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Background

When Thierry Boon and colleagues first discovered tumor-
associated antigens (TAAs) in the early 1990s, cancer immuno-
therapy was envisioned as a magic bullet allowing for the specific 
elimination of malignant cells.1 The following decades clarified 
that this promise would not hold true. One of the major obsta-
cles against the development of efficient immunotherapeutic 
regimens was the generalized inability of investigators to trans-
late successful preclinical studies into clinical medicine. Even 
though tumor-associated antigen (TAA)-specific T cells could 
be successfully elicited in vitro, the initial enthusiasm about 

designing cancer vaccines based on peptide-pulsed monocyte-
derived dendritic cells (DCs) was rapidly disappointed.2,3 Of 
note, a consistent finding in most clinical studies testing immu-
notherapeutic interventions was the long-term clinical benefit 
obtained by a small subgroup of patients,4 pointing out to the 
therapeutic potential of this approach. However, only a few 
factors predicting the propensity of cancer patients to obtain 
long-term clinical benefits from immunotherapy are currently 
available.5 Irrespective of this issue, the first clinical stud-
ies testing immunotherapy demonstrated that this approach 
is mainly effective in patients with low tumor burden, early-
stage disease, or an indolent disease course. Another obstacle 
against the development of efficient immunotherapeutic regi-
mens was the lack of a standardized phenotypic and functional 
monitoring of therapy-elicited immune cells, an issue that has 
just begun to be addressed by multi-institutional initiatives.6 
Indeed, the response criteria applied in other setting, such as 
the well-known Response Evaluation Criteria in Solid Tumors 
(RECIST) may not be suitable for analyzing the clinical efficacy 
of immunotherapy and might have to be redefined and harmo-
nized. Finally, the most relevant clinical endpoint for cancer 
patients treated with immunotherapy should be overall survival 
(OS) and not progression-free survival (PFS) or response rate 
(RR), both of which are prone to be biased by transient inflam-
matory responses as induced by multiple immunotherapeu-
tic approaches. From a scientific perspective, the recent years 
have revealed various mechanisms whereby malignant cells 
can escape immune recognition, which also limit the efficacy 
of anticancer immunotherapy.7 Additional investigation on 
this topic based on novel technologies (e.g., 2-photon micros-
copy), as exemplified by recent studies dissecting the dynamic 
of immune-cell mediated cancer recognition and elimination,8 
will provide novel insights into the major hurdles faced by 
immune cells within the cancer microenvironment. Integrating 
all these novel pieces of information from preclinical and clini-
cal research generates an increasingly more holistic picture of 
anticancer immunotherapy.

Here, we give a concise overview on the current status of 
cancer vaccine design, with a focus on optimization strategies. 
We particularly emphasize the development of novel condition-
ing regimens that attempt to revert the ability of cancer cells to 
escape immune destruction.
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Harnessing the host immune system to eradicate cancer 
has a high therapeutic potential. One paradigm of anticancer 
immunotherapy is represented by allogeneic stem cell trans-
plantation. In this setting, the host must be conditioned prior 
to transplantation, allowing for engraftment and subsequent 
graft-vs.-tumor reactivity. Conditioning may also be a prereq-
uisite for the efficacy of other immunotherapeutic regimens. In 
particular, tumor debulking followed by conditioning (aimed 
at blocking endogenous inhibitory stimuli, for instance upon 
the depletion of regulatory T cells or the inhibition of immune 
checkpoints) and subsequent immunization (for instance by 
means of patient-tailored vaccines) based on innovative adju-
vants (such as RIG-I ligands) may allow for the elicitation of 
superior antitumor immune responses. Repetitive boosting 
might then maintain immunosurveillance. An intense wave 
of investigation on the optimal timing of immunostimulatory 
interventions with respect to the administration of immuno-
genic chemotherapeutics and on the use of small drugs that 
promote efficient antitumor immune responses will end up in 
the generation of highly effective immunotherapeutic anti-
cancer regimens.
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Clinical Status of Immunotherapy—
Melanoma and Prostate Cancer

