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Therapeutic cancer vaccines hold the promise of combining mean-
ingful efficacy (prolongation of survival) with very good safety and 
tolerability, as has been shown in several recent randomized trials1–3. 
However, development of cancer vaccines remains a major challenge, 
with little knowledge of (i) the optimal tumor antigens to target,  
(ii) suitable agents to counteract regulatory mechanisms opposing 
successful immunotherapy and (iii) surrogate and predictive biomar-
kers that can improve our understanding of these regulatory mecha-
nisms and predict a patient’s response to therapy.

The first major issue addressed in this work is whether relevant HLA-
restricted peptides for immunotherapeutic intervention in patients with 

RCC can be identified and clinically validated. We defined the relevance 
of the antigens as their natural presence on the tumor in the majority 
of RCC samples, their immunogenicity (induction of T cell responses 
in clinical studies) and the association of the vaccine-induced T cell 
responses with clinical benefit. For the identification, selection and pre-
clinical immunological validation of such antigens, we used the antigen 
discovery platform XPRESIDENT4,5 to create a multipeptide vaccine 
designated IMA901 for immunotherapy of RCC. We tested IMA901 in 
HLA-A*02+ subjects with advanced RCC in two clinical trials, a phase 1 
(n = 28) and a randomized phase 2 (n = 68) trial, both of which assessed 
the association of T cell responses to IMA901 with clinical benefit.
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Multipeptide immune response to cancer vaccine 
IMA901 after single-dose cyclophosphamide associates 
with longer patient survival
Steffen Walter1,21, Toni Weinschenk1,21, Arnulf Stenzl2, Romuald Zdrojowy3, Anna Pluzanska4, Cezary Szczylik5, 
Michael Staehler6, Wolfram Brugger7, Pierre-Yves Dietrich8, Regina Mendrzyk1, Norbert Hilf1, Oliver Schoor1, 
Jens Fritsche1, Andrea Mahr1, Dominik Maurer1, Verona Vass1, Claudia Trautwein1, Peter Lewandrowski1, 
Christian Flohr1, Heike Pohla9,10, Janusz J Stanczak11, Vincenzo Bronte12, Susanna Mandruzzato13,14,  
Tilo Biedermann15, Graham Pawelec16, Evelyna Derhovanessian16, Hisakazu Yamagishi17, Tsuneharu Miki18, 
Fumiya Hongo18, Natsuki Takaha18, Kosei Hirakawa19, Hiroaki Tanaka19, Stefan Stevanovic20, Jürgen Frisch1, 
Andrea Mayer-Mokler1, Alexandra Kirner1, Hans-Georg Rammensee20, Carsten Reinhardt1,21 &  
Harpreet Singh-Jasuja1,21

IMA901 is the first therapeutic vaccine for renal cell cancer (RCC) consisting of multiple tumor-associated peptides (TUMAPs) 
confirmed to be naturally presented in human cancer tissue. We treated a total of 96 human leukocyte antigen A (HLA-A)*02+ 
subjects with advanced RCC with IMA901 in two consecutive studies. In the phase 1 study, the T cell responses of the patients 
to multiple TUMAPs were associated with better disease control and lower numbers of prevaccine forkhead box P3 (FOXP3)+ 
regulatory T (Treg) cells. The randomized phase 2 trial showed that a single dose of cyclophosphamide reduced the number of Treg 
cells and confirmed that immune responses to multiple TUMAPs were associated with longer overall survival. Furthermore, among 
six predefined populations of myeloid-derived suppressor cells, two were prognostic for overall survival, and among over 300 serum 
biomarkers, we identified apolipoprotein A-I (APOA1) and chemokine (C-C motif) ligand 17 (CCL17) as being predictive for both 
immune response to IMA901 and overall survival. A randomized phase 3 study to determine the clinical benefit of treatment with 
IMA901 is ongoing.
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The second aim was to identify an agent 
that reduced numbers of Treg cells and that 
improved the clinical efficacy of the vaccine. 
A single dose of cyclophosphamide has been 
used in several previous studies with the 
intention of inhibiting Treg cells6–9. However, a beneficial effect of 
single-dose cyclophosphamide had not previously been conclusively 
shown in a randomized clinical trial.

The third issue addressed was whether blood cell populations 
or serum factors could be identified as prognostic or predictive 
biomarkers. We investigated cell populations known to counteract  
T cell–based immunotherapy, such as Treg cells10, several populations 
of myeloid-derived suppressor cells (MDSCs)11,12, interleukin-10  
(IL-10)-secreting and IL-17–secreting T cells13 and dysfunctional 
T cell receptor ζ (TCR-ζ)low or nitrotyrosinehigh T cells14,15, which 
might have an effect on the prognosis of patients with RCC. Lastly, 
we also screened >300 serum biomarkers for association with clinical 
outcome and immune response.

RESULTS
Identification of TUMAPs based on natural presentation
XPRESIDENT is an antigen discovery platform that allows for the 
identification of thousands of TUMAPs—collectively defined as the 
HLA ligandome or immunopeptidome—directly from primary tumor 
tissues (Fig. 1a). It uses a combination of mass spectrometry, gene 
expression profiling, literature-based functional assessment, in vitro 
human T cell assays and bioinformatics to select a set of candidate 
vaccine TUMAPs for the tumor type of interest4,16,17.

We systematically investigated 80 predominantly primary RCC 
tissues, including 32 evaluable HLA-A*02+ RCC samples, by mass 
spectrometry, resulting in the identification of peptides from house-
keeping and tumor-associated antigens4,18. To identify potentially 
clinically relevant antigens, we compared the mRNA expression pro-
files of 42 RCC samples to those of 35 different healthy tissues19 and 
tested the immunogenicity of candidate tumor-associated antigens 
determined by gene expression profiling through subsequent in vitro 
priming using artificial antigen-presenting cells16 to detect antigen-
specific T cells in peripheral blood cells of healthy donors. We selected  

nine HLA-A*02–restricted TUMAPs and one HLA-DR–restricted 
TUMAP that were derived from highly overexpressed tumor antigens 
and designated them IMA901 (Table 1). We added an HLA-A*02–
restricted peptide from hepatitis B virus (HBV) as a marker peptide 
for the phase 1 study20 that was not part of the IMA901 formulation 
in further trials. Data from a representative TUMAP, MET-001, are 
shown in Figure 1b–d.

Safety, immunogenicity and efficacy in the phase 1 study
To investigate safety and obtain preliminary results on the immuno-
genicity and potential clinical benefit of IMA901 in humans, we con-
ducted an open-label, multicenter, single-arm phase 1 study in patients 
with advanced RCC. Subjects received up to eight IMA901 vaccina-
tions, each preceded by administration of granulocyte-macrophage  
colony-stimulating factor (GM-CSF) as an immunomodulator (Fig. 2a).  
We enrolled 28 HLA-A*02+ subjects with RCC, 15 of whom had not 
received prior systemic treatment. The remaining 13 subjects had 
previously received up to three treatment lines, mostly consisting of 
cytokines, often in combination with chemotherapy. We observed no 
treatment-related serious adverse events or deaths during the study 
period. At a 3-month follow up, disease had progressed in 16 subjects, 
11 subjects had stable disease and 1 subject showed a partial response 
to therapy according to the Response Evaluation Criteria in Solid 
Tumors (RECIST).

