (Stone and Kranz  2013 ). 

 Our efforts in Seattle and Munich have focused 
most recently on developing TCR gene therapy 
for AML. The clinical experience with GVL 
effects from donor lymphocytes in HCT has 
demonstrated that T cell-mediated long-lasting 
remissions and even potential cures can be 
achieved in AML patients, but many patients still 
do not benefi t from such GVL activity and/or 
exhibit toxicity from accompanying GVHD. 
Thus, there is still a need to improve AML out-
comes, and TCR gene therapy offers such a pos-
sibility. The selection of target antigens that are 
primarily expressed by cells of the hematopoietic 
system, particularly those with prominent expres-
sion on AML blasts and leukemic stem cells 
(LSCs), may allow for effective utilization of 
higher-affi nity TCRs with lower potential for 
serious on-target toxicity. Using the setting of 
HCT for developing and testing TCR gene ther-
apy rests on the long-standing experience of 
adoptive lymphocyte transfer to mobilize T cells 
that proliferate and persist to provide effective 
and long-term control of leukemia.  

    WT1-Based Adoptive Cell Therapy 
for Relapsed and High-Risk AML 

 WT1 is a transcription factor that has very  limited 
expression in normal adult tissues, but is detected 
at very high levels in most leukemic cells and 

many other malignancies, and contributes to 
 cancer phenotypes by promoting proliferation 
and oncogenicity (Sugiyama  2010 ). CD8 +  T cell 
responses specifi c for WT1 have been detected 
following immunization in a variety of vaccine 
trials and have encouragingly exhibited some 
therapeutic responses with no evidence of toxic-
ity to normal tissues (Keilholz et al.  2009 ; Oka 
et al.  2008 ). Based in part on these observations, 
we have explored the use of WT1-specifi c T cells 
for adoptive therapy in AML. 

 We have recently reported the results of a clin-
ical trial in which HLA-A*02:01-restricted 
WT1-specifi c CD8 +  cytotoxic T cell clones were 
generated from cells obtained from the peripheral 
blood of the HLA-matched donor of an alloge-
neic HCT and then administered to 11 patients 
who relapsed or were at high risk of relapse from 
leukemia after HCT and observed no evidence of 
on-target toxicity in any of these patients 
(Chapuis et al.  2013 ). Evidence of antileukemic 
activity was directly demonstrable in two 
patients: one patient with advanced progressive 
disease who had a dramatic but transient response 
with elimination of circulating blasts, and a sec-
ond patient with minimal residual disease (MRD) 
detectable after HCT who achieved a prolonged 
complete remission. Moreover, there were three 
patients treated after HCT who had no detectable 
leukemia at the time of T cell therapy, but who 
were at very high risk for relapse with projected 
median survival times of <1 year, and all three 
are surviving now for >4 years without relapse, 
GVHD, or additional antileukemic treatment. 
These studies have affi rmed the potential benefi t 
and safety of targeting WT1, but have also identi-
fi ed obstacles to attaining broad effi cacy, includ-
ing failure to achieve in most patients high-avidity 
T cell responses of large magnitude that persist to 
eradicate the tumor (Chapuis et al.  2013 ). 

 To better address these obstacles, we have 
designed and have now initiated a clinical trial in 
which patients with poor prognosis AML that has 
either relapsed or is at high risk of relapse after 
allogeneic HCT are receiving donor CD8 +  T cells 
genetically modifi ed with a high-affi nity WT1- 
specifi c TCR. The TCR was selected after screen-
ing thousands of WT1-specifi c CD8 +  T cell 
clones generated from ~100 normal HLA-A2 
donors and identifying the highest avidity clone 
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as the TCR source. The TCR from this clone has 
a higher affi nity than the TCR expressed in any of 
the clones administered in our previous trial, and 
T cells transduced with this TCR recognize leu-
kemic cells better than any of the administered 
clones. The use of TCR-transduced cells also 
makes it possible to generate cells for transfer 
that have undergone less in vitro proliferation 
than T cell clones and thus should have greater 
proliferative potential after transfer. It also allows 
for selection of cells for transduction that have 
desired properties. For example, in our current 
trial, we are transducing EBV-specifi c donor 
CD8 +  T cells, which are highly enriched for cen-
tral memory cells, a subset that has been shown 
to be capable of self-renewing and persisting bet-
ter in vivo after transfer (Berger et al.  2008 ; 
Buchholz et al.  2013 ; Gattinoni et al.  2012 ).  

    Cyclin-A1 Represents a New Target 
for TCR Gene Therapy of AML 

 We have also searched for additional target anti-
gens in AML, as having the ability to target more 
than a single antigen would both increase the 
breadth of patients that can be treated and reduce 
the risk of outgrowth of antigen-loss variants. 
Analysis with microarray hybridization of differ-
ential gene expression in purifi ed LSCs com-
pared to hematopoietic stem cells (HSCs) and 
peripheral tissues revealed that  CCNA1 , which 
encodes the protein cyclin-A1, is a candidate 
gene (Ochsenreither et al.  2012 ). 

 Normal expression of cyclin-A1 is limited to 
germ cells, where it is essential for meiosis, 
whereas the related family member,  CCNA2  encod-
ing cyclin-A2, is ubiquitously expressed and essen-
tial for mitosis (Wolgemuth et al.  2004 ).  CCNA1  
apparently has been co-opted by  leukemic cells, as 
well as other malignancies, to promote cell prolif-
eration and survival. Enforced expression of cyclin-
A1 in hematopoietic cells that develop in transgenic 
mice has been shown to be leukemogenic (Liao 
et al.  2001 ). T cells specifi c for several cyclin-A1 
oligopeptides were readily generated following 
stimulation of peripheral CD8 +  T cells from normal 
donors, and such T cells effi ciently lysed primary 
AML cells, consistent with the expression of high-
affi nity TCRs as a consequence of minimal nega-

tive selection of T cells specifi c for cancer/testis 
antigens (Ochsenreither et al.  2012 ). Thus, cyclin-
A1 appears to be a prototypic leukemia-testis- 
antigen expressed in AML LSCs, and we are 
currently isolating TCRs to be used for targeting 
this antigen in TCR gene therapy trials.  

    HMMR-Directed TCR Gene Therapy 
for AML in HLA-Mismatched HCT 

 Hyaluronan-mediated motility receptor (HMMR/
Rhamm) is overexpressed in numerous tumor 
types, including AML. It is also expressed in 
AML LSCs (Snauwaert et al.  2012 ). Prolonged 
survival of AML patients has been shown to cor-
relate with the prevalence of HMMR-specifi c T 
cells (Greiner et al.  2006 ,  2008 ). Peptide vaccina-
tion induced strong HMMR-specifi c immune 
responses without apparent toxicity, but still 
failed to cure disease (Schmitt et al.  2008 ; Greiner 
et al.  2010 ). Based on these clinical observations, 
we reasoned that adoptive transfer of T cells 
expressing TCRs specifi c for HMMR might pro-
vide a more potent response and improve clinical 
outcomes in AML. 

 We previously developed methods for isola-
tion of natural high-affi nity TCRs from healthy 
individuals, bypassing the need for mutation to 
improve affi nity. This approach is based on DC 
priming of naïve T cells in vitro using antigen 
presentation by allogeneic MHC molecules to 
enable T cell responses to be generated from a 
non-tolerant responding T cell repertoire (Wilde 
et al.  2009 ). Allo-restricted TCRs are selected to 
be strictly peptide specifi c, as determined by 
extensive in vitro characterization. By this 
approach, we obtained HMMR-specifi c, HLA- 
A2*02:01-allo-restricted T cell clones (Spranger 
et al.  2012 ). After characterization of numerous 
clones, clone 150 and its corresponding TCR150 
were selected for further assessment as a poten-
tial therapeutic reagent for treatment of leukemia. 
TCR150 showed high expression and specifi city 
after transfer into recipient T cells. 

 T cells transduced with TCR150 recognized 
freshly isolated human HLA-A2 +  AML leukemic 
cells in vitro. Immune-defi cient Nod/SCID/
IL-2Rg −/−  (NSG) mice transplanted with the 
HLA-A2 +  THP1 human AML cell line were mon-
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itored for leukemia dissemination and outgrowth 
after transfer of T cells transduced to express 
TCR150, and a substantial delay of leukemia 
development was achieved in vivo (Spranger et al. 
 2012 ). However, we also found that the low levels 
of HMMR expression in human CD34 +  HSC 
were suffi cient to allow in vitro recognition of 
HLA-A2 +  HSC by cells expressing TCR150. 
Studies in HHD (HLA-A2 +  transgenic) mice, car-
rying the identical HMMR epitope, confi rmed 
TCR150 recognition of HSCs, as murine lineage-
negative bone marrow cells preexposed to 
TCR150-engineered mouse T cells were not able 
to reconstitute lethally irradiated mice. 

 Thus, TCR150-based gene therapy would be 
limited to use in patients undergoing MHC- 
mismatched HCT (Schendel and Frankenberger 
 2013 ). In this setting, lymphocytes from an HLA- 
A2  −  donor could be engineered with TCR150 and 
infused into HLA-A2 +  hosts undergoing HCT for 
relapsed AML. This TCR gene therapy should 
allow for elimination of residual host AML, 
while donor HSCs would be spared because they 
lack HLA-A2 expression. However, it remains to 
be determined if any host somatic tissue might be 
a target of T cells recognizing HMMR.  

    MHC-Restricted Fratricide Can Limit 
TCR Transgene Expression 

 Survivin is an anti-apoptosis protein present in 
most AMLs. It was found to be one of the four 
top transcripts among 3.5 million human tran-
scriptomes uniformly upregulated in cancer tis-
sues but not in normal tissues (Sugahara et al. 
 2004 ). Therefore, it could be a versatile tumor 
antigen for treatment of many different malig-
nancies. Importantly, it is also expressed in AML 
LSCs (Carter et al.  2012 ), which must be elimi-
nated to achieve cure of AML. 

 We compared self-restricted and allo-restricted 
DC priming to isolate survivin-specifi c T cell 
clones. Interestingly, self-MHC-restricted T cell 
clones demonstrated early signs of proliferation 
but failed to expand to large numbers, while allo- 
restricted clones were abundant and expanded 
well. The TCRs of four HLA-A*02:01-allo- 

restricted clones were isolated and demonstrated 
to have a range of affi nities for peptide. These 
TCRs were used to engineer recipient T cells 
from HLA-A2 +  donors, refl ecting how they 
would be applied clinically. For comparison, 
recipient T cells of HLA-A2 −  donors were also 
studied. As observed with the original survivin- 
reactive T cells derived from HLA-A2 +  donors, 
TCR-engineered recipient HLA-A2 +  T cells died 
in culture, while the HLA-A2 −  T cells expressing 
the same survivin-specifi c TCRs proliferated 
well. Further studies established that cell death in 
the HLA-A2 +  recipient T cells was caused by 
MHC-restricted fratricide due to expression of 
survivin in the T cells, making them direct target 
cells for the HLA-A2-restricted survivin-specifi c 
TCRs (Leisegang et al.  2010 ). 

 These fi ndings hinder further development of 
these TCRs for gene therapy because the MHC- 
restricted fratricide of HLA-A2 +  patient lympho-
cytes would limit preparation of adequate 
numbers of TCR-engineered lymphocytes for 
therapeutic use. However, it would still be possi-
ble to use these TCRs in an HLA-mismatched 
setting, as proposed above for TCR150.  

    Conclusions 

 The fi eld of TCR gene therapy has moved 
from a vision to an emerging clinical reality. 
The potential curative treatments for cancer 
patients that might be achieved using high-
affi nity TCR gene therapy, juxtaposed to the 
possible dangers of lethal toxicity, have now 
moved the emphasis in the fi eld from develop-
ing technologies to acquire effi cacious TCRs 
to identifying those TCRs with clinical effi -
cacy and safety profi les that will allow their 
use in larger numbers of patients. The devel-
opment of TCR-based therapeutics offers sig-
nifi cant promise but still has critical challenges 
from safety and feasibility perspectives and 
must also overcome the enormous regulatory 
hurdles before it will be possible to bring indi-
vidualized TCR-based therapies forward in 
pharmaceutical development. 

 Currently, most TCRs used in clinical stud-
ies have originated from patient samples or 
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xenogeneic murine sources. Some of these 
TCRs have additionally been mutated to 
improve affi nity with the objective of achiev-
ing better clinical effi cacy. An increase in 
affi nity does appear to increase therapeutic 
activity, but side effects from high-affi nity and 
mutated TCRs have become apparent, dramat-
ically shifting the risk-benefi t analysis of TCR 
gene therapy. Therefore, new technologies 
and strategies are needed to make sound deci-
sions on which TCRs, among a pool of many 
candidates, are most appropriate to be selected 
for early clinical studies. New methods to 
directly assess on- and off-target toxicity are a 
critical need. The scientifi c community is 
actively pooling ideas, information, and 
resources to meet this challenge. The inspira-
tion is given to solve these problems, because 
the evidence from early clinical studies has 
demonstrated that TCR gene therapy indeed 
has the capacity to provide major clinical ben-
efi t to patients who otherwise would have no 
suitable treatment options to prolong their 
lives and potentially eradicate their cancers.     
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           The “T-Body” Strategy: Chimeric 
Antigen Receptor (CAR)-Redirected 
T Cells 

 Adoptive cell therapy with tumor-infi ltrating 
lymphocytes showed some encouraging effi cacy 
in the therapy of melanoma (Kalos et al.  2011 ; 
Porter et al.  2011 ; Grupp et al.  2013 ). However, 
technical diffi culties in obtaining suffi cient 
T-cell numbers and the rarity of these cells in 
other malignancies stimulated the development 
of alternative procedures to obtain engineered 
T cells with predefi ned specifi city. In this situa-
tion, Zelig Eshhar, Weizmann Institute, proposed 
to redirect T cells by a recombinant receptor 
molecule, a chimeric antigen receptor (CAR) 
nicknamed “T-body,” which confers targeting 
specifi city to T cells and initiates T-cell activation 
upon target engagement (Eshhar  2008 ). In con-

trast to the T-cell receptor (TCR), the  archetypal 
CAR is composed of one polypeptide chain and 
consists in the extracellular part of a single-chain 
fragment of variable binding (scFv) antibody and 
in the intracellular part of a TCR-derived acti-
vation domain, preferentially derived from the 
CD3ζ chain of the TCR/CD3 complex (Fig.  1 ). 
CAR binding to cognate targets on the tumor cell 
surface produces receptor clustering and fi nally 
phosphorylation of the immunoreceptor tyrosine 
activation motifs (ITAMs) which initiates a down-
stream signaling cascade. As a consequence, T 
cells amplify, secrete a panel of proinfl ammatory 
cytokines, and produce cytolytic activity toward 
the cognate target cell.

   Here we briefl y review the current knowledge 
on the optimized composition of a CAR, the con-
sequences of CAR expression in T cells as well 
as other cytotoxic leukocytes such as natural 
killer (NK) cells, the clinical-grade production of 
CAR-modifi ed T cells, the most signifi cant prog-
ress recently made in early-stage clinical trials, 
and perspectives on future developments to treat 
cancer by CAR T-cell therapy.  

    The Targeting Specifi city Matters: 
Advantages in Antibody- Mediated 
Targeting by a CAR 

 By using an antibody-derived binding domain, 
CAR T cells overcome some limitations of the 
TCR-based recognition in that CAR T cells bind 
target cells in an MHC-independent fashion, 
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bind with higher affi nity than the TCR, and form 
 synapses independently of the TCR. An addi-
tional advantage is that T cells can be redirected 
toward a plethora of antigens of different compo-
sition as long as a suitable antibody is available. 
For instance, CARs were engineered which target 
T cells toward the carbohydrate antigens CA19-9 
or TAG72 (Mezzanzanica et al.  1998 ; Hombach 
et al.  1997 ; Westwood et al.  2005 ). The TCR, in 
contrast, is restricted to the recognition of spe-
cifi c peptides presented by the particular MHC. 
Instead of antibodies, other binding domains like 
growth factors were also successfully used to 
redirect T cells by such type of chimeric receptor 
(Altenschmidt et al.  1996 ). 

 By using an antibody, various epitopes of the 
same antigen can be targeted as long as the epit-
ope is accessible on the surface of the target cell; 
however, each epitope may not be equally effi -
cient in activating T cells. The accessibility of the 
epitope for binding impacts the effi ciency in 
CAR-mediated T-cell activation; the membrane- 
distal epitope, which is thought to be more acces-
sible than the more proximal epitope, is superior 

in binding but less capable in mediating CAR 
activation as exemplarily shown for targeting car-
cinoembryonic antigen (CEA) expressed on gas-
trointestinal carcinoma cells (Hombach and 
Abken  2007 ). The same observation was made 
when targeting B-cell lymphoma-associated 
CD22 by CAR T cells (James et al.  2008 ; Till 
et al.  2012 ). Taken together, the best suitable tar-
get epitope and binding affi nity for optimal CAR 
T-cell activation remains to be empirically evalu-
ated in each case. 

 In addition, the binding affi nity substantially 
impacts the effi ciency in CAR-mediated T-cell 
targeting. While increase in binding affi nity 
increases T-cell activation, there is a threshold in 
binding affi nity above which furthermore 
increase does not improve T-cell activation 
(Chmielewski et al.  2004 ). Such “affi nity ceil-
ing” for antibody-derived T-cell targeting was 
recently also observed for TCR- mediated T-cell 
targeting (Zhong et al.  2013 ) and adds to the 
ongoing discussion whether a redirected T-cell 
attack can be furthermore improved by increas-
ing binding affi nity.  
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  Fig. 1    ( a ) T-cell receptor (TCR) complex. The TCR con-
sists of the α/β dimer-recognizing antigenic peptides pre-
sented by MHC molecules. Complexed with the TCR are 
the invariant chains of the CD3 complex CD3γ, CD3δ, 
CD3ε, and CD3ζ. The invariant chains couple the TCR to 
intracellular signaling molecules which bind to phosphor-
ylated immunoreceptor tyrosine-based activation motifs 
(ITAM). ( b ) Chimeric antigen receptor (CAR). The proto-

type CAR consists of a target-specifi c scFv antibody frag-
ment comprising antibody heavy- (VH) and light-chain 
(VL) variable domains fused via a fl exible hinge region to 
transmembrane and intracellular regions of the TCR-
associated ζ chain (fi rst- generation CAR;  left ). Alternative 
CAR designs include in addition one or more protein 
domains derived from costimulatory receptors such CD28 
or 4-1BB (second- and third-generation CAR;  right )       
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    Combined Costimulation Matters: 
Recent Progress Toward 
an Optimized CAR Design 

 First-generation CARs provide exclusively the 
CD3ζ signal, while second-generation CARs addi-
tionally incorporate a costimulatory domain, mostly 
CD28, to prevent engineered T cells from activation-
induced cell death and anergy. CD28 is the prototype 
of a family of costimulatory molecules that is physi-
ologically engaged on T cells by binding to the 
respective agonistic ligands B7.1 (CD80) and B7.2 
(CD86) on antigen- presenting cells (APCs). By 
linking the costimulatory domain to CD3ζ in one 
polypeptide chain, both signals are simultaneously 
provided to T cells independently of APCs. This is 
of some relevance since tumor cells frequently lack 
these molecules with the consequence that CD3ζ 
CAR T cells upon binding to cancer cells do not gain 
the costimulation required for full activation. Other 
costimulatory molecules including 4-1BB (CD137) 
and OX40 (CD134) can also be integrated into the 
CAR, with each costimulatory signal modulating 
the effector functions in each T-cell subset in a dif-
ferent fashion (Hombach et al.  2007 ). 

 The CD28 or 4-1BB endodomain is integrated 
into most currently used CARs because this type of 
costimulation sustains survival, increases proin-
fl ammatory cytokine secretion, and prolongs poly-
clonal expansion of engineered T cells (Hombach 
and Abken  2013a ). CD28 co- signaling induces 
IL-2 that is used in an autocrine fashion by redi-
rected T cells to increase their amplifi cation 
(Beecham et al.  2000 ). CD28 costimulation, how-
ever, does not increase sensitivity toward target 
cells with intermediate or low densities of the 
respective target antigen. Also the “affi nity ceiling” 
mentioned above is not altered by CD28 costimula-
tion (Chmielewski et al.  2011a ). As a consequence, 
low-affi nity CAR interactions still require substan-
tial amounts of target antigen to induce T-cell acti-
vation even in the presence of CD28 costimulation 
which potentially protects cells with low target 
antigen load from a CAR T-cell attack. 

 Costimulation moreover has profound impact on 
the effi cacy of the individual T-cell compartments in 
executing an antitumor attack. While young T cells, 
in particular cells with central memory phenotype, 

persisted longer and were superior in  mediating an 
antitumor response in preclinical models, effec-
tor memory or terminally differentiated T cells 
were less effective and disappeared rapidly from 
the circulation (Klebanoff et al.  2005 ). Repetitive 
T-cell activation, however, promotes T-cell matu-
ration producing cells with altered functional 
properties and dramatic changes in phenotype, 
i.e., CAR T cells with a naive phenotype convert 
to a CCR7 −  CD62L low  CD57 +  KLRG1 +  effector 
memory phenotype with CD45RO high  CD45RA low  
and CD27 low  CD28 low  expression in a mouse tumor 
model (Hombach and Abken  2013b ). One conse-
quence is that due to loss of CCR7, those cells have 
a diminished capacity to reenter the lymph and to 
recirculate. When redirected by a CD28ζ CAR, the 
antitumor response of CCR7 −  CAR T cells is less 
effi cient than that of CCR7 +  T cells, although those 
cells secrete higher amounts of proinfl ammatory 
cytokines and harbor higher levels of perforin and 
granzymes. The mechanistic basis is that CCR7 −  
T cells are prone to spontaneous and activation-
induced cell death, which is insuffi ciently prevented 
by CAR-mediated CD28 costimulation. The defi cit 
can be counteracted by a so-called third-generation 
CD28-OX40 CAR which combines CD28 “early” 
with OX40 “late” costimulation. Similar results 
were obtained with cytokine-induced killer (CIK) 
cells (Hombach et al.  2013b ). The particular com-
bination of costimulatory signals achieves the effect 
since OX40 alone does not provide a benefi t in this 
context, whereas CD28 costimulation alone, which 
prevents young T-cell apoptosis, does not reduce 
the number of apoptotic cells in late differentiation 
stages. As a consequence, a combined CD28-OX40 
CAR will be of benefi t for adoptive cell therapy 
since T cells of any stage will progress in matu-
ration during activation and need to be protected 
from apoptosis when converting into late stages of 
differentiation.  

    CAR-Engineered Natural Killer 
(NK) Cells  

 In their pioneering work, Eshhar and colleagues 
demonstrated that the “T-body” strategy is 
not only applicable to T cells but can also be 
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employed to provide cells of the innate immune 
system such as mast and NK cells with tumor 
specifi city (Bach et al.  1994 ,  1995 ). In contrast to 
T cells, the natural cytotoxicity of NK cells can 
be rapidly activated and is regulated by a com-
plex balance of signals from germ line-encoded 
activating and inhibitory cell surface recep-
tors (Lanier  2008 ). Due to their exquisite cyto-
toxic potential, donor-derived primary NK cells 
as well as continuously growing NK cell lines 
such as NK-92 can be used for adoptive cancer 
immunotherapy (Klingemann  2013 ). Established 
and primary NK cells endogenously express the 
CD3ζ chain which is involved in the signaling 
of natural cytotoxicity receptors. Hence, CARs 
based on CD3ζ chain in their signaling moiety 
readily link to the endogenous signaling path-
ways in NK cells and trigger cytolytic activities 
as demonstrated for CARs with specifi city for the 
B-cell antigens CD19 and CD20 (Boissel et al. 
 2009 ; Müller et al.  2008 ), the multiple myeloma 
antigen CS1 (Chu et al.  2013 ), as well as solid 
tumor- associated antigens such as HER2/neu 
(ErbB2), EpCAM, and GD-2 (Uherek et al. 
 2002 ; Kruschinski et al.  2008 ; Tavri et al.  2009 ; 
Esser et al.  2012 ). Similar to T cells, the func-
tionality of CAR-modifi ed primary NK cells 
was improved by adding costimulatory protein 
domains derived from 4-1BB or 2B4 (CD244) 
to the CAR signaling moieties (Imai et al.  2005 ; 
Altvater et al.  2009 ). The lack of an endogenous 
TCR of unknown specifi city and potential auto-
reactivity may be considered a safety feature of 
CAR- expressing NK cells. In contrast to T cells, 
however, NK cells cannot provide IL-2 required 
for amplifi cation in an autocrine fashion. To 
bypass the need for adding cytokines, established 
NK cells were modifi ed to co-express IL-15 
together with the CAR which permitted continu-
ous cell expansion and CAR-mediated cytotoxic-
ity in the absence of IL-2 (Sahm et al.  2012 ). 

 Despite these advances during the last years, 
experience with CAR-engineered primary NK 
cells and their clinical development is still limited. 
Due to effi cient antiviral defense mechanisms, 
gene transfer into NK cells with retro- and lentivi-
ral vectors as well as physical transfection methods 
are less effi cient than in T cells (Sutlu et al.  2012 ). 

This does not constitute a problem for clinically 
applicable NK cell lines such as NK-92, which 
allow isolation and expansion of CAR-expressing 
cells from a bulk of untransduced cells (Uherek 
et al.  2002 ). Early-phase clinical studies in cancer 
patients demonstrated the safety of infused unmod-
ifi ed NK-92 cells, which were irradiated prior to 
application to prevent permanent engraftment. 
Clinical responses were achieved in a subset of 
patients (Arai et al.  2008 ; Tonn et al.  2013 ). 
Likewise, CAR- engineered NK-92 cells may be 
developed as an allogeneic off-the-shelf cell thera-
peutic agent, in particular for application in cases 
where autologous or MHC-matched donor cells 
are not available or in geographic regions without 
the infrastructure for engineering of genetically 
modifi ed cells on an individual basis.  

    Production of CAR-Engineered 
T Cells for Clinical Application 

 One of the key questions to answer for clinical 
production of CAR-engineered T cells is the vec-
tor used to genetically modify T cells. Table  1  
depicts the systems currently used in clinical 
approaches and summarizes the advantages and 
disadvantages of the respective vector system.

   To date, most clinical trials have been per-
formed employing retroviral vectors. Recently, 
other vector systems have alternatively been uti-
lized, and it is expected that these systems, likely 
with the exception of plasmid DNA, will be used 
in parallel in the near future. 

 Another crucial issue is the way of stimulating 
the T cells for amplifi cation and modifi cation. 
While this has been primarily achieved by stimu-
lating the CD3 complex by the OKT3 antibody in 
addition to mitogenic stimulation by IL-2 
(Kershaw et al.  2006 ), most researchers now use 
magnetic beads coated with antibodies against 
CD3 and CD28 to provide a more physiological 
stimulation (Porter et al.  2011 ; Brentjens et al. 
 2013 ). These reagents have been made available 
in GMP quality. Also cell lines engineered to 
express various costimulating molecules have 
been applied as “artifi cial APCs” (Suhoski et al. 
 2007 ). While these cells may provide even more 
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physiological stimulation, they harbor additional 
GMP risks which makes it less likely that these 
cells will be used in more industrialized and 
large-scale approaches. Some researchers also 
replaced IL-2 by other cytokines such as IL-7 and 
IL-15 to obtain a T-cell population with a more 
naive and central memory phenotype (Kaneko 
et al.  2009 ). These cytokines have recently been 
made available in a quality suitable for GMP 
production. 

 The generation of clinically relevant numbers 
of engineered T cells with a favorable phenotype 
is a long-standing challenge. Traditionally, static 
culture systems in fl asks or gas-permeable bags 
have been used for T-cell expansion. Because 
T cells optimally grow in rather low cell densi-
ties (0.25–1 × 10 6 /ml), high culture volumes are 
required which makes handling diffi cult and 
raises costs. More advanced systems like the 
Wave Bioreactor or the G-Rex device sustained 
T-cell expansion to much higher densities (Porter 
et al.  2011 ; Brentjens et al.  2013 ; Vera et al. 
 2010 ). In order to amplify CAR T cells for a large 
number of patients, it would be benefi cial if the 
manufacturing process could be performed in a 
closed system allowing the production of mul-
tiple batches in parallel in the same clean room. 
While this has been achieved in certain parts of 

the process, to our best knowledge a fully closed 
system for all steps of the manufacturing process 
still needs to be set up.  

    CAR T Cells Are Making 
It to the Clinic 

 Adoptive cell therapy with CAR-engineered T 
cells is currently entering early-phase clinical tri-
als. Basically, the patients’ T cells are modifi ed 
ex vivo by retro- or lentiviral gene transfer or by 
DNA transfection to express the respective CAR, 
amplifi ed to therapeutically relevant numbers, and 
transfused to the patient by a single or by repetitive 
administrations. Trials targeting CD19 +  leukemia 
and lymphoma produced encouraging evidence 
of therapeutic effi cacy with complete and last-
ing remission of refractory CD19 +  B-cell chronic 
lymphocytic leukemia (CLL) in the fi rst three 
reported patients (Kalos et al.  2011 ; Porter et al. 
 2011 ). T cells were effective even at low dosage 
levels of about 1.5 × 10 5  cells per kg (Porter et al. 
 2011 ). This is likely due to the fact that, com-
pared to the initial level, CAR T cells expanded 
more than 1,000-fold after administration and 
persisted in the peripheral blood and bone mar-
row for at least 6 months. A grade 3 tumor lysis 

   Table 1    Currently used vector systems to modify T cells with a CAR   

 Vector system  Features  Advantages  Disadvantages  Reference 

 Gamma retroviral  Stable integration  Scalable production 
from stable producer 
cells, long-lasting 
experience 

 Insertional mutagenesis 
in stem cells, silencing 
of transgene expression 
possible 

 Kershaw et al. 
( 2006 ), Brentjens 
et al. ( 2013 ), 
Lamers et al. 
( 2006 ) 

 Lentiviral  Stable integration  Less mutagenic 
insertion profi le, 
produced to high titers, 
no known silencing 

 Limited production 
scales in transient 
production systems, 
expensive 

 Porter et al. ( 2011 ) 

 DNA (transposon)  Stable integration  Random insertion 
profi le, lower cost of 
goods 

 Less clinical experience, 
two GMP reagents 
needed, i.e., transposase, 
transposon 

 Singh et al. ( 2013 ) 

 DNA (plasmid)  Stable integration  Random insertion 
profi le, cheap 

 long in vitro selection 
for stable integration, 
integration as 
concatamer 

 Park et al. ( 2007 ) 

 RNA  Transient expression  No insertion, high 
safety profi le 

 Short-time expression, 
multiple doses needed 

 Zhao et al. ( 2010 ) 
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syndrome and a cytokine storm with an increase 
in the proinfl ammatory cytokines IFN-γ and IL-6 
occurred which coincided with the elimination 
of leukemia cells from the bone marrow in those 
patients. Importantly, antibody- mediated neutral-
ization of IL-6 substantially reduced the cytokine 
storm without affecting the clinical effi cacy. The 
prolonged persistence of CAR T cells is prob-
ably due to the repetitive restimulation of CAR 
T cells by CD19 +  healthy B cells and their pro-
genitors which are also targets for the anti-CD19 
CAR T cells producing a lasting B-cell defi ciency 
in those patients. The same anti-CD19 CAR is 
currently evaluated in the treatment of pediatric 
CD19 +  acute leukemia with success; however, a 
relapse of CD19 −  leukemia was also observed in 
one case (Grupp et al.  2013 ). 

 Despite recent success, also two fatal serious 
adverse events occurred after infusion of CAR- 
modifi ed T cells, one of which has at least in part 
been attributed to the redirected specifi city. In the 
NIH trial with T cells carrying a third-generation 
CAR, the adverse event occurred presumably due 
to “on-target off-organ” activation of the CAR T 
cells targeting HER2/neu (ErbB2), which is 
expressed at moderate levels on healthy tissues 
(Morgan et al.  2010 ). The other event at the Sloan 
Kettering Cancer Center was attributed to an 
extravasation of a latent bacterial infection subse-
quent to lymphodepletion (Brentjens et al.  2010 ).  

    Perspectives: What May Redirected 
Cell Therapy Look Like 
in the Long Term? 

 While fi rst success in the therapy of leukemia is 
sustaining hope that adoptive therapy with redi-
rected T cells may cure leukemia in the long 
term, a number of issues still need to be addressed 
when solid cancer lesions are targeted. 

 Effector T cells need to be tuned in a specifi c 
fashion to persist and execute redirected activities 
in solid tumor tissues over a prolonged period of 
time. T-cell expansion is mandatory to establish 
the transferred T cells in the long term; however, T 
cells fi nally convert to effector memory cells which 
require combined CD28-OX40  costimulation 

to rescue CCR7 −  cells when produced during an 
ongoing immune attack (Hombach et al.  2013a ). 
Costimulation by 4-1BB may also provide ben-
efi t (Song et al.  2011 ). Such “muscle CARs” are 
designed to provide the required co-signals by the 
same CAR. Persistence of redirected T cells in the 
periphery may be improved by further engineer-
ing with the CCR2 receptor (Moon et al.  2011 ). 
An additional prerequisite for T-cell amplifi cation 
and persistence is thought to be non-myeloablative 
lympho- depleting preconditioning followed by 
IL-2 administration to sustain T-cell expansion; 
other cytokines like IL-7 and IL-15 are currently 
also explored (Weber et al.  2011 ). Alternatively, 
CAR T cells can be engineered with a CAR-
inducible expression of such cytokines which 
stimulate CAR T cells in an autocrine fashion or 
recruit and activate innate immune cells for an 
antitumor attack (Chmielewski et al.  2011b ). Such 
“TRUCK” cells (“T cells redirected for unre-
stricted cytokine killing”) may pave a novel way 
to deliver transgenic cell products to predefi ned, 
target lesions (Chmielewski et al.  2014 ). CAR T 
cells may be locally applied into the tumor lesion 
by puncture or endoscopy with only local diffu-
sion within the following days (Parente-Pereira 
et al.  2011 ). This strategy is currently evaluated in 
the treatment of head and neck cancer (EudraCT 
2012-001654-25, NCT01722149) and will be 
shortly applied to the treatment of cutaneous lym-
phoma (EudraCT 2011-003125-10). 