Melanoma
Due to its susceptibility to cytokines as well as to cen-

tral involvement of leading dermatologists in DC research, 
melanoma served as a major setting for the establishment of 
DC-based vaccination in the clinical routine. Various Phase II 
and III clinical trials tested DC-based vaccination vs. placebo 
or chemotherapy in melanoma patients, but none of them dem-
onstrated substantial clinical benefits,9 thus far preventing the 
approval of this immunotherapeutic approach. More recently, 
melanoma successfully served as a paradigm for immunostimu-
latory strategies based on the blockage of endogenous immu-
nosuppressive signals. An exemplary compound in this setting 
is the cytotoxic T lymphocyte-associated protein 4 (CTLA4)-
blocking monoclonal antibody (mAb) ipilimumab, which forces 
the interaction of B7 molecules (on antigen-presenting cells, 
APCs) with CD28 (on T cells) leading to T-cell activation. Two 
large Phase III clinical trials enrolling metastatic melanoma 
patients showed that ipilimumab prolongs OS.10,11 Importantly, 
the activation of the immune system can induce long-term dis-
ease stabilization in some patients. Robust immune activation 
is often reflected by autoimmune symptoms, including diar-
rhea, hepatitis, skin toxicity, and hypophysitis. Another promis-
ing mAb is the programmed cell death 1 (PDCD1, best known 
as PD-1)-targeting agent lambrolizumab, which has recently 
been tested in patients with advanced melanoma, including 
individuals who progressed on ipilimumab. Lambrolizumab 
resulted in a high rate of sustained tumor regressions, while 
toxic side effects were generally mild.12 Moreover, the combi-
nation of ipilimumab and another mAb targeting PD-1 (i.e., 
nivolumab) turned out to have a manageable safety profile and 
to induces rapid and consistent tumor regression in a substan-
tial proportion of patients.13 Nowadays, the most promising 
immunotherapeutic approach against melanoma appears to be 
the combination of vaccines with systemic immunostimulatory 
agents, such as toptimized adjuvants or immunostimulatory 
mAbs (see below).

Prostate cancer
Prostate-specific antigen (PSA) and prostatic acid phosphatase 

(PAP) are TAAs expressed by prostate cancer cells. PROSTVAC 
is a poxvirus-based vaccine encoding PSA and a combination of 
co-stimulatory molecules (TRICOM), notably CD80, intercel-
lular adhesion molecule 1 (ICAM1) and CD58 (also known as 
LFA-3). This concept has first been evaluated using a carcinoem-
bryonic antigen (CEA)-targeting vaccine to promote therapeu-
tically relevant antigen-specific immune responses in colorectal 
cancer patients.14 Recently published data from a randomized 
Phase II clinical trial suggests that PROSTVAC significantly 
improves the 3-y OS rate (30% vs. 17%).15 A Phase III clinical 
trial has recently been initiated to analyze the efficacy of this 
vaccine in men with asymptomatic or minimally symptomatic 
metastatic castrate-resistant prostate cancer (NCT01322490). To 
date, the only FDA-approved anticancer vaccine is Sipuleucel-T 
(Provenge®), which is licensed for use in patients with advanced 

prostate cancer.16 Sipuleucel-T is generated by harvesting the 
patient’s monocytes, and exposing them ex vivo to a fusion protein 
including PAP and granulocyte macrophage colony-stimulating 
factor (GM-CSF). The Phase III IMPACT (IMmunotherapy 
Prostate AdenoCarcinoma Treatment) trial included 512 individ-
uals with metastatic castration-resistant prostate cancer. In this 
setting, sipuleucel-T improved OS by approximately 4 mo and 
reduced the risk of patients to die by 22%.17 Thus, Sipuleucel-T 
represents a successful paradigm of translation of anticancer vac-
cines from bench to bedside.