Among 27 immune-evaluable subjects, 20 showed a vaccine-
induced T cell response to at least one TUMAP and 8 responded 
to multiple TUMAPs. Fourteen subjects showed a response to the 
HBV-001 marker peptide. As detailed in the Online Methods, we 
analyzed responses after a single round of in vitro stimulation and 
culture to enable the detection of both low and high frequencies 
of vaccine-induced T cells in the peripheral blood of the subjects. 
The kinetics of the T cell responses determined at the time points of 
individual blood drawings before and throughout the course of the 
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Figure 1 Key components of the XPRESIDENT 
technology platform to identify and select 
naturally presented TUMAPs. (a) Process 
scheme showing the steps from primary tumor 
tissues and blood samples to a multipeptide 
immunotherapeutic cancer vaccine. (b) Shown 
as an example is the sequencing of the peptide 
YVDPVITSI (MET-001) encoded by MET and 
naturally presented by HLA-A*02 on primary 
RCC tissue by mass spectrometry. m/z, mass  
to charge ratio; b2–b8, b-series fragment 
ions; y2–y8, y-series fragment ions. (c) mRNA 
expression profile of MET. Expression values  
for bulk normal tissues and several RCC  
samples are shown relative to normal bulk 
kidney (with a value arbitrarily set to 1.0).  
Each bar represents a single microarray 
measurement. (d) HLA multimer analysis of  
in vitro–primed T cells generated by stimulation 
of human CD8+ T cells derived from healthy 
donors with MET-001 (top) or an irrelevant 
peptide (bottom) using artificial antigen-
presenting cells. The numbers in the quadrants 
indicate the percentage of CD8+ cells.
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 vaccinations were analyzed for 13 response courses in 9 subjects in 
detail and are shown for a representative subject in Figure 2b. We typ-
ically observed peak responses at 1–3 weeks after start of vaccinations, 
and we were still able to detect vaccine-induced immune responses  
3 months after start of vaccinations in 7 of 13 response courses.

In a retrospective analysis, we found that subjects who responded to 
multiple TUMAPs were significantly (P = 0.019) more likely to experi-
ence disease control (stable disease or partial response) than subjects 
who responded to only one TUMAP or had no response (Fig. 2c). In 
contrast, we found no association between T cell responses to HBV-
001 and clinical benefit. To assess whether Treg cells have a role in com-
promising immune responses in patients, we quantified the number of 
Treg cells in the subjects before and after vaccination. Low percentages 
of Treg cells before vaccination were associated with multiple T cell 
responses to the vaccine in comparison with nonresponders or single 
TUMAP immune responders (Fig. 2d; P = 0.016).

Safety and efficacy in the phase 2 study
We based the design of the phase 2 study on the observed positive 
association between disease control and T cell responses to multiple 
TUMAPs, as well as the negative association of Treg cell numbers 
with the induction of such responses. We investigated whether an 
additional immunomodulator (single-dose cyclophosphamide) could 
improve the efficacy of IMA901 vaccination and the clinical outcome 
in patients with RCC, presumably by reducing the numbers of Treg 
cells (Fig. 3a).

We randomized 1:1 a total of 68 HLA-A*02+ subjects with meta-
static RCC (intention-to-treat population, ITT) with documented pro-
gression during or after previous systemic therapy to receive either 

single-dose cyclophosphamide before the first of 17 vaccinations or no 
pretreatment (33 subjects comprised the arm that included pretreat-
ment with cyclophosphamide, termed here the ‘+Cy arm’, and 35 sub-
jects comprised the arm with no pretreatment, termed here the ‘−Cy 
arm’); 64 subjects were evaluable for the predefined primary efficacy 
analysis (per protocol). The baseline characteristics and risk factors of 
the subjects were well balanced overall between the two randomization 
arms (Supplementary Table 1), except for a shorter median time since 
diagnosis in the subjects from the +Cy arm (which was reported to be 
a negative prognostic factor in previous studies21,22).

Confirming the phase 1 results, treatment with IMA901 was safe 
and generally well tolerated, with mild to moderate local site reac-
tions being the most frequent side effects. Two possibly related seri-
ous adverse events were reported, with one subject experiencing a 
systemic allergic reaction after the twelfth vaccination (caused by 
GM-CSF, as shown by an in vitro basophil degranulation assay) and 
another with a grade 3 localized allergic reaction after the eleventh 
vaccination, with no similar signs of intolerance after further vaccina-
tions. We found no differences in the safety profile between subjects 
in the +Cy arm and those in the −Cy arm.

Similar to reports for other cancer vaccines, shrinkage of estab-
lished tumor lesions was infrequent, with one complete response 
and two partial responses being reported by investigators and one 
 partial response as assessed by centralized review. The disease control 
rate (DCR; percentage of subjects with complete or partial response 
or stable disease according to RECIST within all treated subjects), 
according to a centralized review at 6 months after the start of treat-
ment, was 31% (95% confidence interval (CI) 17–48%) in subjects with 
prior cytokine treatment and was 14% (95% CI 3–35%) in subjects 

Table 1 Composition of the vaccine IMA901 and characteristics of the HBV peptide included in the phase 1 study

Peptide Antigen HLA Overexpression
In vitro  

immunogenicity Remarks on function and tumor relevance References

ADF-001 (SVASTITGV)  
ADF-002 (VMAGDIYSV)

PLIN2  
APOL1

A*02  
A*02

6.0  
6.0

+  
+

Major constituent of the surface of lipid droplets. 
Overexpressed in several cancers; established as a  
marker for RCC.

 4,49

APO-001 (ALADGVQKV) A*02 7.0 + Secreted major apoprotein of high-density lipoprotein. 
Overexpression in RCC.

 4

CCN-001 (LLGATCMFV) CCND1 A*02 3.0 + Cell cycle regulation. Overexpression and association 
with tumorigenesis and metastasis described for various 
tumors.

 4,50

GUC-001 (SVFAGVVGV) GUCY1A3 A*02 2.2 + cGMP synthesis. Proangiogenic effects  
in tumors.

 4

K67-001 (ALFDGDPHL) PRUNE2 A*02 3.4 + Largely uncharacterized so far. Overexpression in RCC.  4,18

MET-001 (YVDPVITSI) MET A*02 13.6 + Hepatocyte growth factor receptor tyrosine kinase, 
cell signaling. Various implications in malignant 
transformation and invasiveness of tumor cells.

 4,18,51

MUC-001 (STAPPVHNV) MUC1 A*02 1.6 + Protection against pathogen binding to the cell surface;  
roles in cell signaling. Altered glycosylation patterns  
lead to new T cell epitopes in tumors.

 52–55

RGS-001 (LAALPHSCL) RGS5 A*02 3.5 + Regulation of cell signaling. Overexpression during 
neovascularization in tumors.

 18,56

MMP-001 
(SQDDIKGIQKLYGKRS)

MMP7 DR 3.3 + Breakdown of extracellular matrix during tissue 
remodeling. Involved in tumor invasion and metastasis, 
tumor development and progression. Also, roles in 
apoptosis, cell proliferation and cell differentiation.