 An elegant solution of providing T-cell 
response in the long term is the use of virus- 
specifi c T cells which obtain survival and costim-
ulatory signals when engaging virus-infected 
cells by their TCR. Current trials use EBV- or 
CMV-specifi c, autologous T cells engineered 
with a fi rst- or second-generation CAR, for 
instance, directed against HER2/neu (ErbB2) 
(NCT01109095), CD30 (NCT01192464), CD19 
(NCT00709033, NCT01475058, NCT01430390, 
NCT00840853, NCT01195480), or GD-2 
(NCT00085930). Virus-specifi c T cells have 
a great capacity to amplify and are particularly 
applied in the context of allogeneic stem cell 
transplantation, where they protect from virus 
reactivation and tumor relapse while having low 
risk of inducing graft versus host disease. 
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 Most T-cell compartments of cancer patients 
are underrepresented or have lost functional 
activities. Allogeneic T cells from healthy donors 
derived from a fully functional T-cell compart-
ment and ex vivo engineered with a specifi c CAR 
may provide an alternative. This strategy would 
moreover have the advantage that the cell product 
can be produced in advance and stored until use, 
making “CAR T-cell banking” feasible. Although 
associated with much logistic efforts, such 
banked T cells would benefi t cell therapy by pro-
viding a more standardized cell product. 

 Although a number of technical questions still 
need to be addressed, enormous progress has 
been made in the last years to translate the CAR 
strategy into clinical practice. In addition to tar-
geting lymphoma/leukemia, adoptive CAR T-cell 
therapy needs to be evaluated for the treatment 
of solid cancer which is still associated with the 
majority of cancer deaths. CAR T cells are target 
specifi c, however, not always cancer selective. 
This may produce severe autoimmunity. These 
and other safety issues need to be explored for 
the variety of new CARs which are already or 
will become available in the near future. While 
recent progress with CAR-engineered T cells in 
the clinic has been spearheaded by groups based 
in the United States, groups in Europe continue 
to be actively engaged in bringing CAR T cells to 
clinical trials, both for the treatment of hemato-
logical malignancies and for the more challeng-
ing solid cancers. This has been fostered through 
EU-funded consortia, which allowed combining 
the expertise of otherwise competing groups and 
provide the critical mass needed for translational 
projects. However, a further commitment by pub-
lic funding agencies and commercial entities will 
be required to provide sustainable structures and 
to establish standardized protocols for clinical 
application of CAR T cells and production facili-
ties large enough to meet the expected demand 
for their production under GMP conditions on a 
national and European level.     
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           Introduction 

 For the fi eld of cancer immunotherapy, malignant 
melanoma has a very special role. It has certainly 
critically infl uenced the past and the present of the 
fi eld. Research performed in malignant melanoma 
has started to shape the fi eld of cancer immuno-
therapy more than 20 years ago with the discovery 
of the fi rst tumor-associated antigens documented 
to be recognized by antigen-specifi c T cells in 
patients. As discussed in the following sections, 
the privileged role of malignant melanoma has 
not been restricted to the pioneering phase of ini-
tial antigen discovery but has continued to exist 
through more than 20 years as documented by the 
clinical successes reported for immunotherapies 
such as cytokines, vaccines, and immunomodula-
tory antibodies and cellular therapies. In  particular 

the successful clinical development of ipilim-
umab has been the birth of immuno-oncology as a 
novel specialty in medicine. At present cancer 
immunotherapy of malignant melanoma is surely 
one of the most vibrant areas of medicine which is 
refl ected by that fact that the journal “Science” 
named cancer immunotherapy its 2013 break-
through of the year (Couzin-Frankel  2013 ). More 
novel concepts and improved immunotherapies 
have reached clinical development and may soon 
lead to even more approved therapies.  

    Tumor- and Melanoma-Associated 
Antigens 

 The basic principle behind cancer immunother-
apy is based on the fact that during transforma-
tion from healthy to malignant tissues, cancer 
cells accumulate genetic alterations that translate 
into changes in their gene-expression profi le that 
can be selectively recognized by immune cells. 
As discussed in detail in the fi rst chapter of this 
book (chapter by   H.G. Rammensee    ), tumor- 
specifi c B- and T-cell responses play a key role 
in the immunologic control of tumor cell growth. 
The fi rst human T-cell epitope representing a 
tumor antigen was reported by the Boon group 
more than 20 years ago (van der Bruggen et al. 
 1991 ). This seminal study and many others to fol-
low investigated sample specimens derived from 
patients with malignant melanoma rapidly led to 
the vision to exploit tumor-associated antigens 
as targets for antigen-specifi c immunotherapy 
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for the benefi t of patients (Boon  1993 ). Even 
more than 10 years later, the biggest fraction of 
known tumor-associated antigens shown to elicit 
antigen- specifi c T-cell responses were melanoma 
antigens (Boon et al.  2006 ). It is probably true to 
state that the contribution of scientists studying 
tumor-associated antigens and their correspond-
ing immunological responses in malignant mela-
noma laid the fundament of the fi eld of cancer 
immunotherapy as we know it today. Numerous 
immunotherapeutic approaches have been 
explored which include both local and systemic 
therapies using either nonspecifi c immunoacti-
vators and/or treatments that aim to stimulate a 
specifi c immune response directed against mela-
noma antigens. A summary of these approaches 
is given in Table  1  and will be further discussed 
in this chapter.

       IL-2 and IFNα: First Steps Toward 
Immunologic Control of Malignant 
Melanoma 

 The fi rst evidence that melanoma growth might be 
controlled by the immune system came from the 
histological demonstration that many primary 
melanomas are infi ltrated with immune cells and 
that the degree of immune infi ltration appeared to 
correlate with prognosis (Griewank et al.  2013 ). 
Moreover, numerous anecdotal case reports 
described “spontaneous” regression of metastatic 
lesions in melanoma, a phenomenon that is less 
frequently seen in other tumors (Bramhall et al. 
 2013 ). Thus, melanoma has long been used as a 
model tumor for immunotherapeutic approaches 
in preclinical and animal studies, and countless 
publications using many different kinds of immu-
notherapies demonstrated their often profound 
effectiveness for the treatment of murine mela-
noma. However, clinically relevant immunothera-
peutic applications in man remained limited for 
many years. The fi rst immunotherapeutic agents 
that entered the clinic were the cytokines IL-2 and 
IFNα. A series of phase 2 clinical trials performed 
in the 1990s consistently demonstrated that 
approx. 10–15 % of melanoma patients exhibited 
profound and long-lasting tumor regressions after 
high-dose IL-2 treatment, resulting in the FDA 

approval of this therapeutic regimen for  metastatic 
melanoma in the USA. Due to potentially severe 
side effects that may require hospitalization in 
intensive care units, this treatment is reserved for 
patients with a healthy cardiovascular system and 

   Table 1    Melanoma immunotherapy approaches that 
have been evaluated in clinical trials and/or are being used 
in clinical practice   

 Locoregional tumor immunotherapy strategies 
  BCG 
  IL-2 
  L19-IL-2 
  IL-12 (plasmid electroporation) 
  Imiquimod or other topical TLR ligands 
  DPCP or other contact sensitizers 
 Nonspecifi c immunoactivating therapy strategies 
  Cytokines 
   IL-2 
   IFNα 
   IL-12 
  “Immune checkpoint inhibitors” 
   Anti-CTLA-4 – ipilimumab, tremelimumab 
   Anti-PD-1 – nivolumab, lambrolizumab 
   Anti-PD-L1 – BMS-936559 
  Costimulatory molecules 
   CD40L 
   CD137 
  Immune adjuvants 
   CpG7909 
   Montanide ISA-51 
   Poly-ICLC (Hiltonol®) 
  “Immune conditioning” 
   Hypofractionated radiotherapy 
   “Immunogenic” chemotherapy 
  Oncolytic viruses, e.g., talimogene laherparepvec 
 Tumor-specifi c immunotherapies 
  Melanoma vaccines 
   Tumor lysates 
    Short/long peptides or proteins with or without 

adjuvant with or without cytokines such as IL-2, 
GM-CSF, IL-12 

   RNA-based vaccines 
   DNA- or plasmid-based vaccines 
   Individualized mutanome vaccines 
    DC-based vaccines, e.g., DC loaded with tumor 

lysate, peptides, or RNA 
  Adoptive T-cell transfer 
   Tumor-infi ltrating lymphocytes 
   Immune receptor-engineered lymphocytes 
   Antibodies to melanoma-specifi c cell surface 

antigens 
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a good ECOG performance status. Although high-
dose IL-2 therapy was never approved in Europe, 
many thousand patients have now been treated in 
the USA, with consistent response rates of 
10–15 % and often long-lasting complete 
responses in some patients (Gogas et al.  2013 ; 
Dillman et al.  2012 ). 

 The second cytokine that was introduced into 
clinical practice in melanoma was IFNα. Although 
no signifi cant effi cacy could be demonstrated in 
stage IV (systemically metastatic) melanoma, a 
series of ECOG trials led by J. Kirkwood demon-
strated that high-dose IFNα treatment led to a sig-
nifi cant prolongation of progression-free survival 
in patients with regional metastases treated in an 
adjuvant setting (Davar et al.  2013 ). However, a 
consistent benefi t on overall survival could not be 
demonstrated. Subsequent trials mostly performed 
in Europe demonstrated that low-dose IFNα also 
prolonged progression-free survival but not over-
all survival in patients with stage II (high-risk pri-
mary melanoma, but free of metastases) and stage 
III (regional metastases) melanoma (Ascierto et al. 
 2013 ). Several subsequent meta-analyses calculated 
a protective effect of IFNα on local recurrence with 
a hazard ratio of 0.83 and an overall survival benefi t 
with a hazard ratio of 0.91 (Mocellin et al.  2013 ). As 
for IL-2, the side effects of systemic immune acti-
vation also limit the quality of life of IFNα-treated 
patients, who often suffer from fl u-like symptoms 
and chronic fatigue as a result of therapy. 

 In summary, both agents are available for clin-
ical application, but their widespread application 
is limited by only marginal effectiveness and sig-
nifi cant side effects as well as high costs. Thus, 
recommendations as to the use of these agents in 
clinical guidelines differ between countries 
(Pfl ugfelder et al.  2013 ; Garbe et al.  2012 ; Fong 
and Tanabe  2013 ), and experts in the fi eld differ 
in their opinion whether to recommend the use of 
these agents to patients in general practice.  

    Local (Intratumoral) 
Immunotherapy 

 Localized tumor immunotherapy strategies that 
are based upon the injection of an immunothera-
peutic agent into melanoma metastases or the 

topical application of an immunoactivator to the 
skin in the area of cutaneous metastases have 
been investigated for more than 50 years. 
Whereas clinical responses to BCG have 
remained anecdotal (Krone et al.  2005 ), other 
locally administered immunotherapeutic agents 
have been shown to induce tumor regressions in a 
high percentage of treated metastases, although 
mostly in small and/or nonrandomized clinical 
trials. Imiquimod has been reported to be effec-
tive for the treatment of lentigo maligna and 
intracutaneous melanoma metastases (Moon and 
Spencer  2013 ; Steinmann et al.  2000 ). Likewise, 
topical contact sensitizers such as diphenylcyclo-
propenone (DPCP) have been reported to induce 
regression of cutaneous melanoma lesions. When 
used in combination with the systemic chemo-
therapeutic agent, DTIC, systemic tumor regres-
sions have also been reported (Damian et al. 
 2009 ; Trefzer and Sterry  2005 ). In addition, 
intralesional injection of rose bengal has been 
shown to induce a systemic tumor-specifi c 
immune response in murine models of melanoma 
and in melanoma patients, resulting in tumor cell 
necrosis and a profound immune infi ltration of 
treated lesions (Toomey et al.  2013 ; Thompson 
et al.  2008 ). 

 As a more defi ned therapeutic approach, 
Weide et al. demonstrated a profound clinical 
effectivity of locally administered IL-2, with 
regression of the majority of injected metastatic 
lesions but no effect on systemic tumor immunity 
(Weide et al.  2011 ). Moreover, early clinical tri-
als using L19-IL-2, a tumor-targeting immunocy-
tokine composed of recombinant human IL-2 and 
the human antibody fragment L19 (specifi c to a 
splice domain of fi bronectin that is specifi cally 
expressed in tumor neo-vasculature), also show 
promising results (Eigentler et al.  2011 ; 
Johannsen et al.  2010 ). In addition, an IL-12 
encoding plasmid also showed clinical effi cacy 
and is being pursued in clinical trials (Cha and 
Daud  2012 ; Heinzerling et al.  2005 ). 

 Thus, intralesional immunotherapies in gen-
eral exhibit a surprisingly good clinical effi cacy, 
but often fail to induce systemic tumor immunity. 
More recently, however, a large phase 3 clinical 
trial with talimogene laherparepvec, an oncolytic 
viral vector encoding GM-CSF, has produced 
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statistically signifi cant clinical effi cacy not only 
for local tumor control of injected lesions but 
also for systemic lesion control, albeit to a lesser 
extent (see below), and may thus be a very prom-
ising novel therapeutic modality that may soon 
enter clinical practice.  

    Checkpoint Inhibitors 

 The discovery of surface molecules on T cells 
that either are required for full T-cell activation 
(“costimulatory molecules”) or can downregulate 
their activation status (“immune checkpoint 
inhibitors,” “coinhibitory molecules”) opened the 
option to control T-cell activation in general by 
using therapeutic inhibitors or stimulators of 
these molecules. It was shown that anti-CTLA-4 
strongly enhances the primary activation of naïve 
T cells (Chambers et al.  2001 ). However, it 
became evident that besides potentiation of pri-
mary T-cell activation, a major mechanism of 
action of anti-CTLA-4 is that it reactivates T cells 
that were either “exhausted” or whose activity 
was suppressed by regulatory T cells (Simpson 
et al.  2013 ; Wolchok et al.  2013a ). Studies in 
mice showed that antibodies to CTLA-4 greatly 
enhanced their capacity to control the growth of 
melanoma (van Elsas et al.  1999 ). These results 
led to the clinical development of therapeutic 
antibodies against CTLA-4 (ipilimumab by 
Medarex and subsequently BMS, and of tremeli-
mumab by Pfi zer). In 2002 it was fi rst reported 
that melanoma patients may respond to 
anti-CTLA- 4 therapy (Phan et al.  2003 ), but it 
lasted to 2010 until two large phase 3 clinical tri-
als demonstrated a statistically signifi cant sur-
vival benefi t in approx. 20–25 % of patients 
treated with ipilimumab (Hodi et al.  2010 ; Robert 
et al.  2011 ). 

 These trials were the fi rst in history to show a 
clinical effi cacy in terms of a statistically signifi -
cant overall survival benefi t for large patient 
cohorts with metastatic melanoma. Thus, after 
decades of negative clinical trial outcomes and an 
emerging general skepticism about the principal 
applicability of immunotherapy for human 
 cancers, the demonstration of the clinical 

 effectiveness of ipilimumab and the subsequent 
approval of this drug for clinical use in the USA 
and in Europe constitutes the birthdate of 
immuno- oncology as a treatment option for rou-
tine clinical care. 

 Indeed, two important aspects of tumor biol-
ogy were elucidated by these studies, since the 
effectiveness of CTLA-4 blockade demonstrated 
that (1) natural T-cell-mediated immune 
responses against melanoma occur spontane-
ously in many patients and (2) these spontaneous 
tumor immune responses are often actively shut 
down in advanced tumor disease. However, dur-
ing the introduction of ipilimumab into the stan-
dard clinical care, it also became evident that a 
general, unrestricted activation of “exhausted” or 
actively suppressed T cells also bears the risk of 
unwanted immune activation, resulting in auto-
immune side effects. These side effects occur in 
approx. 30 % of treated patients and consist of 
rashes, colitis, autoimmune liver toxicity, and 
infl ammations in various endocrine glands (e.g., 
thyroiditis, hypophysitis) (Voskens et al.  2013 ). 
Especially colitis and hepatitis can be severe, 
have resulted in fatalities, and may lead to termi-
nation of treatment. The full spectrum of side 
effects is only now becoming clear after approval 
and more widespread use (Voskens et al.  2013 ). 
Thus, the overall risk-benefi t ratio of ipilimumab 
is limited by these side effects, and despite the 
general enthusiasm about this novel therapeutic 
option, it needs to be mentioned that due to mod-
erate response rates (only one in fi ve patients will 
respond) and potentially severe side effects (one 
in three patients will experience autoimmune 
events of some degree) the drug is far from being 
the ideal treatment for metastatic melanoma. 

 However, more options are within close reach. 
Besides other antibodies against CTLA-4, anti-
bodies against PD-1, another inhibitory molecule 
expressed on activated T cells, and against its 
ligand, PD-1 L, are being developed by several 
companies, and some of these have reached phase 
3 of clinical development (Topalian et al.  2012 ; 
Hamid et al.  2013 ). Especially the antibodies 
against PD-1, nivolumab and lambrolizumab, 
have generated very promising early clinical 
results (Topalian et al.  2012 ; Hamid et al.  2013 ), 
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with superior effi cacy (response rates of 30 % 
and more) and less severe side effects as ipilim-
umab. This may be due to an additional mecha-
nism of action of PD-1 blocking agents, since its 
ligand PD-1 L is often expressed by tumor cells 
and may thus constitute an intrinsic mechanism 
of T-cell inactivation within solid tumors. 

 The development of additional checkpoint 
inhibitors and other immunotherapeutic agents 
now for the fi rst time also offers the possibility 
to combine different kinds of immunotherapeu-
tic regimens. In this regard, Wolchok et al. 
reported recently that a combination of ipilim-
umab and nivolumab resulted in an objective 
response rate of 40 % (53 % at the highest dose) 
with tumor reduction of 80 % or more in meta-
static melanoma patients (Wolchok et al.  2013b ) 
– response rates that were never seen before in 
melanoma patients or in any tumor treated with 
immunotherapy albeit this was at the expense 
of serious treatment-related adverse events in 
53 % of the patients. Many exciting clinical tri-
als that further explore the clinical effi cacy of 
combined immunotherapy approaches are cur-
rently underway or are being planned for the 
near future. 

 Interestingly, another highly effective, but pri-
marily nonimmunotherapeutic, strategy is being 
pursued in melanoma in parallel to the develop-
ment of immunotherapy. Since it has been dis-
covered that small molecule inhibitors of mutated 
tyrosine kinases (BRAF, MEK) are potently able 
to block tumor growth in patients that harbor this 
particular mutation, several of these substances 
are being developed for treatment of advanced 
melanoma. Among these, the inhibitors of V600- 
mutated BRAF, vemurafenib and dabrafenib, as 
well as MEK inhibitors, such as trametinib, are 
already approved for clinical use. Although these 
substances are highly effective with response 
rates of up to 80 % and more, their use is lim-
ited by the necessity of the respective mutation 
in the individual patients tumor and by the fact 
that multiple resistance mechanisms exist that 
result in tumor escape often within months after 
treatment onset (Luke and Hodi  2013 ) which is 
a common feature of most oncogene-targeted 
therapies for cancer. Despite the frequent escape, 

improved overall survival can be observed in 
patients with advanced melanoma (Chapman 
et al.  2011 ), but durable tumor responses have 
so far only been observed upon tumor immu-
notherapy strategies such as ipilimumab (Hodi 
et al.  2010 ). The chance to combine both treat-
ment approaches could merge the benefi ts of high 
response rates obtainable with targeted therapies 
and durable response rates with immunotherapies 
and forms the scientifi c basis for the combination 
of vemurafenib or dabrafenib with immunomod-
ulatory compounds. In addition preclinical and 
clinical data suggest that use of BRAF inhibitors 
in vitro or in vivo (1) results in no detectable neg-
ative impact on existing systemic immunity or 
the de novo generation of tumor-specifi c T cells 
in patients (Hong et al.  2012 ), (2) is associated 
with enhanced melanoma antigen expression 
and a more favorable tumor microenvironment 
in patients with metastatic melanoma (Frederick 
et al.  2013 ), (3) may lead to a dramatic increase 
in the number of tumor-infi ltrating lymphocytes 
in biopsy samples taken from patients before and 
early during treatment (Wilmott et al.  2012 ), (4) 
may restore compromised DC function (Ott et al. 
 2013 ), and (5) increases tumor infi ltration by T 
cells and enhances the antitumor activity of adop-
tive immunotherapy in mice (Liu et al.  2013 ). As 
an interesting anecdotal case from our own insti-
tution, we noted that a patient that received vemu-
rafenib for only 7 days and terminated treatment 
due to side effects experienced a slow but continu-
ous tumor regression over the subsequent months 
without any further treatment, resulting in a com-
plete tumor regression. Taken together, these 
results suggest that the combination of immuno-
therapy with BRAF inhibitors will address two 
complementary modes of action and bears a huge 
high synergistic potential. In 2011 a fi rst clini-
cal trial combining vemurafenib with ipilimumab 
has been initiated in patients with malignant mel-
anoma (NCT01400451). Furthermore, two addi-
tional phase 1 clinical trials have been recently 
initiated combining dabrafenib with ipilimumab 
(NCT01767454 and NCT01940809). It needs 
to be mentioned that one trial combining ipilim-
umab with vemurafenib had to be stopped due to 
high hepatotoxicity (Ribas et al.  2013 ). 
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 Along these lines, it has been reported that 
certain modes of radiotherapy may have infl am-
matory and immunopotentiating effects that can 
lead to tumor regression also at tumor sites that 
were not irradiated (“abscopal effect”) (Teulings 
et al.  2013 ; Postow et al.  2012 ). Several current 
clinical trials explore this option further (see 
Table  2 ). In addition, Kroemer and Zitvogel 
have reported that some, but not all, chemother-
apeutic agents cause an “infl ammatory tumor 
destruction,” resulting in the activation of vari-
ous signaling pathways that lead to infl amma-
some activation and the release of infl ammatory 
cytokines and endogenous danger signals acti-
vating dendritic cells (Ma et al.  2013 ; Zitvogel 
et al.  2013 ) which is also discussed in greater 
detail in the chapter   J.M. Pitt et al.     in this book. 
Thus, due to the plethora of novel substances, 
the rapid evolution of new treatment standards, 
and a multitude of potentially synergistic treat-
ment  combinations, the design of clinical trials 
in melanoma will become both exciting and 
diffi cult.

       Tumor Vaccines 

 Although immunotherapies that unleash preex-
isting spontaneous T-cell immunity and thus are 
not specifi c for the tumor or a tumor antigen are 
currently the only substances with proven clini-
cal effi cacy and are thus approved for therapy, it 
appears logical that a truly tumor-selective form 
of immunotherapy would require some form of 
vaccination and the use of a specifi c tumor anti-
gen. Due to the fi rst discovery of tumor-specifi c 
antigens in melanoma by van der Bruggen in 
1991 (van der Bruggen et al.  1991 ), numerous 
therapeutic approaches aimed at vaccinating 
patients with peptides, whole proteins, DNA, or 
RNA encoding these tumor antigens (see other 
chapters in this book). More recent develop-
ments aim at using multipeptide vaccines instead 
of single tumor antigen peptides (Slingluff et al. 
 2007 ) or aim for the identifi cation of mutated 
tumor antigens in each individual patient and 
the generation of patient-individualized vac-
cines (see below). However, the majority of 

clinical  trials in this fi eld so far revealed disap-
pointing therapeutic results and only few trials 
reached statistical signifi cance in their clinical 
endpoints. As one of the few trials in this area, a 
recent phase 2 study that combined a gp100 
peptide vaccine with systemic IL-2 treatment 
generated statistically signifi cant responses 
(Schwartzentruber et al.  2011 ). In contrast, a 
large phase 3 adjuvant study with Mage-A3 pep-
tide vaccination in stage III melanoma yielded 
no signifi cant protective effect although it 
remains to be seen whether a prolongation of 
DFS occurs in the gene signature positive sub-
population defi ned as the second co- primary 
endpoint (Gajewski et al.  2010 ). Nevertheless, 
multiple current pathways are being explored to 
exploit single or multiple immunogenic epit-
opes from known tumor antigens in combina-
tion with immunostimulatory adjuvants or other 
immunotherapeutic agents such as ipilimumab 
for their clinical effi cacy in various stages of 
melanoma. 

 Other modes of antigen-specifi c immunother-
apy include the use of tumor antigen-exposed 
dendritic cells (DC). Since the fi rst discovery that 
adoptively transferred autologous DC are able to 
effectively present tumor antigen in murine mod-
els of melanoma (Grabbe et al.  1991 ; Nestle et al. 
 1998 ), the understanding of DC physiology has 
improved signifi cantly, and it became increas-
ingly clear not only that several subpopulations 
of these cells with often entirely different bio-
logical capacities exist but that these cells also 
can acquire various functional states (Steinman 
 2012 ; Grabbe et al.  2000 ). A phase 3 clinical trial 
using cytokine-matured DC pulsed with a cock-
tail of melanoma peptides yielded disappointing 
clinical results (Schadendorf et al.  2006 ) possibly 
also due to a suboptimal quality and number of 
injected DC. It became clear that multiple vari-
ables need to be tested to optimize DC-based 
immunotherapy in clinical trials. Due to enhanced 
regulatory requirements and high costs, it is 
becoming increasingly diffi cult to further pursue 
this therapeutic option. Nevertheless, promising 
results of several laboratories (Schuler  2010 ; 
Aarntzen et al.  2012 ; Wilgenhof et al.  2013 ; 
Dannull et al.  2013 ) and ongoing efforts by many 
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laboratories worldwide indicate that this approach 
is still actively pursued and may  eventually arrive 
at the point of reliable clinical effectiveness. In 
this respect, the use of several antigen-encoding 
RNAs or whole-tumor RNA as a source of tumor 
antigen(s) seems especially intriguing (Schaft 
et al.  2005 ; Gilboa and Vieweg  2004 ), and opti-
mized modes of DC activation (“tri-mix-DC” 
(Wilgenhof et al.  2013 )) or the use of specifi c 
subtypes of DC, such as plasmacytoid DC 
(Aarntzen et al.  2012 ), also provides promising 
approaches. 

 In addition to employing DC generated  ex 
vivo  (mostly from precursors in the peripheral 
blood), several laboratories worldwide aim at the 
selective targeting of DC in vivo. This requires 
the use of multifunctional agents that consist of a 
DC-targeting molecule (e.g., an antibody against 
a DC-specifi c surface molecule such as DEC205 
or CLEC9a), a tumor antigen, and a DC-activating 
agent (e.g., a TLR ligand) (Birkholz et al.  2010 ; 
Lahoud et al.  2011 ; Sancho et al.  2008 ). An anti- 
DEC205 antibody that is linked to a melanoma 
antigen is currently in clinical trials (Tsuji et al. 
 2011 ); other substances, such as nanoparticle- 
based multifunctional vaccines that harbor 
DC-targeting molecules, tumor antigens, and 
TLR ligands, are in preclinical stages of develop-
ment (Paulis et al.  2013 ).  

    Adoptive T-Cell Transfer 

 Besides active immunotherapy (vaccines), pas-
sive transfer of immune effector cells or tumor- 
targeting antibodies are other strategies for 
effective melanoma immunotherapy that are 
being explored. Results from the Rosenberg 
group employing  ex vivo  generated tumor- 
infi ltrating lymphocytes (TILs) that are expanded 
in vitro and administered together with high-dose 
IL-2 showed very promising clinical effectivity. 
Especially when combined with a lymphodeplet-
ing chemo- and radiotherapy, more than 70 % of 
treated melanoma patients develop partial or 
complete tumor regression, with 50 % of them 
being durable (Rosenberg et al.  2011 ). Due to the 
need of very costly and complex laboratory infra-

structure, this mode of therapy is currently 
restricted to a handful of laboratories worldwide, 
and it is frequently criticized that only highly pre-
selected patients enter these clinical trials. 
Nevertheless, the response rates of this therapeu-
tic regimen are impressive by any standard, and 
current improvements in the culture of TILs such 
as the use of “young TILs” may lead to a more 
general applicability of this treatment modality in 
the future (Dudley et al.  2013 ). A more detailed 
review of this matter, including the use of TCR- 
transfected T cells is provided in the chapter by 
D. Schendel et al. in this book.  

    Oncolytic Viruses 

 New treatment options for cancer in general and 
malignant melanoma in particular may arise from 
the use of oncolytic viruses (OVs) as also 
reviewed in the chapter by M.D. Mühlebach et al. 
in this book. The basic concept of OV is based on 
the preferred replication and spread of viruses in 
tumor cells to achieve selective killing of infected 
tumors. In addition experiments performed in 
animal models leave no doubt that the activation 
of antitumor immune responses is yet another 
important component of the therapeutic benefi t 
of OVs (Wongthida et al.  2011 ). The application 
of talimogene laherparepvec (T-VEC) which is 
an oncolytic herpes simplex virus type 1 encod-
ing granulocyte-macrophage colony-stimulating 
factor (GM-CSF) for direct injection into mela-
noma lesions resulted in a 28 % objective 
response rate in a phase 2 clinical trial. Notably, 
responding patients demonstrated regression of 
both injected and noninjected lesions which is in 
line with the postulated dual mechanism of action 
that includes both a direct oncolytic effect and a 
secondary immune-mediated antitumor effect. 
Based on these preliminary results, a prospective, 
randomized phase 3 clinical trial in patients with 
unresectable stage IIIb or c and stage IV mela-
noma has been initiated (Kaufman and Bines 
 2010 ) in 2009. As reported at ASCO 2013, the 
trial has completed the enrollment of 439 patients, 
and a planned interim analysis showed a trend 
toward improved OS. Not far from now, we will 
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know whether OV therapy will become available 
as yet another novel treatment option for malig-
nant melanoma. Novel concepts to rationally 
enhance the ability of OVs to trigger localized 
infl ammatory reactions and to initiate tumor-spe-
cifi c immunity are in development which will 
surely lead to further clinical trials for more engi-
neered OVs that are also named oncovaccines 
(Auer and Bell  2012 ).  

    Personalized Mutanome Vaccines 

 All tumors harbor dozens to hundreds of muta-
tions (Vogelstein et al.  2013 ). The new era of 
whole-exome and whole-genome sequencing has 
also paved the way for an in-depth understanding 
of the genomic landscape of malignant melano-
mas that, compared to other tumor types, harbor 
a larger number of genomic changes (Walia et al. 
 2012 ). The high number of mutations found in 
melanomas may indeed translate into an increased 
number of immunogenic peptide epitopes that 
contain mutated sequences expressed on the sur-
face of melanoma cells that may not only consti-
tute true neo-epitopes but also give rise to 
effective antitumoral T-cell responses. The fi rst 
evidence for the role of mutation-specifi c T cells 
in melanoma was obtained in a lab in Mainz 
about 20 years ago when a p16INK4a-insensitive 
CDK4 mutant was shown to be targeted by 
 cytolytic T lymphocytes in human melanoma 
(Wolfel et al.  1995 ). More systematic analysis 
performed in T. Wölfel’s lab indicated that the 
response of autologous T cells to a human mela-
noma may even be dominated by mutated neoan-
tigens (Lennerz et al.  2005 ). More evidence for 
the huge potential of mutation-specifi c T cells in 
the context of the adoptive transfer of  ex vivo  cul-
tivated tumor-infi ltrating lymphocytes that exert 
sustainable antitumor responses in a high fraction 
of melanoma patients was recently generated by 
the Rosenberg group. The immunologic fi ne dis-
section of tumor-infi ltrating lymphocytes that 
were prepared for adoptive transfer into mela-
noma patients revealed the presence of T cells 
specifi cally recognizing patient-specifi c tumor 
mutations (Robbins et al.  2013 ). In addition, the 

Ton Schumacher’s group recently reported that 
the peripheral blood of a melanoma patient 
responding to ipilimumab showed a strong induc-
tion of mutation-specifi c T cells (van Rooij et al. 
 2013 ). As discussed in the chapter by M. van 
Buuren in this book, these promising results have 
meanwhile been confi rmed in additional patients 
that responded to treatment with ipilimumab. 
Given the high rate of mutations in malignant 
melanoma, it seems straightforward to exploit 
vaccine approaches targeting immunogenic 
mutations in malignant melanoma. Recently, the 
preclinical proof of concept that mutanome vac-
cines can elicit effective antitumoral immunity 
has been reached in mice (Castle et al.  2012 ). As 
reviewed in the book chapter authored by the 
CIMT Regulatory Research Group, a regulatory 
pathway for personalized vaccines targeting mul-
tiple unique patient-specifi c tumor mutations in 
cancer patients has now been established (Britten 
et al.  2013 ). Based on these fi ndings the fi rst two 
melanoma patients that will soon be treated with 
personalized mutanome vaccines have been 
recruited in Mainz.  