Identification of optimal targets: Tumor-associated antigens
The idea that the immune system might eliminate malignant 

cells was first developed in the 19th century by Wiliam Coley. 
He observed that injections of bacterial toxins can induce clinical 
remissions in some cancer patients, suggesting a potential role 
for microbial products as adjuvants (see below). However, this 
assumption as well as the possible role of TAAs that are recog-
nized by specific lymphocytes in the context of MHC molecules 
(immunosurveillance) was demonstrated in humans only when 
the group of Thierry Boon characterized the first human TAA, 
nowadays referred to as MAGE-A1.18 This discovery paved the 
way to the identification of novel TAAs, which can be subdi-
vided in different categories.19 TAAs can stimulate cellular or 
humoral immune responses in patients and efficiently drive the 
elimination of malignant cells. Peptides derived from TAAs are 
presented in the context of MHC class I or II molecules, where 
they can be recognized by CD8+ or CD4+ T cells, respectively. 
The strict dichotomy between the generation of MHC class I and 
II peptides was challenged by the demonstration that peptides 
generated from exogenous proteins that are usually presented on 
MHC class II molecules can also be presented on MHC class 
I molecules, a phenomenon called cross-priming.20,21 In addi-
tion, antigens derived from cytosolic proteins may gain access to 
MHC class II presentation. Several critical pathways such as the 
protein degradation by the proteasome, the translocation of epit-
opes from cytoplasm into intracellular membranes, and autoph-
agy have been involved in this process.22,23

Hans-Georg Rammensee and colleagues could show that spe-
cific residues within T-cell epitopes are presented in the context 
of individual MHC class I molecules and are responsible for the 
peptide/MHC interaction (anchor positions), while other resi-
dues mediate T-cell recognition.24 Based on this knowledge, vari-
ous algorithms have been developed for predicting the propensity 
of TAA-derived sequences to bind specific MHC molecules.25 
Later on, this approach has been combined with the SEREX 
technology, allowing the identification of additional important 
TAAs. Various Phase I/II clinical studies have demonstrated 
that vaccines designed by these technologies can be successfully 
employed against several types of malignancies including renal 
cell carcinoma (RCC), melanoma, prostate, and breast cancer.26 
However, the application of these immunotherapeutic strategies 
is still restricted by the limited number of known TAAs and 
T-cell epitopes, by the patient’s HLA type, and/or by the avail-
ability of tumor tissue.

The approaches used to identify TAA-derived T-cell epitopes 
are generally laborious and time consuming. Thus, in order to 
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accelerate the development of (ever more personalized) antican-
cer vaccines, new technologies are necessary. DNA microarray-
based and sequencing studies of tumor samples in comparison 
with the corresponding non-malignant autologous tissues pro-
vides a promising new approach to determine antigens that are 
specifically mutated or aberrantly expressed in malignant cells. 
Combining genetic data with mass spectrometry studies allows 
for the identification of MHC ligands in a relatively short time. 
Using this procedure, several MHC class I- binding epitopes 
were identified and used to vaccinate patients with metastatic 
RCC that has previously been treated or not with cyclophospha-
mide in the context of a randomized Phase II clinical trial.27 The 
regression of established tumor lesions was infrequent and PFS 
was comparable in the 2 study arms. However, a prospectively 
planned analysis demonstrated that patients pretreated with 
cyclophosphamide who developed an immune response upon 
the administration of the multipeptide vaccine (IMA901) had 
a prolonged survival. Interestingly, a single infusion of low dose 
cyclophosphamide reduced the number of circulating regula-
tory T cells (Tregs). Moreover, among 6 analyzed populations of 
myeloid-derived suppressor cells (MDSCs), 2 had a prognostic 
value for OS, and the levels of apolipoprotein A-I (APOA1) as 
well as chemokine (C-C motif) ligand 17 (CCL17) were predic-
tive for the induction of immune responses and OS. The results 
of a randomized Phase III study to determine the clinical ben-
efits of IMA901, which has recently finished recruitment, are 
eagerly awaited.