 57

HBV-001 (FLPSDFFPSV) HBV; nucleocapsid  
protein (HBcAg)

A*02 NA + Marker peptide, not tumor associated. HBcAg is an 
antigenic determinant of HBV. Serological responses 
develop in most HBV-infected subjects, used for  
diagnosis of infection.

 20,58

The characteristics of individual peptides contained in IMA901 are shown with peptide code (sequence), source antigen, HLA restriction, overexpression, in vitro immunogenicity,  
remarks on function and references. In the “overexpression” column, the ratios of mean expression in all analyzed RCC samples (n = 20) compared with the mean expression in 
normal tissues are shown. In the column “in vitro immunogenicity,” “+” indicates that in vitro expansion of peptide-specific T cells was observed. NA, not applicable.
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with prior tyrosine kinase inhibitor (TKI) treatment. Whereas pro-
gression-free survival (PFS) was comparable in the two study arms  
(Fig. 3b), we found a trend for prolonged survival in subjects in the 
+Cy arm (median overall survival of 23.5 months for +Cy compared 
with 14.8 months for −Cy, hazard ratio (HR) = 0.57, P = 0.090; Fig. 3c 
and Supplementary Table 1).

Association of immune responses and overall survival
Of the 64 per protocol subjects, 61 were evaluable for a prospectively 
defined immune response analysis. The immune response rate of 64% 
in this group (including 26% multi-TUMAP responders) was similar 
to that of the phase 1 study (where we investigated more time points).  

These rates were comparable between subjects with and without 
cyclophosphamide pretreatment (data not shown), indicating that 
cyclophosphamide did not alter the induction of T cell responses.

The baseline characteristics of the subjects were generally well bal-
anced between the immune responders and the nonresponders and 
between multi-TUMAP responders and single-TUMAP responders 
or nonresponders (Supplementary Table 2). However, age was asso-
ciated with fewer multi-TUMAP responses (P = 0.01), and there was 
a tendency toward more responses in male than in female subjects. 
Neither age nor gender have otherwise been reported as prognostic 
factors for overall survival of patients with RCC22.

Despite the observed similarity of prognostic factors in the subjects 
in the +Cy and −Cy arms, a prospectively defined analysis showed that 
among immune responders, subjects had prolonged survival if pre-
treated with cyclophosphamide compared with subjects without this 
pretreatment (HR = 0.38, P = 0.040) (Fig. 3d). In contrast, we found 
no difference in survival of subjects in the +Cy and −Cy arms among 
nonimmune responders (HR = 0.92, P = 0.870). Although these data 
are based on small numbers of subjects because of the trial design, 
they suggest that a single dose of cyclophosphamide does not have 
antitumor activity by itself but instead supports the effects of the vac-
cine as an immunomodulator and enables the translation of immune 
responses into clinical benefit. Furthermore, survival time was 
extended if a subject had a response to multiple TUMAPs (P = 0.023 

Figure 2 Key observations of the IMA901  
phase 1 trial. (a) Schedule of vaccinations  
with IMA901 plus the immunomodulator  
GM-CSF and of peripheral blood mononuclear 
cell (PBMC) sampling. Scr, screening;  
V, vaccination; FU, follow up (no vaccine 
applied). (b) The observed magnitude of 
T cell kinetics in a multimer analysis of a 
representative subject vaccinated with IMA901. 
The readout antigens were nine HLA class I 
TUMAPs in one sample (TUMAP pool), the 
marker peptide HBV-001, which was included  
in IMA901, and the negative control antigen 
HIV-001, which was not included in the  
vaccine. The timeline is shown in weeks, 
with each tick indicating 1 week. (c) DCR of 
subjects according to the presence or absence 
of detectable immune responses (n = 27 
subjects total). The numbers above the bars 
indicate number of subjects with the observed 
immune responses. Anti-HBV, vaccine-induced 
response to the HBV peptide. (d) Association 
of the number of T cell responses with the percentage of Treg cells (n = 26 subjects). Shown on the y axis is the percentage of CD4+FOXP3+ cells 
among CD45+ lymphocytes in prevaccination samples. Shown on the x axis is the number of vaccine-induced TUMAP responses per subject. Each dot 
represents an individual subject, and the horizontal lines represent the median values.
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subjects without an observed immune response, −Cy arm (n = 9).  
(e) Overall survival of subjects with no detectable immune responses (n = 22),  
immune responses to one TUMAP (n = 23), immune responses to two 
TUMAPs (n = 14) or immune responses to at least three TUMAPs (n = 2).

np
g

©
 2

01
2 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
 A

ll 
rig

ht
s 

re
se

rv
ed

.



A r t i c l e s

1258	 VOLUME 18 | NUMBER 8 | AUGUST 2012 nAture medicine

log-rank test for trend in subjects with increasing number of responses) 
(Fig. 3e), corroborating the observation from the phase 1 study that 
clinical benefit is associated with the breadth of vaccine-induced  
immune responses.

Downmodulation of Treg cells by cyclophosphamide
To assess the effects of single-dose cyclophosphamide on the numbers 
of Treg cells in patients with RCC, we characterized these cells23,24 
as CD45+CD3+CD4+CD8−FOXP3+CD25hiCD127low by immuno-
phenotyping. A prospectively defined analysis showed an approxi-
mately 20% reduction in Treg cell numbers 3 d after compared with 
immediately before the cyclophosphamide infusion in the +Cy arm 
(P = 0.013); we found no such effect in the −Cy arm and no effect on 
absolute lymphocyte counts in subjects from either arm (Fig. 4a).

Furthermore, quantifying the expression of Ki-67 showed that the 
percentage of proliferating cells among all Treg cells was decreased 3 d 
after compared with before cyclophosphamide treatment (Fig. 4b,c).

Assessment of cellular biomarkers before treatment
To establish a profile of the immune-regulatory environment of 
patients with RCC, we analyzed different cellular biomarkers in  
samples from subjects of the phase 2 study obtained before treatment 
with cyclophosphamide and IMA901 and from matched healthy con-
trols. MDSCs are myeloid cells with immunosuppressive properties 
that have been proposed to negatively modulate anticancer immunity. 
We developed a panel of antibodies to identify six MDSC pheno-
types in a single multicolor staining: MDSC1 (CD14+, interleukin-4  
receptor α (IL-4Rα)+)25, MDSC2 (CD15+IL-4Rα+)25, MDSC3 
(Lineage−HLA-DR−CD33+)26,27, MDSC4 (CD14+HLA-DR−/lo)28, 
MDSC5 (CD11b+CD14−CD15+)14 and MDSC6 (CD15+FSCloSSChi)29. 
We found that the percentage of MDSC2–MDSC6 phenotypes among 
all lymphocytes were significantly (P < 0.01) higher in subjects with 
RCC than in the controls (Fig. 5a and Supplementary Fig. 1a–e).