    Concluding Remarks 

 Melanoma has always been the prototype of a 
tumor that is under the control of the immune 
system, and after decades of disappointing immu-
notherapy trials, due to the advent of immune 
checkpoint inhibitors, immunotherapy is now 
clearly established in every day practice of meta-
static melanoma, yielding impressive durable 
complete responses in an increasing percentage 
of patients. A summary of the current status of 
clinical development of various immunothera-
pies in melanoma is given in Fig.  1  . Thus, proof 
of principle that immunotherapy can be an effec-
tive mode of tumor treatment has been reached. 
Although melanoma is currently the only tumor 
in which this therapeutic regimen has been suc-
cessful, many others will probably follow shortly. 
One of the most signifi cant lessons learned in 
tumor immunotherapy is that the inactivation of 
spontaneously occurring T-cell- mediated tumor 
immunity is a frequent and dominant effect in the 
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course of tumor progression. Due to the availabil-
ity of clinically active inhibitors of immune 
 inactivation, specifi c vaccination approaches 
may gain clinical effi cacy by combined treatment 
with checkpoint inhibitors, thus opening the per-
spective for even more effective, yet less toxic, 
immunotherapies in the future.     
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           Introduction 

 Prostate carcinoma is the most common cancer in 
men and the second most common cause of can-
cer death in the United States, while in Europe, 
it is the number three of diagnosed cancers after 
breast and colorectal carcinoma (Ferlay et al. 
 2013 ; Jemal et al.  2011 ). Early diagnosis offers 
the chance for curative interventions by surgical 
treatment with prostatectomy or curative radio-
therapy. Yet around one third of patients expe-
rience a rise of prostate-specifi c antigen (PSA) 
following the initial curative treatment (Scher 
et al.  2008 ). This indicates recurrence of the 
tumor and may happen after variable lengths of 
time, even after many years. Patients with this 
so- called biochemical relapse are then treated 
with androgen deprivation therapy which effec-
tively lowers serum concentrations of PSA in 
most patients, induces tumor regression, and 
relieves symptoms. However, the treatment is 
not durable and a rising PSA level under antihor-
monal treatment indicates reactivated androgen-
receptor signaling and defi nes the inexorably 
fatal castrate-resistant state (Ryan et al.  2013 ). 
Tumor recurrence may be locoregional or refl ect 
overt metastasis, but in many cases the tumor 

is undetectable. Patients with castrate-resistant 
prostate carcinoma (CRPC) often have a good 
performance status with either no or only mild 
symptoms from the cancer. However, this period 
of watchful waiting is of limited duration, and 
the onset of symptomatic diseases signals the 
necessity of therapeutic intervention. Ten years 
ago, docetaxel given every 3 weeks was estab-
lished as the standard treatment for patients with 
symptomatic metastatic disease which prolonged 
median overall survival by 2.4 months (Tannock 
et al.  2004 ). In the past 3–4 years, a number 
of new treatment options have opened up for 
patients that are progressive after docetaxel treat-
ment. These include the novel taxane deriva-
tive cabazitaxel (de Bono et al.  2010 ) and the 
second- generation antiandrogens abiraterone (de 
Bono et al.  2011 ) and enzalutamide (Scher et al. 
 2012 ). The alpha emitter radium-223 dichloride 
(radium-223) which selectively targets bone 
metastases with alpha particles was recently 
approved for the treatment of bone metastases in 
advanced prostate cancer. Importantly, though, 
also patients with asymptomatic or mildly symp-
tomatic CRPC could be offered a new therapeutic 
option with sipuleucel-T, the fi rst active immu-
notherapy approved in humans. This article will 
refl ect on the success story of sipuleucel-T, novel 
cancer vaccines in development for patients with 
CRPC, and discuss some options to augment the 
effi cacy of such immunotherapies by integration 
with other therapeutic modalities.  
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    Sipuleucel-T 

 Sipuleucel-T is an active cellular immunotherapy 
(Small et al.  2006 ). Autologous peripheral-blood 
mononuclear cells (PBMCs), which include 
antigen- presenting cells (APCs), are cultured and 
activated ex vivo with PA2024, a recombinant 
fusion protein. PA2024 contains the prostate anti-
gen prostatic acid phosphatase (PAP) fused to the 
immunostimulating granulocyte–macrophage 
colony-stimulating factor. PBMCs thus stimu-
lated are then infused into patients at week 0, 2, 
and 4. Three phase III studies in patients with 
CRPC yielded essentially very similar results 
(Table  1 ). The median overall survival of patients 
with symptomatic or mildly asymptomatic CRPC 
with Gleason scores ≤7 was increased by 4.3 to 
23.2 months in the cumulative analysis of the fi rst 
two trials (Higano et al.  2009 ) and by 4.1 to 
25.8 months in the pivotal IMPACT trial, leading 
to the approval of sipuleucel-T in 2010 (Kantoff 
et al.  2010a ). Antibody titers against prostatic 
acid phosphatase exceeding threshold levels were 
observed in more patients treated with sipuleu-
cel- T than placebo (28.5 % (43/151 patients) vs. 
1.4 % (1/70 patients)). T-cell proliferation 
exceeding an index value of 5 after stimulation 
with PAP was also higher in sipuleucel-T than in 
placebo-treated patients (27.5 % (15/55 patients) 
vs. 8.0 % (2/25 patients)). The improved survival 
in patients receiving sipuleucel-T was associated 
with a very favorable adverse event profi le that 
consisted mainly of grades I–II chills, fever, 
headache, and infl uenza-like illness, consistent 
with observations in the preceding studies 
(Higano et al.  2009 ; Small et al.  2006 ).

   Conspicuously, the confi rmed survival advan-
tage was achieved without a difference in median 
progression-free survival. This raised doubts as 
to the validity of these results. It was argued that 
survival was worse in older than in younger 
patients in the placebo groups and that PBMCs 
were only reinfused in the sipuleucel-T, but not 
the placebo arm which might have confounded 
the survival analyses (Huber et al.  2012 ). 
However, in a detailed response to this critique, 
the study authors and an independent group of 
experts replied that these issues had been rigor-
ously considered in the review process and were 

found either to be untenable or to result from 
chance (age concern) or to be unbacked by his-
torical data and if anything to have rather favored 
the control arm (PBMC reinfusion) (Gulley et al. 
 2012 ; Kantoff et al.  2012 ). It was also pointed out 
that 63.7 % of placebo patients had received 
apc8015f (cryopreserved PBMCs stimulated 
with PA2024, i.e., cryopreserved sipuleucel-T) at 
some time after conclusion of study treatment 
and that there was a positive survival trend also in 
these patients compared to non-receivers (23.8 
vs. 11.6 months), supporting the general conclu-
sion of a sipuleucel-T-dependent survival effect 
(Kantoff et al.  2010a ). 

 Immunological data obtained from consenting 
patients of the three sipuleucel-T phase III trials 
published were also suggestive of a positive 
immune effect on survival (Sheikh et al.  2013 ). 
Sipuleucel-T appeared to induce activation of 
APCs (6.5-fold increase of CD54 +  cells over con-
trols) already after the fi rst administration, which 
became somewhat stronger by the booster admin-
istrations (10.5-fold). Sipuleucel-T treatment 
appeared to elicit more PA2024- and/or PAP- 
specifi c cellular responses than placebo (sipuleu-
cel- T 60 % (61/102) T-cell proliferation and 
48 % (49/102) for IFNγ ELISPOT vs. placebo 
6 % (3/51) T-cell proliferation and 13 % [7/52] 
for IFNγ ELISPOT). PA2024- and/or PAP- 
specifi c humoral responses were more frequent 
and higher in sipuleucel-T-treated patients than in 
placebo controls (68 % (102/151) vs. 3 % (2/70)). 
In a subset of immunologically evaluated patients 
from the IMPACT trial ( n  = 156), at least one 
post-baseline immune reaction to PA2024 and/or 
PAP correlated with improved survival (HRs 
0.46–0.53) which even reached statistical signifi -
cance in all cases.  

    Prostvac-VF 

 The dissociation of progression-free and overall 
survival was also observed with the cancer vac-
cine Prostvac-VF. Prostvac-VF is a viral vector 
cancer vaccine that encodes PSA as a target 
tumor antigen and a triad of three different 
costimulatory molecules (B7.1 (CD80), ICAM- 
1(CD54), LFA-3 (CD58); together designated 
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    Table 1    Summary    of pivotal trials demonstrating survival advantages in the past 10 years and recent immunotherapy 
trials   

 Drugs tested  Patients 

 Patient number  Median 
radiographic 
PFS  Median OS  Ref. 

 Randomization 
scheme 

 Docetaxel q3w vs. 
docetaxel q1w vs. 
mitoxantrone 

 Progressive 
metastatic CRPC 

  n  = 1,006  Not determined  18.9 vs. 
16.5 months 
(docetaxel q3w vs. 
mitoxantrone) 

 Tannock 
et al. 
( 2004 ) 

 1:1:1 
randomization 

 +2.4 months 
 HR 0.76 (0.62–
0.94),  p  = 0.009 

 Docetaxel and 
estramustine vs. 
mitoxantrone 

 Progressive 
metastatic CRPC 
(stage D1 or D2) 

  n  = 674  6.3 vs. 
3.2 months 

 17.5 months vs. 
15.6 months 

 Petrylak 
et al. 
( 2004 )  1:1 randomization  +3.1 months  +1.9 months 

  p  < 0.001  HR 0.80 (0.67–
0.97),  p  = 0.02 

 Cabazitaxel vs. 
mitoxantrone 

 Metastatic CRPC 
progressive on 
docetaxel 

  n  = 755  2.8 vs. 
1.4 months 

 15.1 months vs. 
12.7 months 

 de Bono 
et al. 
( 2010 )  1:1 randomization  +1.4 months  +2.4 months 

 HR 0.74 
(0.64–0.86), 
 p  < 0.0001 

 HR 0.70 (0.59–
0.83),  p  < 0.0001 

 Abiraterone vs. 
placebo 

 Metastatic CRPC 
progressive on 
docetaxel 

  n  = 1,195  Progression-free 
survival 
5.6 months vs. 
3.6 months 

 14.8 vs. 
10.9 months 

 de Bono 
et al. 
( 2011 ) 

 2:1 randomization  +2.0 months  +3.9 months 
  p  < 0.001  HR 0.65 (0.54–

0.77),  p  < 0.001) 
 Abiraterone vs. 
placebo 

 Metastatic CRPC 
without prior 
chemotherapy 

  n  = 1,088  16.5 vs. 8.3  Abiraterone plus 
prednisone 
– median not 
reached – vs. 
27.2 months for 
placebo plus 
prednisone alone 

 Ryan et al. 
( 2013 ) 

 1:1 randomization 
study unblinded after 
planned interim 
analysis performed 
after 43 % of 
expected events 
(deaths) 

 +8.2 months  HR 0.75 (0.61–
0.93),  p  = 0.01, 
predefi ned effi cacy 
boundary not 
crossed 

 HR a  0.53 
(0.45–0.62), 
 p  < 0.001 

 Enzalutamide vs. 
placebo 

 Metastatic CRPC 
after previous 
therapy with 
docetaxel 

  n  = 1,199  8.3 vs. 
2.9 months 

 18.4 vs. 
13.6 months 

 Scher et al. 
( 2012 ) 

 2:1 randomization  +5.4 months  +4.8 months 
 HR 0.40 
(0.35–0.47), 
 p  < 0.001 

 HR 0.63 (0.53–
0.75),  p  < 0.001 

 Radium-223 vs. 
placebo 

 Pts. refractory or 
ineligible to 
docetaxel or 
refusing this 
therapy 

  n  = 921  15.6 vs. 
9.8 months b  

 14.9 vs. 
11.3 months 

 Parker 
et al. 
( 2013 )  2:1 randomization  +3.6 months  +3.6 months 

 HR 0.70 
(0.58–0.83), 
 p  < 0.001 

 HR 0.70 (0.58–
0.83),  p  < 0.001 

  Sipuleucel-T  vs. placebo 

(continued)
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PSA-TRICOM) to enhance immunogenicity 
(Hodge et al.  1999 ). The use of two recombinant 
viral vector systems allows a heterologous prime–
boost strategy: a vaccinia vector is used for the 
prime, whereas recombinant fowlpox vector is 
used for a total of fi ve boosts to avoid neutraliz-
ing antibody formation (Arlen et al.  2007 ). 
Prostvac-VF is administered with GM-CSF 
(granulocyte–macrophage colony-stimulating 
factor) as an adjuvant. In a controlled phase IIb 
trial in patients with metastatic CRPC, Gleason 
scores ≤7 and no visceral metastases, Prostvac-VF 
improved median overall survival by a remark-
able +8.5 to 25.1 months (HR 0.56 (95 % CI, 
0.37–0.85)), a clinically relevant and statistically 
highly signifi cant effect ( p  = 0.0061) (Kantoff 
et al.  2010b ). Adverse events were mild and simi-
lar to those observed in the IMPACT study, the 
only grade III event was an injection site celluli-
tis. Crossover occurred in approximately 47.5 % 
(19/40) of placebo patients. 

 Despite this impressive gain in overall survival, 
yet again there was no difference in progression- 
free survival between Prostvac-VF and placebo. 

Moreover, PSA responses were infrequent (only 
one patient had a PSA reduction of >80 %) 
and thus mirrored a similar observation in the 
IMPACT trial, where PSA reductions >50 % 
were only observed in 8 of 311 (2.6 %) patients 
in the sipuleucel-T arm compared to 2 of 153 pla-
cebo patients (1.3 %) (Kantoff et al.  2010a ). The 
paradox dissociation between improved over-
all survival on the one hand and the absence of 
prolonged progression-free survival, clear PSA 
responses or objective responses on the other 
hand has recently attracted much attention. 

 A possible explanation is that an intermittent 
immunotherapy may increase sensitivity to sub-
sequent therapies. Docetaxel administered after 
PSA- TRICOM enhanced the induction of T-cells 
and patients appeared to profi t longer from 
sequential PSA-Tricom/docetaxol therapy than 
from docetaxol alone, an effect that may have 
played a role in the observed dissociation of PFS 
and OS described above (Arlen et al.  2006 ; 
Garnett et al.  2008 ). A study performed with the 
antiandrogen nilutamide reported that patients 
appeared to survive longer when nilutamide was 

Table 1 (continued)

 Drugs tested  Patients 

 Patient number  Median 
radiographic 
PFS  Median OS  Ref. 

 Randomization 
scheme 

 Integrated analysis 
of studies D9901 
and D9902A 

 Asymptomatic or 
minimally 
symptomatic 
metastatic CRPC 
without cancer- 
related bone pain or 
visceral metastases 

  n  = 225  11.1 vs. 
9.7 months 

 23.2 vs. 
18.9 months 

 Higano 
et al. 
( 2009 ), 
Small et al. 
( 2006 ) 

 2:1 randomization  +1.4 months  +4.3 months 
 Hazard ratio 
1.26 (0.95–1.68), 
 p  = 0.111 

 Hazard ratio 1.50 
(1.10–2.05), 
 p  = 0.011 

 n.s. 
 IMPACT trial  Asymptomatic or 

minimally 
symptomatic 
metastatic CRPC, 
initial Gleason 
score ≤ 7 

  n  = 512  No difference  25.8 vs. 
21.7 months 

 Kantoff 
et al. 
( 2010a )  2:1 randomization  +4.1 months 

 HR 0.78 (0.61–
0.98),  p  = 0.03 

 Prostvac-VF 
phase IIb 

 Symptomatic or 
mildly symptomatic 
CRPC, Gleason 
score 
 ≤ 7 without 
visceral disease 

  n  = 125  No difference  25.1. vs. 16.6  Kantoff 
et al. 
( 2010b ) 

 2:1 randomization  Hazard 
ratio = 0.88 (95 % 
CI, 0.57–1.38), 
 p  = 0.60 

 +8.1 months 
 HR 0.56 (0.37–
0.85),  p  = 0.0061 

   a HR, hazard ratio; 95 % confi dence interval in brackets 
  b Time to fi rst symptomatic skeletal event  
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administered after PSA-TRICOM than before 
(Arlen et al.  2005 ; Madan et al.  2008 ). 

 Alternatively or additionally, immunothera-
pies may alter the growth rates of tumors. Tumor 
growth rates were estimated from serial PSA 
measurements in fi ve different phase II trials 
including one experimental PSA vaccine (PSA- 
TRICOM) trial (Stein et al.  2011 ). A reduction in 
growth rates indicated more effective chemother-
apy. The PSA-TRICOM vaccine appeared to 
exert clear clinical benefi t not during vaccination, 
but by the development of a benefi cial, sustained 
immune response that appeared to slow tumor 
growth. Graphical modeling of the clinical 
impact of reduced growth rates readily showed 
that chemotherapy may reduce tumor burden, but 
without delayed tumor growth rate death would 
rapidly occur after chemotherapy failure. By con-
trast, a decreased tumor growth rate in the model 
was able to prolong survival beyond that achieved 
with chemotherapy even in the absence of clear 
tumor reductions (Gulley and Drake  2011 ; 
Madan et al.  2012a ). It would be expected that 
this effect is stronger in smaller tumors that 
would allow also more time for the immune 
response to build up (Gulley et al.  2011 ), a fact 
with far reaching corollaries and broad applica-
bility for the clinical development not just of 
prostate cancer vaccines and immunotherapies 
(Gulley et al.  2011 ; Gulley and Drake  2011 ). 

 Indeed, clinical evidence exists to support the 
validity of this view. In a pharmacodynamic 
study with Prostvac-VF (Gulley et al.  2010 ), 
patients with a predicted Halabi survival longer 
than 18 months benefi tted by long- term survival 
from vaccination, while there was no such benefi t 
in patients with predicted Halabi survival shorter 
than 18 months. Presumably this refl ects lower 
tumor burden or less aggressive tumors (Gulley 
et al.  2011 ). PSA was the strongest baseline prog-
nostic factor for survival in the IMPACT study 
(Schellhammer et al.  2013 ). The OS hazard ratio 
for patients in the lowest baseline PSA quartile 
(≤ 22.1 ng/mL) was 0.51 (95 % confi dence inter-
val, 0.31–0.85) compared with no statistically 
different effect (HR 0.84 (95 % confi dence inter-
val, 0.55–1.29)) for patients in the highest PSA 
quartile (>134 ng/mL). The estimated median 

survival improvement was 13.0 months (HR 0.51 
(95 % confi dence interval, 0.31–0.85)) in the 
lowest baseline PSA quartile compared to 
2.8 months in the highest quartile. Observations 
of clinical benefi t of immunotherapies have also 
been made at earlier stages of prostate carcinoma. 
A pilot trial of the MUC1-targeting cancer vac-
cine  l -BLP25 in men with biochemical failure 
after radical prostatectomy showed an increase of 
the PSA doubling time by more than 50 % in 6 of 
16 patients. 1 of 10 men completing the full 
1-year maintenance treatment period maintained 
a stable PSA level throughout (North et al.  2006 ). 
A DNA vaccine targeting PAP caused T-cell pro-
liferation in 41 % and CD8+ T-cells in 14 % 
patients with D0 disease (biochemical failure) 
after defi nitive fi rst-line prostatectomy and/ or 
radiotherapy (McNeel et al.  2009 ). The PSA dou-
bling time increased from a median 6.5 months 
pretreatment to 8.5 months on-treatment 
( p  = 0.033) and 9.3 months in the 1-year post-
treatment period ( p  = 0.054). Two patients had 
decreasing PSA values on treatment and one post 
treatment. A controlled trial with sipuleucel-T in 
176 in somewhat unclearly defi ned patients (ran-
domized 2:1) with PSA recurrence after radical 
prostatectomy and on 3–4 months of androgen-
suppressive therapy resulted in a 48 % increase of 
the PSA doubling time ( p  = 0.038), but no effect 
on time to biochemical failure defi ned as serum 
PSA level ≥3.0 ng/mL (Beer et al.  2011 ). While 
these trials point to possible activity of cancer 
vaccines at the very early stage of prostate carci-
noma, they are hypothesis generating at best. Yet 
the time scales of progression at early stages of 
prostate carcinoma pose very severe, almost pro-
hibitive challenges to clinical development in this 
early clinical setting. Clearly, predictive surro-
gate markers defi ning long-term progression and 
survival are needed to overcome these obstacles. 

 Some support for the “small is more accessi-
ble” view can be obtained from a phase IIb study 
with  l -BLP25 in patients with inoperable NSCLC 
stage IIIB/IV. The median overall survival after 
treatment with  l -BLP25 was not reached in 
patients with locoregional NSCLC stage IIIB, 
while the best supportive care arm had a median 
overall survival of just 13.3 months (   adjusted 
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HR 0.524 (95 %) CI: 0.261–1.052;  p  = 0.069) 
(Butts et al.  2005 ). There was no difference in 
survival between the more advanced patients 
with NSCLC stage IIIB with malignant pleural 
effusion or stage IV and the control arm. In 806 
patients with inoperable NSCLC stage IIIA/IIIB, 
 l -BLP25 improved median overall survival to 
30.8 months ( l -BLP25) compared to 20.6 months 
in control patients (HR 0.78 (95 % CI 0.64–0.95, 
 p  = 0.016)) following concurrent chemoradiother-
apy, while median OS in patients vaccinated after 
equential chemoradiotherapy was not statistically 
different from non-vaccinated patients (Butts 
et al.  2013 ). Hence, not only the tumor burden but 
also the treatment preceding the immunotherapy 
under investigation will have to be considered for 
clinical studies.  

    New Perspectives for Nucleotide- 
Based Vaccination: The RNActive® 
Technology 

 Approaches to use nucleotide-encoded antigens 
instead of peptide-, protein-, or vector-encoded 
vaccines have been pursued mostly with DNA 
vaccines. Though long avoided for its perceived 
instability, messenger RNA (mRNA) appears to 
be a promising alternative to DNA for engineer-
ing nucleotide-based vaccines (Hoerr et al.  2000 ; 
Kallen and Thess  2014 ; Kallen et al.  2013 ). The 
so-called RNActive® technology developed by 
CureVac rests on two components: one is a 
sequence-engineered mRNA with highly 
enhanced and prolonged expression that encodes 
a protein antigen, and the second component is 
the same mRNA complexed to protamine that 
results in immune activation via TLR7 (Fotin- 
Mleczek et al.  2011 ). Essentially, the RNActive® 
vaccines seek to combine the fl exibility and nim-
bleness of a nucleotide-based antigen-coding 
approach together with good and long-lasting 
immunogenicity. 

 The minimal mRNA structure is a protein- 
encoding open reading frame (ORF) fl anked by 
two essential elements at the 5′- and 3′-end, the 
7-methyl-guanosine cap structure at the 5′-end of 
the RNA and the poly(A) tail at the 3′-end 

(Banerjee  1980 ; Wickens  1990 ). Untranslated 
regions (UTR) at the 5′-end (between cap and 
ORF) and the 3′-end (between ORF and poly(A)-
tail) of the ORF also infl uence protein expression 
(Schlake et al.  2012 ). Enhanced and prolonged 
protein expression was achieved by engineering 
the nucleotide sequence of the mRNA elements 
with experimental and computational methods 
without affecting the primary amino acid 
sequence of the ORF using only the naturally 
occurring nucleotides A, G, C, and U (T) (Schlake 
et al.  2012 ). Following the ultrahigh purifi cation 
of this sequence, modifi ed mRNA leads to an 
expression of the reporter gene luciferase 
( t  1/2  ~ 2 h) augmented by 4–5 orders of magnitude 
in various test systems comparing the most recent 
mRNA version to earllier ones (Fig.  1 ). The tem-
poral expression of luciferase peaked after 
24–48 h with the expression after 72 h matching 
peak expression of previous generations. The 
protein expression kinetics of such enhanced 
RNA molecules resemble that of proteins after an 
infl uenza virus infection (Julkunen et al.  2001 ).

   Complexation of the expression-enhanced 
mRNA leads to the formation of nanoparticles of 
around 250–350 nm in size which activate the 
immune system via the endosomal TLR7 (toll- 
like receptor 7) (Fotin-Mleczek et al.  2011 ; 
Kallen et al.  2013 ; Scheel et al.  2005 ). In vitro 
experiments demonstrated uptake of the uncom-
plexed mRNA (particle size around 50 nm) by an 
ATP-dependent process into cytoplasm and lyso-
somes (Lorenz et al.  2011 ). The fi nal formulation 
of an RNActive vaccine is obtained by mixing the 
immunostimulating mRNA/protamine com-
plexes with the antigen expressing nonencapsu-
lated‚ “naked” sequence-engineered mRNA. An 
optimal mixture of the two components was iden-
tifi ed that ensures both good antigen expression 
and good immunostimulation after intradermal 
administration (Fotin-Mleczek et al.  2011 ). Such 
vaccines can be comparatively easily produced 
by the transcription of target RNA by RNA poly-
merases from a linearized plasmid DNA tem-
plate, followed by enzymatic destruction of the 
DNA template by DNAses and purifi cation of the 
resulting mRNA by precipitation and chromato-
graphic methods according to size (detailed 
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description in Kallen and Thess  2014 ; Ketterer 
et al.  2008 ; Pascolo  2004 ,  2006 ). This process 
results in very pure RNA products, and while it 
has been mainly used to produce standard mRNA 
sizes of a few kilobases, mRNAs of sizes up to 15 
kilobases are also feasible. 

 The two-component, self-adjuvanted RNAc-
tive vaccines consistently induce strong and bal-
anced immune responses which comprise Th1 
and Th2, humoral and cellular, as well as effec-
tor and memory responses. In several different 
tumor models, powerful CD4+ and CD8+ T-cell 

responses resulted in good antitumor activity 
(Fotin-Mleczek et al.  2011 ,  2012 ). The approach, 
however, is not limited to tumor  applications which 
allow frequent vaccine administration. Infl uenza 
vaccines were generated with the RNActive ®  
technology that elicited protective, long-lived 
humoral immune responses against various infl u-
enza strains after intradermal prime–boost admin-
istration in several species including mice, ferrets, 
and large pigs (Petsch et al.  2012 ). Importantly, 
intradermal administration was as immunogenic 
as intranodal  administration (Kallen et al.  2013 ) 

  Fig. 1    Strongly enhanced  p rotein expression by sequence-
engineered mRNA used in RNActive® vaccines. ( a ) Using 
only the natural nucleotides A, G, C, and U, all elements 
of the classical mRNA structure (cap, (optional) 5′-UTR, 
open reading frame, (optional) 3′-UTR, poly(A)-tail) 
were sequence optimized without affecting the primary 
amino acid sequence encoded by the open reading. ( b ) 
Effect on in vitro luciferase expression (PpLuc) encoded 
by different generations of sequence-engineered mRNAs 
produced in the past years. Generational differences result 
from optimization of the nucleotide content of the ORF 
or incorporation of different 3′- or 5′-UTRs or combina-
tions thereof. The mRNA generations 1–4 were electro-
polated into HeLa cells (generations 1–4). Generations 

4 and 5 were compared in human dermal fi broblasts after 
lipofection. The luciferase level was determined at 6, 24, 
and 48 h or 72 h post transfection. The dynamic range 
of the assay prevents a comparison of all mRNA genera-
tions in one experiment. ( c ) Luciferase-encoding mRNA 
(generation 5), optimized for translation and stability, was 
injected intradermally (i.d.) into a BALB/c mouse (four 
injection sites). The luciferase expression was visualized 
in the skin by optical imaging at various time points after 
mRNA injection. ( d ) Quantitative expression of luciferase 
over time until 9 days after mRNA injection.  Left panel  
results are on a linear scale;  right panel  results are on a 
semilogarithmic scale (The fi gure is an adaptation from 
Schlake et al. ( 2012 ))         
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obliviating the need for the more complicated 
intranodal administration (Kreiter et al.  2010 , 
 2011 ; Van Lint et al.  2012 ). 

 The reasons for the good activity of RNActive 
vaccines after intradermal administration may 
refl ect the enhanced protein expression capac-
ity of RNActive vaccines and activation of the 
immune system via TLR7. TLR7/8 agonists 
were critically important for the development of 
a novel dendritic cell (DC) stimulation protocol 
which induced strong Th1 responses (Spranger 
et al.  2010 ,  2012 ). Similarly, small molecule 
TLR7/8 agonists were shown to localize to an 
MCH class II containing compartment of human 
plasmacytoid dendritic cells (Iavarone et al. 
 2011 ; Russo et al.  2011 ). The production of the 
type I interferons (comprising 12 IFNα sub-

types, IFNβ1, IFNε, IFNκ, and IFNω) by these 
cells appears to be essential for strong Th1 and 
memory responses, which are required to reject 
tumors (Desmet and Ishii  2012 ; Diamond et al. 
 2011 ). Hence, activation of TLR7/8 pathway 
might be a very favorable successful vaccination 
strategy against cancer, but also against chronic 
infections (Bernstein et al.  2012 ; Mbow et al. 
 2010 ; Walsh et al.  2012 ). Due to the varying 
expression of different TLRs between different 
DCs (Desmet and Ishii  2012 ) which have differ-
ing preferred locations that can be affected by 
infl ammation in a patient (Hartmann et al.  2003 , 
 2006 ; Naik et al.  2006 ; Wollenberg et al.  2002 ), 
vaccination effi ciency is likely to depend also on 
the route of administration. Hence, translation 
of preclinical results to the clinic also requires 
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consideration of the effect of different routes of 
administration.  

    mRNA-Based Vaccines 
in Clinical Studies 

 Three clinical trials with mRNA-based vaccines 
were initiated with precursors of RNActive vac-
cines almost a decade ago. In the fi rst trial, 15 
patients with melanoma stage III or IV were vac-
cinated by direct intradermal injection of an 
autologous mRNA library prepared from meta-
static lesions together with granulocyte–macro-
phage colony-stimulating factor (GM-CSF) as an 
adjuvant (Weide et al.  2008 ). Two patients had a 
mixed response, and a favorable clinical course 
was observed in 5 patients, but an objective 
response could not be observed. Humoral 
responses were found in four patients and a pos-
sible transient increases in CD4+ and CD8+ 
T-cell frequencies. 

 The next trial employed protamine-stabilized 
mRNAs (coding for Melan-A, tyrosinase, gp100, 
MAGE-A1, MAGE-A3, and survivin) for intra-
dermal vaccination of 21 patients with metastatic 
melanoma, again with GM-CSF as adjuvant 
(Weide et al.  2009 ). Ten patients received key-
hole limpet hemocyanin (KLH) in addition 
to the vaccine. No grade III adverse event 
was observed, and an antigen-specifi c T-cell 
response was detected in two of four immuno-
logically evaluable patients. KLH had caused a 
decrease of Foxp3+/CD4+ T-regulatory cells in 
patients receiving it in addition to the vaccine 
and GM-CSF, whereas myeloid-suppressor cells 
(CD11b + HLA-DRlo monocytes) were reduced 
in the patients not receiving it. Seven patients had 
measurable disease; one of them developed a par-
tial response of lung metastases after 12 vaccina-
tions. In another patient, a bone metastasis was 
detected and surgically removed 16 months after 
the start of vaccination. This patient remained 
relapse free. 

 In addition to melanoma patients, 30 patients 
with stage IV renal cell cancer were immunized 
with a naked mRNA vaccine encoding mucin 
1(MUC1), carcinoembryonic antigen (CEA), 

human epidermal growth factor receptor 2 
(Her-2/neu), telomerase, survivin, and melanoma- 
associated antigen 1 (MAGE-A1) with GM-CSF 
as adjuvant (Rittig et al.  2011 ). The second cohort 
of 16 patients received a more intensive induction 
schedule than the fi rst 14 patients, and both 
cohorts received monthly vaccinations afterward. 
The vaccination was well tolerated. 12 of 17 
immunologically evaluable patients showed an 
immune response. One patient in the fi rst cohort 
had a confi rmed partial response. Another patient 
that required paracentesis every second day expe-
rienced decline of the paracentesis frequency in 
line with a decline of the tumor marker CA-125 
and regression of abdominal tumor sites. 
Ultimately, he remained free of paracentesis for 
>3 months.  

    First Clinical Steps with Self- 
Adjuvanted RNActive Vaccines 

 Self-adjuvanted RNActive® vaccines were fi rst 
investigated in two phase I/IIa trials in prostate 
carcinoma and NSCLC (non-small cell lung can-
cer). The four tumor-associated antigens, PSA 
(prostate-specifi c antigen), PSCA (prostate stem 
cell antigen), PSMA (prostate-specifi c mem-
brane antigen), and STEAP1 (six transmembrane 
epithelial antigen of the prostate 1), were selected 
for the fi rst-in-man phase I/IIa study in patients 
with advanced prostate cancer designated 
CV9103 (Kübler et al.  2011 ). In the second trial 
in patients with NSCLC stage IIIB/IV disease 
that had at least stable disease after fi rst-line 
platinum- based chemotherapy or chemoradia-
tion, an antigen cocktail (CV9201) of the fi ve 
tumor-associated antigens, MAGE-C1, 
MAGE-C2, NY-ESO-1, survivin, and 5T4, was 
used (Sebastian et al.  2011 ; Sebastian et al. 
 2012  ). 

 In the prostate carcinoma study, fi ve intra-
dermal vaccinations with CV9103 were admin-
istered over a 6-month period. CV9103 was 
well tolerated despite the advanced nature of 
the disease. An unexpectedly high number of 
vaccinated, imunologically evaluable patients, 
around 80 %, developed an increased number of 
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 antigen- specifi c T-cells independent of their HLA 
background (Kübler et al.  2011 ). This is in line 
with the suggestion that mRNA-based vaccina-
tion is a method to overcome HLA restriction of 
tumor patients (Van Nuffel et al.  2012 ). Antigen-
specifi c T-cell immune responses were detected 
against all antigens administered independent 
of their cellular localization. Antigen-unspecifi c 
B-cells appeared to be increased, and natural 
killer (NK)-cells tended to show an activated 
phenotype. Most patients with an antigen-spe-
cifi c immune response reacted against more than 
one antigen. Multi-antigen responses in response 
to a multi- peptide vaccine appeared to be associ-
ated with increased survival in a recent study in 
patients with renal cell carcinoma (Walter et al. 
 2012 ). While the prostate carcinoma study was 
not designed to assess clinical effi cacy, individ-
ual patients showed interesting clinical courses 
suggestive of clinical benefi t. The overall sur-
vival of vaccines and its correlation with immune 
responses are presently analyzed; intermediate 
analyses however indicate a very encouraging 
survival trend and an association of improved 
survival with the immune response (Kübler, man-
uscript in preparation). 

 The results described above were considered 
strong enough by CureVac to launch a controlled 
phase IIb study (ClinicalTrials.gov number 
NCT01817738) in patients with castrate-resistant 
prostate carcinoma with asymptomatic or mini-
mally symptomatic metastasis to systematically 
investigate the clinical effi cacy of CV9104, a fur-
ther developed version of CV9103 using two 
more antigens, MUC1 and PAP (prostate acid 
phosphatase). The study will employ more fre-
quent vaccination in the induction phase followed 
by maintenance vaccinations at increasingly pro-
longed intervals. The primary endpoint of this 
study of around 180 patients recruited in eight 
European countries is overall survival. A number 
of secondary endpoints will analyze biomarker 
and the mechanism of action and ascertain the 
link between immune response and hopefully 
much improved survival. Particular importance 
will be given to the impact of the intermittent 
RNActive® immunotherapy on the response to 
subsequent therapies with any of the newly 

approved drugs and the duration of that response 
in the vaccination arm compared to the placebo 
arm (see Table  1 ). 