The use of antigenic peptides for vaccination is associated 
with several obstacles, including the existence of a limited set 
of antigens that are restricted to a well-defined MHC molecule 
and the patient-specific expression pattern of MHC-coding 
alleles. In addition, these vaccines often do not contain MHC 

class II-binding epitopes capable of stimulating CD4+ T cell 
responses, which are important for the induction and main-
tenance of vaccine-induced memory cytotoxic T lymphocytes 
(CTLs). The introduction of helper T cell epitopes in addition 
to CTL epitopes or vaccines that contain both CD4- and CD8-
restricted antigens like full-length proteins, long peptides,28 
tumor lysates or tumor-derived RNA may overcome this limita-
tion (Fig. 1). We have recently demonstrated that the intrader-
mal administration of an in vitro transcribed RNA (ivtRNA) 
encoding for several TAAs to metastatic RCC patients induces 
antigen specific CTLs capable of recognizing multiple TAA-
derived epitopes that are presented on different MHC mol-
ecules.29,30 Furthermore, this approach elicits antigen-specific 
CD4+ T lymphocytes reacting with MHC class II-binding 
peptides derived from cytosolic TAAs as a result of autoph-
agy.22 The induction of TAA-specific cytotoxic and helper T 
lymphocytes in vivo improves OS. Of note, the administra-
tion of defined peptides may also generate T lymphocytes that 
recognize antigenic epitopes not employed for vaccination.31,32 
This phenomenon of antigen spreading, which can be detected 
several months after vaccination mostly among responding 
patients, was observed in several clinical studies testing pep-
tide vaccines, adoptively transferred T cells or mAbs against 
CTLA4.33,34 These observations suggest that antigen spreading 
represents an important mechanism mediating tumor rejection.

Which adjuvant to take?
Usually, when TAAs, TAA-derived peptides, or tumor-

derived RNA are given alone as a vaccine they induce only weak 
immune responses, calling for the co-administration immuno-
logical adjuvants. Adjuvants should improve the delivery and 
presentation of antigens and increase the stimulatory capacity of 
APCs. Some of these molecules such as Toll-like receptor (TLR) 

Figure 1. General strategies for improving of antitumor immune. The multifaceted strategies set in place by malignant cells to evade the immune system 
are depicted in red. Potential interventions that may improve the efficacy of vaccination are shown in green. Please refer to the main text for further details.�
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ligands or aluminum salts boost adaptive and innate immune 
responses, thereby mediating pleiotropic effects on APCs as well 
as T, B and natural killer (NK) cells. MF59, a non-toxic deriva-
tive of Salmonella (monophosphoryl lipid A, MPL), Montanide, 
saponins (AS01, AS02, QS21, ISCOM), imiquimod (a TLR7/8 
agonists) and CpG oligodeoxynucleotides are the adjuvants most 
frequently employed in clinical trials.35

However, there is an unmet need to improve these adjuvants 
to enhance desired TAA-directed immune responses (Fig.  1). 
Mechanistically, the biology and origin of the adjuvant regulates 
the type of the immune response it elicits (humoral vs. cellular, 
T