Two key mechanisms by which MDSCs cause T cell dysfunction have 
previously been reported: depletion of arginine, which induces T cell  
receptor ζ chain downregulation14, and the generation of reactive 
oxygen species, which induces T cell tyrosine nitration30,31. Indeed, 
we found that TCR-ζ expression and nitrotyrosine expression by  
T cells—both measured as median fluorescence—were signifi-
cantly lower (P < 0.0001) and higher (P = 0.0038), respectively, in 
patients compared with controls (Fig. 5b,c). TCR-ζ expression was 
significantly inversely correlated with numbers of MDSC2–MDSC4  
(P < 0.05, data not shown) and strongly inversely correlated with 

MDSC5 (P < 0.0001; data not shown). We found no association 
between nitrotyrosine expression and the numbers of phenotypes 
MDSC1–MDSC6 (data not shown).

IL-17+CD4+ T cells (T helper type 17 (TH17) cells) represent a 
distinct lineage of helper T cells with proinflammatory effector 
functions. TH17 cells have been found to be elevated in several 
human cancers13,32,33 and may predict metastatic progression13. 
Comparison of patients with RCC and controls (Fig. 5d,e and 
Supplementary Fig. 1f,g) showed that TH17 cells were significantly 
enriched in the peripheral blood of subjects with RCC (P < 0.0001; 
Fig. 5d). Furthermore, the concentrations of IL-10+CD4+ T cells 
were also significantly higher in patients with RCC than in controls 
(P < 0.0001, Fig. 5e).

In a retrospective analysis, the numbers of two out of the six MDSC 
phenotypes were significantly negatively associated with overall sur-
vival: MDSC4 (P < 0.001 by continuous analysis; patients with high 
compared with low numbers of MDSC4 are shown in Fig. 5f) and 
MDSC5 (P = 0.016). TCR-ζ expression tended to associate positively 
with survival (P = 0.084).

Assessment of serum biomarkers before treatment
To identify serum parameters that could predict a potentially increased 
immunogenicity and overall survival by IMA901 treatment, we mea-
sured >300 analytes in samples from subjects in the IMA901 phase  
2 study before treatment. To distinguish prognostic biomarkers (that 
is, those associated with clinical outcome independent of therapy) 
from predictive biomarkers, we considered only those biomarkers 
that were associated with both immune response and with overall sur-
vival in the +Cy arm but not in the −Cy arm. The use of this method 
was justified by the observation that immune responses to TUMAPs 
were associated with clinical benefit in both clinical studies described 
here (whereas responses to HBV-001 were not) and by the finding 
that subjects from the +Cy arm showed longer overall survival times  
(HR = 0.57, P = 0.090) and better association of immune response 
with overall survival compared with subjects in the −Cy arm.

Post-hoc univariate statistical analyses revealed that serum con-
centrations of two analytes, APOA1 and CCL17, were positively pre-
dictive for immune responses (P = 0.016 and P = 0.032, respectively) 
and multipeptide responses (P < 0.0001 and P = 0.0028, respectively; 
data not shown). High concentrations of APOA1 and CCL17 were 
able to identify patient populations with significantly longer overall 
survival (P < 0.007 and P < 0.011, respectively), with this effect being 
pronounced in the +Cy arm but absent in the −Cy arm (Fig. 5g–j).

Figure 4 Modulation of Treg cells by  
single-dose cyclophosphamide. (a) The medians 
of the absolute Treg cell and lymphocyte counts 
of evaluable phase 2 subjects at different visits: 
VB, screening up to 4 weeks before V1; VC, 
administration of single-dose cyclophosphamide 
3 d before V1; V1, first IMA901 vaccination; 
V6, sixth vaccination 3 weeks after V1. Treg 
cells of evaluable ITT subjects pretreated with 
cyclophosphamide (n = 25 at VC, n = 29 at 
V1, n = 28 at V6), Treg cells of subjects not 
pretreated with cyclophosphamide (n = 31 at VC, n = 27 at V1, n = 27 at V6), lymphocytes of subjects pretreated with cyclophosphamide (n = 33 at 
VB, n = 31 at VC, n = 33 at V1, n = 32 at V6) and lymphocytes of subjects not pretreated with cyclophosphamide (n = 35 at VB, n = 35 at V1, n = 34 at 
V6) are shown. The decrease in the numbers of Treg cells from VC to V1 was significant in the +Cy arm (P = 0.013 by paired two-sided Wilcoxon test,  
n = 24). (b,c) Phenotype of circulating Treg cells in evaluable subjects treated with cyclophosphamide (b) (n = 23 at VC, n = 29 at V1) or not treated 
with cyclophosphamide (c) (n = 31 at VC, n = 27 at V1). Frequency of Ki-67+ cells among the Treg cells was significantly decreased from VC to V1 in 
subjects treated with cyclophosphamide (P = 0.0006 by paired two-sided Wilcoxon test, n = 23). Each dot represents an individual subject, and the 
horizontal lines represent the median values.
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DISCUSSION
To the best of our knowledge, this work is the first to show that HLA-
restricted peptides, selected by virtue of being naturally presented by 
cancer, elicit specific vaccine-induced immune responses that are asso-
ciated with clinical benefit. Most therapeutic vaccine trials in cancer  
so far have not shown such an association, which may be explained 
by the lack of confirmation of natural presentation on patient-derived 
primary tumor tissue. In two trials testing IMA901, the breadth of 
the T cell response (that is, the number of different specific antigens 
against which T cell responses were induced by the vaccine) was sig-
nificantly associated with clinical benefit, implying that the targeting 
of multiple antigens in immunotherapy is required for clinical effi-
cacy. The finding that immune responses are associated with clinical  
benefit could be explained by therapeutic efficacy or by immune 
responses being merely a prognostic factor. Three observations argue 
in favor of the hypothesis that vaccine-induced immune responses are 
indeed causally related to better clinical outcome: (i) the association of 
immune response with clinical benefit was only observed for tumor-
associated peptides and not for the unrelated nontumor HBV-derived 
peptide; (ii) immune responses were associated with survival only 
in subjects randomized to a single dose of cyclophosphamide; and  
(iii) the baseline characteristics were overall well matched between 
multipeptide immune responders, immune responders and  
nonresponders (Supplementary Table 2), and the two observed 
differences (age and sex) are not considered prognostic factors in 
advanced RCC.

Moreover, this is the first randomized trial to show that single-dose 
cyclophosphamide is associated with prolonged survival after tumor 
immunotherapy. This effect is only observed in subjects with specific 
immune responses to IMA901, indicating that single-dose cyclophos-
phamide does not have any single-agent activity (either as a cytotoxic 
or as a nonspecific immunomodulatory drug) but rather acts as an 

immunomodulator of the vaccine. Differences in baseline factors 
cannot explain this better outcome; if anything, subjects pretreated 
with cyclophosphamide tended to have a slightly worse prognosis, as 
exemplified by the shorter time from tumor diagnosis to randomiza-
tion in this group21,22. The results also show that cyclophosphamide 
predominantly affects proliferating Treg cells within the Treg popula-
tion. A prior report suggested that peripheral Treg cells have a higher 
fraction of proliferating cells than do other cell subsets34.