 In the phase I/IIa NSCLC, patients were vac-
cinated with up to fi ve intradermal administra-
tions of CV9201. The more life-threatening 
disease of these patients necessitated a change 
from the originally planned 15-week period to a 
more intensive vaccination schedule of 7 weeks 
in the phase IIa part of the study. Similar to 
CV9103, the NSCLC cocktail CV9201 was well 
tolerated also in patients receiving the intensifi ed 
vaccination schedule. An antigen-specifi c 
humoral and cellular immune response was 
determined in roughly two thirds of the treated 
patients, and a similar proportion showed a multi- 
antigen response. Pre-germinal center B-cells 
(pGCB) were signifi cantly increased by a factor 
of at least two and up to more than tenfold in 
more than half of the patients and associated with 
an increase of total CD4+ effector T-cells during 
treatment. Together, more than 80 % of the 
treated NSCLC patients had a detectable antigen- 
specifi c immune response and/or an increase in 
germinal center B-cells despite their heavy pre-
treatment with platinum-based chemotherapy 
(Sebastian, manuscript in preparation). Based on 
these results, own preclinical observations, and 
an increasing body of evidence (Burnette et al. 
 2011 ; Lee et al.  2009 ; Liang et al.  2013 ; Reits 
et al.  2006 ) that points to a strongly positive 
activity interplay between combinations of radia-
tion and immunotherapy, a phase Ib study has 
been launched in metastatic NSCLC patients to 
ascertain a preclinically observed synergistic 
effect between vaccination with RNActive® vac-
cines and radiotherapy in the clinic (ClinicalTrials.
gov number NCT01915524).  

    Potential Ways to Enhance the 
Effi cacy of Cancer Immunotherapies 
by Rationale Combinations 

 The clinical data recently published and emerging 
now suggest that immunotherapies could provide 
substantial clinical benefi t to patients with pros-
tate cancer. These could be made more  effi cient 
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by combinations. The checkpoint inhibitor ipi-
limumab (anti-CTLA4) was recently approved 
for the treatment of advanced melanoma, since 
it provided long-term survival benefi ts albeit at 
substantial toxicity in about 50 % of the patients 
(Hodi et al.  2010 ; Robert et al.  2011 ). Inhibitors of 
the PD1/PD-L1 pathway have also demonstrated 
clinical effi cacy (Brahmer et al.  2012 ; Hamid et al. 
 2013 ; Topalian et al.  2012 ). However, the combi-
nation of simultaneous anti-CTLA4 and anti-PD1 
blockade achieved a stunning 53 % response rate 
in patients with advanced melanoma (Wolchok 
et al.  2013 ). Most of these responses were deep 
(tumor reduction >80 %) and lasted for more than 
24 weeks. A grade 3/4 toxicity rate of greater 
than 50 %, however, is probably not accept-
able at earlier disease stages such as CRPC. The 
combination of active immunotherapies such as 
RNActive ®  proved to be largely synergistic with 
an anti-CTLA4 antibody in mice bearing already 
large tumors and resulted in long-term survival 
of half of the animals treated with the combina-
tion, whereas all of the mice receiving single-
agent treatment died (Fotin-Mleczek et al.  2012 ). 
Combinations with other checkpoint inhibi-
tors also proved high antitumor activity in mice 
(unpublished observations), and favorable anti-
tumor responses were also achieved by rationale 
combinations of RNActive vaccines with chemo-
therapies (Fotin- Mleczek et al.  2012 ). A phase I 
study of Prostvac and ipilimumab in metastatic 
CRPC did not observed exacerbation of ipilim-
umab-associated immune-related adverse events, 
but observed a PSA decline from baseline in 58 % 
(14/24) patients and a >50 % decline in 6 patients 
(Madan et al.  2012b ). These encouraging results 
need further testing in controlled trials and wid-
ened to the inclusion of other checkpoint inhibi-
tors. If the preclinical synergistic effects between 
active immunotherapies such as RNActive vac-
cines and checkpoint inhibitors can be translated 
to the clinic, strong antitumor effects might be 
achievable at reduced doses of the checkpoint 
inhibitors with fewer side effects. Conversely, 
large tumors that do not respond to single agent 
therapy might be controlled by the combination 
without the risk of increased side effects. Given 
that the antitumor effi cacy of radiotherapy appears 

to be largely dependent on the immune system 
(Burnette et al.  2011 ; Lee et al.  2009 ; Liang et al. 
 2013 ; Reits et al.  2006 ), it will also be interesting 
to see whether the recently approved alpha emit-
ter radium-223 (Parker et al.  2013 ) might act syn-
ergistically with active immune therapies such as 
sipuleucel-T, Prostvac-VF, or RNActive vaccines.  

    Summary 

 After several decades of failed efforts, sipuleu-
cel- T was the fi rst active immunotherapy 
approved for the treatment of CRPC. This suc-
cess has been followed by promising results with 
Prostvac-FV, a viral vector-based vaccine target-
ing PSA. Noteworthy, nucleotide-based vaccines 
appear to have come of age not in the form of 
DNA vaccines, but vaccines using mRNA. 
A prostate cancer vaccine, CV9103, engineered 
with the RNActive ®  technology that uses an 
expression-enhanced and self-adjuvanted mRNA 
has successfully passed a phase I/IIa study and 
demonstrated good immunogenicity of the 
encoded prostate cancer antigens as well as a 
very favorable safety profi le. These results and 
the availability of other immunotherapeutic moi-
eties such as the checkpoint inhibitor and classi-
cal and novel radiotherapies will allow to build 
even more effective cancer therapies by exploit-
ing the combinatorial potential of immunological 
principles. It appears that that cancer immuno-
therapy has now reached a degree of maturity 
where success in clinical medicine will no longer 
be just anecdotal, but also be convincing in ran-
domized trials.     
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           Introduction 

    Renal cell carcinoma (RCC) is the adenocarci-
noma of the kidney and the most common form 
of kidney cancer. More than 300,000 people 
are newly affected by RCC every year globally 
(Ferlay et al.  2012 ). The most common subtype 
of RCC is clear-cell RCC which comprises about 
75 % of RCCs. For two decades, cytokine-based 
immunotherapy was the standard of care for the 
management of RCC. In the last 10 years, a better 
understanding of the tumor biology of RCC has 
led to the approval of a number of novel agents 
targeting angiogenesis and has led to an improve-
ment of patient outcomes. However, almost all 
patients eventually develop a resistance to anti-
angiogenic agents, and the extension of overall 
survival (by each individual agent on its own) 
has remained relatively modest. These obser-
vations as well as recent remarkable develop-
ments in the fi eld of cancer immunotherapy have 
strongly resurged the interest in immunothera-
peutic approaches for treatment of RCC. This 
chapter summarizes the recent developments in 
the treatment of RCC through immunotherapies 
approved or in clinical development as well as 
the immunological role of targeted therapies.  

    Cytokine-Based Immunotherapy 

 Before approval of the fi rst tyrosine kinase 
inhibitors (TKIs) in the mid of the last decade, 
cytokine- based immunotherapy involving inter-
leukin- 2 and/or interferon-α was the major thera-
peutic option in the management of advanced 
RCC. A small proportion of patients (10–15 %) 
demonstrate complete radiological response 
after treatment with these cytokines, and approx. 
60–70 % of these complete responses are sustain-
able after long-term follow-up (Fyfe et al.  1996 ). 
Although the role of cytokines has been signifi -
cantly decreased since the advent of targeted 
therapies, high-dose cytokine therapy remains 
the only approved therapeutic regimen that can 
result in durable objective responses and possibly 
even to cure. Particularly with high-dose IL-2, 
due to toxicity concerns, the therapy is often lim-
ited only to younger patients who are fi t enough 
to tolerate the therapy. Efforts to expand the pro-
portion of responders as well as to better prospec-
tively select for patients responding to IL-2 are 
ongoing.  

    Antiangiogenic Targeted Therapy 

 In the last decade, angiogenic targets, particu-
larly vascular endothelial growth factor (VEGF) 
or its receptor (VEGFR), key mediators of neo-
angiogenesis, and the mammalian target of 
rapamycin (mTOR), a key mediator of tissue 
growth, proliferation, and angiogenesis, were 
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moved into the focus of RCC treatment (Mihaly 
et al.  2012 ). Since 2005, seven drugs addressing 
these targets have been approved by the Food and 
Drug Administration (FDA) and the European 
Medicines Agency (EMA). Four agents, 
sorafenib (fi rst approved 2005), sunitinib (2006), 
pazopanib (2009), and axitinib (2012), directly 
inhibit VEGFR; two agents inhibit mTOR, tem-
sirolimus (2007) and everolimus (2009); and one 
agent is an antibody binding directly to VEGF, 
bevacizumab plus interferon-α (approved in 
2009). While these agents were the fi rst after two 
decades to demonstrate signifi cant clinical ben-
efi t (i.e., partial responses and stable diseases in 
60–70 % of patients) in the management of RCC, 
durable responses are very rare, and eventually 
all patients develop resistances to these targeted 
agents. Efforts to increase the effi cacy have led 
to combination of targeted agents which were 
strongly limited by the addition of individual 
toxicities of these drugs as well as newly unex-
pected toxicities. Thus, development of most of 
such combinations has been discontinued.  

    Immunological Effects of Targeted 
Therapies 

 It is known that VEGF is an immunosuppres-
sive molecule, and anti-VEGF strategies have 
demonstrated enhancement of immune activ-
ity including improving endogenous dendritic 
cell (DC) function (Gabrilovich et al.  1999 ), 
decrease of numbers of regulatory T cells (Hipp 
et al.  2008 ; Finke et al.  2008 ), and enhancement 
of T-cell infi ltration into tumor tissue (Shrimali 
et al.  2010 ). For this reason, a rationale for com-
bination of direct VEGF inhibition by bevaci-
zumab – an antibody preventing VEGF to bind 
to its receptor – and active immunotherapy can 
be envisioned. 

 With regard to TKIs, we explored in detail 
sorafenib and sunitinib and identifi ed differences 
in their effects on immune cells (Hipp et al. 
 2008 ). Sorafenib, but not sunitinib, inhibited the 
function of human DCs in vitro in response to 
TLR ligands as well as by their impaired ability 
to migrate and stimulate T-cell responses. These 
inhibitory effects were mediated by inhibition of 

PI3 and MAP kinases and NF-kappa B signaling. 
To analyze the effects of both TKIs on cytotoxic 
T-cell induction in vivo, mice were pretreated 
with sorafenib or sunitinib and immunized with 
OVA peptide. Sorafenib, but not sunitinib, appli-
cation signifi cantly reduced the induction of 
antigen- specifi c T cells. On the other hand, the 
number of regulatory T cells was reduced in 
peripheral blood mononuclear cells from mice 
treated with sunitinib. In the clinical setting, we 
found that second-line metastatic RCC patients 
who had been treated fi rst-line with sunitinib – in 
contrast to patients pretreated with cytokines or 
sorafenib – showed signifi cantly reduced numbers 
of Foxp3+ regulatory T cells in peripheral blood 
(Walter et al.  2012 ). Additionally, sunitinib has 
been described to dramatically decrease the num-
ber of myeloid-derived suppressor cells (MDSC) 
in the clinical setting (Finke et al.  2013 ). These 
results indicate that sunitinib may be suitable for 
(and may even be synergistic in) combination 
with immunotherapeutic approaches, while the 
parallel application of sorafenib is expected to 
have immunosuppressive effects. 

 The immunological effects of other targeted 
therapies used in the treatment of RCC are less 
described. Axitinib, a TKI of VEGF receptors, 
showed superior antitumor effi cacy in terms of 
overall survival in a murine melanoma model, 
when combined with vaccination with OVA 
peptide- loaded DCs engineered to produce 
IL12p70. Axitinib was also associated with a 
reduction of MDSC populations and activa-
tion and recruitment of type-1, vaccine-induced 
CD8+ T cells into the tumor (Bose et al.  2012 ). 
We have investigated various TKIs in vitro in an 
allogeneic response setting (unpublished data). 
Mice were treated for 7 days with physiologically 
relevant doses of axitinib, tivozanib, pazopanib, 
sorafenib, or sunitinib. Proliferation of CD8+ and 
CD4+ T cells in vitro in response to allogeneic 
spleen cells was compared to those of untreated 
mice. For both types of responses, axitinib did 
not change the response signifi cantly, tivozanib 
and pazopanib had modestly inhibitive effects, 
and sorafenib had clearly inhibitive effects con-
fi rming the observations above. Sunitinib was the 
only TKI that dramatically increased both CD4+ 
and CD8+ allogeneic responses.  
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    Autologous Cancer Vaccines 

 In contrast to targeted therapies, therapeutic can-
cer vaccines do not directly engage against the 
tumor cells but attempt to stimulate an antitumor 
immune response. Such a response is thought to 
rely on the availability of tumor-associated anti-
gens (TAAs). As initially only very few RCC- 
associated antigens were available, fi rst attempts 
of therapeutic vaccination in the clinical set-
ting were based on autologous approaches, also 
described as passively personalized immunother-
apy. Randomized clinical trials were conducted 
with two autologous vaccines, both conducted in 
the adjuvant setting of RCC: one using autologous 
tumor cell lysate (Reniale) and one using autolo-
gous Gp96/Grp94 heat shock protein prepara-
tions (vitespen), both generated or isolated from 
the patient’s tumor. In the randomized phase III    
trial for Reniale, 5-year progression-free survival 
rates showed a trend in favor of the vaccinated 
over untreated patients (77 % vs. 68 %) (Jocham 
et al.  2004 ). However, the European Medicines 
Agency (EMA) did not grant marketing autho-
rization for Reniale, presumably on the basis of 
methodological fl aws and required further clini-
cal studies. For vitespen, the fi nal analysis of the 
primary endpoint, recurrence-free survival, in the 
randomized phase III trial did not show any dif-
ference in the vaccine vs. the observation group 
(Wood et al.  2008 ). Another autologous vaccine 
in late-stage development is AGS-003 compris-
ing DCs loaded with autologous RNA isolated 
from the patient’s tumor. In a nonrandomized 
phase II trial combining AGS- 003 in combina-
tion with sunitinib, the median OS was reported 
to be 30.2 months (Figlin et al.  2012 ). A random-
ized phase III trial is ongoing (NCT01582672).  

    Novel Renal Cell Cancer Antigens 

 The principal disadvantage of autologous vac-
cination approaches is the lack of knowledge on 
the nature of the administered TAAs. The admin-
istration of    molecularly defi ned TAAs offers 
several advantages: TAAs can be delivered syn-
thetically in a drug-like fashion (e.g., as peptides 
or RNA), off-the-shelf without being diluted by 

non-tumor-associated antigens, without restric-
tions with regard to the number of vaccina-
tions applied, and without the major challenges 
in manufacturing and logistics associated with 
autologous approaches. Moreover, as the nature 
of the applied TAA is known, the TAA itself 
can be used to monitor antigen-specifi c immune 
responses in peripheral blood and the tumor tis-
sue. Such biological endpoints can be tested for 
association with clinical endpoints. While the 
latter does not constitute proof of effi cacy, it 
allows confi rming the hypothesized mechanism 
of action and can also trigger better and informed 
decisions for the choice of immunomodulation 
and further combination therapy. 

 For a long time, the number of known RCC- 
associated antigens was restricted and thus their 
application as vaccines was typically limited to 
single antigens. Discovery of novel RCC- 
associated antigens is reliably possible through 
several avenues: (1) to study the expression of 
TAAs in RCC as well as specifi c T-cell responses 
against such RCC-directed antigens (Neumann 
et al.  1998 ; Dorrschuck et al.  2004 ) or (2) through 
direct elution of HLA-restricted peptides from 
tumor cell lines or preferably primary tumor tis-
sue (Rammensee et al.  1993 ). We have performed 
the latter and identifi ed hundreds of novel RCC- 
associated antigens directly from RCC tissue 
using the XPRESIDENT discovery platform, 
also known as the Tuebingen approach 
(Weinschenk et al.  2002 ; Singh-Jasuja et al. 
 2004 ; Kruger et al.  2005 ): HLA-peptide com-
plexes are isolated from tumor cells by affi nity 
chromatography, and high-performance liquid 
chromatography coupled with tandem mass spec-
trometry (HPLC-MS/MS) is used to isolate and 
sequence high numbers of HLA-restricted pep-
tides (typically hundreds to thousands from one 
tumor specimen). These peptides (if their 
sequence can be unambiguously confi rmed) are 
de facto  naturally presented  tumor-associated 
peptides (TUMAPs). The analysis of a number of 
different RCC tissues quickly leads to a satura-
tion of newly discovered peptides which marks 
the point where the technically accessible immu-
nopeptidome for a given tumor and HLA type has 
been acquired. From the RCC immunopepti-
dome, those TUMAPs can be selected that are 
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derived from highly overexpressed TAAs. Such 
selected TUMAPs can be used to also perform in 
vitro priming in order to determine their immu-
nogenicity and further select those TUMAPs 
with highest biological effi cacy (Walter et al. 
 2012 ).  

    Antigen-Based Cancer Vaccines 

 Following antigen-based cancer vaccines have 
been or are being developed in advanced-stage 
clinical trials: 

    MVA-5T4 

 MVA-5T4 is a Modifi ed Ankara Viral vector 
encoding the full-length 5T4 antigen which is 
highly overexpressed in RCC. A randomized 
phase III study assessed overall survival in meta-
static RCC patients treated with MVA-5T4 or 
placebo in combination with the standard of care 
(sunitinib, IL-2, or IFN-a). However, no signifi -
cant differences in overall survival were observed 
(Amato et al.  2010 ), and the failure was partly 
attributed to the heterogeneous nature of the clin-
ical trial design not restricted to one combination 
partner.  

    IMA901 

 We have employed the XPRESIDENT platform 
as described above to identify suitable TUMAPs 
for RCC therapy. Such selected TUMAPs were 
combined to a multi-peptide vaccine termed 
IMA901 composed of 9 HLA class I-restricted 
and 1 HLA class II-restricted peptides (Walter 
et al.  2012 ). A total of 96 HLA-A*02-positive 
subjects with advanced RCC were treated with 
IMA901 in two consecutive studies. In the phase 
I study, the T-cell responses of patients to multi-
ple TUMAPs were associated with better disease 
control and lower numbers of prevaccine fork-
head box P3 (FOXP3)-positive T-regulatory cells 
(Treg)   . Based on the latter result, in the subse-
quent trial, all patients received the vaccine and 

were randomized to receive one dose (300 mg/
m 2 ) of cyclophosphamide ahead of the fi rst vac-
cination or not. This phase II trial showed that 
low-dose cyclophosphamide reduced the number 
of Treg and confi rmed that immune responses to 
multiple TUMAPs were associated with longer 
overall survival. Furthermore, among the six pre-
defi ned populations of MDSC, two were shown 
to be prognostic for overall survival which con-
stitutes the fi rst indication of a clinical signifi -
cance of MDSC in RCC patients. Based on this 
observation and for reasons described above, a 
combination of IMA901 vaccine and sunitinib 
was rationalized. A randomized phase III study 
to determine the clinical benefi t of treatment with 
IMA901 in combination with sunitinib is ongo-
ing (Rini et al.  2011 ).   

    Immune Resistance in RCC patients 

 A number of pathways of resistance of tumor 
cells to immune cells as well as dysfunctionality 
of immune cells have been described in various 
cancers including RCC. 

 The role of downmodulation of HLA class I 
expression and single components of the antigen- 
processing machinery in tumor cells is discussed 
controversially. While some reports demonstrate 
such defects in RCC lesions (Seliger et al.  2003 ), 
others have rather observed upregulation of HLA 
class I expression in RCC tissue compared to 
healthy kidney tissue (Stickel et al.  2011 ) and 
even, unexpectedly, HLA class II expression 
(Dengjel et al.  2006 ) which is normally absent on 
kidney tissue. 

 As described above, we have observed abun-
dance of Treg and MDSC in peripheral blood of 
RCC patients. Two key mechanisms by which 
MDSCs cause T-cell dysfunction have been 
reported previously: depletion of arginine, which 
induces T-cell receptor ζ chain downregulation, 
and the generation of reactive oxygen species, 
which induces T-cell tyrosine nitration. Indeed, 
we found that TCR-ζ expression was signifi -
cantly lower and nitrotyrosine expression by T 
cells signifi cantly higher in patients compared 
with controls. Additionally, TCR-ζ expression 
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was signifi cantly inversely correlated with num-
bers of fi ve of the six measured MDSC species 
(Walter et al.  2012 ). Low-dose cyclophospha-
mide and sunitinib may be appropriate measures 
to affect Treg and MDSC numbers and function, 
but other agents are also being explored. 

 Programmed death-1 (PD-1), a member of 
the B7-CD28 family, is a co-inhibitory recep-
tor expressed by T cells. PD-1 ligates with 
PD-L1 (B7-H1, CD274) which is frequently 
expressed by cancer cells including RCC and 
strongly inversely correlated with poor progno-
sis (Thompson et al.  2006 ). Likewise, the analy-
sis of TILs isolated from RCC patients revealed 
that PD-1 expression in TILs is highly associated 
with PD-L1 expression on cancer cells and nega-
tively associated with prognosis of such patients 
(Thompson et al.  2007 ).  

    Immune Checkpoint Blockade 

 Two well-studied immune checkpoint molecules 
expressed by T cells are CTLA-4 (CD152) and 
PD1. Both receptors exhibit an inhibitory activity 
on T cells upon ligation and play a critical role in 
the negative regulation of T-cell responses. Thus, 
antibodies blocking such co-inhibitory receptors 
can “release the brakes” on T cells and are a 
highly promising therapeutic strategy employed 
in a number of cancers. 

    Anti-CTLA-4 Antibody 

 CTLA-4 expressed by T cells inhibits T-cell 
proliferation and function upon ligation by 
CD80 or CD86 expressed by professional 
 antigen- presenting cells. The anti-CTLA-4 anti-
body ipilimumab has been recently approved for 
the treatment of advanced melanoma based on 
two randomized phase III clinical trials. However, 
treatment is often associated with serious 
immune-related adverse events (irAE). A phase 
II study of ipilimumab was conducted in 61 
patients with metastatic RCC (Yang et al.  2007 ). 
Five of 40 patients at the higher of two adminis-
tered doses experienced partial responses. While 

a third of all patients experienced grade 3 or 4 
immune-mediated toxicity, there was a highly 
signifi cant association between irAE and tumor 
regression. Though these results indicate effi cacy 
of ipilimumab in RCC, the response rate in this 
initial trial seems relatively modest, particularly 
in light of the toxicity profi le.  

    Anti-PD1/PD-L1 Antibody 

 A large phase I study of the single-agent anti- PD1 
antibody nivolumab (BMS-936558) developed 
by Bristol-Myers Squibb conducted in refractory 
solid tumors showed early evidence of effi cacy 
in RCC patients, while the administration of the 
antibody was tolerated relatively well. Out of a 
total of 33 RCC patients treated with anti-PD1 
antibody, nine observed objective responses with 
duration of responses of almost 2 years in some of 
the patients at the time of the report. Moreover, in 
a subgroup of patients where immunohistochem-
ical analysis could be performed on pretreatment 
tumor specimens, intratumoral PD-L1 expression 
was clearly associated with response to anti-PD1 
intervention (Topalian et al.  2012 ). A randomized 
phase III study targeted to recruit more than 800 
pretreated advanced RCC patients treated with 
either nivolumab or the mTOR inhibitor everoli-
mus is currently ongoing (NCT01668784). 

 Another anti-PD1 antibody is lambrolizumab 
(MK-3475) developed by Merck Inc. Very little 
information on the single-agent effect of lambro-
lizumab in RCC patients is available so far, but 
a large phase I/II trial in combination with the 
TKI pazopanib (developed by GlaxoSmithKline) 
is currently in preparation and planned to 
recruit more than 200 advanced RCC patients 
(NCT02014636). 

 MPDL3280A (RG7446) is an antibody devel-
oped by Roche targeting PD-L1 on tumor cells 
and has been explored in a phase I study in 53 
advanced RCC patients. Objective responses 
occurred in 6 out of 47 evaluable patients with 
most of these responses being durable, and dis-
ease control was observed in 34 of 47 patients. 
Interestingly, the response rate was higher in 
PD-L1-expressing tumors (Cho et al.  2013 ). 
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A randomized phase II study targeting accrual of 
150 patients of MPDL3280A as monotherapy or 
in combination with bevacizumab compared to 
sunitinib is in preparation (NCT01984242). 

 Taken together, anti-PD1/PD-L1 approaches 
constitute a promising novel approach for treat-
ment of RCC while offering a relatively benign 
safety profi le.   

    Conclusion and Outlook 

 Active immunotherapy is a highly promising 
therapeutic strategy for the treatment of RCC. 
This has been particularly highlighted by the effi -
cacy of anti-PD1 antibodies as initially shown in 
early-stage clinical trials and to be confi rmed by 
the currently ongoing phase III trials. It seems 
likely that these antibodies will become part of 
the standard of care in RCC alongside targeted 
therapies. Additionally, despite a number of fail-
ures in the past, therapeutic vaccines remain 
promising for several reasons:
    1.    Though immune resistance mechanisms 

remain abundant in RCC, our knowledge 
on these mechanisms is strongly increasing, 
allowing combination of therapeutic vacci-
nation with agents that provide counteractive 
measures. Besides certain targeted therapies, 
blocking immune-inhibitory receptors such as 
PD-1 or their ligands expressed on tumor tis-
sue such as PD-L1 can be envisioned as attrac-
tive partners for cancer vaccines. Importantly, 
it appears that anti-PD1/PD-L1 requires the 
existence of T cells infi ltrating the tumor 
tissue. This is only the case in a minority of 
RCC patients. Thus, starting with therapeu-
tic  vaccination to drive RCC-specifi c T cells 
into the tumor followed by anti-PD1/PD-L1 
intervention to “release the brakes” on these 
vaccine- induced T cells may be the “dream 
team” of cancer immunotherapy.   

   2.    Most previously used immunomodulators 
in conjunction with vaccines exhibit limited 
properties. A number of novel immunomodu-
lators and antigen delivery systems are now 
available that will most likely lead to T-cell 
responses of higher magnitude and quality. 
Moreover, an increasing number of functional 

markers to differentiate successful T cells from 
non-successful ones are becoming available, 
allowing to explore the most effective way of 
immunomodulation. Immunomodulators may 
not be restricted to classical immune adju-
vants, but also include standard therapies with 
immunological effects such as targeted but 
even classical chemotherapies.   

   3.    The knowledge on relevant cancer antigens has 
strongly increased over the recent past. This 
allows moving beyond single antigens towards 
multiple antigens applied simultaneously 
for vaccination. Indeed, association of T-cell 
responses to multiple TAAs is not restricted 
to RCC only (Walter et al.  2012 ) but has also 
been observed in colorectal cancer (unpub-
lished data) and melanoma (Fay et al.  2006 ). 
Moreover, latest advances in mass spectrom-
etry as well as in next-generation sequencing 
(NGS) allow for the fi rst time to fully person-
alize the antigen composition for every patient 
based on a comprehensive analysis of the 
cancer immunopeptidome (Rammensee et al. 
 2002 ) and the mutanome (Castle et al.  2012 ). 
Indeed, the fi rst clinical trials utilizing such 
actively personalized vaccines (APVACs) as 
described by the Regulatory Research Group 
of the Association of Cancer Immunotherapy 
(CIMT) (Britten et al.  2013 ) are currently in 
preparation in glioblastoma (GAPVAC  2014 ), 
melanoma ( MERIT Consortium 2014 ), and 
liver cancer ( HEPAVAC Consortium 2014 ).     
 Treatment of advanced RCC is clearly advanc-

ing towards higher degrees of personalization. 
Guided by biomarkers measured with surgical 
resection and accompanied by a comprehensive 
genomic and immune cell analysis, the RCC 
patient of the future will be eligible for a whole 
regimen, for instance, comprising vaccination 
with highly personalized (including mutated) 
antigens tailored to individual tumor antigen pro-
fi ling combined with immunomodulators fi tted to 
the status of immune resistance mechanisms as 
well as immune checkpoint blockade and tar-
geted therapy. Based on today’s knowledge, this 
seems to be the most likely path toward moving 
from a survival advantage of currently only few 
additional months to years of more and better life 
for an RCC patient.     
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           Introduction 

 Cancers of the stomach (GC), the gastroesopha-
geal junction (GEJ), and the distal esophagus are 
the second leading cause of cancer deaths world-
wide (Ferlay et al.  2010 ). Incidence rates and 
tumor localization vary considerably between 
geographical regions thus implying genetic and 
environmental factors in disease pathophysiol-
ogy. Adenocarcinomas of the distal stomach are 
dominant in Eastern Europe, Asia, and South 
America. In contrast, cancers located in the prox-
imal stomach or at the GEJ are more prevalent in 
Western Europe and North America (Kamangar 
et al.  2006 ). This is attributed to the high asso-
ciation of  Helicobacter pylori  infection and 
additional nutritional and socioeconomic risk 
factors with distal GC in less-developed coun-
tries (Parkin  2004 ). In contrast, risk factors for 
adenocarcinomas of the GEJ and distal esopha-
gus such as obesity and gastroesophageal refl ux 
disease have become more prevalent in countries 

adopting a “Western” lifestyle. Accordingly, 
increased incidence rates have been observed in 
Western Europe and North America (Cervantes 
et al.  2007 ).  

    Current Treatment Options 
for Localized, Locally Advanced, 
and Metastatic Disease 

 Surgical resection and, for very early stage can-
cers, endoscopic mucosal resection remain the 
standard of care for localized cancers of the 
upper gastrointestinal (GI) tract. However, 
the majority of patients are diagnosed with 
locally advanced tumors, regional lymph node 
involvement, or metastatic disease. Based on 
the MAGIC and ACCORD trials, perioperative 
chemotherapy has been established as the stan-
dard of care in Western Europe for patients with 
locally advanced GEJ/GC scheduled for surgi-
cal resection including extensive (D2) lymphad-
enectomy (Cunningham et al.  2006 ; Ychou et al. 
 2011 ). Systemic treatments in the perioperative 
setting are largely based on platinum and fl uoro-
pyrimidine agents alone or in combination with 
taxanes or anthracyclines. Preoperative radio-
chemotherapy is another option for patients 
with advanced adenocarcinomas of the GEJ 
and the distal esophagus. In particular, patients 
achieving a complete pathological response 
following induction therapy appear to benefi t 
from this approach (van Hagen et al.  2012 ; 
Stahl et al.  2009 ). In contrast,  postoperative 
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radiochemotherapy has evolved as a standard in 
North American centers based on the SWOG/
Intergroup 0116 trial, which mainly enrolled 
patients with less extensive (D0 or D1) lymph 
node dissection (Smalley et al.  2012 ). Adjuvant 
chemotherapies following gastrectomy and D2 
lymph node dissection have improved disease 
specifi c and overall survival. However, this 
effect so far was confi ned to Asian populations 
(Sasako et al.  2011 ). Despite these progresses, 
more than 50 % of patients undergoing poten-
tially curative multimodal therapy for locally 
advanced GEJ/GC ultimately relapse. Palliative 
chemotherapy prolongs survival and improves 
cancer-related symptoms in these patients as 
well as in patients with primary metastatic dis-
ease (Wagner et al.  2006 ). When taxanes are 
added to platin- and fl uoropyrimidine-based 
regimens, remission rates and disease con-
trol are enhanced. However, the median sur-
vival time of patients with metastatic disease 
stagnates at approximately 12 months (Van 
Cutsem et al.  2006 ; Cunningham et al.  2006 ; 
Ychou et al.  2011 ). 

 Recent insights into the biology of gastroin-
testinal cancers have nominated potential targets 
for novel molecular therapies and biomarkers for 
stratifi cation of patient populations. Here we 
review the current status and future developments 
of clinical immunotherapy in GEJ/GC.  

    Growth Factor Receptors as 
Therapeutic Targets 

 Growth factor receptors are receptor tyrosine 
kinase proteins located in the plasma membrane. 
Their physiological function is to transduce signals 
derived from locally and systemically secreted 
ligands into the cell to promote proliferation and 
survival. Ligand binding induces homo- or het-
erodimerization of the receptor molecules, which 
facilitates autophosphorylation and activation of 
receptor tyrosine kinase as well as the recruitment 
of adaptor molecules to form signaling complexes 
at the inner cell membrane. Growth factor receptor 
signaling can be deregulated in cancer by  various 

mechanisms including aberrantly increased 
receptor expression, autocrine or paracrine ligand 
secretion, and somatic mutations leading to 
structurally altered receptors with enhanced or 
constitutive activation. Two pharmacologic strat-
egies have been devised to target growth factor 
receptors in GI cancers: (1) Monoclonal antibod-
ies (moAb) binding epitopes of the extracellular 
domain of growth factor receptors can prevent 
receptor-ligand interaction, receptor dimerization, 
and thus activation. In addition, moAbs of specifi c 
isotypes may trigger immunological mechanisms 
such as antibody- dependent cellular cytotoxic-
ity (ADCC), complement- dependent cytotoxic-
ity (CDC), or recruitment of effector cells of the 
adaptive immune system, which lead to elimi-
nation of antibody-marked cells. Antibodies or 
recombinant receptor-antibody fusion proteins 
may also be used to neutralize ligands such as 
the vascular endothelial growth factor (VEGF), 
which contribute to tumor progression or can be 
conjugated with cytotoxic drugs and can serve 
as transporter molecules. (2) Small molecule 
compounds have been developed that enter the 
cell and interfere with the enzymatic function of 
receptor tyrosine kinases or intracellular signal-
ing molecules to inhibit aberrant signal transduc-
tion. Most compounds that have been clinically 
explored inhibit the kinase activity by competing 
with adenosine triphosphate (ATP) binding in the 
catalytic domain. While small molecule tyrosine 
kinase inhibitors so far failed to show substantial 
clinical activity in phase III trials, several mono-
clonal antibodies were approved for the treatment 
of advanced GC/GEJ in the last years or are in 
advanced clinical evaluation.  

    Targeting Receptors of the ERBB 
Family 

 Monoclonal antibodies have been devised to 
target receptors of the ERBB family, including 
EGFR and HER2/ERBB2. The EGFR is highly 
expressed in up to 50 % of gastroesophageal 
adenocarcinomas and was associated with  dismal 
outcome in patients with metastatic  disease. 
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In contrast to EGFR, HER2 is an “orphan 
 receptor” lacking a natural ligand. It unfolds its 
activity by heterodimerization with other ERBB 
family receptors, such as EGFR and HER4. While 
HER2 overexpression in breast cancer clearly 
associates with more aggressive tumor biology 
and disease course (Slamon et al.  1989 ), its prog-
nostic value in GC is less clear. Highly recurrent 
somatic mutations leading to structural altera-
tions of the EGFR have not been described in 
this disease (Kim et al.  2007 ; Okines et al.  2011 ). 
Overexpression of the HER2/ERBB2 receptor is 
observed in 20–30 % of GC, predominantly of 
the intestinal subtype, and GEJ cancers (Tanner 
et al.  2005 ; Kim et al.  2008 ). Due to intratu-
moral heterogeneity of receptor expression and 
divergent staining characteristics, specifi c skills 
are demanded from the pathologist to detect 
HER2- positive GC by immunohistochemistry. 
Ambiguous cases are thus validated by probing 
 HER2  gene amplifi cation using in situ hybridiza-
tion techniques (Grabsch et al.  2010 ). 