H
1 vs. T

H
2, etc.). Receptors such as pattern-recognition recep-

tors (PRRs), which recognize microbial infections, play a central 
role in the elicitation of robust immune responses and may have 
a huge potential as target for adjuvants. PRRs are expressed on 
the cell surface, at endosomal membranes and in the cytoplasm. 
Membrane-bound TLRs recognize conserved microbial struc-
tures and signal via adaptor molecules like myeloid differentia-
tion primary response 88 (MYD88) or TLR adaptor molecule 
1 (TICAM1, best known as TRIF).36 Cytosolic PRRs include 
the so-called NOD-like receptors (NLRs), such as NOD1 and 
NOD2 (which bind to bacterial peptidoglycans), as well as recep-
tors sensing microbial nucleic acids, such as DEAD (Asp-Glu-
Ala-Asp) box polypeptide 58 (DDX58, best known as RIG-I), 
interferon (IFN)-induced with helicase C domain 1 (IFIH1, 
best known as MDA5), absent in melanoma 2 (AIM2) recep-
tors and transmembrane protein 173 (TMEM173, best known as 
STING). These PRRs generally stimulate the production of Type 
I IFN and activate the inflammasome, a multi-protein complex 
leading to the caspase-1 mediated release of interleukin (IL)-1β 
and IL-18.37 The engagement of cytosolic nucleic acid receptors 
not only promotes the release of antiviral and pro-inflammatory 
mediators but may also result in the induction of mitochondrial 
apoptosis in tumor cells.38 Most forms of apoptosis are consid-
ered “immunologically silent” or tolerogenic. In contrast, RIG-I 
agonist-induced cell death is highly immunogenic,39 mak-
ing RIG-I an ideal target for the synergistic activation of cell-
autonomous and immunological antitumor effects. In line with 
this idea, RIG-I agonists stimulate ovarian cancer cells to up-
regulate MHC class I molecules and to secrete the pro-inflam-
matory cytokines such as chemokine (C-X-C motif) ligand 10 
(CXCL10), chemokine (C-X-C motif) ligand 1 (CCL5), IL-6, 
tumor necrosis factor α (TNFα), and IFNβ.40 In addition, ovar-
ian cancer cells responding to RIG-I agonists undergo apoptosis 
and are subsequently taken up by APCs, which in turn express 
increased levels of MHC class I and II as well as co-stimulatory 
molecules and secrete CXCL10 and IFNα. Of note, combin-
ing a small-interfering RNA (siRNA) specific for the endog-
enous immunosuppressive cytokine transforming growth factor 
β1 (TGFβ1) and a RIG-I agonist was shown to induce potent 
antitumor responses in a preclinical pancreatic cancer model.41 
Thus, mimicking viral infection induces an immunogenic vari-
ant of cancer cell death that activates innate and antigen-specific 
immune responses, representing a promising combination part-
ner for anticancer vaccines.

Upcoming Partner(s): Antibodies, 
Chemotherapy, and Small Drugs

Despite the fact that some cancers such as melanoma or 
colorectal carcinoma (CRC) can elicit strong immune responses 
characterized by the recruitment of tumor-infiltrating lympho-
cytes (TILs), which in some cases are also relevant for prognosis 
(e.g., CD45RO+ cells at the margin of CRCs),42 malignant cells 
are able to escape recognition (and hence destruction) by the 
immune system. This is probably due to the ability of malignant 
cells to promote immunological tolerance by modulating the 
tumor microenvironment through the release of soluble factors, 
cytokines, and chemokines as well as by the activation of immu-
nosuppressive cells (i.e., Tregs and MDSC), eventually leading to 
immunoediting.43 Other immune escape mechanisms including 
the loss of MHC and/or TAA expression and the up-regulation 
of immunosuppressive molecules (e.g,, CD274, best known as 
PD-L1 and osteoactivin) have been ascribed clinical relevance in 
various settings.44,45