The survival of patients who received cytokine treatment prior to 
IMA901 vaccination plus cyclophosphamide (with the median overall 
survival not reached after 33.1 months) compared favorably with data 
recently published from studies with TKIs in the same setting (median 
overall survival of 17.8 months for sorafenib treatment compared 
with 15.2 months for placebo35 and 16.4 months for sunitinib treat-
ment36), whereas the overall survival of patients receiving IMA901 
vaccination without cyclophosphamide (median overall survival of 
15.8 months) matched these trials quite well. The baseline character-
istics and risk factors of the subjects in the IMA901 phase 2 trial were 
generally comparable in this inter-trial comparison (Supplementary 
Table 3). Although encouraging, this observation must be inter-
preted with caution, as it was derived from a comparison with  
historical controls.

Our work also suggests that, in addition to Treg cells, MDSCs 
may have a role in RCC outcome. Among several MDSC pheno-
types described in the literature, only two populations, here termed 
MDSC4 and MDSC5, were shown to be negatively associated with 
survival in patients with RCC. Similar cellular populations have been 
shown to be prognostic in breast and colon cancer37. This observa-
tion is new for RCC and for cancer under immunotherapy. The TKI 
sunitinib, a standard first-line treatment in advanced RCC, has been 
shown to decrease the numbers of Treg cells in mice38 and patients 
with RCC39, as well as MDSCs in patients with RCC40. Based on this 
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Figure 5 Analysis of pretreatment biomarkers. (a–e) Comparison of cellular biomarkers of evaluable ITT subjects aged <70 years (n = 50–53 per 
group) and age- and gender-matched healthy controls (n = 22). Each dot represents an individual subject, and horizontal lines represent the median 
values. Statistical assessments were performed using unpaired two-sided Wilcoxon tests. MDSC4, P = 0.0043 (a); TCR-ζ, P < 0.0001 (b); nitrotyrosine 
expression of T cells, P = 0.0038 (c); IL-17+, P < 0.0001 (d); IL-10+, P < 0.0001 (e). (f) Overall survival of evaluable per protocol subjects having 
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+Cy arm (P = 0.003, n = 14 compared with n = 16) and 0.69 in the −Cy arm (P = 0.418, n = 16 compared with n = 14).
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rationale, a randomized phase 3 trial combining IMA901 with single-
dose cyclophosphamide and sunitinib compared with treatment with 
sunitinib alone was started recently41.

The retrospective screening of a large number of serum biomarkers  
and their association with several outcome variables showed that 
two biomarkers, APOA1 and CCL17, are potentially predictive for  
vaccine-induced immunity and overall survival. APOA1 is the major 
protein component of high-density lipoprotein. Reduced concentra-
tions of high-density lipoprotein and APOA1 are found in several 
types of cancer42 and are associated with chronic inflammatory and 
oxidative stress, which may suppress adaptive immune responses43.  
CCL17 is a chemoattractant for several immune cells, including CD4+ 
and CD8+ T cells, in particular, skin-homing44,45 and tumor-infiltrating  
T cells46. A major source of CCL17 is myeloid dendritic cells; consti-
tutively as well as induced production of CCL17 has a role in dendritic 
cell function47,48. Based on these exploratory biomarker results, we 
hypothesize that high serum concentrations of APOA1 and CCL17 
may predict immune and clinical response to IMA901.

Several aspects of the study reported here strongly suggest that 
therapeutic vaccinations with IMA901 induce specific immune 
responses that lead to clinical benefit and may be predicted by a 
defined pretreatment biomarker pattern. However, relatively small 
numbers of patients have been evaluated thus far, requiring further 
confirmation of clinical benefit as a prospectively defined endpoint 
in a large randomized clinical trial, which is currently ongoing. This 
randomized trial will also serve to validate the proposed predictive 
biomarker signature in a prospectively defined fashion.

Finally, we conclude that the rational clinical development of thera-
peutic cancer vaccines accompanied and guided by a comprehensive 
biomarker program—including T cell response monitoring, as well as 
monitoring of other cellular and serum biomarkers—is feasible even 
in multicenter trials and is valuable, provided that sample quality 
is tightly controlled. Such biomarkers reflect relevant mechanisms 
of immune induction and tolerance and assist in defining patient 
subpopulations with a higher prospect of response to cancer immuno-
therapy. These findings may have relevance for other cancer immuno-
therapy trials.

METHODS
Methods and any associated references are available in the online 
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS
Phase 1 study design. Between 2005 and 2006, we conducted a multicenter, 
single-arm, open-label first-in-man study at six study sites in three European 
countries in accordance with the Declaration of Helsinki, current International 
Conference on Harmonisation of Technical Requirements for Registration of 
Pharmaceuticals for Human Use (ICH) guidelines and all applicable regula-
tory and ethical requirements. All subjects provided written informed consent 
before study-related procedures were performed. Subjects with histologically 
confirmed RCC of American Joint Committee on Cancer Stages 3 and 4  
were enrolled.

Each of the vaccinations consisted of an intradermal (i.d.) injection of  
GM-CSF (75 µg) followed within 15–30 min by an i.d. injection of IMA901 (413 µg 
of each peptide). The vaccine therapy was a monotherapy, meaning that no other 
antitumor therapies were concomitantly administered during the study course. Of 
the 28 HLA-A*02–positive patients, 27 patients received eight vaccinations and  
1 patient was prematurely withdrawn and received only one vaccination.

The primary endpoint was safety and tolerability. Main secondary endpoints 
were immunogenicity and evidence of antitumor activity.

Phase 2 study design and treatment schedule. Between 2007 and 2009, we 
conducted a multicenter, randomized, open-label phase 2 study in accordance 
with the Declaration of Helsinki, current ICH guidelines and all applicable regu-
latory and ethical requirements. All subjects provided written informed consent 
before study-related procedures were performed. Subjects were recruited by 23 
centers across ten European countries. Subjects were randomized to receive or 
not receive one single infusion of cyclophosphamide (300 mg m−2) 3 d before 
the first vaccination with IMA901 plus GM-CSF. The phase 2 injection doses 
of IMA901 per peptide and GM-CSF were identical to the phase 1 study, how-
ever formulation in the phase 2 study excluded the marker peptide HBV-001. 
Stratification factors included risk group (Memorial Sloan-Kettering Cancer 
Center (MSKCC) three-item score, with only favorable and intermediate risk 
patients being eligible) and previous treatment (cytokine or TKI). Subjects had 
to have measurable lesions to be eligible for the trial; other relevant inclusion 
criteria were documented tumor progression during or after previous systemic 
therapy and Karnofsky performance status ≥80%. Subjects with brain metastases, 
relevant autoimmune diseases, other malignancies or major abnormalities of 
hematology, liver and renal function tests were excluded. No treatment with 
either anticancer agents or immunosuppressants was allowed within 4 weeks 
before entering the trial. Subjects in both treatment arms were to receive seven 
vaccinations in the first 5 weeks of treatment (induction period) followed by 
ten further vaccinations at 3 week intervals for up to 30 weeks (maintenance 
period). Subjects were prospectively defined as per protocol if they received at 
least six vaccinations with IMA901 and GM-CSF.

The primary endpoint was DCR after 6 months. Main secondary endpoints 
were PFS, overall survival, immunogenicity and safety.