    Antibodies Targeting EGFR 

 Cetuximab (chimeric IgG1) and panitumumab 
(human IgG2) are the fi rst anti-EGFR moAbs 
approved for the treatment of metastatic colorec-
tal cancer based on activity as single agents and 
in combination with chemotherapy (Bokemeyer 
et al.  2009 ; Cunningham et al.  2004 ; Douillard 
et al.  2010 ; Peeters et al.  2010 ; Van Cutsem 
et al.  2007 ; Van Cutsem et al.  2009 ). Besides its 
direct cytotoxic activity, cetuximab is capable to 
mediate antibody-dependent cellular cytotoxic-
ity (ADCC) in vitro and in vivo (Kasper et al. 
 2013 ). In contrast, panitumumab is unable to 
induce classical, natural killer (NK) cell-medi-
ated ADCC due to its IgG 2  isotype. It was found 
that patients with colorectal cancers harboring 
somatic mutations of  RAS  oncogenes do not ben-
efi t from anti-EGFR antibody therapy (Douillard 
et al.  2013 ; De Roock et al.  2010 ). Cetuximab 
is also approved for the treatment of recurrent 
or metastatic head and neck squamous cell car-
cinoma (HNSCC), either in combination with 

radiotherapy in locally advanced disease or in 
combination with platinum-based chemotherapy 
(Vermorken et al.  2008 ; Bonner et al.  2006 ). 

 Anti-EGFR moAbs have been extensively 
studied in patients with metastatic adenocarcino-
mas of the stomach and GEJ. Several phase I and 
phase II trials combining moAbs with chemother-
apy revealed promising activity and acceptable 
toxicity profi les (Han et al.  2009 ; Moehler et al. 
 2011 ; Lordick et al.  2010 ; Kim et al.  2011 ; Pinto 
et al.  2007 ; Pinto et al.  2009 ; Okines et al.  2010 ; 
Rao et al.  2010 ; Trarbach et al.  2013 ). Based on 
these results, two large phase III studies were con-
ducted in patients with advanced GEJ/GC. The 
EXPAND trial evaluated the combination of cetux-
imab with capecitabine and cisplatin (Lordick 
et al.  2013 ). The addition of cetuximab provided 
no signifi cant benefi t in terms of progression- free 
survival (PFS), overall survival (OS), or overall 
response rate (ORR, Table  1 ). Similar results 
were obtained by the REAL-3 study, which 
explored the addition of panitumumab to the EOX 
(epirubicin, oxaliplatin, and capecitabine) chemo-
therapy regimen (Waddell et al.  2013 ). Based on 
toxicities observed in a prior dose-fi nding study 
(Okines et al.  2010 ), the chemotherapy doses in 
the panitumumab arm of REAL-3 had to be modi-
fi ed (mEOX), whereas the control received fully 
dosed chemotherapy. Interestingly, panitumumab 
combined with mEOX resulted in inferior PFS 
and OS as compared to EOX (Table  1 ). Based on 
these two trials, anti-EGFR moAbs in combina-
tion with chemotherapy are not recommended for 
the treatment of patients with metastatic adeno-
carcinoma of the stomach or GEJ. Defi ning the 
role of anti- EGFR moAbs in preoperative radio-
chemotherapy or perioperative chemotherapy of 
patients with locally advanced disease is subject 
to ongoing trials (NeoPECX, NCT01234324; 
SAKK75/08, NCT01107639).

       Antibodies Targeting HER2 

 The IgG1 moAbs trastuzumab and pertuzumab 
prevent heterodimerization of the HER2/ERBB2 
receptor, trigger receptor internalization, and 
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mediate ADCC. T-DM1 is a conjugate of trastu-
zumab and the cytotoxic agent mertansine. After 
binding and internalization of the construct, 
 mertansine is released and destroys cancer cells 
by interacting with tubulin. Trastuzumab is 
approved as single agent and in combination 
with chemotherapy and antihormonal therapy 
for the adjuvant and palliative treatment of 
HER2-positive breast cancer (Slamon et al. 
 2001 ; Smith et al.  2007 ; Goldhirsch et al.  2013 ). 
Against this background, a phase III study, 
ToGA, was conducted to explore the addition of 
trastuzumab to cisplatin/fl uoropyrimidine-based 
chemotherapy in the treatment of metastatic 
HER2-positive GEJ/GC (Bang et al.  2010 ). The 
addition of trastuzumab signifi cantly increased 
the ORR and prolonged PFS and OS (Table  1 ). 
In an explorative post hoc analysis, the subgroup 
of patients with high (IHC 3+) or intermediate 
HER2 expression (IHC2+) and gene amplifi ca-
tion (FISH+) benefi ted the most (Table  1 ). 
Accordingly, trastuzumab combined with pla-
tin-/fl uoropyrimidine-based chemotherapy has 
become the standard of care for metastatic, 
HER2-positive GEJ/GC. The role of trastu-
zumab in the perioperative therapy of locally 
advanced HER2-positive cancers is being 
explored in trials such as the Her-FLOT study 
(NCT01472029). The moAb pertuzumab was 
developed to target a different epitope of the 
HER2/ERBB2 receptor than trastuzumab. 
Recently, pertuzumab was approved in combi-
nation with trastuzumab and docetaxel for the 
fi rst- line treatment of metastatic HER2-positive 
breast cancer based on the CLEOPATRA study 
(Baselga et al.  2012 ). The ongoing JACOB 
study (NCT01774786) explores the value of 
adding pertuzumab to trastuzumab and chemo-
therapy in metastatic HER2-positive GEJ/GC 
(Table  2 ). T-DM1 has recently been approved 
for the treatment of HER2-positive trastuzumab-
resistant metastatic breast cancer as monother-
apy based on the positive results of the EMILIA 
trial (Verma et al.  2012 ). In HER2-positive GEJ/
GC recently, T-DM1 is being explored in sec-
ond-line treatment after failure of platinum-
based chemotherapy in the GATSBY study 
(NCT01641939) (Table  2 ).

        Antibodies Targeting MET 
(Hepatocyte Growth Factor 
Receptor) 

 The MET receptor tyrosine kinase is physiologi-
cally expressed by stem cells. It is essential for 
embryonic development and wound healing. 
Hepatocyte growth factor (HGF), its natural 
ligand, is mainly secreted by mesenchymal cells. 
In experimental systems, HGF/MET signals 
mediate cell migration, invasion, and angiogene-
sis. The former is associated with a particular 
phenotype termed epithelial-to-mesenchymal 
transition (EMT). Aberrant MET expression and 
signaling has been observed in several cancers 
including papillary renal cell carcinoma, non- 
small cell lung cancer, hepatocellular carcinoma, 
and glioblastoma. This can be associated with 
 MET  gene amplifi cation (Peters and Adjei  2012 ). 
Approximately 10–15 % of GC exhibit  MET  
amplifi cation, and high MET protein expression 
is found in up to 30 % of cases. Both have been 
associated with poor prognosis (Bachleitner- 
Hofmann et al.  2008 ; Nakajima et al.  1999 ; Lee 
et al.  2012 ). Several moAbs and small molecule 
inhibitors have been developed to target MET. 
Recently, two large randomized phase III studies 
have been initiative that combine anti-MET 
moAbs, onartuzumab, and rilotumumab, with 
chemotherapy in treatment of patients with 
advanced GEJ/GC overexpressing MET. In the 
MetGastric (NCT01662869) trial, 800 patients 
will be treated with a modifi ed FOLFOX6 proto-
col with or without onartuzumab (Table  2 ). In the 
RILOMET-1 (NCT01697072) trial, 450 patients 
will receive ECX with or without combined rilo-
tumumab (Table  2 ). Defi nition and prospective 
validation of robust biomarkers indicative of 
treatment benefi t from MET targeting will be 
critical for the success of anti-MET moAbs.  

    Targeting Angiogenesis 

 Tumor angiogenesis is considered an essential 
“hallmark” of cancer (Hanahan and Weinberg 
 2011 ). During tumor progression, an angiogenic 
switch is postulated to occur in response to 
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hypoxia and nutrient depletion of the tumor. 
Formation of new blood vessels or sprouting 
from existing ones is particularly initiated by vas-
cular endothelial growth factor (VEGF), which is 
secreted by tumor and stroma cells. High VEGF 
expression in tumor specimens correlated with 
poor prognosis in GC patients (Chen et al.  2013 ). 
Two alternative pharmacological strategies have 
been devised to modulate angiogenic signaling in 
cancer therapy: (1) depletion of angiogenic fac-
tors by moAbs such as the anti-VEGF antibody 
bevacizumab, or recombinant receptor-antibody 
fusion proteins such as afl ibercept and (2) target-
ing angiogenic receptors with moAbs such as the 
anti-VEGFR2 antibody ramucirumab or small 
tyrosine kinase inhibitors. While the role of beva-
cizumab is not conclusively determined, recent 
study reports suggest activity of ramucirumab in 
second-line treatment of metastatic GEJ/GC. 

    Anti-VEGF Antibody Therapy 

 Bevacizumab is a humanized moAb targeting 
VEGF-A. It has been approved in combination 
with chemotherapy for the treatment of meta-
static colorectal, ovarian, and non-small cell lung 
cancers and in combination with interferon-alpha 
for the treatment of metastatic renal cell can-
cer. It is still approved for combination therapy 
of metastatic breast cancer in Europe. The large 
randomized phase III study AVAGAST evalu-
ated the addition of bevacizumab to palliative 
chemotherapy with capecitabine and cisplatin 
in patients with advanced GEJ/GC. Median PFS 
and ORR were improved in the bevacizumab arm 
(Table  1 ), but the primary endpoint of the study, 
prolongation of OS, was not met (Ohtsu et al. 
 2011 ). Retrospective subgroup analyses sug-
gested that patients with high levels of VEGF-A 
and low levels of neuropilin-1 in the serum ben-
efi tted the most. Also, a positive effect of beva-
cizumab was observed in patients treated at US 
centers (Ohtsu et al.  2011 ; Van Cutsem et al. 
 2012 ). An ongoing randomized phase III trial 
of the UK Medical Research Council in patients 
with locally advanced GEJ/GC explores the effect 
of adding bevacizumab to perioperative  therapy 

with  epirubicin, capecitabine, and cisplatin 
(MAGIC-B, NCT00450203). In summary, there 
is no data to support the use of bevacizumab in 
palliative treatment of GEJ/GC, whereas its role 
in perioperative therapy remains to be defi ned.  

    Anti-VEGFR Antibody Therapy 

 The anti-VEGFR2 moAb ramucirumab showed 
single-agent activity and a favorable toxicity pro-
fi le in a randomized phase III study (REGARD) in 
pretreated patients with advanced GEJ/GC. 
Median PFS and OS with ramucirumab were 
comparable to results obtained in trials of second- 
line chemotherapy (Fuchs et al.  2013 ; Table  1 ). 
Another randomized phase III study (RAINBOW, 
NCT01170663) compared the effi cacy of pacli-
taxel in combination with ramucirumab with 
paclitaxel plus placebo in second-line treatment of 
GEJ/GC. Recently, primary analysis demon-
strated an improvement of OS for the combination 
of paclitaxel with ramucirumab of two months 
(9.63 months versus 7.36 months) as compared to 
paclitaxel plus placebo (Wilke et al.  2014 ).   

    Targeting Cell-Cell Adhesion 
Molecules 

 Cell adhesion molecules (CAMs) are expressed 
by epithelial cells and interact with the extracel-
lular matrix and cell-cell adhesion. In addition, 
CAMs are involved in functions including signal 
transduction, cell motility, and infl ammation. 
Loss of intercellular adhesion or desquamation of 
cells from the extracellular matrix allows cancer 
cells to escape from their site of origin and invade 
into the lymphatic or blood system. Circulating 
cancer cells use adhesion molecules to establish 
distant metastases in organs different from the site 
of the primary tumor. Accordingly, CAMs repre-
sent an attractive therapeutic target for moAb. 

 Malignant ascites due to peritoneal carcino-
matosis is a common clinical manifestation of 
advanced GC/GEJ. Complete surgical resection 
followed by hyperthermic intraperitoneal che-
motherapy (HIPEC) is a treatment option that 
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may achieve long-lasting disease control in 
selected patients with peritoneal carcinomatosis. 
However, only a minority of patients with meta-
static GC/GEJ is suited for this aggressive pro-
cedure with high perioperative morbidity and 
mortality rates. An alternative palliative 
approach is the intraperitoneal application of the 
trifunctional IgG1 antibody catumaxomab. 
Catumaxomab binds to the epithelial cell anti-
gen EpCAM on cancer cells and the human CD3 
T cell antigen. Via its rat Fc region, catumax-
omab engages immune effector cells such as 
natural killer cells (NK), dendritic cells (DC), 
and macrophages. This interaction is thought to 
induce a complex immune reaction leading to 
elimination of tumor cells. In a randomized clin-
ical phase II/III trial (NCT00836654), patients 
with chemotherapy-refractory ascites due to 
EpCAM-positive tumors were treated with para-
centesis only or with paracentesis followed by 
intraperitoneal injection of catumaxomab (Heiss 
et al.  2010 ). The application of the trifunctional 
moAb signifi cantly prolonged the paracentesis- 
free interval and resulted in numerically pro-
longed overall survival (Table  2 ). These results 
lead to the approval of catumaxomab for the 
therapy of refractory ascites due to EpCAM- 
positive cancers. Currently, several trials are 
ongoing to explore the effi cacy of catumaxomab 
in neoadjuvant or adjuvant settings before and 
after surgical resection of peritoneal carcinoma-
tosis in patients with GC/GEJ (NCT01784900, 
NCT01784900; Table  2 ). 

 An in silico screen for tetraspanin receptors 
specifi cally expressed on cancer cells nominated 
claudin 18.2 as a putative antibody target in GEJ/
GC (Sahin et al.  2008 ). Claudiximab, a chime-
ric moAb against claudin 18.2 with optimized 
ADCC, CDC, and direct cytotoxic activities, is in 
advanced early clinical development in patients 
with metastatic GEJ/GC. Safety, toxicities, and 
recommended phase II doses of claudiximab were 
established in monotherapy trials enrolling heav-
ily pretreated patients with claudin 18.2- positive 
adenocarcinoma of the stomach or GEJ, which 
revealed signals of moderate single- agent activ-
ity (Schuler et al.  2013 ). Currently, a random-
ized phase II study, FAST, explores the addition 

of claudiximab to fi rst-line chemotherapy with 
EOX in patients with claudin 18.2- positive GEJ/
GC (NCT01630083, Table  2 ).  

    Targeting Immunoregulatory 
Signals 

 Recently, the so-called immune checkpoint 
inhibitors, antibodies targeting T cell regulatory 
molecules such as CTLA4, PD-1, or PD-L1, 
have emerged as potentially effective agents over 
a wide range of tumor entities (Wolchok et al. 
 2013 ; Hamid et al.  2013 ; Brahmer et al.  2012 ; 
Topalian et al.  2012 ; Hodi et al.  2010 ). In the cor-
responding phase I trials with these new immuno-
therapeutics, only a few patients with GC or GEJ 
were included. In a phase II trial, the anti- CTLA4 
antibody tremelimumab was explored as second-
line treatment in 18 patients with advanced GC/
GEJ (Ralph et al.  2010 ). Despite an overall low 
response rate in the entire study population, one 
patient had a long-lasting partial remission, thus 
providing an interesting clinical signal (Table  2 ). 
Recently, a phase II trial evaluating the role of ipi-
limumab as maintenance therapy after platinum-
based chemotherapy in advanced GC/GEJ was 
initiated (NCT01585987, Table  2 ). Currently, the 
role of “immune checkpoint inhibitors” in GEJ/
GC treatment is not determined, but these agents 
clearly hold promise.  

    Antigen-Specifi c, Active 
Immunotherapies 

 The introduction of antigen-specifi c immuno-
therapies in GEJ/GC has been hampered by 
ineffi cient vaccination strategies and the lack 
of clinically feasible, cancer-specifi c antigens. 
HER2, which is overexpressed in approximately 
20 % of cases in principle, constitutes an appro-
priate target. However, this is already effectively 
addressed by monoclonal antibodies and, more 
recently, by antibody-toxin conjugates. These 
comparators have a high level of clinical activity, 
which will be hard to match by current vaccine- 
based or cellular immunotherapies. Moreover, 
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the extratumoral expression of HER2 poses a 
risk for long-term toxicity once an effective T 
cell response has been evoked. From our perspec-
tive, individualized vaccine approaches follow-
ing resection of high-risk cancer will constitute a 
clinically feasible window for further exploration 
of curative active immunotherapy in GEJ/GC.  

    Conclusion 

 Multiple clinical trials have been conducted 
to explore antibodies targeting ERBB family 
receptors and angiogenic signaling in the treat-
ment of advanced and metastatic GEJ/GC. So 
far, trastuzumab has shown convincing clini-
cal activity in patients defi ned by high intratu-
moral expression of a biomarker, the antibody 
target HER2. Recent evidence suggests a role 
for the anti-VEGFR2 antibody ramucirumab 
in treatment of patients relapsing after chemo-
therapy. The identifi cation and validation of 
novel targets as well as of predictive biomark-
ers to defi ne patient populations responsive 
to a specifi c targeted intervention has been 
highly successful in treatment of breast cancer 
or metastatic adenocarcinoma of the lung. It 
is expected that further insights into GEJ/GC 
biology and immunobiology will enable prog-
ress in this devastating disease.     
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           NSCLC and Immunotherapy 

 Lung cancer is the most common cause of cancer 
mortality globally, accounting for 1.2 million 
deaths per year (Ferlay et al.  2010 ). The majority 
of lung cancer patients present with advanced 
disease (stage IIIb/IV), and despite recent treat-
ment advances, the overall 5-year survival rate is 
12–15 %. The development of new therapeutic 
strategies is therefore essential, and immunother-
apy offers promising treatment alternatives that 
may help fi ght disease death with minimal impact 
on normal tissues. 

 Several approaches to immunotherapy for 
lung cancer have shown promise in early clini-
cal trials and have advanced to late-phase devel-
opment which is in the focus of this chapter. 
These include therapeutic vaccines that target 
shared or tumor-specific antigens, including the 
cancer/testis antigens MAGE-A3 and MUC1. 
Another promising avenue is the use of immune 
 checkpoint modulators. These treatments work 

by targeting molecules that serve as checks 
and balances in the regulation of immune 
responses. By blocking inhibitory molecules 
or, alternatively, activating stimulatory mol-
ecules, these treatments are designed to unleash 
and/or enhance preexisting anticancer immune 
responses. 

 The antitumor immune response can certainly 
infl uence the clinical outcome in lung cancer. An 
increased tumor infi ltration with CD4+ and 
CD8+ T cells has been considered a strong favor-
able prognostic predictor independently associ-
ated with improved survival in lung cancer 
(Kawai et al.  2008 ). Similarly, a recently pub-
lished paper shows that a T-helper cell 1 (Th1) 
enriched gene signature in the tumor microenvi-
ronment may favor the presence of immune 
effector cells in the tumor of patients who respond 
to a MAGE-A3 cancer vaccine (Ulloa-Montoya 
et al.  2013 ). Conversely, the IL4 gene pathway 
and other genes associated with a Th2 signature 
are signifi cantly enriched in the blood of NSCLC 
patients in tumor progression (Chen et al.  2013 ). 

 Like the majority of other tumors, also 
NSCLC uses different strategies to prevent 
destruction by effector T cells: fi rstly by down-
regulating key molecules such as MHC class I 
molecules and tumor-associated antigens to avoid 
immune recognition and secondly preventing 
T-cell activation by disabling T-cell function or 
inducing T-cell apoptosis (Schreiber et al.  2011 ). 

 In surgically resected specimens, 25–94 % 
of NSCLCs have downregulated HLA class I 
expression (So et al.  2005 ) and abnormal 
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expression of the β2-microglobulin (Baba et al. 
 2007 ), hampering an effi cient antigen presenta-
tion of tumor-associated epitopes to T cells. 
Lung cancer cells also express the programmed 
death ligand-1 (PD-L1) which has been shown 
to suppress immune responses through engage-
ment with the PD-1 receptor on activated T 
cells and B cells (Konishi et al.  2004 ; Topalian 
et al.  2012 ). 

 Alternatively, tumor escape may result from 
an immunosuppressive tumor microenvironment 
via the production of vascular endothelial growth 
factor (VEGF), transforming growth factor-β 
(TGF-β), or indoleamine 2,3-dioxygenase (IDO) 
and/or the recruitment of regulatory immune 
cells that function as the effectors of immunosup-
pression (Schreiber et al.  2011 ). 

 Several cellular and soluble suppressive mech-
anisms have been described in NSCLC. The 
increased number of M2 macrophages, which 
secrete IL-8 and IL-10 and inhibit Th1 immune 
response, is associated with poor prognosis and 
disease recurrence in NSCLC (Suzuki et al.  2011 ). 
Similarly, a tumor accumulation of myeloid-
derived suppressor cells (MDSC) and regulatory 
T cells (Tregs) is associated with unfavorable 
prognosis in NSCLC patients (Diaz- Montero 
et al.  2009 ; Woo et al.  2001 ). MDSC can strongly 
suppress T-cell function via upregulation of reac-
tive oxygen species (ROS) production (Huang 
et al.  2013 ). Tumor-infi ltrating Foxp3+ Tregs 
were positively correlated with intratumoral 
cyclooxygenase-2 (COX-2) expression and asso-
ciated with a worse prognosis in resected NSCLC 
(Shimizu et al.  2010 ; Hanagiri et al.  2013 ). Both 
the inhibition of ROS and COX2 might offer a 
therapeutic option to counterbalance the effects of 
these two suppressive regulators. 

 Understanding of the immune-evasion mecha-
nisms regulated by tumor cells is necessary in 
developing more effective immunotherapeutic 
approaches to lung cancer. Ultimately, it is likely 
that the success of immune therapy in lung can-
cer will depend on a particular immune bio-
marker signature and the integration of strategies 
that aims to boost the immune response while 
downregulating the cancer-induced immune 
suppression.  

    Vaccines 

    Melanoma-Associated Antigen 3 
(MAGE-A3, GSK1572932A) 

 The MAGE-A3 antigen is expressed by various 
tumors but not in normal tissue (De Plaen et al. 
 1994 ). MAGE-A3 is expressed in 35–50 % of 
NSCLC tumors (Sienel et al.  2004 ; Vansteenkiste 
et al.  2007 ). 

 The MAGE-A3 immunotherapeutic 
GSK1572932A consists of the MAGE-A3 pep-
tide in combination with the adjuvant AS15 
(Tyagi and Mirakhur  2009 ). 

    Phase II Trial in Adjuvant NSCLC 
 This was a randomized, double-blind, placebo- 
controlled trial in completely resected MAGE-
A3- positive stage IB or II NSCLC patients 
(Vansteenkiste et al.  2013 ). Tumors had to be 
MAGE-A3 positive; 183 patients were enrolled. The 
hazard ratio for the primary endpoint disease- free 
interval (DFI) was HR = 0.78 ( p  = 0.259) in favor of 
the treatment arm. MAGE-A3 treatment was safe. 
A prospective investigation of a gene signature (GS; 
Kruit  2008 ) in a phase II trial in NSCLC revealed a 
predictive value for the MAGE-A3 treatment effect 
(Ulloa-Montoya et al.  2013 ).  

    Phase III Trial in NSCLC: MAGRIT 
 A randomized, double-blind phase III trial in 
patients with resected stage IB/II/IIIA NSCLC 
was initiated in 2007. Patients were eligible if they 
were MAGE-A3 positive and underwent surgery 
with or without standard adjuvant chemotherapy. 
The primary endpoint is disease-free survival 
(DFS), and the secondary endpoint is prospective 
validation of GS (Tyagi and Mirakhur  2009 ). 

 The recruitment of 2,270 patients is fi nished 
and fi nal data are expected in January 2014 
( Clinicaltrials.gov NCT00455572 ).   

    L-BLP25 (Tecemotide, Formerly 
Stimuvax) 

 MUC1 has a broad distribution in a variety of 
normal tissues and tumor tissues (Zotter et al. 
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 1988 ), but is aberrantly glycosylated in tumors 
which makes it an interesting target for cancer 
treatment (Kufe  2009 ; Hiltbold  1999 ). MUC1 is 
expressed in >90 % of early stage NSCLC inde-
pendent of histology (Mitchell et al.  2013 ). 

 Tecemotide is a peptide-based vaccine con-
sisting of BLP25 lipopeptide, immunoadjuvant 
monophosphoryl lipid A, and three lipids form-
ing a liposomal product (Butts et al.  2005 ). 

    Phase II Trials in Stage III/IV NSCLC 
 One hundred seventy-one patients with stage IIIB 
and IV NSCLC were accrued into a phase IIb trial 
(Butts et al.  2005 ). The median overall survival 
(OS) time was 17.4 months for patients in the tec-
emotide arm and 13 months in the best supportive 
care (BSC) arm with a hazard ratio of HR = 0.739 
( p  = 0.112). In the subgroup of patients with stage 
IIIB locoregional disease ( n  = 65), the hazard ratio 
was HR = 0.548 with a median OS of 30.6 months 
in the tecemotide arm vs. 13.3 months in the BSC 
arm (Butts et al.  2011 ).  

    Phase III Trial START 
 A double-blind phase III trial was conducted in 
stage IIIA and IIIB locoregional NSCLC (Butts 
et al.  2013 ); 1,513 patients that did not progress 
after chemoradiotherapy (CRT) were randomized 
to tecemotide or placebo. Prior CRT was given 
concurrently or sequentially. Due to a clinical hold, 
the primary analysis cohort consisted of 1,239 
patients only. Median OS was 25.6 months in the 
tecemotide arm vs. 22.3 months in the placebo arm 
(HR 0.88,  p  = 0.123). A subgroup analysis for pre-
defi ned strata revealed a more pronounced treat-
ment effect in patients with prior concurrent CRT 
( n  = 806). The median OS in this subgroup was 
30.8 months for patients in the tecemotide arm and 
20.6 months for patients in the placebo arm (HR 
0.78,  p  = 0.016). Tecemotide was well tolerated.   

    Belagenpumatucel-L (TGF-β 
Antisense Gene-Modifi ed Allogeneic 
Tumor Cell Vaccine, Lucanix TM ) 

 Belagenpumatucel-L is a cell-based vaccine 
which consists of four human NSCLC cell lines 

transfected with an antisense gene for TGF-β 
(Nemunaitis et al.  2006 ). 

    Phase II Trials 
 In a phase II trial in stage III/IV NSCLC patients, 
Lucanix induced an immune response in all 
patients and with strong ELISPOT response in 
those patients that showed stable disease or better 
(Nemunaitis et al.  2006 ). Survival duration 
increased with higher doses of Lucanix and treat-
ment was safe. 

 The clinical data were confi rmed in two 
smaller phase II studies (Nemunaitis et al.  2009 ; 
Fakhari et al.  2009 ). According to these data, 
immune responders survived 32.5 months com-
pared to 11.6 months for nonresponders.  

    Phase III Trial 
 An international multicenter, randomized, double- 
blinded, placebo-controlled study of Lucanix 
maintenance therapy for stages III/IV NSCLC 
subjects who have responded to or have stable dis-
ease following one regimen of frontline, platinum-
based CTX was initiated in 2008 ( Clinicaltrials.
gov NCT00676507 ). Primary endpoint is over-
all survival. The recruitment of 506 patients was 
fi nished in May 2012 (Press release NovaRx 
 2012 ). Preliminary data revealed that the main-
tenance treatment with Lucanix did not result in 
a signifi cant survival benefi t for the entire patient 
population investigated ( n  > 450). However, for a 
subgroup of patients, which was enrolled within 
12 weeks after chemotherapy treatment ( n  > 290), 
the survival benefi t was signifi cant (not published, 
oral communication at ESMO/ECCO 2013).   

    TG4010 (MVA-MUC1-IL2) 

 TG4010 is an antigen-specifi c vaccine targeting 
MUC1. TG4010 is based on a viral vector, a 
modifi ed vaccinia of Ankara (MVA), which, in 
addition to MUC1, expresses interleukin 2 
(Limacher and Quoix  2012 ). 

    Phase II Studies 
 A randomized, open-label phase IIb trial investi-
gated the effect of TG4010 in fi rst-line therapy 
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for stage IIIB “wet”/IV NSCLC which was tested 
MUC1 positive (Quoix et al.  2011 ; Ramlau et al. 
 2008 ). One hundred forty-four patients were ran-
domized to cisplatin plus gemcitabine plus 
TG4010 combination or CTX alone. A benefi t of 
TG4010 treatment in terms of progression-free 
survival (PFS) at 6 months and response rate 
(RR) was observed; there was no difference in 
overall survival. A prespecifi ed analysis revealed 
that a normal percentage of activated natural 
killer cells (aNK; CD16 + CD56 + CD69 + ) had posi-
tive predictive value for the clinical effect. 
Overall TG4010 was well tolerated.  

   Phase IIb/III Trial TIME 
 This is a double-blind trial comparing the com-
bination of fi rst-line CTX plus TG4010 vs. pla-
cebo in stage IV NSCLC with MUC1-expressing 
tumors. The phase II part aims at prospectively 
validating the aNK level as predictive marker 
with PFS as primary endpoint. The phase III part 
will assess the overall survival for both arms in 
the study population identifi ed in the phase IIb 
part. Two hundred six and 800 patients will be 
enrolled in parts IIB and III, respectively. The 
study started in 2012 with an estimated pri-
mary completion rate (data for primary out-
come measure) end of 2015 ( Clinicaltrials.gov 
NCT01383148 ).   

    EGF Vaccine (CimaVax) 

 The EGF vaccine was developed in Cuba with 
recombinant human EGF linked to a carrier pro-
tein (P64k Neisseria meningitidis recombinant 
protein). 

   Phase II Trial 
 Eighty patients with stage IIIB/IV NSCLC who 
received fi rst-line treatment were randomized to 
the vaccine plus BSC vs. BSC (Neninger 
Vinageras et al.  2008 ; García et al.  2008 ). About 
30 % of these patients had progressive disease 
(PD) at the time of randomization. The median 
OS was 6.47 months in the vaccine arm and 
5.33 months in the control arm ( p  = 0.098). This 
effect was more pronounced in patients younger 

than 60 years. The treatment with the vaccine 
was safe.  

   Phase III Trial 
 In 2006, an open-label phase III randomized trial 
in stage IIIB/IV NSCLC patients after CTX was 
initiated at 18 sites in Cuba which is still ongo-
ing; 579 patients were planned to be randomized 
(Rodríguez et al.  2010 ). Preliminary results from 
160 patients show a trend towards a delayed sep-
aration of the survival curves in favor for the vac-
cine arm. 

 Another open-label phase III randomized trial 
in stage IIIB/IV NSCLC patients investigating 
the vaccine in fi rst-line vs. best supportive care is 
ongoing and fi nished recruitment ( Clinicaltrials.
gov NCT01444118 ). Data are expected in 2015.    

    Immune Checkpoint Blockers 

 Since the mechanism of action of immune check-
point blockers is not dependent on the expression 
of specifi c antigens in contrast to the vaccination 
approach, a broad application in different tumor 
types is conceivable. The strategy to augment 
antitumor responses through the blockade of 
immune checkpoint pathways has only recently 
been started to be explored for lung cancer, espe-
cially in NSCLC, and therefore, this part is not 
reporting the very limited experience in SCLC 
which has recently been summarized by Spigel 
and Socinski ( 2013 ). Two pathways, the CTLA- 
4:B7-1/-2 and PD-1:PD-L1/-L2 axes, are clini-
cally investigated and the current status is 
described below. 

    CTLA4 Blockade 

 Positive phase III results in metastatic melanoma 
(Hodi et al.  2010 ; Robert et al.  2011 ) have stimu-
lated the exploration of the anti-CTLA-4 mono-
clonal antibody ipilimumab in lung cancer. Thus, 
ipilimumab was evaluated in combination with 
paclitaxel and carboplatin (PC) in a randomized, 
double-blind, phase II, fi rst-line clinical study in 
patients with locally advanced or metastatic 
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NSCLC or extended SCLC ( Clinicaltrials.gov 
NCT00527735 ). Since the optimal sequence of 
chemo- and immunotherapy is challenging, two 
schedules, i.e., concurrent or phased, were 
explored. The study met its primary endpoint 
(defi ned as signifi cant improvement in immune- 
related (ir)PFS) for phased treatment vs. control 
(HR 0.72;  p  = 0.05), but not for concurrent treat-
ment (HR 0.81;  p  = 0.13). The median irPFS/
PFS/OS for phased, concurrent, and control treat-
ments (i.e., PC only) were 5.7/5.1/12.2, 
5.5/4.1/9.7, and 4.6/4.2/8.3 months, respectively 
(Lynch et al.  2010 ). Observed incidences of grade 
3/4 treatment-related adverse events were simi-
lar: 39, 41, and 37 % for patients in the phased, 
concurrent, and control groups, respectively. 
However, the rate of grade 3/4 immune-related 
AEs were differing as could be expected: 15 % in 
the phased, 20 % in the concurrent, and 6 % in 
the control group patients. In addition, a trend for 
greater clinical activity was observed in patients 
with squamous histology (Lynch et al.  2010 ). 
Overall, these results triggered the initiation of a 
phase III trial in patients with stage IV squamous 
cell NSCLC to investigate ipilimumab plus PC 
vs. placebo plus PC in August 2011 ( Clinicaltrials 
gov NCT01285609 ). 

 Tremelimumab, another monoclonal anti-
CTLA- 4 antibody, was explored in phase II in the 
maintenance setting after fi rst-line chemotherapy 
for advanced NSCLC, where it did not improve 
PFS (Brahmer  2013 ). To date, no further trials 
have been initiated.  