In the last years, several mAbs specific for molecules that 
inhibit host immune responses were developed and introduced 
into the clinical routine (Fig.  1). The first proof-of-concept 
studies in this settings involved the CTLA4 targeting mAb 
ipilimumab.10,11 Ipilimumab has been approved in 2011 for the 
treatment of metastatic melanoma, and is currently under inves-
tigation as an adjuvant intervention against high-risk Stage III 
melanoma (NCT00636168). In brief, proper T-cell activation 
requires the recognition of cognate antigenic peptides (in the 
context of MHC molecules) through the T-cell receptor (Signal 
1) as well as the delivery of co-stimulatory signals via members 
of the CD28 receptor family (Signal 2). CD28 is constitutively 
expressed on T cells and binds to CD80 and CD86 on the sur-
face of APCs. Upon activation, T cells transiently up-regulate 
CTLA4, which binds to CD80 and CD86 with higher affinity 
than CD28, hence operating as an immune checkpoint and inhib-
iting cell cycle progression as well as IL-2 production.46 Under 
homeostatic conditions CTLA4 restricts the risk of autoimmune 
disorders,47 but it may also limit the expansion of tumor-specific 
effector T cells.48 In line with this notion, blocking CTLA4 sig-
naling on T cells restores antitumor immune responses. The 
clinical relevance of this paradigm has been further substantiated 
by the promising activity of another CTLA4-blocking antibody, 
tremelimumab, in patients with advanced stage malignant mela-
noma.49 Both ipilimumab and tremelimumab could be used for 
the development of novel immunotherapeutic approaches, and 
various pre-clinical reports provides a compelling rationale for 
combining CTLA4-blocking agents with vaccination. Cancer 
vaccines enhance indeed the capacity of professional APCs (e.g., 
DCs) to capture and process TAAs, empowering them with the 
ability to efficiently stimulate tumor-specific T cells. Thus, cou-
pling vaccines with CTLA4-blocking interventions intensifies 
tumor immunity, resulting in synergistic anti-neoplastic effects 
in many models.

Allogeneic prostate cancer cell lines engineered to secrete 
GM-CSF (GVAX) as well as PROSTVAC (see above) combined 
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with recombinant GM-CSF have demonstrated immunologi-
cal and clinical activity in cancer patients. The results from a 
Phase II randomized clinical trial indicated that PROSTVAC 
vaccination might improve OS, leading to the initiation of a 
large Phase III study. Two clinical trials reported by van den 
Eertwegh and colleagues and Madan and co-workers tested the 
concurrent application of ipilimumab together with the above 
mentioned vaccination therapies.50,51 Interestingly, high levels 
of CTLA4-expressing CD4+ T cells were shown to predict the 
response to GVAX.52 Side effects were rare and the major toxic 
effects were immunological, including endocrinopathies, coli-
tis, hepatitis, pneumonitis, and dermatitis. Objective clinical 
outcomes including decreases in circulating PSA levels and 
tumor regression were noted in some patients. The addition of 
ipilimumab to vaccination favored APC activation and both 
cellular and humoral antitumor responses. These promising 
studies should set the stage for further testing the combination 
of anticancer vaccines with CTLA4-blocking mAbs. However, 
the optimal dosing and schedule of such a combinatorial immu-
notherapeutic approach needs to be precisely determined.

Another promising approach would involve active immuni-
zation coupled to the blockade of PD-1 or its main ligand (PD-
L1). High levels of PD-1 and PD-L1 were found to correlate with 
poor prognosis in patients affected by various malignancies.53,54 
PD-1 is an inhibitory receptor belonging to the CD28/CTLA4 
family and is expressed on activated T lymphocytes, B cells, 
monocytes, DCs, and Tregs. PD-L1 and another PD-1 ligand 
(PD-L2), which are expressed on T cells, APCs, and malignant 
cells, were shown to suppress self-reactive lymphocytes and to 
inhibit the effector functions of TAA-specific CTLs. These data 
strongly indicate that targeting the PD-1/PD-L1 axis represents 
a clinically valuable strategy to restore the cytotoxic activity of 
TAA-specific T cells. PD-1-blocking antibodies such as CT-011 
and MDX-1106 as well as the anti-PD-L1 antibody MDX-1105 
are being developed to modulate antitumor immune responses. 
Two recent studies published in the New England Journal of 
Medicine have highlighted the therapeutic potential of PD-1- 
or PD-L1-blocking agents in advanced cancer patients.55,56 Of 
note, the expression of the antibody target in this context seems 
to correlate with clinical outcome. Combinatorial approaches 
including PD-1/PD-L1-blocking mAbs and ipilimumab have 
recently been presented, exhibiting promising clinical response 
rates.13 Moreover, the combination of PD-1/PD-L1-blocking 
mAbs with therapeutic vaccines or targeted anticancer agents 
(e.g., the BRAF inhibitor vemurafenib) is being explored in 
melanoma (NCT01176474 and NCT01176461) and advanced 
cancer patients (NCT01656642), respectively. The latter 
approach, however, has recently stopped due to liver toxicities, 
suggesting that other combination schedules (such as a sequen-
tial—as opposed to concomitant—administration), might be 
more promising. In addition, boosting the efficacy of vaccines 
by blocking PD-1 is also being tested in patients with hema-
tological malignancies, as exemplified by a study in which 
CT-011 is administered together with a DC-based vaccine to 
AML patients (NCT01096602).