Clinical assessment criteria. The safety of study treatment was assessed in 
both trials based on the occurrence of adverse events, which were categorized 
and graded according to National Cancer Institute Common Toxicity Criteria 
(NCI-CTC).

Evidence of antitumor activity was obtained in terms of tumor size of target 
lesions and evaluation of nontarget lesions at baseline (that is, during the screen-
ing period) and at the respective follow-up visits as per RECIST 1.0.

In the phase 1 study, tumor follow-up assessment was compared with base-
line. In the phase 2 study, tumor assessments were performed every 6 weeks 
(except for the first assessment, which occurred 8.5 weeks after cyclophospha-
mide administration). Tumor images were centrally reviewed by independent 
radiologists and one oncologist (Perceptive Informatics Inc., Berlin, Germany). 
Further follow up to collect survival data was conducted at 3-month intervals. 
The phase 2 trial is registered and has ClinicalTrials.gov identifier NCT01265901. 
The ongoing phase 3 trial, which is mentioned in the Discussion section, has the 
ClinicalTrials.gov identifier NCT00523159.

Immunomonitoring and biomarker analysis. PBMCs were isolated from 
subjects within 8 h of venipuncture using fully standardized procedures, 
cryopreserved and shipped for central laboratory analysis. We detected T cell 

responses to individual HLA-A*02–binding peptides by performing HLA mul-
timer staining and interferon γ (IFN-γ) enzyme-linked immunospot (ELISPOT) 
after antigen stimulation and 12 d of in vitro culture. We assessed the numbers of 
Treg cells and MDSCs and the expressions of TCR-ζ and nitrotyrosine on T cells 
by ex vivo multicolor flow cytometric analyses. We performed assessment of TH 
subset numbers by intracellular cytokine staining after a 5 h stimulation with 
phorbol 12-myristate 13-acetate (PMA) and ionomycin. We measured serum 
biomarkers using multiplex technologies, mass spectrometry and ELISA.

Statistical analyses. In the phase 1 study, we analyzed the association of immune 
responses with DCR using a two-sided χ2 test and the association of Treg cells 
with immune responses retrospectively using a two-sided Wilcoxon test.

In the phase 2 study, we performed prospectively defined binary survival 
comparisons of study subgroups using log-rank tests and deduced survival rates 
from Kaplan-Meyer plots. We indicated 95% confidence intervals in the text. 
In the case of multiple immune response groups, the log-rank test for trend was 
used testing the null hypothesis that there is no linear trend between increasing 
numbers of immune responses and median survival.

We assessed the decrease of absolute Treg cell numbers from VC to V1 with a 
prospectively defined paired two-sided Wilcoxon test and used the same test in 
the post-hoc analysis of Ki-67+ cells within Treg cells.

In further post-hoc analyses, we used an unpaired two-sided Wilcoxon test 
to compare the number of MDSCs, TH subset frequencies and expressions of  
age- and gender-matched patients and healthy controls. We performed  
correlation analyses among cellular biomarkers post hoc using a Pearson  
product-moment correlation.

We performed all serum biomarker analyses retrospectively: an unpaired 
Welch’s t test was used for association of serum biomarkers with T cell responses. 
We assessed the association of continuous biomarker parameters with overall  
survival in a univariate Cox proportional hazards model. To use continuous 
parameters as classifiers distinguishing between subjects with more and less 
survival benefit, we used the median concentrations derived from the per 
protocol population as a cutoff. The log-rank test was performed for binary  
survival comparisons.

We performed statistical analyses using R (GNU) programming language 
using the package ‘survival’, GraphPad Prism 4 (GraphPad Software) and 
Statgraphics Centurion (Statpoint Technologies).

Identification and gene expression analysis of HLA-restricted peptides. 
After approval by the relevant Institutional Review Boards at the University of 
Tübingen and Kyoto Prefectural University of Medicine and informed consents 
given by the patients, HLA peptide pools from shock-frozen tissue samples 
were obtained by immune precipitation from solid tissues using the HLA-A*02– 
specific antibody BB7.2 (ref. 59) for HLA-A*02+ patients (BB7.2 was kindly 
provided by H.-G.R., antibody amounts used for precipitation were adopted to 
the weight of each tissue and ranged from 10–25 mg). Peptides were sequenced 
using a quadrupole time of flight (Q-TOF) mass spectrometer, as described 
elsewhere18, or separated using a nanoAcquity UPLC system (Waters, Eschborn, 
Germany) and analyzed in an LTQ-Orbitrap mass spectrometer (Thermo Fisher 
Scientific, Bremen, Germany). All selected sequences were verified by com-
parison with the spectra of synthetic peptides (data not shown). Gene expres-
sion analysis was performed using high-density oligonucleotide microarrays, 
as previously described18.

RCC samples included samples from European and Japanese patients and 
had to fulfill standardized quality criteria to be evaluable. No relevant differ-
ences in mRNA expression or peptide presentation of the TUMAPs contained 
in IMA901 between the European and Japanese patients were observed. IMA901 
TUMAPs were found on HLA-A*0201+ as well as on HLA-A*0206+ tumor  
tissues (data not shown).

In vitro validation of TUMAP immunogenicity. In vitro T cell priming using 
artificial antigen-presenting cells loaded with high-density HLA-peptide  
complexes and antibodies to CD28 was performed as described previously16.

Peptide vaccine preparation. All individual peptides and the final multipeptide 
vaccine IMA901 have been manufactured in compliance with good manufacturing  
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practice and in accordance to predefined release specifications. Peptides were 
manufactured with purities ≥95.0% (Bachem AG, Bubendorf, Switzerland) with 
a free N terminus, free C terminus and acetate or hydrochloride as a counter ion 
using standard solid-phase procedures. IMA901 was formulated (Rentschler 
Biotechnologie GmbH, Laupheim, Germany), labeled, packaged and distributed  
to clinical sites (Penn Pharmaceutical Services, Tredegar, UK). IMA901 for clinical  
phase 1 was formulated by mixing solutions of the 11 peptides, as listed in 
Table 1, lyophilised without the addition of excipients and resolubized with 
4.2% sodium bicarbonate buffer (Braun AG, Melsungen, Germany). For clinical  
phase 2, the formulation of IMA901 comprised all peptides also used for 
phase 1, with the exception of HBV-001, with added mannitol (Merck KGaA, 
Darmstadt, Germany) and poloxamer 188 (Lutrol F68) (BASF Chemtrade 
GmbH, Burgbernheim, Germany) as excipients. Addition of these excipients 
did not alter the immunological properties of the vaccine, as shown in pre-
clinical vaccination studies. Briefly, C57BL/6 mice were immunized with the 
ovalbumin-derived peptide SIINFEKL and CpG deoxyoligonucleotide as an 
immunomodulator in 4.2% bicarbonate buffer with or without poloxamer 188 
and mannitol added at concentrations identical to those in the later formula-
tion of IMA901 for the phase 2 trial. Mice were killed 9 d after immunization, 
and the frequency of peptide-specific CD8+ T cells was estimated. There was 
no difference in immune responses between the groups with and without the 
excipients (data not shown).