    PD-1/PD-L1 Blockade 

 While CTLA-4 primarily regulates early stages 
of T-cell activation at their initial response to 
antigen as a signal dampener, the role of PD-1 is 
to limit the activity of T cells in peripheral tis-
sues, especially in infl ammatory situations 
(Pardoll  2012 ). 

 The fi rst trial using a blocker of the PD-1/
PD-L1 pathway, i.e., nivolumab/BMS-936558 an 
anti-PD-1 antibody, was a fi rst-in-man single- 
agent dose-escalation trial. In this trial, one dura-
ble complete response (CR) (colorectal carcinoma 

(CRC)) and two partial responses (PR) (mela-
noma, renal cell carcinoma (RCC)) were observed 
in 39 patients. Two additional patients (mela-
noma, NSCLC) had signifi cant lesional tumor 
regressions not meeting PR criteria. The initial 
safety profi le was favorable in comparison to ipi-
limumab (Brahmer et al.  2010 ). These promising 
results boosted the clinical development activities 
on this specifi c immune checkpoint. The conse-
quent multiple dose-escalation trial with 
nivolumab containing several expansion cohorts 
recruited 296 patients overall (Topalian et al. 
 2012 ). Remarkably, 14 of 76 (18 %) advanced 
NSCLC patients evaluable for effi cacy displayed 
an objective response (OR) and fi ve additional 
patients a stable disease (SD) for more than 24 
weeks. The RR was higher in the squamous (6/18, 
33 %) compared to the non- squamous subtype 
(7/56, 12 %). Again the safety profi le in the over-
all study population was favorable with a 14 % 
rate of grade 3/4 treatment- related adverse events, 
while 3 deaths from pulmonary toxicity were 
reported. Nivolumab monotherapy follow-up data 
presented at ASCO 2013 reported an overall RR 
of 17 % (22 responses in 129 patients; squamous 
vs. non- squamous: 17 % vs. 18 %), a median PFS 
of 2.3 months, and a median OS of 9.6 months 
(Brahmer et al.  2013 ). 

 BMS-936559, an anti-PD-L1 antibody, was 
directly explored in a multiple dose-escalation 
phase I trial in 207 patients covering 49 advanced 
NSCLC patients evaluable for effi cacy (Brahmer 
et al.  2012 ). RR for squamous and non-squamous 
subtypes were similar (1/13, 8 % vs. 4/36, 11 %; 
all patients 5/49, 10 %) and not that impressive. 
However, as for nivolumab, a dose dependency in 
NSCLC patients could clearly be observed show-
ing activity at 3 and 10 mg/kg. Grade 3/4 
treatment- related adverse events were observed 
in only 9 % of the overall trial population. 

 Another anti-PD-L1 antibody, MPDL3280A is 
also explored in phase    I (Spigel et al.  2013a ,  b ). 
The NSCLC expansion cohort (locally advanced or 
metastatic disease) was reported to display an 
impressive overall RR of 24 % (9 of 37 patients 
with both squamous and non-squamous histology). 
The incidence of grade 3/4 treatment- emergent 
adverse events in the NSCLC safety cohort was 
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34 %. Interestingly no grades 3–5 pneumonitis or 
diarrhea was reported. Biomarker analyses from 
archival tumor showed a correlation between 
PD-L1 status and effi cacy. Latest analyses revealed 
that patients with PD-L1- positive tumors showed 
an ORR of 100 % (4/4), while patients who were 
PD-L1 tumor status- negative had an ORR of 15 % 
(4/26). Further, it was concluded that MPDL3280A 
is probably the fi rst targeted agent showing more 
activity in smoking patients than in never smokers. 
Moreover, the 24-week PFS was reported to be 
46 % (Soria et al.  2013 ). 

 Several trials have recently been initiated with 
nivolumab in NSCLC: two open-label random-
ized phase III trials comparing nivolumab vs. 
docetaxel in previously treated advanced or meta-
static NSCLC, one trial in squamous, and the 
other trial in non-squamous histology 
( Clinicaltrials.gov NCT01642004 ;  Clinicaltrials.
gov NCT01673867 ). A phase I trial in stage IIIB/
IV NSCLC patients is exploring different combi-
nations of nivolumab with (a) gemcitabine/cispla-
tin, (b) pemetrexed/cisplatin, (c) carboplatin/
paclitaxel, (d) erlotinib, (e) ipilimumab, (f) beva-
cizumab maintenance, (g) switch maintenance, or 
(h) as monotherapy in fi rst-line patients with brain 
metastases ( Clinicaltrials.gov NCT01454102 ). In 
addition, a randomized phase II trial in subjects 
with recurrent metastatic NSCLC exploring epi-
genetic priming with azacitidine and entinostat or 
oral azacitidine alone prior to nivolumab treat-
ment has been initiated ( Clinicaltrials.gov 
NCT01928576 ). Priming with these methylation 
blockers holds promise as DNA demethylation 
may contribute to PD-1 overexpression. Another 
anti-PD-1 antibody, lambrolizumab/MK-3475, is 
also put forward to phase II/III: A randomized 
trial is exploring its effi cacy and safety vs. 
docetaxel in previously treated subjects with 
NSCLC ( Clinicaltrials.gov NCT01905657 ). 
A phase I study of lambrolizumab is investigating 
the combination with cisplatin/pemetrexed or car-
boplatin/paclitaxel in patients with advanced 
NSCLC ( Clinicaltrials.gov NCT01840579 ). The 
anti-PD-L1 antibody MPDL3280A is also further 
explored in two phase II trials in advanced 
NSCLC ( Clinicaltrials.gov NCT01846416 ; 
 Clinicaltrials.gov NCT01903993 ).   

    Conclusion 

 Lung cancer has for a long time not been con-
sidered to be a very immunogenic tumor type 
such as melanoma or renal cancer. This per-
ception has nowadays changed. Several vac-
cines are in phase III clinical development in 
NSCLC. Only few data are available so far, 
and no evidence for the clinical effi cacy of 
vaccines could be demonstrated yet. Recently, 
a phase III trial of talactoferrin alfa did not 
meet the primary endpoint (Press release 
Agennix  2012 , not described here because the 
development was stopped). Also, for tec-
emotide and Lucanix, a clinical benefi t in 
terms of overall survival could not be demon-
strated in large phase III trials. However, for 
both trials, subgroups of patients have been 
identifi ed which seem to benefi t from the vac-
cinations. It is remarkable that both subgroups 
are characterized by a specifi c timely correla-
tion to the prior chemotherapy. Over the next 
few years, we will get a clearer picture about 
the role of vaccines in the treatment of 
NSCLC. In addition to vaccines, promising 
results have been observed in early clinical tri-
als using immune checkpoint inhibitors which 
led to an accelerated clinical development. If 
the promises of the initial results prove true, 
the fi rst approval of an immune checkpoint 
blocker for NSCLC can be expected around 
2016.     
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           Myeloid Leukemia Vaccines 

    Introduction 

 Acute and chronic leukemias are frequently not 
cured despite several elaborate treatment 
approaches, including cytotoxic drugs, tyrosine 
kinase inhibitors, immunomodulatory agents, as 
well as autologous and allogeneic hematopoietic 
stem cell transplantation (HSCT). The rationale 
and aim of using leukemia vaccines in these 
patients is to eradicate minimal residual disease 
(MRD) and prolong leukemia remission duration 
by antigen-specifi c immune responses. The vac-
cines can be applied after conventional induction 
therapy or even after HSCT. This section focuses 
on myeloid leukemia vaccines, because available 
preclinical and clinical data demonstrate strong 
evidence that they are immunogenic in acute and 
chronic myeloid leukemias. 

 Ideal myeloid leukemia vaccines are thought 
to include leukemia-specifi c antigens that are 

exclusively expressed by leukemia cells, are 
absent in normal tissues, and can induce power-
ful B- and T-cell responses against leukemia. 
However, except for BCR-ABL and PML-RARα 
fusion proteins in chronic myeloid leukemia 
(CML) and acute promyelocytic leukemia (APL), 
respectively, such leukemia-specifi c fusion pro-
teins are uncommon in other myeloid leukemias. 
Moreover, leukemia-associated antigens (LAA) 
derived from Wilms’ tumor 1 (WT1), proteinase 
3, preferentially expressed antigen of melanoma 
(PRAME), and receptor for hyaluronic acid- 
mediated motility (RHAMM) proteins are pre-
dominantly expressed by leukemia cells but are 
also expressed by normal tissues, albeit to a lesser 
degree.  

    Leukemia-Specifi c Antigen Vaccines 

 Peptides derived from the BCR-ABL fusion pro-
tein p210 have been explored as a leukemia- 
specifi c vaccine in CML patients in several 
clinical pilot studies (Cathcart et al.  2004 ; 
Bocchia et al.  2005 ). The vaccines were usually 
well tolerated and could be safely applied in 
patients receiving HSCT, interferon, or imatinib. 
Most notably, the vaccines elicited BCR-ABL- 
specifi c immune responses in a signifi cant pro-
portion of patients. The investigators observed in 
single patients that successful boosting of BCR- 
ABL immunity was associated with decrease in 
MRD levels and allowed for reduction of the 
imatinib dose. Another potent leukemia-specifi c 
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antigen is the PML-RARα fusion protein in APL. 
There is convincing evidence of the usefulness of 
PML-RARα vaccines from mouse models (Padua 
et al.  2003 ). However, the infrequence of APL 
disease as well as the high effi cacy of current 
conventional treatment options including all-
trans- retinoic acid and arsenic trioxide impeded 
so far intensive exploration in clinical studies.  

    Leukemia-Associated Antigen 
Vaccines 

 WT1 is an oncogenic protein that is overex-
pressed in most acute myeloid leukemias (AML) 
and CML. Since its expression is very low or 
absent in hematopoietic progenitor cells, WT1- 
derived T-cell epitopes have been chosen by 
many groups as vaccines in myeloid leukemias 
(Chaise et al.  2008 ; Rezvani et al.  2008 ; Keilholz 
et al.  2009 ). In phase I/II studies WT1 vaccina-
tions using peptides, proteins, or nucleic acids as 
vaccine format proved to be safe and were found 
to be associated with a reduction in MRD load in 
single patients. The investigators also reported 
that WT1 vaccines reliably stimulated antigen- 
specifi c T-cell responses in myeloid leukemia 
patients, suggesting that the frequency of WT1- 
specifi c T cells is a suitable surrogate biomarker 
for vaccine effi cacy. 

 Potential other LAA vaccine candidates that 
have been investigated in preclinical as well as 
early clinical studies are PRAME (Quintarelli 
et al.  2011 ), proteinase 3 (Rezvani et al.  2008 ) 
and RHAMM (Greiner et al.  2010 ), and autolo-
gous leukocyte-derived heat shock proteins (Li 
et al.  2005 ). All these trials demonstrated feasi-
bility and safety as well as a positive correlation 
between vaccine-induced immunity and clinical 
responses in single indicator patients.   

    T-Cell Depletion in Allogeneic Stem 
Cell Transplantation 

    Introduction 

 Allogeneic HSCT relies on three modes of action: 
(1) high-dose (radio-) chemotherapy as part of 

the conditioning regimen, (2) replacement of a 
diseased by a healthy donor hematopoiesis, and 
(3) immune-mediated “graft-versus-leukemia 
(GvL)” effect. Each of these benefi cial effects is 
associated with signifi cant treatment-related mor-
bidity and mortality: (1) conditioning- mediated 
organ damage, (2) cytopenia associated with the 
risk of bleeding and infection, and (3) graft-ver-
sus-host disease (GvHD). Considering the risks 
of individual patients and their diseases, modern 
transplant strategies can be adjusted to balance 
the risk of conditioning and its toxicity against 
GvL and GvHD. GvHD not only depends on 
the immunologic differences between donor and 
recipient but is also triggered by the infl amma-
tory status of the recipient following the condi-
tioning regimen. Therefore, strategies combining 
T-cell-depleted transplantation in the fi rst place 
with the application of a delayed donor lympho-
cyte infusion (DLI) are capable of reducing the 
risk of GvHD while preserving signifi cant GvL 
and anti-infectious immunity.  

    T-Cell Depletion from the Graft 

 The backbone of these strategies is T-cell deple-
tion (TCD) from the graft. In the 1980s and 1990s, 
when bone marrow was still the main source of 
hematopoietic stem cells, T cells were depleted by 
the use of anti-CD6 antibodies and complement-
mediated lysis (Soiffer et al.  1990 ). Positive selec-
tion of CD34-positive hematopoietic stem cells 
was introduced later to reduce the comparably 
high T-cell content of G-CSF- mobilized periph-
eral stem cell grafts. However, the nonselective 
removal of T cells was associated with a higher 
risk of relapse and infectious complications. In 
addition, a signifi cant increase of engraftment fail-
ures was observed especially following transplan-
tation from HLA-mismatched donors. Therefore, 
more selective methods like CD3/CD19 depletion 
have been developed especially in haploidenti-
cal transplantation (Bethge et al.  2006 ). By add-
ing CD19-mediated B-cell depletion to TCD, the 
incidence of posttransplantation lymphoprolif-
erative disease was markedly reduced. Recently, 
this strategy has been further modifi ed in that 
CD3-mediated T-cell depletion was replaced by 
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 αβT-cell depletion (Handgretinger et al.  2012 ). 
This strategy preserves γδT cells that have been 
shown to mediate direct antileukemic immunity 
without the risk of GvHD.  

    Depleting T-Cell Subsets from DLI 
Grafts 

 Depletion of CD8 T cells from DLI effi ciently 
reduces the incidence and severity of GvHD 
while preserving at least partly the GvL effect 
(Giralt et al.  1995 ). Even more stringent CD8 
depletion by immunomagnetic beads has been 
proven feasible and effective in clinical endpoints 
(Meyer et al.  2007 ; Orti et al.  2009 ). Relying on 
CD4 rather than CD8 T-cell-containing DLI 
experienced further support by the fi nding that 
HLA-DP-directed CD4 T cells target leukemia 
cells in HLA-DP-mismatched transplantation 
(Rutten et al.  2008 ). This is of relevance, since 
HLA-DP matching is not part of the donor-search 
routine, wherefore HLA-DP mismatches are fre-
quent in “HLA-matched” transplantation.  

    Depleting Naive T Cells 

 Alloreactivity of donor T cells mainly derives 
from naive rather than memory T cells (Foster 
et al.  2004 ). Depleting naive T cells therefore is 
a means of preventing GvHD while preserving 
T-cell memory, e.g., against infectious agents. 
Different strategies including CD62L ( l -selec-
tin) and CCR7 have been used for depletion. 
However, depleting CD45RA seems to be most 
effi cient and applicable for clinical use (Distler 
et al.  2011 ). Clinical application of CD45-RA-
depleted DLI is currently under way (Teschner 
et al.  2014 ).   

    Selective Allodepletion 

    Introduction 

 The considerable high content of immunocompe-
tent T cells in apheresis products exposes recipi-
ents of allogeneic peripheral blood stem cells to an 

elevated risk of acute and chronic GvHD. Depleting 
alloreactive T-cell specifi cities either from the graft 
in vitro or in vivo by the administration of antibod-
ies reactive to lymphocytes such as alemtuzumab 
provides an effective strategy to prevent the devel-
opment of GvHD following allogeneic HSCT. 
However, this approach is often associated with 
emerging opportunistic infections, in particular the 
reactivation of latent Cytomegalovirus, Epstein-
Barr virus, and Varicella- Zoster virus infections. 
Moreover, higher relapse rates are observed due to 
reduced GvL reactivity primarily mediated by 
donor T lymphocytes. 

 Although GvL and graft-versus-host (GvH) 
reactivity are very closely linked, ample clinical 
and experimental evidence suggests that antileu-
kemic immune responses can be separated from 
alloreactivity as, e.g., specifi c GvL immunity to 
hematopoiesis- specifi c minor histocompatibility 
antigens (mHAg) or de novo expressed leuke-
mia-specifi c antigens such as peptides derived 
from the BCR- ABL fusion product exist 
(Bleakley and Riddell  2004 ). These observations 
have formed the basis of selective allodepletion 
(SD) strategies to harness GvL immunity while 
minimizing the risk of alloreactivity upon adop-
tive transfer of donor T lymphocytes, and numer-
ous conceptually different experimental 
approaches and clinical protocols have been 
described in the last years to explore SD in vitro 
as well as in vivo (Tsirigitis et al.  2012 ). At least 
all ex vivo strategies have in common that donor 
T lymphocytes are fi rst stimulated in vitro by 
coculture with patient-derived stimulators fol-
lowed by depletion of activated alloreactive spec-
ifi cities using different means as outlined more 
detailed in the following sections.  

    Selective Allodepletion Using 
T-Cell Activation Markers 
and Immunotoxins 

 Among all different SD approaches reported, 
most studies have examined the elimination of 
alloreactive donor lymphocytes using T-cell acti-
vation markers expressed after allostimulation. T 
cells derived from a healthy HLA-matched or 
HLA-mismatched donor are stimulated with 
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patient-derived (allogeneic) stimulator cells such 
as peripheral blood mononuclear cells, B lym-
phocyte lines, dendritic cells, or activated T cells 
in mixed lymphocyte cultures (MLC) (Fig.  1 ). 
Alternatively, keratinocytes and fi broblasts have 
been tested as non-hematopoietic stimulators to 
stimulate alloreactive specifi cities directed to 
ubiquitously but not hematopoiesis-specifi c 
expressed mHAg (Nonn et al.  2008 ). Upon bind-
ing of monoclonal antibodies (mAb) directed to 
markers expressed on activated T cells such as, 
e.g., CD25, CD69, CD71, or CD137 or combina-
tions thereof that are coupled with magnetic 
microbeads, activated alloreactive T cells are 
labeled and can then be separated from nonreac-
tive lymphocytes using immunomagnetic cell 
separation (Wehler et al.  2007 ). Using this 
approach signifi cant reduction of alloreactivity 
while harnessing antiviral and LAA specifi cities 
as shown for the WT1 antigen could be demon-
strated in several human in vitro systems and pre-
clinical models using CD69, CD137, HLA-DR, 
or a combination of CD25 and CD71 as targets 
for T-cell activation marker-based SD (for review 
see Tsirigitis et al.  2012 ).

   Accordingly, anti-CD25-specifi c mAb conju-
gated to the immunotoxin Ricin A was success-
fully applied in SD. As shown in pediatric 
patients who predominantly received stem cell 
grafts from haploidentical donors but also in 
HLA-identical HSCT in adults, the administra-
tion of CD25-immunotoxin pretreated DLI 
resulted in clearly reduced incidences of GvHD 
(André-Schmutz et al.  2002 ; Salomon et al. 
 2005 ).  

    Selective Allodepletion by 
Extracorporal Photodepletion 

 The photodepletion technique represents an 
appealing alternative to selectively deplete anti- 
host immunity in vitro (Mielke et al.  2008 ). Upon 
stimulation, alloreactive T cells are exposed to 
the photosensitizing rhodamine-based dye 
TH9402. TH9402 enters all cells but is only suc-
cessfully extruded by resting T cells, whereas 
activated T lymphocytes are impaired to effl ux 
the dye due to deactivation of the protein pump 

multidrug resistance p-glycoprotein. TH9402 is 
an inert molecule under normal conditions, but 
becomes extremely toxic after exposure to light 
thereby providing the basis for selective killing. 
In contrast to the CD25-mediated SD, this 
approach additionally retains donor CD4 +  CD25 +  
FoxP3 +  regulatory T cells (Tregs) with the poten-
tial to induce tolerance to alloantigens. 

 A GMP-grade clinical-scale protocol for the 
treatment of both HLA-mismatched and HLA- 
matched donor-recipient pairs has been investi-
gated using patient-derived T lymphocytes as 
antigen-presenting cells, and data from a phase I 
trial suggested that selectively photodepleted 
allografts in matched sibling transplantations fol-
lowed by low-dose immunosuppression may pro-
tect against severe acute GvHD but are associated 
with delayed immune recovery (Mielke et al. 
 2011 ).  

    Further Ex Vivo Based Selective 
Allodepletion Approaches 

 In addition to the approaches described above, 
more experimental procedures include SD by 
inducing apoptotic signals or negative selection 
of naive donor lymphocytes. Comparative stud-
ies on CD95-induced apoptosis and CD69-based 
immunomagnetic depletion revealed that stimu-
lating allogeneic T cells in the presence of agonis-
tic anti-CD95 mAb resulted in programmed cell 
death of alloreactive lymphocytes with superior 
retainment of antiviral and LAA specifi cities as 
well as Tregs when compared to CD69- mediated 
allodepletion (Hartwig et al.  2008 ). Another 
method to perform SD is by simply removing 
naive precursors from the graft before infusion. 
Preclinical studies showed that the vast majority 
of alloreactivity is present among the naive T-cell 
population, while memory T cells appear to be 
less potent in causing alloreactivity (Distler et al. 
 2011 ). Removal of naive T cells can be easily 
accomplished by using immunomagnetic beads 
specifi c to markers present on the surface of 
naive cells such as CD45RA, CCR7, and CD62L. 
Moreover, blockade of important costimulatory 
signals such as the CD28–CD80/CD86 interac-
tion essential for full T-cell  activation can result 
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in effi cient induction of anergy in alloreactive 
donor lymphocytes as previously demonstrated 
in a phase I trial (Guinan et al.  1999 ).  

    Selective Allodepletion In Vivo 
Using Suicide Genes 

 Transduction of T lymphocytes with genes encod-
ing for proteins that can convert drugs into toxic 
metabolites or induce apoptotic pathways and 
normally do not occur in T cells renders these 
cells sensitive to drugs or other factors. These 
genes have been named “suicide genes.” The her-
pes simplex virus (HSV) thymidine kinase (TK) 
gene represents the most well-known suicide gene 
and encodes for the enzyme TK normally absent 
in eukaryotic cells. TK converts nucleoside ana-
logs such as ganciclovir into monophosphate and 

triphosphate forms which interfere with DNA 
replication resulting in apoptosis induction of 
dividing cells. Upon retroviral transduction and 
selection of stable transfectants using addition-
ally expressed cell surface markers, adoptively 
transferred donor T lymphocytes that become 
alloreactive in the patient can be eliminated by 
ganciclovir. Multicenter phase I–II trials per-
formed have successfully demonstrated that this in 
vivo SD approach is safe and can effectively con-
trol the development of GvHD (Ciceri et al.  2009 ).   

    Conclusion and Outlook 

 Early clinical studies have already demonstrated 
the safety and feasibility of immunotherapeutic 
strategies aiming to enhance the specifi city and 
effectivity of antileukemia immune responses. 

Stimulator 

T cell product

3rd party
(irradiated)

Responder

Alloreactivity

Ex vivo
Allodepletion

In vitro tests:
2nd. MLR 

Patient 
(irradiated)

Donor 
T lymphocytes

Leukemia-blasts
(irradiated)

Patient derived cells
(irradiated)

Primary MLR

  Fig. 1    Procedure of selective allodepletion. Irradiated 
patient-derived stimulator cells are cocultured with nonir-
radiated donor lymphocytes in MLC. Following stimula-
tion, activated alloreactive T lymphocytes are then 
selectively depleted ex vivo using different approaches as 
described in the text. The modifi ed T-cell product can then 

be tested in a second mixed lymphocyte reaction (MLR) 
for residual alloreactivity directed to the patient as well as 
for T cells recognizing patient-derived leukemia and third-
party stimulators (i.e., irrelevant HLA molecules, viral 
antigens, etc.)       
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Several immune-modulating agents such as 
myeloid leukemia vaccines have been inves-
tigated in patients before and after allogeneic 
HSCT with promising clinical results in single 
patients. Of them, leukemia-specifi c antigens 
(e.g., mutated FLT3 (Graf et al.  2007 ), mutated 
nucleophosmin 1 (Greiner et al.  2012 )) might 
represent more effective second-generation vac-
cines than currently used LAA because they are 
tumor-specifi c target structures. The SD of allo-
reactive T cells or even entire T-cell subsets and 
their add-back as DLI after TCD HSCT has been 
shown not only to reduce the risk of GvHD but 
also specifi cally to improve reconstitution of T 
cells recognizing infectious agents and leukemia 
cells. Moreover, overcoming leukemia-induced 
as well as HSCT-associated immunosuppres-
sion could be accomplished by optimizing adju-
vant delivery systems or by coadministration of 
immunostimulatory cytokines or agents blocking 
negative immunoregulatory checkpoints (e.g., 
CTLA4, PD-1). Finally, randomized prospective 
clinical trials are essentially needed to defi ne the 
role of these individual or combined immuno-
therapeutic strategies in prophylactic, preemp-
tive, and therapeutic disease settings.     
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  A collection of studies over the past decade 
has brought about a shift in how we under-
stand the interaction between the therapeutic 
killing of cancer cells and the host antitumour 
immune response. Rather than a tolerogenic or 
zero- impact event, the induced death of cancer 
cells has been shown under certain conditions 
and circumstances to actually incite an immune 

response against dead cancer cell antigens. This 
phenomenon is referred to as ‘immunogenic cell 
death (ICD)’, which has been strongly associated 
with the actions and therapeutic value    of certain 
antineoplastic agents. In itself, ICD induced by 
such agents has challenged the theory that these 
therapies simply kill or target proliferation of 
malignant cells in a cell-autonomous disease. 
The evidence presented in this chapter points 
towards an additional aspect to cytotoxic cancer 
therapies, in that they also induce (or reinstate) 
an extrinsic control exerted by the host immune 
system. We will discuss how a precise combina-
tion of molecular cues and metabolic variations is 
induced through ICD to form a key, with the abil-
ity to ‘unlock’ an otherwise restrained immune 
response against the cancer. 

    Control of Cancer Through Immune 
Cells and Cytokines Post-ICD 

 It is now well established through both murine 
(Apetoh et al.  2007 ; Michaud et al.  2011 ) and clin-
ical studies (Ray-Coquard et al.  2009 ) that 
responses to chemotherapy are more effi cient in 
immunocompetent as opposed to immunodefi cient 
hosts. Indeed, antineoplastic agents cause changes 
in the immune infi ltrate of tumours, with the char-
acteristics of these alterations often associated 
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with the outcome of therapy. For example, an 
induced increase in the ratio of cytotoxic CD8 +  T 
lymphocyte (CTL) to Foxp3 +  regulatory T cells 
(Treg) is correlated with favourable therapeutic 
responses in certain cancers (Zitvogel et al.  2013 ). 
Therapeutic settings that induce tumour antigen-
specifi c T-cell responses, particularly CTL and T 
helper (Th)1 responses with their characteristic 
production of interferon (IFN)-γ, can effectively 
eliminate tumour cells. The extent to which inter-
leukin (IL)-17-producing T cells (e.g. Th17) con-
tribute post-chemotherapy is less well understood. 
IL-17A production by γδ T cells has however been 
shown to be indispensable for optimal anticancer 
responses following ICD-inducing chemotherapy 
and radiotherapy (Ma et al.  2011 ). Early tumour 
infi ltration by this innate lymphocyte population is 
an essential prerequisite to the later accumulation 
of IFN-γ- producing CD8 +  αβ T cells for effective 
tumour control. To trigger this immune response, 
γδ T cells must fi rst be activated by IL-1β-IL-1 
receptor signalling, the source of IL-1β being den-
dritic cells (DCs; the professional antigen-present-
ing cells of the immune system). Later studies 
went on to reveal the origins of these DCs in the 
tumour bed following ICD-inducing chemother-
apy. Treatment of previously established murine 
tumours with anthracyclines resulted in the accu-
mulation of CD11c + CD11b + Ly6C hi  cells, charac-
teristic of infl ammatory monocytes, which were 
particularly effi cient at engulfi ng tumour antigens 
and presenting these to CD8 +  T cells (Ma et al. 
 2013a ). The tumour infi ltration of this myeloid 
population was dependent upon ATP, as this pro-
cess failed to occur in murine tumours engineered 
to overexpress the ecto-ATPase CD39. 

 Thus   , a cascade of events occurs post-
chemotherapy- induced ICD, where ATP released 
by dying cancer cells recruits myeloid precursors 
able to differentiate into DCs that (1) produce the 
necessary IL-1β to drive T-cell recruitment via 
IL-17 from γδ T cells and (2) present tumour 
antigens to activate these recruited CTL and 
CD4 +  helper T cells that subsequently fi ght the 
growing tumour (e.g. through production of IFN- 
γ). The essential role of the cytokines that  mediate 
this cascade following ICD has been elegantly 
confi rmed in mouse models with neutralising 
antibodies or genetic deletion of cytokines ( Il1b , 

 Il17a ,  Ifng ) and their receptors ( Il1r ,  Il17r ,  Ifngr ) 
(Ma et al.  2011 ,  2013a ; Michaud et al.  2011 ; 
Obeid et al.  2007 ; Ghiringhelli et al.  2009 ). 
Somewhat surprisingly, given the key role of the 
proinfl ammatory cytokine IL-1β, TNF-α signal-
ling does not contribute to the antineoplastic 
effects of anthracycline chemotherapies in vari-
ous tested murine tumour models (Ma et al. 
 2013b ). Finally, the key role and mechanism of 
accumulation of Th1 cells in tumour beds has 
been recently unravelled. Hence, the contribution 
of gut microbiota through cyclophosphamide- 
induced permeabilisation of the intestinal barrier 
became clear when comparing untreated and 
antibiotic-treated animals or animals reared in 
SPF and germ-free conditions (Viaud et al.  2013 ). 

 The contributions of other immune cell types to 
anticancer responses post-ICD induction in 
tumours have been addressed in other studies. 
Although cancer progression often associates with 
high titres of tumour-specifi c antibodies, B cells 
and the humoral immune response appear to be 
dispensable in the immune-dependent therapeutic 
effect of anthracyclines (Hannani et al.  2013 ).  

    Subtle Molecular and Metabolic 
Signals During ICD Unlock the 
Immune Response 

 Initiation of host innate immune responses begins 
with pattern recognition of danger-associated mol-
ecules, for example, those that make up a pathogen. 
Recognition of such molecules is performed by a 
variety of germline-encoded receptors, many of 
which are only present on immune cells, termed 
pattern recognition receptors (PRRs) (Janeway and 
Medzhitov  2002 ). Over the past decade, we have 
shown that subtle biochemical changes in the 
plasma membrane and microenvironment of dying 
cells, as only seen with ICD-promoting compounds, 
also stimulate PRRs of the immune system.  

    ER Stress and Calreticulin Exposure 

 The fi rst of these necessary for immune stimu-
lation following cell death is the exposure of 
calreticulin on dying cells. Calreticulin (CRT) 
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is the most abundant protein present on the 
 endoplasmic reticulum (ER) lumen, though it is 
also present in other subcellular compartments. 
Following administration of ICD inducers, a 
small proportion of CRT translocates from the 
ER to the plasma membrane of stressed or dying 
cancer cells very early in the death process 
(Kroemer et al.  2013 ). This exposure of CRT 
is activated by an ER stress response involv-
ing phosphorylation of the eukaryotic transla-
tion initiation factor eIF2α by the PKR-like ER 
kinase (PERK). Downstream activation of pro-
apoptotic proteins BAX and BAK occurs subse-
quently, with anterograde transport of CRT from 
the ER to the Golgi apparatus allowing exocy-
tosis of CRT-containing vesicles to the cellular 
plasma membrane. Notably, this external cell 
membrane exposure of CRT does not occur with 
anticancer therapies that do not induce ICD. 
CRT exposure couples to induction of an anti-
tumour immune response by acting as an ‘eat-
me’ signal to DCs, which go on to phagocytose 
tumour cells and present their antigens (Obeid 
et al.  2007 ). Any inhibition of CRT exposure 
through blocking antibodies or CRT transcript 
knockdown abrogates anthracycline immunoge-
nicity, highlighting the key requirement of this 
process to ICD (Fig.  1 ).

   The perception of CRT and engulfment of 
CRT-exposing cells by antigen-presenting 
cells (APCs, i.e. DCs and macrophages) may 
occur through the transmembrane receptor 
CD91. CRT signals through CD91 on APCs 
to stimulate the production of proinfl amma-
tory cytokines such as TNF-α and IL-6, which 
together with dead cell antigen presentation 
by DCs can help drive T-cell responses. In a 
similar scenario, it has also been identifi ed that 
the proteasome inhibitor bortezomib facili-
tates immunogenic death of human tumours. 
Bortezomib induced premortem stress of can-
cer cells and the surface exposure of heat- shock 
protein 90 (Hsp90), which like CRT enables 
phagocytosis by DCs (Spisek et al.  2007 ). Other 
membrane molecules externally  co- expressed 
on cancer cells may however inhibit DC phago-
cytosis, such as CD47 that acts as a ‘don’t eat 
me’ signal. Indeed, anti-CD47 antibody treat-
ment increases cancer cell phagocytosis by 

APCs, initiating antitumour cytotoxic T-cell 
immune responses (Tseng et al.  2013 ). Finally, 
clinical evidence supports cancer cell CRT 
exposure (and the balance of CRT to CD47 
exposure) to patient survival in various human 
cancers, including acute myeloid leukaemia, 
non-Hodgkin lymphoma and colorectal cancer 
(Kroemer et al.  2013 ).  