Combination with Chemotherapy 
and Small Molecules

Combinatorial regimens involving cytotoxic chemotherapeu-
tics are a mainstay of cancer treatment. Historically, the inte-
gration of several agents with distinct mechanisms of action and 
non-overlapping toxic effects yielded curative treatments for 
some solid and hematological malignancies.

Most cytotoxic chemotherapeutics employed to date are 
thought to exert immunosuppressive properties due to their 
preferential effect on rapidly proliferating cells. However, this 
assumption had to be reconsidered following the recent discov-
ery that some conventional cytotoxic agents can mediate robust 
immunostimulatory effects (Fig. 1). For instance, doxorubicin, 
mitoxantrone, cyclophosphamide, and oxaliplatin have been 
shown to induce an immunogenic variant of cell death by pro-
moting the release of ATP and other signals by dying cells, result-
ing in the activation of the NLRP3 inflammasome in APCs and 
the elicitation of anti-tumor immune responses.57-59 Furthermore, 
some conventional chemotherapeutics like gemcitabine and 
oxaliplatin promote the expression of MHC molecules on malig-
nant cells and the cross-presentation of TAAs to CTLs,60 while 
taxanes preferentially inhibit immunosuppressive cells like Tregs 
and MDSCs.61 Similar to doxorubicin, taxanes also enhance the 
permeability of malignant cells, rendering them more suscep-
tible to granzyme B-mediated lysis. Anticancer vaccines could 
therefore be applied concurrently and/or after induction chemo-
therapy, which may improve their efficacy by reducing tumor 
burden, hence limiting the immunosuppressive effects of tumor-
derived factors, and inhibiting Tregs as well as MDSCs.

Targeted therapies are increasingly more employed, also as 
they are thought to be more specific than conventional cyto-
toxic drugs. However, they usually inhibit several signaling 
pathways and are not devoid of unwanted or off-target effects. 
Several tyrosine kinase inhibitors (TKIs), proteasome inhibi-
tors, mammalian target of rapamycin (mTOR) inhibitors and 
drugs altering epigenetic DNA modification, including histone 
deacetylase inhibitors and demethylating agents, were shown to 
elicit immunomodulatory effects, mostly by affecting T-cell or 
DC functions.62-64 Among the TKIs that robustly activate the 
immune system, sunitinib might represent the most promising 
one as it reduces the abundance of both Tregs65,66 and MDSCs,67 
while facilitating CD4+ T-cell-mediated immune responses, but 
it does not affects the biology of APCs.68 A randomized Phase 
III clinical trial is currently ongoing to test IMA901 in com-
bination with sunitinib in patients with metastatic RCC, and 
clinical data are eagerly awaited (NCT01265901). In addition, 
vemurafenib (a BRAF inhibitor approved for treatment of mel-
anoma patients bearing BRAF mutations) has been shown to 
induce a favorable immune milieu by increasing the expression 
of melanoma-associated antigens,69 rendering it an interest-
ing candidate for combination with other immunostimulatory 
strategies (e.g., CTLA4- or PD-1/PD-L1-blocking mAbs). 
The combination of BRAF inhibitors and CTLA4-blocking 
agents elicits significant hepatic toxicity, demonstrating that 
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sequential administration schedules might be preferable also 
in this setting. Finally, emerging data demonstrate that the 
chaotic vessels generally serving neoplastic lesions contribute 
to immune dysfunction.70 Thus, the normalization of disor-
ganized vessels by means of anti-angiogenic compounds, such 
vascular endothelial growth factor (VEGF) receptor inhibitors 
or VEGF-blocking mAbs, could improve endogenous as well 
as vaccination-induced antitumor immune responses (Fig. 1).71 
This might at least in part explain the immunostimulatory 
effects mediated by sunitinib, which also contributes to ves-
sel normalization by inhibiting VEGFR and platelet-derived 
growth factor receptor (PDGFR).72