Quality control of the identity of the specified parameters, the content of 
active ingredients, the uniformity of content, the purity and the product-related 
impurities of the formulated product included the implementation of a validated 
analytical HPLC method, which was able to separate each individual peptide. 
Using this method, stability studies of the lyophilized product did not show any 
substantial decrease in peptide content or in peptide purity (product-related 
impurities) when the vaccine was stored at 25 °C (60% relative humidity),  
5 °C and −20 °C for up to 36 months (data not shown). In accordance with the 
stability data obtained after reconstitution, the peptide vaccine IMA901 had to 
be used within 1 h after reconstitution on clinical sites.

Immunomodulators. The immunomodulators GM-CSF (sargramostim,  
Leukine; Genzyme, Seattle, USA) and cyclophosphamide (Endoxan; 
Baxter, UK) were purchased as good manufacturing practice grade lyophili-
sates and administered i.d. or intravenously, respectively, according to the  
manufacturer’s instructions.

PBMC sample acquisition. PBMCs were isolated from 50 ml (phase 1) or 100 ml  
(phase 2) sodium heparine blood within 8 h of venipuncture using a standard 
Ficoll-Hypaque density gradient procedure and were cryopreserved in serum-
free medium. At sites where this was feasible, cells were stored in the gas phase 
of liquid nitrogen before shipment; otherwise cells were directly shipped within 
7 d of storage at −80 °C. After shipment to the central laboratory on dry ice, 
frozen cells were stored in the gas phase of liquid nitrogen until use. All media 
and reagents were standardized, tested and supplied centrally as kits. All crucial  
steps of PBMC sample acquisition were performed according to standard  
operating procedures by specifically trained personnel. Laboratories isolat-
ing PBMCs had to pass a documented qualification procedure, including the  
successful performance of test runs.

Discussion of the choice of assay for detection of T cell responses. The T cell 
assays performed routinely for patients in the IMA901 phase 1 and phase 2 
studies were ‘in vitro stimulation assays’, which involve a 12-d cell culture after 
peptide pulsing. This contrasts to the quantification of T cells ‘ex vivo’ without 
prior cell culture but does not constitute ‘in vitro priming’ of naive T cells, for 
which professional antigen-presenting cells have to be used in vitro (see Fig. 1d 
for an example of in vitro priming).

We justify this choice based on a number of observations and further assump-
tions. (i) For a subset of six patients of the IMA901 phase 1 study, for whom 
ex vivo IFN-γ ELISPOT assays were performed, no patients showed ex vivo– 
measurable vaccine-induced immune responses, whereas four showed a measur-
able IFN-γ ELISPOT response after in vitro stimulation. (ii) The amplification 
factor of the in vitro stimulation assay was ~100× based on direct comparisons 
(ex vivo compared with in vitro stimulated) of virus-specific T cell responses  

(n = 33), as well as strong patient vaccine-induced responses (n = 3; data not 
shown). Based on this observation, it can be assumed that the majority of the 
observed T cell responses of IMA901 phase 1 and phase 2 patients were well 
below the detection threshold of current ex vivo multimer assays (~0.01%).  
(iii) The empirical threshold for detection of a vaccine-induced response was set 
to a conservative value (4× above baseline), as the in vitro culture is expected to 
be associated with a resulting lower precision as compared with an ex vivo assay. 
(iv) In several reported immunotherapy studies60–64, ex vivo detectable, vaccine-
induced T cell responses in patients with melanoma were readily detected. It is 
worth noting that in these studies, altered ligands or the HLA-A*02-restricted 
Melan-A peptide were almost exclusively used. It is expected that for altered, 
nonself antigens, higher precursor frequencies of naive T cells as compared with 
self antigens can be found. For the particular Melan-A peptide used, an abnor-
mally high precursor frequency of naive T cells has been shown65. However, the 
biological relevance of altered ligands as vaccine targets is subject to debate66, as 
high-frequency T cells specific to the altered peptide may not crossreact to the 
unaltered peptide that is presented by the tumor.

We conclude that for the detection of vaccine-induced responses to self anti-
gens in patients with cancer, in vitro stimulation assays are the current technical 
state of the art, as such responses are often below the detection limit of current 
ex vivo assays. The low-frequency responses in the peripheral blood that are 
detected by the in vitro (but missed by the ex vivo) assay may be biologically  
relevant, as indicated by the phase 1 and 2 IMA901 studies and other studies. This 
biological relevance of low-frequency responses in the blood may be explained by 
higher T cell frequencies in other compartments (for example, lymph nodes, bone  
marrow or tumor sites) or association with epitope spreading to other targets.

Assessment of T cell responses. Vaccine-induced T cell responses to HLA-A*02 
binding peptides were identified by HLA multimer staining or IFN-γ ELISPOT 
after one 12-d in vitro stimulation of samples of patients with peptides from 
single or pooled blood drawings, as specified below. For all patients, both assays 
were performed, and patients had to be evaluable for at least one assay for each 
peptide at each visit during which immunomonitoring was scheduled. Because 
of the technical limitations of the assays, no readout was available for the single 
HLA-DR–associated peptide. In both assays, time point pools were used from 
the limited amount of blood to derive a full dataset for all HLA class I peptides  
contained in IMA901 plus the controls (phase 1: VC/V1 (pooled), V4/V5, 
V6/V7, V8/FU; phase 2: VC/V1, V5, V6, V7). Additionally, PBMC samples for 
each single time point were analyzed by multimer staining in a subset of nine 
patients with 13 detected responses in the phase 1 study to investigate kinetics 
of T cell responses.

For each analysis time point, approximately 1.2 × 107 thawed PBMCs in a 
concentration of 2.5 × 106 to 5.4 × 106 ml−1 were incubated in X-Vivo 15 plus  
2 mM L-glutamine (Lonza, Verviers, Belgium or Life Technologies, Darmstadt, 
Germany) containing all IMA901 class I peptides used for immunization  
(10 µg ml−1 per peptide) for 2 h at 37 °C, 5% CO2 and 95% humidity. Cells were pel-
leted, resuspended in X-Vivo 15 supplemented with 10% heat-inactivated human 
AB Serum (C.C. Pro, Neustadt/W., Germany or PAN, Aidenbach, Germany), 2 mM  
l-glutamine, 100 U ml−1 penicillin, 100 µg ml−1 streptomycin (Lonza) and  
20 U ml−1 IL-2 (Novartis, Munich, Germany) and cultured for 12 d. Half of the 
medium was replaced every 2–3 d.

ELISPOT assay. The IFN-γ ELISPOT assessment was performed using the 
ELISPOT-IFN-γ Set and the AEC Substrate Reagent Set (both by Becton 
Dickinson, Heidelberg, Germany), according to the manufacturer’s protocol. 
For stimulations, PBMCs were harvested on day 13, washed in CTL-Wash (CTL, 
Cleveland, USA), supplemented with 2 mM L-glutamine and re-stimulated 
for readout in CTL-Test (CTL) supplemented with 2 mM L-glutamine. For 
each peptide assessment, 75,000 effector cells per well were incubated with 
100,000 untreated K562-A2 cells67 (phase 1) or 75,000 K562-A2 cells67 pre-
treated with 100 U ml−1 human IFN-γ (Boehringer Ingelheim, Ingelheim, 
Germany) (phase 2) and 10 µg ml−1 of peptide for 20–24 h at 37 °C and 5% 
CO2. Readout was performed on a Series 3B ELISPOT Reader (CTL). Each 
sample was tested in triplicate, and the presence of vaccine-induced response 
was determined according to objective criteria based on suggestions by the 
international Association for Cancer Immunotherapy (CIMT) Immunoguiding 
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Program (CIP) and others68,69. Briefly, the mean spot number for a given pep-
tide had to be at least twofold over the mean background spot number, and 
the difference of the triplicates had to pass the Student’s t test (P < 0.05, two 
sided). Furthermore, the ratio of peptide to negative control mean for a given 
post-vaccination time point had to be at least twofold over the corresponding 
ratio before vaccination.