    HMGB1 and TLR4 

 Toll-like receptor (TLR) 4 is a key member of 
the TLR family of PRRs, best characterised for 
its sensing of lipopolysaccharide (LPS) present 
in Gram-negative bacteria and downstream acti-
vation of immune cell production of proinfl am-
matory cytokines. TLR4 has been strongly 
associated with ICD since a landmark study 
showing that (1) TLR4 expression by DCs is 
required for the immune response against dying 
cells in vivo; (2) HMGB1, a nonhistone chroma-
tin protein, binds TLR4 following its release by 
dying cells during anthracycline treatment; and 
(3) a TLR4  polymorphism that inhibits HMGB1 
binding is negatively associated with the effi cacy 
of antitumour therapy in humans (Apetoh et al. 
 2007 ). Accordingly, tumours established in mice 
defi cient for the genes encoding TLR4 or its 
downstream adaptor molecule MyD88 respond 
ineffi ciently to ICD-inducing chemotherapy and 
radiotherapy. The HMGB1-TLR4 axis in ICD is 
also essential for the cross-presentation of 
tumour antigens by DCs, since TLR4 depletion 
or the depletion or antibody-mediated neutrali-
sation of HMGB1 abrogated this process in vitro 
(Apetoh et al.  2007 ). Finally and supporting 
these fi ndings, it has recently been observed that 
a high- potency and exclusive TLR4 agonist 
improves the immunogenicity and effi cacy of 
chemotherapy against tumours that exhibit weak 
expression of HMGB1 or in tumours that have 
had HMGB1 depleted by RNA interference 
(Yamazaki et al.  2013 ). The role of TLR4 in the 
effi cacy of oxaliplatin has been recently corrob-
orated by another group showing that gut-derived 
commensals are also a source of TLR4 ligands 
indispensable for the activation of intratumoural 
myeloid cells (Iida et al.  2013 ).  
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    Autophagy and the Release of ATP 

 As discussed, IL-1β is a critical mediator of 
ICD post-anthracycline chemotherapy. The 
formation of biologically active IL-1β requires 
activation of the intracellular danger-sensing 
apparatus known as the infl ammasome. The 
NLRP3 infl ammasome senses pathogen or 
damage-associated molecular patterns and in 
response to these interacts with various adap-
tor molecules to activate caspase-1, which in 
turn proteolytically matures pro-IL-1β to active 
IL-1β. Activation of the NLRP3 infl ammasome 
is decisive for an immune response to dying 
cancer cells, since mice with genetic deletion 

of the infl ammasome component genes  Nlrp3  
and  Casp1  fail to respond to oxaliplatin chemo-
therapy (Ghiringhelli et al.  2009 ). The release of 
ATP from dying or stressed cells, a major trig-
ger for infl ammasome activation, was critical for 
immunogenicity via activation of P2RX7 recep-
tors on DCs. This enabled DCs to release IL-1β, 
which was necessary for the priming of IFN-
γ-producing tumour-specifi c CD8 +  T cells. Of 
note, it is probable that activation of other PRRs 
is a co-requirement for this immune response, an 
example being the previously discussed TLR4 
activation by HMGB1. 

 Later studies identifi ed that the release of 
ATP from dying cancer cells in response to 
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  Fig. 1    Molecular and cellular mechanisms dictating ICD. 
Chemotherapy induces early exposure of calreticulin 
( CRT ), which acts as an ‘eat-me’ signal and enhances the 
recognition and uptake of tumour cells by dendritic cells 
( DC ). Endoplasmic reticulum ( ER ) stress is required for 
CRT exposure. ICD also requires an intact apoptotic sig-
nal that involves caspase-8, BAX and BAK. The    release of 
HMGB1 and ATP by dying tumour cells acts through 
TLR4 and P2RX7, respectively, as immunogenic signals 

promoting enhanced antigen processing and presentation 
and production of IL-1β by DC. The recognition of ATP 
by its receptor leads to activation of the NLRP3 infl amma-
some and cleavage of pro-caspase-1 into caspase-1. The 
ligation of HMGB1 with TLR4 leads to synthesis of pro-
IL1β that is cleaved by active caspase-1, culminating in 
the secretion of IL-1β. This sequence of events allows the 
polarisation of CD8 +  T cells towards IFN-γ production, 
leading to tumour eradication       
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 chemotherapy was largely controlled by autoph-
agy. Autophagy-defi cient cancer cells had inhib-
ited release of ATP when undergoing cell death 
and also failed to recruit T cells and DCs into the 
tumour bed (Michaud et al.  2011 ). Both of these 
defi ciencies can however be reversed by increas-
ing ATP in the tumour microenvironment through 
the pharmacological inhibition of extracellular 
ATP-degrading enzymes, emphasising the impor-
tance of local ATP concentration. Extracellular 
ATP released by dying cells is a potent chemoat-
tractant for DCs and scavenging macrophages, 
able to stimulate these myeloid immune cells via 
P2RY2 and P2RX7 receptors. Indeed, the early 
tumour infi ltration of CD11c + CD11b + Ly6C hi  
myeloid precursor cells post-chemotherapy is 
abolished when a broad-spectrum purinergic 
receptor inhibitor is administered. The same 
effect is seen when the extracellular concentra-
tion of ATP local to tumours is decreased by over-
expression of the ecto-ATPase CD39 (Ma et al. 
 2013a ). Importantly, it was shown that ATP con-
centration (and presumably its signalling through 
purinergic receptors) might also dictate whether 
myeloid precursors preferentially differentiate 
towards DCs (able to drive T-cell responses) as 
opposed to granulocytes (that may be detrimen-
tal to tumour control) (Ma et al.  2013a ). Taken 
together, these studies also highlight a potential 
immunosurveillance-escape strategy for cancer 
cells that are able to negatively regulate intrin-
sic autophagic processes. In accordance with 
this, autophagy is often disabled during early 
oncogenesis.  

    ICD-Inducing Therapies 

 Not all chemotherapeutic agents employed in the 
fi ght against cancer induce ICD. In a screen of 24 
distinct cytotoxic chemotherapies, only 4 were 
observed to induce protective anticancer immune 
responses in vivo, whereas all agents resulted 
in equivalent apoptosis of target cells (Obeid 
et al.  2007 ). These immunogenic agents were 
the three anthracyclines doxorubicin, idarubicin 
and mitoxantrone, plus the platinum compound 
oxaliplatin. Notably, the structurally related plati-
num compound cisplatin is unable to induce ER 

stress and the resulting CRT exposure as seen in 
oxaliplatin- mediated ICD (Kroemer et al.  2013 ). 

 The four identifi ed agents each result in the 
key hallmarks of ICD following their administra-
tion (i.e. CRT and other ER protein exposure and 
release of ATP and HMGB1 from dying cancer 
cells). The measurement of these parameters in a 
screening platform has been used to show that 
several FDA-approved drugs are also able to 
induce ICD and as such may prove to be promis-
ing adjunctive therapies in cases where standard 
chemotherapy fails to be suffi ciently immuno-
genic (Menger et al.  2012 ). Cardiac glycosides 
(e.g. digoxin, digitoxin) are an example of a drug 
class found to be particularly effi cient at inducing 
ICD (Menger et al.  2012 ), this effect observed to 
occur through their inhibition of Na + ,K + -ATPase 
pumps and consequent Ca 2+  infl ux into cancer 
cells.  

    Future Perspectives 

 ICD may be considered to operate similarly to 
vaccination, where the patient’s dying cancer 
cells provide both the tumour cell antigens and the 
necessary molecular and metabolic ‘adjuvants’ to 
activate and facilitate cross-presentation by DCs. 
An important remaining question is whether 
ICD-inducing chemotherapeutic regimes elicit a 
de novo T-cell priming, reactivate existing local 
effector and memory T cells or result in both phe-
nomena. The described mechanisms of ICD have 
mostly been validated in transplantable models 
of mouse sarcoma, carcinoma and lymphoma. 
Studies in the MMTV- NeutT  model however 
do also reveal that immunosurveillance controls 
breast carcinogenesis and contributes to the effi -
cacy of anticancer chemotherapy. Prendergast 
and colleagues reported as early as 2005 that 
the combination of paclitaxel and 1-methyl-
DL-tryptophan (an inhibitor of the immunosup-
pressive enzyme indoleamine 2,3 dioxygenase) 
exhibited synergistic anticancer effects that 
were lost upon depletion of CD4 +  T cells with 
a  specifi c  monoclonal antibody (Muller et al. 
 2005 ). Concomitant depletion of CD4 +  and CD8 +  
T cells accelerated oncogenesis of MMTV- NeuT    
mice, while blockade of the immunosuppressive 

Molecular and Metabolic Cues of the Key-Lock Paradigm Dictating Immunogenic Cell Death



218

cytokine interleukin-13 postponed oncogenesis 
in this model (Park et al.  2008 ). It is diffi cult to 
understand why depletion of T cells (by simul-
taneous injection of antibodies specifi c for CD4 
and CD8) would increase oncogenesis (Park et al. 
 2008 ). In another model of transgene- induced 
breast cancer (MMTV-rtTA,TetO- PyMT:IRES-
Luc), which is driven by the tetracycline-induc-
ible expression of the polyoma middle T (PyMT) 
oncogene, depletion of regulatory T cells resulted 
in signifi cant inhibition of primary and metastatic 
cancer progression (Bos et al.  2013 ), again under-
scoring the probable importance of immunosur-
veillance in the pathogenesis of breast cancer. 
In addition Wolfgang Doppler and colleagues 
recently reported that treatment of MMTV-
 NeutT  mice with doxorubicin or lapatinib (or 
their combination) mediated antitumour effects 
that disappeared upon depletion of CD8 +  (but 
not CD4 + ) T lymphocytes (Hannesdottir et al. 
 2013 ). Interestingly, knockout of  Stat1  led to 
complete failure of chemotherapy with doxoru-
bicin or targeted therapy of MMTV- NeuT  breast 
cancers with lapatinib.  Stat1  knockout also abol-
ished the infi ltration of tumours with T lympho-
cytes that is usually observed post-chemotherapy 
(Hannesdottir et al.  2013 ). Thus, the pharma-
cological inhibition of HER2/Neu by lapatinib 
triggered immune- dependent anticancer effects 
(Hannesdottir et al.  2013 ), confi rming previous 
results obtained with therapeutic anti-HER2/Neu 
antibodies (Park et al.  2010 ; Stagg et al.  2011 ). 

 This demonstration of a critical role of the 
immune system in the response to cytotoxic agents 
can be extended to oncogene-targeting therapies. 
In two independent genetically modifi ed PTEN-
defi cient breast cancers resistant to trastuzumab 
(one presenting with an ERBB2 knock-in muta-
tion and the other with an NIC defi ciency), Wang 
and colleagues reported that the combination 
of an HER2/Neu antibody and an Akt inhibitor 
triciribine effectively inhibited tumour growth in 
a T-cell-dependent manner. Indeed, in addition 
to blocking PI3K/AKT and MAPK signalling 
pathways, the combination treatment enhanced 
CD4 +  and CD8 +  T-cell infi ltration into the tumour 
microenvironment that was geared towards a 
Th1-polarisation. Neutralising anti-IFN-γ anti-
bodies compromised the synergistic antitumour 

effects of HER2/Neu antibody and an Akt inhibi-
tor triciribine (Wang et al.  2012 ). Moreover, 
the combined targeted therapy increased the 
expression of cytotoxic T-lymphocyte-associated 
antigen 4 (CTLA-4, also known as CD152), 
a counter-inhibitory receptor of CD28. The 
authors additionally showed that boosting T-cell 
responses by blockade of CTLA4 could further 
improve the antitumour activity of HER2/Neu 
antibody and triciribine combination treatment 
(Wang et al.  2012 ). 

 Such results appear incompatible with those 
reported by Karine de Visser and colleagues 
(Ciampricotti et al.  2012 ), where it was shown 
that spontaneous mouse breast carcinomas 
respond equally to oxaliplatin or doxorubicin in 
the absence or the presence of Rag1 and Rag2 
recombinases (required for T- and B-cell gen-
eration). However, one possibility to explain 
this discrepancy resides in the fact that Doppler 
and colleagues treated breast cancers from 
MMTV- NeutT    mice only once with doxorubicin 
(Hannesdottir et al.  2013 ), while de Visser and 
colleagues applied at least three cycles of chemo-
therapy (Ciampricotti et al.  2012 ), which might 
have induced a severe state of immunodepression. 

 These preclinical data may have consequences 
for clinical management. There is ample evi-
dence that the density, composition and function 
of the T-cell infi ltrate have a major impact on the 
prognosis and therapeutic response of human 
breast cancers of different subtypes (Denkert 
et al.  2010 ; DeNardo et al.  2011 ; Senovilla et al. 
 2012 ; Loi  2013 ; Zitvogel et al.  2013 ).  

    ICD Mechanisms as Biomarkers 
and Compensatory Therapies 

 A promising future aspect in the study of the 
mechanisms dictating ICD is whether they can 
themselves be used as biomarkers that can pre-
dict a patient’s therapeutic response. This will 
require several subtle measurements: (1) the 
monitoring of the ER stress response through 
measurement of CRT and Hsp90 (versus CD47) 
exposure on cancer cells, (2) measurement of 
cancer cell autophagy and (3) investigating the 
subcellular localisation of HMGB1. Each of 
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these measurements would be required pre- and 
post-chemotherapy and would be ideally com-
pleted beside identifi cation of intratumoural 
immune cells such as the different T-cell popula-
tions and DCs and DC precursors. 

 Many currently used anticancer therapies fail 
to promote ICD (Obeid et al.  2007 ). Strategies to 
restore ICD with adjunctive therapies therefore 
have potential in cases where ICD is absent. This 
would fi rst require a detailed confi rmation of 
which factors of ICD and the resulting immune 
response are suboptimal, so to enable a targeted 
strategy. Examples of conceivable compensatory 
strategies include intratumoural administration 
of ER-stressing agents (e.g. GADD34 inhibitors) 
or recombinant CRT. Also, the administration of 
TLR4 agonists may prove to be a useful adjunc-
tive compensation therapy in cases with poor 
HMGB1 release features (Yamazaki et al.  2013 ). 
Feasible strategies to increase local concentra-
tions of ATP (e.g. ectonucleotidase inhibitors) or 
signalling through purinergic receptors (i.e. 
P2RX7 agonists) could also potentially restore a 
lack of immunogenicity by a given therapeutic 
(Michaud et al.  2011 ). Intratumoural therapies of 
recombinant cytokines such as IL-1β or IL-17 
may be effective if their production by immune 
cells within the tumour is low or absent. Finally, 
following the discovery that cardiac glycosides 
induce ICD and improve responses to non-ICD- 
inducing drugs in vivo, the administration of car-
diac glycosides may prove a benefi cial and 
reachable future strategy (Menger et al.  2012 ).     
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           Cancer Progression 

 Most cancer-related deaths are caused by the dis-
semination of aggressive cancer cells (metasta-
sis) (Fig.  1 ). The traditional point of view expects 
metastasis formation as late-stage event in tumor 
progression. However, increasing research data 
suggest that epithelial cells may disseminate even 
before the development of manifested primary 
tumors is visible (Kang and Pantel  2013 ). It is 
thought that only a small number of cancer cells 
are able to pass the multistep process of intrava-
sation, survival in the bloodstream, extravasation, 
and formation of MRD or solid metastasis. The 
bone marrow (BM) seems to be a common organ 
to which tumor cells home at an early stage. 
Disseminated tumor cells (DTCs) that have 
reached the BM or other secondary organs have 
been linked to poor prognosis (Pantel and 
Brakenhoff  2004 ). DTCs may stay in a dormant 
state but are also able to proliferate and recircu-
late into the blood. It was shown that the vascular 
cell adhesion molecule 1 (VCAM-1) seems to 
promote the crossover from an indolent MRD to 
an overt metastasis (Liu et al.  2011 ). It is assumed 
that tumor cells which already moved into remote 
body parts may adopt a niche-specifi c expression 
profi le. Cancer cells that have withstood the era 

of dissemination may further re-infi ltrate into 
their tumors of origin (“tumor self-seeding”) or 
novel niches leading to a broad heterogeneity of 
cells found in individual patients (Alix-Panabières 
et al.  2012 ). These insights made CTCs interest-
ing and promising novel biomarkers in cancer 
research. Current clinical trials indicated that 
tumor cells found in the bloodstream can be 
deployed for diagnostic, monitoring, and prog-
nostic purposes (Pantel and Alix-Panabières 
 2013 ). However, detection of CTCs still remains 
an obstacle since CTCs appear in the background 
of up to 10,000,000 normal blood cells at which 
the number of CTCs might even be lower in pri-
mary disease. In addition, Denève and co- workers 
could show that the liver seems to fi lter CTCs, 
decreasing the chances of CTC identifi cation in 
peripheral blood samples, e.g., in colorectal can-
cer (Denève et al.  2013 ). Hence, accurate detec-
tion of CTCs is only achievable by specifi c and 
selective enrichment of tumor cells or systematic 
removal of PBMCs and red blood cells (RBCs).

       CTC Detection 

    CTC Enrichment 

 The enrichment of tumor cells is feasible through 
a multitude of different procedures (Alix- 
Panabières et al.  2012 ). Many enrichment strat-
egies rely on a positive cell selection targeting 
the epithelial cell adhesion molecule (EpCAM). 
EpCAM is a transmembrane  glycoprotein 

        T.  M.   Gorges      •    K.   Pantel      (*)
  Department of Tumor Biology , 
 University Medical Center Hamburg-Eppendorf , 
  Martinistrasse 52 ,  20246   Hamburg ,  Germany   
 e-mail: t.gorges@uke.de; pantel@uke.de  

       Pathogenesis of Minimal Residual 
Disease: CTCs as Novel Biomarkers 
in Cancer Disease 

           Tobias     M.     Gorges      and     Klaus     Pantel    

mailto:t.gorges@uke.de
mailto:pantel@uke.de


222

involved in cell signaling, migration, prolifera-
tion, and differentiation (Maetzel et al.  2009 ; Osta 
et al.  2004 ; Münz et al.  2004 ). Since EpCAM is 
overexpressed in a huge variety of carcinoma, it 
has become an attractive target for the positive 
enrichment of CTCs. The most prominent detec-
tion method based on EpCAM enrichment is the 
CellSearch ®  system. To date, this FDA-approved 
technology is the only system which has been used 
in more than 170 clinical trials. Due to the high 
reproducibility and the only FDA clearance for a 
CTC detection system so far, this method should 
be used as “standard” for all other detection meth-
ods appearing on the market. The AdnaTest ®  is 
another commercially available research tool for 
the positive enrichment of CTCs based on epi-
thelial markers. This system has already been 
used to show effi ciency of therapy monitoring 
in the clinics (Tewes et al.  2009 ). Microfl uidic 

devices like the IsoFlux approach, the CTC-, 
or the Herringbone (HB)-Chip have also been 
used to capture EpCAM-positive tumor cells in 
blood samples with a relatively high purity (Harb 
et al.  2013 ; Nagrath et al.  2007 ; Maheswaran 
et al.  2008 ; Stott et al.  2010 ). A novel CTC chip 
combines a size-based fi ltration with an affi nity-
based enrichment strategy enhancing the chance 
of systematic removal of PBMCs and RBCs 
(Hou et al.  2013 ). However, most of all chip-
based arrays are not commercially available, and 
larger independent clinical studies have to show 
the clinical value of the captured tumor cells. 
Since nearly all in vitro detection methods for 
CTCs rely on a small sample volume (5–10 ml), 
novel approaches have to be developed to bypass 
the problem of sample volume limitations. The 
GILUPI GmbH has just recently introduced an 
EpCAM-coated CellCollector to capture CTCs in 

EMT
(Hypoxia/TGF-b)

Blood vessel

Basal lamina
?

Tumor
formation

Epithelial-like tumor cell

EMT-like tumor cell

Mesenchymal-like tumor cell

Epithelial cell

Leukocyte

e.g. Liver

MET

CTCs

Tumor cell dissemination

Lung BM

  Fig. 1    Aggressive tumor cells of malignant tumors intrav-
asate into the bloodstream and disseminate throughout the 
body leading to the occurrence of metastasis in secondary 
organs. It is estimated that EMT-associated changes seem 

to be required for cancer invasion whereby the reverse 
molecular process (MET) seems to be needed for the 
establishment of micro-metastasis after homing of CTCs 
into novel niches       
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vivo. The CellCollector is positioned through a 
cannula into the arm vein for an intended contact 
time of 30 min (Saucedo-Zeni et al.  2012 ; Gorges 
and Pantel  2013 ). Using this approach up to 1.5 l 
of blood may be screened for CTCs increasing 
the chances of diagnostic sensitivity.  

    Epithelial to Mesenchymal Transition 
(EMT): A Handicap for Epithelial 
Marker-Based Enrichment 

 EpCAM-positive CTCs have shown clinical rel-
evance in various studies (Cristofanilli et al. 
 2004 ; De Bono et al.  2008 ; Cohen et al.  2009 ). 
However, this enrichment strategy disregards the 
fact that some CTC subpopulations might get lost 
due to a biological process termed as epithelial to 
mesenchymal transition (EMT) (Weinberg  2008 ). 
EMT-associated changes have been linked to 
embryogenesis, but current fi ndings in cancer 
research suggest that EMT might also play a cru-
cial role for malignant tumor progression. EMT- 
associated changes seem to be required for the 
gain of stemness features and cancer invasion, 
and the reverse molecular process (mesenchymal 
to epithelial transition (MET)) seems to be 
needed for the establishment of micro-metastasis 
after homing of CTCs into novel niches (Bednarz- 
Knoll et al.  2012 ). Since EMT-associated changes 
have been discovered on DTCs and CTCs 
(Bartkowiak et al.  2010 ; Gorges et al.  2012 ; 
Armstrong et al.  2011 ; Kallergi et al.  2011 ), cur-
rent EpCAM-dependent technologies have to be 
overworked for the detection of CTC subpopula-
tions which underwent an EMT shift. 

 The removal of CD45 +  leukocytes might be 
an option to capture CTCs having insuffi cient 
expression of epithelial surface marker proteins 
anymore. The PowerMag system is a novel plat-
form for leukocyte depletion and CTC detection. 
CTCs have been discovered with a recovery rate 
of 46–62 % (Lin et al.  2013 ). The EPISPOT assay 
detects viable CTCs that were enriched after the 
depletion of CD45 +  blood cells. Keeping the 
viability of CTCs provides a signifi cant advan-
tage that may assist in selecting effective person-
alized treatment regimens. Removal of CD45 +  

leukocytes is further combinable with density 
gradient centrifugation approaches (FICOLL ®  
or OncoQuick ® ) improving the low purity of 
this principle alone. However, density gradient 
centrifugation (combined with or without CD45 
depletion) still leads to a high loss of tumor cells 
conducting to false-negative results in clinical 
samples (Gorges and Pantel  2013 ). Size-based 
fi ltration devices like the ISET ®  system or the 
ScreenCell ®  approach also seem to detect CTCs 
with a high recovery rate independently of epi-
thelial markers. However, this principle is ham-
pered by the fact that leukocytes might clog the 
fi lter pores, the variable size of different tumor 
cell subpopulations, and the deformability of 
CTCs. Unlike other fi ltration assays, a new spiral 
biochip separates viable CTCs with a relatively 
high sensitivity and high throughput (~3 ml/h) 
(Dean Flow Fractionation (DFF)) (Hou et al. 
 2013 ). Here, issues from clogging are eliminated 
by virtue of large micro-channel dimensions and 
high fl ow conditions.  

    CTC Identifi cation 

 The FDA-approved CellSearch ®  system identi-
fi es CTCs as EpCAM + ; DAPI +  (4,6-diamino- 2-
phenylindole); KRT-8 + , -18 + , and/or −19 + ; and 
CD45 −  using an automated fl uorescence scanning 
system (CellTracks Analyzer II). An additional 
fl uorescence channel might be used for the detec-
tion of therapy-relevant markers or the identifi -
cation of mesenchymal-like CTC populations 
(Armstrong et al.  2011 ). Classifi cation of CTCs 
by fl uorescence staining labeling epithelial- 
specifi c KRTs and leukocyte-specifi c CD45 in 
combination with nuclear counterstain (DAPI) 
is also applicable for other approaches (micro-
fl uidic devices, the GILUPI device, or density 
centrifugation- based procedures). However, 
Joosse and co-workers demonstrated that KRT 
expression may vary on CTCs suggesting to stain 
additional KRTs which leads to an improved 
identifi cation (Joosse et al.  2012 ). Novel pro-
teins like plastin-3 might also help to identify 
CTCs that have undergone EMT-associated pro-
cesses since this marker seems to be found on 
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EpCAM- positive and EpCAM-negative CTC 
populations (Yokobori et al.  2013 ). In addition, 
adenoviruses carrying the green fl uorescence 
protein gene (GFP) under the hTERT promoter 
(TelomeScan ® ) can also be used for the identi-
fi cation of epithelial- like and mesenchymal-like 
cancer cells (Ito et al.  2012 ). The EPISPOT 
detects CTCs based on the release of tumor-
specifi c proteins like KRT-19, MUC1 (Mucin-1), 
PSA (prostate-specifi c antigen), or the stem cell 
factor FGF-2 (fi broblast growth factor 2) (Alix-
Panabiéres et al.  2012 ). Further, PCR-based 
technologies (polymerase chain reaction) verify 
CTCs on a tumor-specifi c DNA or multi-marker 
gene (mRNA) profi le. The AdnaTest ®  system 
identifi es CTCs based on tumor-associated gene 
transcripts ( EpCAM ,  MUC1 , and  HER2 ), EMT-
associated markers ( PI3Kα  ( phosphatidylinositol 
3-kinase alpha ),  Akt-2 , and  Twist1 ), or stemness 
indicators ( ALDH1  ( aldehyde dehydrogenase 1 )) 
(Kasimir- Bauer et al.  2012 ).   

    Clinical Relevance of CTCs 

 At present, examination of the success or the 
failure of cancer therapy requires sophisticated 
laboratory and imaging technologies. Research 
on CTCs could already exhibit that CTC counts 
are a precise indication for disease progression 
in metastatic disease at any time point during 
therapy (Hayes et al.  2006 ). Hence, CTC enu-
meration during treatment may help to monitor 
the effi cacy of systemic adjuvant therapy in real 
time. Clinical data already presented that a reduc-
tion of CTC numbers during treatment could be 
related to radiographic response (Maheswaran 
et al.  2008 ). The assessment of CTCs even seems 
to be an earlier and more reproducible indica-
tion of the disease status compared to radiologic 
approaches (Budd et al.  2006 ). Additionally, 
CTC counts already provided an earlier assess-
ment of therapy response compared to the com-
monly used PSA test in prostate cancer (Saad 
and Pantel  2012 ; Scher et al.  2011 ). The auspi-
cious SWOG-S0500 trial will determine whether 
treatment decision-making based on blood levels 

of tumor cells (≥5 per 7.5 ml) in women with 
 metastatic breast cancer receiving chemotherapy 
will derive increased PFS and OS. 

 A large number of clinical trials quested to 
answer the prognostic impact of CTCs in cancer 
disease. Using CellSearch ®  a poor prognosis for 
metastatic breast, colon, lung, and prostate can-
cer patients was already shown. Patients who 
presented basal CTC counts of ≥3 or ≥5 tumor 
cells per 7.5 ml of blood demonstrated a signifi -
cantly shorter progression-free (PFS) and overall 
survival (OS) (Cristofanilli et al.  2004 ; De Bono 
et al.  2008 ; Cohen et al.  2009 ). Besides enu-
meration, molecular characterization of tumor 
cells also identifi es patients at higher risk of 
metastasis (Wülfi ng et al.  2006 ; Bednarz et al. 
 2010 ). Recent fi ndings of the German SUCCESS 
trial indicate a correlation to the appearance of 
CellSearch ® -enumerated CTCs (≥1 per 7.5 ml) 
with decreased PFS and OS even in cancer 
patients without visible metastasis (Rack et al. 
 2010 ). The detection of CTCs based on  KRT-19  
mRNA expression has also been associated with 
a reduced OS and disease- free survival (DFS) 
in early breast cancer (Xenidis et al.  2007 ). 
Furthermore, Georgoulias and co-workers found 
that chemotherapy- resistant CTCs with “second-
ary adjuvant” trastuzumab treatment resulted in 
a signifi cantly reduced probability of disease 
relapse and increased disease-free interval com-
pared to early breast cancer patients receiving 
only standard treatment (Georgoulias et al.  2012 ). 
Additional clinical trials like the neoadjuvant 
GEPARQuattro and GEPARQuinto study will 
help to answer the question whether observed 
decreases in CTC detection rates are associated 
with measurable benefi t for the individual cancer 
patients and will give new insights into the use of 
CTCs as predictive markers.  

    CTCs: A Real-Time Liquid Biopsy 

 Molecular profi ling of CTCs offers the oppor-
tunity to monitor serial changes of cancer biol-
ogy on a single cell level (“liquid biopsy”). 
However, it is still undetermined if a  modifi cation 
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in  treatment decisions based on the CTC status 
will result in a measurable benefi t for the indi-
vidual cancer patient. The amplifi cation or over-
expression of the human epidermal growth factor 
receptor 2 (HER2) plays an important role in 
the development and progression of carcinoma 
(Hudis  2007a ,  b ). HER2 has become an eminent 
target in cancer therapy since the expression has 
been correlated with response to HER2-targeting 
drugs like trastuzumab or lapatinib (Arteaga 
et al.  2011 ). Several studies have shown discor-
dance between the HER2 status of the primary 
tumor and CTCs in the same patients (Riethdorf 
et al.  2010 ). Just recently, Liu and co-workers 
could show that HER2-positive breast cancer 
patients with HER2-positive CTCs have lon-
ger PFS after anti-HER2 treatment than HER2-
positive patients with HER2-negative CTCs 
indicating the value of CTCs as liquid biopsy 
(Liu et al.  2013 ). Complementarily, the ongoing 
German multicenter, randomized, phase III study 
(DETECT III) compares standard therapy alone 
versus standard therapy combined with lapatinib, 
randomizing metastatic breast cancer patients 
with initially HER2-negative primary breast 
tumors and HER2-positive CTCs. 

 Therapeutic relevant targets like the epidermal 
growth factor receptor (EGFR) could also be 
quantifi ed on CTCs identifying patients who 
might respond to EGFR inhibitors like erlotinib 
or gefi tinib (Punnoose et al.  2010 ). However, 
drug resistance mutations (T790M) were also 
already found on CTCs matching patients with a 
reduced potency of any ATP-competitive kinase 
inhibitor (Stott et al.  2010 ). A sturdy protocol for 
the quantitative genomic analysis of CTCs and 
DTCs has been published by Hannemann and co- 
workers showing a heterogeneous intra- and 
inter-patient status of the  EGFR  gene (Hannemann 
et al.  2011 ). Current data also demonstrated a 
considerable intra- and inter-patient heterogene-
ity of genetic alterations for therapeutic targets 
like  EGFR ,  KRAS,  or  PIK3CA  (Gasch et al. 
 2013 ). These fi ndings might help to explain the 
variable response rates to EGFR-inhibition-based 
therapies. Genomic profi ling of CTCs by array 
comparative genomic hybridization (CGH) and 

next-generation sequencing (NGS) showed that 
most mutations initially found in CTCs were also 
present at subclonal level in the primary tumors 
and metastases indicating the relevance of CTCs 
as liquid biopsy (Heitzer et al.  2013 ). Furthermore, 
multicolor fl uorescence in situ hybridization 
(FISH) on CTCs of the ERG, AR, and PTEN 
gene loci showed a genetic heterogeneity for 
PTEN and AR in patients with castration- resistant 
prostate cancer (CRPC) (Attard et al.  2009 ). 

 Azab and co-workers could demonstrate that 
hypoxic conditions in solid tumors promote 
metastasis through the activation of proteins 
involved in the EMT process (Azab et al.  2012 ). 
EMT-associated changes are also thought to 
induce stem cell properties, making EMT markers 
up-and-coming targets for the treatment decisions 
based on a CTC profi le. EMT- and stemness-asso-
ciated markers like ALDH1, CXCR4, EGFR, 
FOXC2, N-Cadherin, Snail1, Twist1, ZEB2 or 
vimentin have already been described to be upreg-
ulated on DTCs or CTCs in animal models as well 
as in patient-derived samples (Gorges et al.  2012 ; 
Kasimir-Bauer et al.  2012 ; Mani et al.  2008 ; 
Mego et al.  2012 ). However, the clinical relevance 
of these CTCs has to be cleared.  

    Summary 

 The molecular analysis of CTCs as novel bio-
markers in cancer research has gained more and 
more attention during the last years. The enumer-
ation of CTCs provides promising information in 
the use as stratifi cation markers estimating the 
risk for metastatic relapse and as monitoring 
markers evaluating a change in therapy years 
before the appearance of disease progression is 
visible using current imaging approaches. 
However, the biological and clinical value of 
CTCs exceed their mere enumeration since CTCs 
are also thought to be suitable as “liquid biopsy.” 
Ongoing and future studies will answer the key 
question whether the modifi cation in treatment 
decisions based on the CTC number and/or pro-
fi le will lead to a measurable benefi t in clinical 
outcome for cancer patients.     
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           The NGS Technology Platform 

 The use of polymerase chain reaction (PCR) and 
reverse transcriptase (RT) transformed molecular 
biology: Sanger-based chain-terminating dide-
oxynucleotide sequencing was established in the 
1970s and was subsequently used for the human 
genome project (Lander et al.  2001 ; Venter et al. 
 2001 ). Completed in 2000, the assembly of the 
fi rst human genome took over 10 years, cost over 
one billion dollars, and required over 20 laborato-
ries. Today, we can sequence a human genome – 
healthy or tumor – in less than 1 week, in one 
lab, for less than 10,000 euros. This decrease of 
4.2 orders of magnitude (a 16,350-fold decrease) 
over the past decade is the result of a revolutionary 
technology platform, namely, “next- generation 
sequencing” (NGS) (Wetterstrand  2013 ). 

 By sequencing nucleic acids, NGS can be 
used to defi ne genomes and, by counting the 
number of reads associated with each transcript, 
to determine gene expression profi les. NGS plat-
forms generate nucleotide sequences similar to 
those from Sanger sequencing. A lab technician 
extracts nucleic acids, DNA or RNA, from a 
sample; prepares a library; and places the library 

in the NGS instrument which sequences the mol-
ecules in the library and outputs computer fi les 
that are converted into nucleotide sequence reads 
of A, C, G, and T. Unlike Sanger sequencing, 
a single 1-week run of an NGS instrument can 
generate billions of sequence reads represent-
ing multiple genomes and transcriptomes. This 
cornucopia of data – multiple terabytes (TB) – 
requires extensive IT infrastructures, bioinfor-
matics processing, and biostatistical analyses for 
the subsequent data interpretation and generation 
of actionable knowledge. 