Main Problems to Overcome Via 
Immunological Conditioning

Multifaceted evasion strategies set in place by 
malignant cells still limit the efficacy of anticancer 

immunotherapy.73 In addition, there are several issues that have 
not been sufficiently investigated so far. For instance, what are 
the optimal TAAs to target? Which the best vaccination modali-
ties? Which components of the immune response are of utmost 
importance? Interestingly, virtually no progress has been made 
toward answering these critical questions in the context of several 
diseases.

The concept of conditioning before immunotherapy is well 
established for allogenic stem cell transplantation. In particular, 
novel reduced-intensity and non-myeloablative conditioning reg-
imens were developed to prevent graft rejection by the immune 
system and thus represent a paradigm for immunological con-
ditioning. In cancer immunotherapy, conditioning would start 
already in the course of tumor debulking with conventional 
chemotherapy or targeted anticancer agents, supporting the 
generation of endogenous antitumor immune responses via the 
induction of immunogenic cell death, the inhibition of immuno-
suppressive cytokines (TGFβ1) and/or the elimination of Tregs 

Figure 2. Immunological conditioning as a strategy for boosting anticancer immunotherapy. (A) General conditioning approach for allogeneic stem 
cell transplantation (SCT). In this scenario, conditioning is generally applied prior to the immunological intervention (i.e., SCT). Specific immunomodu-
latory interventions (i.e., tapering, if no graft-vs.-host disease, GvHD) is detectable) can also be administered after transplantation. (B) Immunological 
conditioning in anticancer immunotherapy is primarily used to reverse cancer-associated immunosuppression (IS). DLI, donor lymphocyte infusion; GvT, 
graft-vs.-tumor.
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and MDSCs. Additional immunosuppressive mechanisms of 
relevance such as those centered around CTLA4 and the PD-1/
PD-L1 axis would be reverted by specific mAbs. Future antican-
cer vaccination strategies will have to be optimized by selection 
of optimal TAAs using a personalized approach, depending on 
disease type and the genetic background of patients (includ-
ing MHC type). In addition, the development of innovative 
adjuvants will be critical for vaccines to elicit robust antitumor 
immune responses.

Concluding Remarks

Many pieces of the puzzle resulting in optimal immunotherapeu-
tic regimens are available but not yet set together. Here, we propose 
that patients undergoing active anticancer immunotherapy based 
on TAA-derived peptides, full-length TAAs, tumor-derived RNA, 

or DC vaccines should undergo an immunological conditioning 
prior and/or concomitant to immunization. Chemotherapeutic 
regimens that induce lymphopenia prior to adoptive T-cell ther-
apy, allowing for the efficient expansion of transferred T cells, have 
provided exciting results in melanoma patients (Fig. 1).74 Similar 
to the conditioning approaches that are normally undertaken prior 
to allogeneic stem cell transplantation, immunological condition-
ing may represent an important step to increase the success rate of 
anticancer immunotherapy. In the future, properly designed clini-
cal trials will have to verify this hypothesis by combining chemo-
therapeutics that reduce tumor burden and eliminate endogenous 
immunosuppressive factors with the induction and boosting of 
antitumor immune responses (Fig. 2).
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