 There are several types of NGS instruments, 
each using a different fl avor of sequencing 
(Metzker  2010 ). Sequencing by synthesis is simi-
lar to that of Sanger sequencing and is used in 
instruments from Illumina. The Illumina Hiseq 
2500 sequences molecules from the 5′ and 3′ 
ends, resulting in a 150 nt paired-end sequence 
read (300 nt total length) for each input molecule. 
In 10 days, one HiSeq fl ow-cell run can generate 
3 billion sequence reads comprising 600 billion 
nucleotides. The desktop-sized Illumina MiSeq 
instrument is faster and generates fewer but lon-
ger sequence reads. Pyrosequencing, used by 
Roche 454 instruments, sequences by monitoring 
pyrophosphate release upon incorporation of a 
nucleotide into a growing DNA strand, which is 
detected by a coupled enzymatic reaction involv-
ing ATP sulfurylase. Sequencing by ligation is 
used by the SOLiD instruments from Life 
Technologies. Similar to the 454 platform, DNA 
fragments are ligated to adaptors and immobi-
lized onto beads contained within the emulsifi ed 
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droplets followed by PCR. Sequencing by moni-
toring pH is used by the Ion Torrent Personal 
Genome Machine (PGM) desktop sequencers 
from Life Technologies: the instruments inte-
grate semiconductor technology to sensitively 
detect pH changes. During DNA replication, 
individual nucleotides (A, C, G, and T) are 
fl ooded into the chamber and incorporated into a 
growing DNA strand. Nucleotide incorporation 
releases a hydrogen ion and a pyrophosphate; the 
PGM semiconductor chip detects the positively 
charged hydrogen release. 

 Third-generation sequencing instruments in 
development are designed to increase speed, read 
lengths, and accuracy while decreasing costs and 
simplifying workfl ows. The Pacifi c Biosciences 
RS II instrument, which is commercially avail-
able, sequences single molecules using a DNA 
polymerase that is confi ned into a small volume. 
As replication takes place, fl uorescently labeled 
nucleotides are incorporated by the polymerase 
into the growing DNA strand and imaged by 
optics. The resulting sequence reads have a 
median length of over 8,000 nt, enabling easier 
computational assembly of a genome. Oxford 
Nanopore Technologies has announced plans to 
sell miniaturized sequencing instruments the size 
of a USB stick. The device detects electric 
charges as DNA molecules are pulled through 
nanopores in a graphene sheet, which should 
enable long sequence reads and high throughput.  

    Mutation Detection 
for Cancer Applications 

 In addition to improved application in research 
settings, a goal for the technology is to create 
NGS platforms – machines and software – 
approved for standard clinical use. However, 
while NGS has revolutionized our ability to iden-
tify somatic mutations, the platform is not error- 
free, with some studies reporting validation rates 
of as low as 54 % (Yoshida et al.  2011 ). Multiple 
experimental and algorithmic factors contribute 
to the false detections. Process-related error 
sources include PCR artifacts, biases in priming 
and targeted enrichment resulting in uneven 

 coverage, instrument base-calling errors, and 
misaligned sequence reads. Biological challenges 
include tumor heterogeneity, low tumor purity, 
extensive copy number variations, and mutation 
heterozygosity. Further, while we can determine 
false-positive rates (i.e., specifi city) by validating 
detections with low-throughput assays, determin-
ing false-negative rates (i.e., sensitivity) is more 
problematic as every genomic location could be a 
potential undetected mutation. 

 Given the large discrepancies, one is left won-
dering which mutations to select for clinical 
decision- making and for follow-up experiments. 
Researchers often rely on personal experience, 
arbitrary fi ltering thresholds, and ad hoc fi ltering 
to select mutations. A statistical value would be 
useful, such as a  p -value refl ecting the confi dence 
that the mutation is found in the tumor sample 
and not in the patient. We have developed a meth-
odology to assign a confi dence value – a false 
discovery rate (FDR) – to individual identifi ed 
mutations (Lower et al.  2012 ). The method is 
applicable both to the selection and prioritization 
of mutations and for the development and optimi-
zation of mutation detection algorithms and 
methods. In a proof of concept experiment, we 
sequenced the B16F10 melanoma genome using 
an Illumina Hiseq 2000 and prioritized 4,078 
identifi ed somatic point mutations. We assigned 
an FDR to each mutation and showed that 50 of 
the 50 selected mutations with low FDRs (high 
confi dence) validated as tumor-specifi c muta-
tions while 0 of the 44 identifi ed mutations with 
high FDRs (low confi dence) validated. Further 
efforts by us and others are incorporating 
advanced statistical frameworks to optimize 
mutation detection in impure samples with het-
erogeneous subclonal populations (Cibulskis 
et al.  2013 ; Koboldt et al.  2012 ).  

    Profi ling Gene Expression 
from FFPE Samples 

 NGS can be used to accurately determine 
RNA gene expression profi les by sequencing 
RNA- derived cDNA libraries (“RNA-Seq”). 
Clinical samples preserved as formalin-fi xed, 
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 paraffi n- embedded (FFPE) samples, often with 
extensive phenotypic and outcome annotation, 
would be an immense resource for biomarker and 
therapy research and development. However, 
gene expression profi ling from FFPE samples 
has been hampered by the extensive RNA degra-
dation and modifi cations that occur during the 
fi xation, embedding, and long-term storage. 

 Many groups have worked to create work-
fl ows enabling gene expression profi ling of these 
samples (e.g., Duenwald et al.  2009 ; Adiconis 
et al.  2013 ). We tested multiple RNA extraction 
kits and RNA-Seq library preparation methods 
with FFPE samples. We performed and analyzed 
a total of 141 different RNA extractions and 208 
RNA-Seq libraries, including optimization of lab 
steps and the computational data processing. 
Using the best method, we benchmarked (1) the 
reproducibility by sequencing several intra- and 
inter-day replicates of the same samples and (2) 
the sensitivity of methods with matching FFPE 
and fresh frozen breast cancer tumor samples. 
Our results show that the optimized platform we 
developed is able to effectively profi le FFPE 
samples up to 20 years old when multiple criteria 
are met, including procedures for FFPE block 
handling and cutting, RNA extraction, quality 
control, NGS library construction, and data 
processing.  

    Public Cancer Datasets 
for Expression and Mutations 

 Using similar methods for mutation detection 
and gene expression, thousands of tumors have 
been sequenced by the Cancer Genome 
Association (TCGA) and International Cancer 
Genome Consortium (ICGC) (e.g., Kandoth et al. 
 2013 ), and the resulting datasets have been placed 
into the public domain. For example, over 1,000 
breast tumor mutation and expression profi les are 
now easily available for analysis and download 
from websites such as the UCSC Cancer Genome 
Browser (Cline et al.  2013 ). The breast cancer 
datasets include not only genomic profi ling 
results but also clinical data, including age, gen-
der, IHC, PAM50 classifi cations, and outcome, 

enabling extensive data mining for candidate tar-
gets and biomarkers, tumor subclassifi cation, and 
delineation of cancer pathways. For instance, 
RNA expression of ER, PR, and HER2 and a pro-
liferation marker such as KI-67 clearly corre-
spond to breast cancer subtypes, and the subtypes 
have unmistakably different mutation patterns 
(Fig.  1a ). Basal-like tumors have high KI-67 
expression, frequent TP53 mutations, and rare 
PIK3CA mutation. Luminal A tumors have low 
KI-67 expression, few TP53 mutations, and fre-
quent PIK3CA mutations.

       Determining HLA Type 
and Expression 

 Human leukocyte antigen (HLA) class I and class 
II molecules display peptide antigens that are 
derived from intracellular and extracellular pro-
teins on the surface of nucleated cells, respec-
tively (Fig.  1b ). The HLA loci are highly 
polymorphic, with three major gene loci for class 
I (A, B, and C) and three major loci for class II 
(DP, DQ, DR). Over 7,500 major class I alleles 
and over 2,200 major class II have been reported 
(Robinson et al.  2013 ). Exons 2 and 3 (class I) 
and exon 2 (class II) encode for the peptide bind-
ing groove and contain most of the polymor-
phisms (Fig.  1b ). Existing HLA typing techniques 
utilize labor and time-intensive methods, such as 
serological antibody-based histocompatibility 
testing, sequence-specifi c oligonucleotide (SSO) 
hybridization, PCR amplifi cation with sequence- 
specifi c primers (SSP), and sequence-based typ-
ing (SBT). Recent studies described development 
of high-throughput HLA genotyping assays 
using NGS and genomic DNA (e.g., Wang et al. 
 2012 ). 

 The NGS assays exome-seq and RNA-Seq 
rapidly generate billions of short nucleic acid 
sequence reads that unbiasedly cover the entire 
exome and transcriptome. Adoption of the assays 
has been rapid: clinical and research labs world-
wide have deposited >11,700 human RNA-Seq 
sample profi les into public repositories (NCBI 
SRA, November 04, 2013), plus several thou-
sand additional tumor profi les from ICGC and 

Genomics Meets Cancer Immunotherapy



232

TCGA studies. While many of these patient 
samples have valuable clinical annotation, the 
HLA types and expression have not been 
determined. 

 The main challenge to determining the HLA 
type from NGS reads is the polymorphic nature 
of the HLA loci. Four algorithms have been 
developed to determine the HLA type directly 
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  Fig. 1     Top left    : RNA-Seq gene expression and mutations 
from the TCGA Breast Tumor cohort, accessed through 
the UCSC Cancer Genomics Browser. Gene expression 
values are normalized by subtracting the mean from all 
samples. Values greater than the mean are  red ; values less 
than the mean are  green. Top right : the gene structure of 
the human leukocyte antigen ( HLA ) class I molecule, 
including the HLA crystal structure 3OXR from PDB, 
showing the helix chains α1 ( orange ) and α2 ( red ) that 
bind peptide; the eight HLA exons that encode for signal 

peptide ( SP ), α1, α2, α3, transmembrane domain ( TM ), 
and cytoplasmic tail ( CP ) domains; and the highly poly-
morphic exons 2 and 3. Variation is defi ned as (2 – infor-
mation content).  Bottom : predicted immunogenic single 
nucleotide variants ( SNVs ) in HCT116 human colorectal 
cells. ( a ,  b ): non-synonymous mutations in HCT116 from 
CCLE and COSMIC, respectively. ( c–h )Mutations pre-
dicted to bind (<500 nM) to HCT116 HLA alleles 
A*01:01, A*02:01, B*18:01, B*45:01, C*05:01, and 
C*07:01       
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from standard NGS data. HLAminer (Warren 
et al.  2012 ) uses a targeted de novo assembly 
technique to reconstruct the HLA genes and sub-
sequent alleles from the reads and an alignment- 
based approach using a reciprocal BLAST 
against a reference database containing all known 
HLA class I and II alleles. The result is a list of 
candidate alleles for each target HLA gene. This 
method can also be applied to whole genome and 
whole exome sequencing. 

 ATHLATES (Liu et al.  2013 ) focuses on 
whole exome sequencing reads to determine the 
HLA genotype. The fi rst step is an alignment of 
the exome-seq reads against the nucleotide 
sequences of all known HLA alleles followed by 
the recovery of exon sequences via an assembly 
of the mapped reads. The algorithm then auto-
matically infers the homozygous or heterozygous 
allelic pair that best explains the read data. 

 HLAforest (Kim and Pourmand  2013 ) uses an 
alignment-based approach exploiting the hierar-
chical structure of the HLA nomenclature by 
building a tree for each read based on the set of 
possible alignments followed by an assignment 
of weights for each node based on the quality 
scores of mismatched positions. In an iterative 
process, the HLA haplotypes with the highest 
probabilities are reported. 

 We developed seq2HLA (Boegel et al.  2013 ) 
specifi cally to use with RNA-Seq NGS sequence 
reads. It utilizes an alignment-based approach to 
determine the HLA type, confi dence score, 
zygosity, and locus-specifi c expression levels. 

 An advantage of these tools is that they can be 
applied to existing standard NGS datasets with-
out the requirement for a change in the laboratory 
protocols. For example, we are mining public 
RNA-Seq data repositories to determine the HLA 
types of human cell lines, to search for possible 
risk biomarkers, and for our efforts to make indi-
vidualized cancer immunotherapies.  

    Integrated Mutation, 
Expression, and HLA 

 With the identifi ed tumor mutations, the gene 
expression, and HLA types in a tumor, one can 
predict expressed, non-synonymous mutations 

that may be presented on the tumor HLA mole-
cules and thus potentially part of the T-cell drug-
gable genome and immunotherapy targets 
(Diekmann et al.  2012 ). We used the CCLE 
(Barretina et al.  2012 ) and COSMIC (Forbes 
et al.  2011 ) databases to identify non- synonymous 
mutations in HCT116 human colorectal cells; 
RNA-Seq reads and seq2HLA to HLA type 
HCT116 as A*01:01, A*02:01, B*18:01, B*45:01, 
C*05:01, and C*07:01; and the IEDB consensus 
algorithm (Kim et al.  2011 ) to predict which muta-
tions will be in an MHC-presented peptide 
(Fig.  1c ).  

    NGS Identifi cation and Analysis 
of Viruses in Cancer 

 Cancer immunotherapies can vaccinate against 
tumor-associated viruses. Over 100 years ago, 
Ellermann and Bang documented viral transmis-
sion of cancer (Ellermann and Bang  1908 ). More 
than 60 years later, Epstein and Barr published 
the discovery of the fi rst human cancer-related 
virus particles in Burkitt’s lymphoma cell lines 
(Epstein et al.  1964 ). 

 Nevertheless, the detection of viruses in bio-
logical samples remains laborious. ELISA and 
electron microscopy can fail to identify latent 
viruses in cancer samples. Sequence-based tech-
nologies like PCR and microarrays detect only 
known viruses. NGS, however, can be used to 
unbiasedly determine all nucleic acids compris-
ing a biological sample, enabling not only the 
analysis of the host nucleic acids but also identi-
fi cation of foreign infectious agents (Westermann 
et al.  2012 ). 

 Today, seven human viruses are known to 
have oncogenic potential and are associated with 
10–15 % of all human cancers (Moore and Chang 
 2010 ). These include single- and double-stranded 
DNA viruses and positive-stranded RNA viruses 
from several families (Table  1 ). However, almost 
all of these viruses have closely related viruses 
that are not oncogenic. It is assumed that almost 
every virus has oncogenic potential, although 
only few are oncogenic (Moore and Chang  2010 ). 
Recent oncovirus detections include human pap-
illomavirus (HPV) with head and neck cancers 
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and the human cytomegalovirus (CMV), also 
known as human herpes virus 5 (HHV5), with 
glioblastoma (Soderberg-Naucler et al.  2013 ). 
With the development of more sensitive detection 
methods, the number of known cancer-related 
viral agents will likely grow.

   Further, NGS enables scientists to detect virus 
integration sites (Sung et al.  2012 ), distinguishing 
between different strains of viruses, and analyze 
the host immune gene expression in response to 
virus infection (Peng et al.  2010 ). Analysis algo-
rithms start with the NGS reads, remove sequences 
associated with the host, and compare the remain-
ing fragments compared to a database of known 
virus genomes, followed by a virus genome 
assembly (Li et al.  2013 ; Chen et al.  2013 ; Wang 
et al.  2013 ). The algorithms have been applied to 
TCGA tumor NGS RNA-Seq reads to detect 
viruses (Khoury et al.  2013 ) and identify host 
gene expression response to the virus infections 
(Tang et al.  2013 ). Analyzing over 4,000 cancer 

profi les, the authors demonstrated that the virus 
RNA and a virus-specifi c response pattern could 
be detected, suggesting different therapy selection 
for virus-associated and virus-free tumors.  

    Conclusion and Outlook 

 Here, we have highlighted applications where the 
NGS platform is both rapidly evolving and already 
having an impact: tumor mutation detection, 
tumor gene expression profi ling, HLA typing and 
expression profi ling, immunogenic mutation pre-
dictions, and oncovirus detection. These cutting-
edge workfl ows have already entered clinical 
trials, such as for the design of patient-specifi c, 
individualized therapeutic cancer vaccines 
(APVACs) (Castle et al.  2012 ; Britten et al.  2013 ). 
The fi eld is rapidly fi nding novel uses for the NGS 
platform that will be enabling for cancer immuno-
therapies, such as a patient “liquid biopsy” that 

   Table 1    Human oncogenic viral agents   

 Viral agent  Virus genome  Associated cancers 

 Epstein-Barr virus (EBV), 
also known as human herpes 
virus 4 (HHV4) 

 Double-stranded DNA herpes 
virus 

 Nasopharyngeal carcinoma, Burkitt’s lymphoma, 
some non-Hodgkin’s lymphomas, Hodgkin’s 
lymphoma, some gastrointestinal lymphomas, 
extranodal NK/T-cell lymphoma 

 Merkel cell polyomavirus 
(MCV) 

 Double-stranded DNA 
polyomavirus 

 Merkel cell carcinoma 

 Hepatitis B virus (HBV)  Single-stranded and double- 
stranded DNA hepadenovirus 

 Hepatocellular carcinoma 

 Hepatitis C virus (HCV)  Positive-strand single-
stranded RNA fl avivirus 

 Hepatocellular carcinoma, some non-Hodgkin’s 
lymphomas 

 Kaposi’s sarcoma herpes 
virus (KSHV), also known as 
human herpes virus 8 (HHV8) 

 Double-stranded DNA herpes 
virus 

 Kaposi’s sarcoma, primary effusion lymphoma, 
some multicentric Castleman’s disease 

 Human papillomavirus type 
16 (HPV-16) 

 Double-stranded DNA 
papillomavirus 

 Carcinomas of the cervix, vulva, vagina, penis, 
anus, oral cavity, oropharynx, tonsil, head, and neck 

 Human T-lymphotropic virus 
type 1 (HTLV-1) 

 Positive-strand single-
stranded RNA retrovirus 

 Adult T-cell leukemia and lymphoma 

 Cytomegalovirus (CMV), also 
known as human herpes virus 
5 (HHV5) 

 Double-stranded DNA herpes 
virus 

 Glioblastoma 

 Human immunodefi ciency 
virus type 1 (HIV-1) 

 Positive-strand single-
stranded RNA retrovirus 

 Immunosuppression promotes different types of 
cancers through other viruses 
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incorporates an NGS profi le of patient blood to 
longitudinally follow T-cell receptor (TCR) reper-
toires (clinical trial NCT01306188) and muta-
tions in CTCs and cell- free DNA (Dawson et al. 
 2013 ; Heitzer et al.  2013 ).     
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           Introduction 

    The concept of using replicating viruses to treat 
cancer in patients, so-called virotherapy, has been 
studied for more than 100 years. However, early 
trials suffered either from lack of effi cacy or from 
putting patients at risk to become severely ill due 
to viral pathogenesis. Since approximately 20 
years, the use of biotechnology that allows the 
generation of recombinant viruses with adapted 
biological properties fostered the analysis of 
these oncolytic viruses (OVs) as an additional 
treatment modality in oncology with consider-
able progress (Cattaneo et al.  2008 ). 

 The basic concept of OV therapy relies on pre-
ferred replication and spread of viruses in tumor 
cells and thereby selective killing of infected 
cells and destruction of tumors. Anecdotal, but 
well-documented, case reports have been describ-
ing tumor patients benefi tting from viral infec-
tions, e.g., measles virus (Bluming and Ziegler 
 1971 ) or vaccinia virus (Hansen and Libnoch 
 1978 ). Unfortunately, there are quite some obsta-
cles to eliminate the full tumor burden within a 
patient solely by viral infection. Natural resis-
tance to viral infection, structure of the tumor tis-
sue with stromal barriers for viral dissemination, 

preformed neutralizing antibodies or innate 
immunity inhibiting systemic spread of OV, pre-
mature onset of antiviral immunity, and other 
mechanisms have to be overcome for the OV to 
reach infection of all tumor cells. OVs are engi-
neered on multiple layers to master to these 
challenges. 

 Especially the patients’ adaptive immune sys-
tem, if not suppressed by the underlying disease 
or the treatment modalities used otherwise (e.g., 
chemotherapy), is very powerful in eliminating 
viral infections, both systemically and locally. 
Fortunately, this is just one side of the story as it 
has turned out in recent clinical trials, especially 
when developing recombinant viruses built to 
synergize with the immune system by inducing 
antitumoral immunity.  

    Oncolytic Viruses 
and the Immune System 

 As summarized by Russell and colleagues, these 
results let to a change in the oncolytic paradigm: 
Starting with the selective viral infection of tumor 
cells and the subsequent lysis of those believed to 
be OV’s mode of action (Russell et al.  2012 ), it 
has become evident that not only the direct kill-
ing but rather the stimulation of the immune sys-
tem plays a critical role for the current success of 
an OV in treating cancer malignancies (Bartlett 
et al.  2013 ). The mode of action of OVs is now 
hypothesized as a two-step process: (1) debulk-
ing of the tumor mass by viral replication and 
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direct cytolysis and (2) induction of antitumoral 
immunity by  in situ  vaccination via the release of 
danger signals due to viral replication and 
destruction of tumor cells. However, the immune 
system does not only support the effi cacy of OVs 
by the induction of an antitumoral immunity, but 
also limits viral spread and therefore the largest 
possible number of infected tumor cells. 
Furthermore the immunosuppressive tumor 
microenvironment (TME) (Zou  2005 ) has to be 
overturned by OVs to induce an antitumoral 
immunity for successful tumor destruction. 
These different levels of OVs as interaction part-
ners of the immune system and their thereby 
associated activity as immunotherapeutic agents 
are presented in Fig.  1  and will be discussed in 
detail in the following paragraphs.

       Impairment of Oncolytic Viruses 
by Antiviral Immune Reaction 

 Clinical trials which show promising results so 
far mostly deliver the OV by direct intra-tumoral 
application to achieve effi cient local delivery of 
the virus, thus evading neutralization by serum 
factors (e.g., complement or antibodies), or 
sequestration by the mononuclear phagocytic 
system in the liver and spleen. In contrast, espe-
cially for the better treatment of metastatic can-
cers, a systemic approach would be desirable. 
Therefore, great effort is made to circumvent 
those drawbacks of systemic application. One 
possibility in the case of neutralizing antibodies 
is to hide the OV in primary cells, which are able 
to home to tumor beds, like dendritic cells (DCs) 

Dendritic cells (DC) scavenge for antigens produced by dying tumor
cells. Immature dendritic cells (iDC) phagocytize antigens, process
them and cross-present them on MHC class I proteins. To become
mature dendritic cells (mDC), DCs co-express costimulatory molecules
and other receptors necessary for migration through the lymph vessel
to the lymph node.ln the lymph node, mDC cross-primes naïve CD8+
T cells to tumor and viral antigens and activates resting memory T
cells. DCs also cross-present to CD4+ T cells which in turn secrete
cytokines to augment cellular and humoral responses. Antigen specific
cytotoxic T Lymphocytes (CTL) travel to distant tumor sites where
they kill tumor cells. GM-CSF, granulocyte-macrophage colony stimu-
lating factor; MDSC, myeloid derived suppressor cell; PAMP,
pathogen associated molecular pattern; Treg, regulatory T cell.
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  Fig. 1    Interactions of oncolytic viruses with the immune system boosting antitumoral immune responses (Reproduced 
from Elsedawy and Russell ( 2013 ), copyright © 2013)       
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or T cells, which was shown for oncolytic reovi-
rus (Ilett et al.  2009 ,  2011 ). Furthermore mesen-
chymal stem cells, which preferentially engraft in 
solid tumors (Ling et al.  2010 ), have been studied 
to deliver OV to tumor beds (Mader et al.  2009 ). 
During sequestration, OVs are coated by differ-
ent serum factors and subsequently phagocytized 
by, e.g., splenic macrophages (Underhill and 
Ozinsky  2002 ) or hepatic Kupffer cells (Haisma 
et al.  2009 ). A potential route to avoid sequestra-
tion is to coat viral particles with polymers like 
polyethylene glycol (Tesfay et al.  2013 ) and 
 N -[2-hydroxypropyl]methacrylamide (Fisher and 
Seymour  2010 ), which are already clinically used 
and have shown to prolong circulation times of 
proteins (Duncan  2006 ). Moreover, pretreatment 
with immunosuppressive drugs, like cyclophos-
phamide (Peng et al.  2013 ) or rapamycin (Meng 
et al.  2013 ), reveals direct antitumor effects and 
has been demonstrated to signifi cantly reduce 
neutralizing antibodies and to increase viral 
progeny.  

    The Immune System can 
Promote the Effi cacy of OV 

 Contrasting the inhibitory effects of the immune 
system on viruses, OVs themselves have the 
capacity to invert the immunosuppressive TME 
and thus initiate an antitumoral immune response, 
which increases the effi cacy of oncolytic viro-
therapy (Bartlett et al.  2013 ). This stimulation is 
mainly triggered by the release of danger- 
associated molecular patterns (DAMPs) as well 
as pathogen-associated molecular patterns 
(PAMPs) by the lysis of virus-infected cells or 
during viral infection, respectively (Matzinger 
 2002 ; Medzhitov and Janeway  2002 ). Especially 
the infection of cancer cells and the ensuing dif-
ferent types of cell death including late apoptosis, 
necrosis, pyroptosis, and autophagic cell death 
are considered to be “immunogenic cell deaths” 
(ICDs) (Green et al.  2009 ). Within those ICDs, 
DAMPs (mainly surface-exposed calreticulin, 
secreted ATP, and HMGB1) and PAMPs as well 

as a natural repertoire of tumor-associated anti-
gens (TAAs) are primarily presented to DCs to 
elicit an antitumoral and antiviral immune 
response (Aymeric et al.  2010 ). This antitumoral 
immune response includes the activation of cyto-
toxic T lymphocytes (CTLs) as well as CD4 +  T 
cells, which promotes the eradication of the 
tumor mass and is further able to lead in a sys-
temic antitumor immunity (Gauvrit et al.  2008 ). 
Moreover, certain OVs are able to inherently 
stimulate cells of the innate immune system, 
which are critical for induction of a powerful 
adaptive immune response. This has been dem-
onstrated for reovirus that is naturally activating 
DCs (Errington et al.  2008 ). To further enhance 
this elicited antitumoral immune response, OVs 
can be armed by different strategies, which will 
be discussed in the next section. 

    Arming of Oncolytic Viruses 

 To enhance the therapeutic effi cacy of OVs, these 
have been armed with several different effector 
gene classes using recombinant DNA technology. 
Apart from arming with suicide genes like yeast 
cytosine deaminase, marker/effector genes such as 
the NIS gene, or proapoptotic factors like TRAIL, 
a number of different cytokine genes have been 
cloned into the genome of diverse prospective 
OVs; among these were recombinant vaccinia 
virus (VV), herpes simplex virus (HSV), measles 
virus (MV), Semliki Forest virus (SFV), or adeno-
virus (AdV). These viruses have been constructed 
to further increase the immunostimulatory proper-
ties of  in situ  cytolysis caused by OVs after infec-
tion of tumor nodules to achieve even enhanced 
induction of antitumoral immunity. Examples of 
cytokines expressed by OVs include IL-2, IL-12, 
IL-15, IL-18, or IL-28; chemokines such as IFNβ 
and CCL5; inhibitory antibodies specifi c for anti-
gens on immunosuppressive cells (e.g., regulatory 
T cells) such as CTLA-4; or costimulatory mole-
cules, e.g., B7.1. One of the most widely studied 
cytokines used in this concept has been GM-CSF, 
which revealed successful induction of antitumoral 
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immunity when being expressed in the backbones 
of VV (Mastrangelo et al.  1999 ), HSV (Liu et al. 
 2003 ), MV (Grote et al.  2003 ), or AdV (Kanerva 
et al.  2013 ). Indeed, with the exception of 
MV-GMCSF, which due to lack of adequate ani-
mal models only has been shown quite recently to 
possess enhanced stimulatory properties for adap-
tive immunity (Grossardt et al.  2013 ), all of these 
GM-CSF-armed viruses have been shown excep-
tional promise in the treatment of human cancer 
patients in clinical trial phases I–III (Elsedawy and 
Russell  2013 ; Bartlett et al.  2013 ) or during fast 
access program on the hospital exemption basis 
(Tong et al.  2012 ).   

    Oncolytic Viruses as Carriers 
of Tumor-Associated Antigens 

 Besides arming OVs with immunostimulatory 
molecules, OVs can also be engineered in such a 
way that they express TAA, thus increasing the 
amount of TAA in the immunostimulatory con-
text of viral tumor infection, thereby enhancing 
the antitumoral immunity and treatment effi cacy. 
An oncolytic Newcastle disease virus was engi-
neered to express β-galactosidase as model TAA 
and induced signifi cant tumor regression in 
immunocompetent animals (Vigil et al.  2008 ). 
Vesicular stomatitis virus (VSV) engineered to 
express chicken ovalbumin (OVA) as model anti-
gen was also able to induce a robust anti-OVA 
immunity in B16-ova tumor-bearing mice and 
lead to complete regression of many tumors 
(Diaz et al.  2007 ; Wongthida et al.  2011 ). 
Engineered to express an entire cDNA library of 
normal prostate antigens as clinically more rele-
vant antigens, VSV caused striking results in 
tumor regression of cancers with the same histo-
logical type, without signs of autoimmunity 
(Kottke et al.  2011 ). In another report, a similar 
cDNA library approach helped to identify three 
TAA cDNA clones out of the VSV library, which 
are in combination as effi cacious as the complete 
cDNA library (Pulido et al.  2012 ). 

 Moreover, the combination of different OVs 
carrying the same TAA was shown to boost the 

oncolytic effi cacy of the regimen. A prime/boost 
regime with VV and SFV, both expressing OVA 
as model antigen, showed increased effi cacy 
compared to single administration in an ovarian 
cancer model (Zhang et al.  2010 ). AdV and VSV 
were engineered to encode human dopachrome 
tautomerase (hDCT) as TAA in a B16 melanoma 
model that expresses endogenously DCT. By 
priming with Ad-hDCT and subsequent boosting 
with VSV-hDCT, the immune response could be 
shifted from a prevalent antiviral immune reac-
tion to a predominant anti-TAA response accom-
panied by durable cures (Bridle et al.  2009 , 
 2010 ).  

    Clinical Data of OV-Induced 
Antitumoral Immunity 

 So far, no viruses engineered to express and 
thereby present TAAs to the patients’ immune 
systems have been introduced into clinical trials. 
In contrast, one of the clinically most advanced 
OV systems is an oncolytic HSV-1 armed with 
GM-CSF, talimogene laherparepvec (T-Vec, for-
merly known as OncoVEX GMCSF ). This virus is 
based on an early-passage clinical isolate deleted 
of its neurovirulence factor ICP34.5 for safety 
reasons. In addition, the ICP47 gene has been 
deleted in this virus, too, with twofold effect: On 
the one hand, deletion of ICP47 enhances expres-
sion of the viral US11 gene, which can compen-
sate for the deletion of ICP34.5 in cancer cells. 
On the other hand, ICP47 normally suppresses 
presentation of peptides via MHC-I, thereby 
inhibiting visibility of the viral infection for the 
immune system. Thus, the ICP47-deleted version 
of HSV is more immunogenic. The immunostim-
ulatory properties have further been enhanced by 
expression of GM-CSF by the recombinant virus. 
T-Vec has shown effi cacy in preclinical animal 
models already demonstrating an effector role for 
the immune system (Liu et al.  2003 ). Safety and 
fi rst hints for clinical effi cacy were demonstrated 
also in clinical phase I and II studies. Based 
on these data, a pivotal phase III trial (OPTiM, 
NCT00769704) was launched (Kaufman and 
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Bines  2010 ) treating 436 melanoma patients in 
stages IIIB–IV randomized 2:1 to receive either 
T-Vec i.t. or GM-CSF s.c.. The objective overall 
response rate in the treatment group was 26.4 % 
including 10.8 % of patients with a complete sys-
temic response, despite that only single tumor 
lesions had been injected with the active sub-
stance. Response rates in the control group were 
5.7 % for overall response and 0.7 % with a com-
plete response, only (Bartlett et al.  2013 ). 

 Another GM-CSF-armed OV is Pexa-Vec 
(pexastimogene devacirepvec; JX-594), a recom-
binant vaccinia virus (Wyeth strain), which 
showed prolonged median overall survival (14.1 
compared to 6.7 month) in the high-dose group 
of a randomized phase II dose-fi nding trial (Heo 
et al.  2013 ). Thereby, Pexa-Vec demonstrated a 
direct oncolytic as well as an immunological 
mode of action with the induction of antiviral 
CTLs and antibody-mediated complement- 
dependent cytotoxicity against TAAs. Notably, 
Pexa-Vec recently failed to reach its primary end-
point in a randomized phase IIB study 
(TRAVERSE, NCT01387555) for the second- 
line treatment of advanced liver cancer patients. 
Nevertheless, the sponsor has announced to move 
Pexa-Vec into phase III clinical trial for fi rst-line 
treatment in HCC. 

 Apart from T-Vec and Pexa-Vec, two other 
advanced OV have to be discussed, namely, 
Reolysin and Oncorine (H101). Reolysin is an 
unmodifi ed reovirus isolate, which has pro-
gressed into clinical phase III, also 
(NCT01166542). While not expressing an immu-
nostimulatory cargo, Reolysin is immunostimu-
latory by nature, as discussed earlier. Oncorine, 
an engineered adenovirus deleted in its E1B gene 
and very similar to another early OV candidate 
Onyx-O15, is exceptional in more than one cir-
cumstance. Worldwide, it has been the fi rst OV, 
which gained regulatory approval by Chinese 
authorities in 2005 for the treatment of head and 
neck cancer (Garber  2006 ). Unfortunately, data 
about the effi cacy or the mode of action of the 
clinical Oncorine treatment are hardly available, 
which otherwise might be helpful in the develop-
ment of further OVs.  

    Conclusion and Outlook 

 As illustrated above, treating cancer patients 
using replicative OV preparations may currently 
be interpreted as  in situ  vaccination by triggering 
an endogenous antitumoral immune response via 
generation of PAMPs and release of DAMPs due 
to viral replication, thus representing a truly 
immunotherapeutic approach. With the fi rst well- 
documented phase III clinical studies completed, 
marketing authorization of OVs with clearly 
immune-mediated mode of action may be 
expected, in the near future. While showing effi -
cacy as single agent, future studies and applica-
tions may incorporate combination therapies 
either with other immunotherapies (Melcher 
et al.  2011 ) or with standard therapies like certain 
chemotherapeutic treatment options having an 
immune system-mediated effect, as well. By 
smart choice and proper timing, potential syner-
gies between different treatment modalities do 
even stress the promising future of OVs as immu-
notherapeutic treatment modality. Enhanced clin-
ical effi cacy may be expected from new 
generations of OVs replicating with greater spec-
ifi city and effi ciency in tumors to gain more effi -
cient direct viral oncolysis, as well (Miest and 
Cattaneo  2014 ) – a strategy that may very well 
synergize with the immunotherapeutic approach.     
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