HLA multimer assay. Dual HLA multimer assessment was performed as shown 
previously70 with minor modifications. Briefly, PBMCs were harvested on day 13  
and approximately 0.5 × 106 to 1 × 106 PBMCs per staining were treated  
first with HLA-A*0201 multimer phycoerythrin and HLA-A*0201 multimer 
allophycocyanin (individually at 5 µg ml−1 HLA concentration plus all multi-
mers in one pool each at 1 µg ml−1) (phase 1) or LIVE/DEAD fixable Aqua dead 
cell stain kit (Life Technologies) followed by multimers (phase 2) and then by 
antibodies to CD8 (SK1, 1:20, BD) plus antibodies to CD3 (UCHT1, 1:40, BD). 
Cells were fixed and analyzed on a FACSCalibur (phase 1, BD) or LSRII SORP 
cytometer (phase 2, BD). FCSExpress (DeNovo Software, Los Angeles, USA) 
or FlowJo (Tree Star, Ashland, USA) was used to enumerate single multimer- 
positive cells among CD8+CD3+ lymphocytes. Detailed gating and repre-
sentative dot plots are shown in Supplementary Figures 2 and 3. The pres-
ence of a vaccine-induced response was determined according to objective 
criteria based on suggestions by the international Association for Cancer 
Immunotherapy (CIMT) Immunoguiding Program (CIP) and others68,69. 
Briefly, frequencies of multimer-positive cells must have been at least fourfold 
over the corresponding frequency before vaccination. Furthermore, in dot 
plots, multimer-positive cell populations must have been clustered and discrete 
from multimer-negative cells. In phase 2, this was determined by the evalua-
tion of blinded data by a jury consisting of five members. The jury members 
had to evaluate whether the multimer-stained cell population was clearly clus-
tered and discrete. Each jury member could attribute up to two points, and a  
vaccine-induced immune response was only identified if at least nine points were 
given. Cells must have been specifically stained with one single HLA multimer 
to exclude particles nonspecifically binding to all HLA multimers.

Assessment of Treg cells. PBMC samples were thawed in the presence of  
0.5 U ml−1 Benzonase (Merck, Darmstadt, Germany).

In phase 1, quantification of Treg cells was performed according to the manu-
facturers’ protocol of the FOXP3 (PCH101, 1:5) staining set and antibody to 
CD4 (L3T4, 1:4) (both obtained from eBioscience, San Diego, USA) and CD45 
(2D1, 1:4, BD). The sample analysis was performed on a FACSCalibur cytometer, 
and data analysis was performed using FCSExpress. All Treg cell measurements 
were performed in one single assay, and quantification was based on an auto-
matically adjusted percentile quadrant (99.7% FOXP3 percentile on CD4−CD45+ 
lymphocytes). The results using CD4, FOXP3 and CD45 were later confirmed 
with a selected subset of patient samples by a four-color cytometric analysis that 
included CD25 (BC96, 1:5; data not shown).

In phase 2, quantification of Treg cells among PBMCs was performed by 
the LIVE/DEAD fixable Aqua dead cell stain kit followed by surface staining 
for CD45 (F10-89-4, 1:00, AbD Serotec, Düsseldorf, Germany), CD4 (S3.5, 
1:600) and CD8 (3B5, 1:400, both Life Technologies), CD3 (SK7, 1:80), CD25  
(M-A251, 1:5), CD127 (human IL-7R–M21, 1:20) and CD45RA (L48, 1:240, 
all from BD). Erythrocytes were lysed with Pharm-Lyse-Solution (BD), and 
cells were fixed and permeabilized (FOXP3 staining buffer set, eBiosciences)  
followed by intracellular staining for FOXP3 (206D, 1:8, Biolegend, Fell, 
Germany) and Ki-67 (B56, 1:10, BD). Fluorochromes were carefully chosen 
to optimize the signal-to-noise ratio on the instrument platform according to 
criteria described before71. After fixation with 1% formaldehyde, cells were ana-
lyzed on a BD LSRII SORP cytometer, and data analysis was performed using 
FlowJo (TreeStar). Identical gates (Supplementary Fig. 4) were established for 
all samples and in all assays with the help of fluorescence minus one (FMO) and 
isotype controls that clearly identified the outlines of the populations. Samples 
were set evaluable if at least 75,000 live CD45+ lymphocytes were counted. To 
assess Treg cell kinetics data for individual patients, a total of seven assays were 
performed, and the data were pooled. To control the interassay variability of 
the Treg cell assays, ten additional unique healthy donor control samples were 
thawed and stained in each experiment. Data bridging between assays was 

ensured by assay standardization, calibrated instrument settings, standardized 
data evaluation procedures and comparison with internal PBMC controls.

To assess the precision of the assay, several analyses were performed. First, the 
evaluation of the ten unique control samples that were repeated in each of the 
phase 2 Treg cells assays described above resulted in a mean interassay coefficient 
of variation (CV) of 13%. In an independent validation study, testing a panel of 
13 different healthy donor samples resulted in a mean interassay CV of 7.1%. The 
large majority (58 of 60) of patient kinetics were evaluated from assays containing  
all time points of a patient, and, therefore, the (generally lower) intra-assay CV 
should be applied for these analyses. From the analysis of replicate samples 
within one assay, we determined in one study an intra-assay CV of 9.6% and in 
another study an intra-assay CV of 4.4%.

Absolute Treg cell frequencies were calculated by multiplying relative Treg cell 
numbers within CD45+ lymphocytes measured by flow cytometry with absolute 
lymphocyte counts from hematology. Hematology was not performed at VC 
for the −Cy arm. Therefore, absolute Treg cell numbers for VC in the −Cy arm 
were calculated with lymphocyte counts from V1 (3 d after VC).

Matched comparisons of cellular biomarkers between patients and healthy 
donors. PBMCs of healthy blood bank donors (Institute of Clinical and 
Experimental Transfusion Medicine, Tübingen) were obtained after informed 
consent from all subjects and approval of the protocol by the local Institutional 
Review Board at the University of Tübingen. For comparison of pretreatment 
concentrations with healthy donors, ITT patients below the age of 70 were 
selected. The resulting groups of patients and controls were balanced with 
respect to age, gender and cytomegalovirus seropositivity.

Assessment of MDSC frequencies, TCR-ζ and nitrotyrosine expression. PBMC 
samples were thawed in the presence of 0.5 U ml−1 Benzonase (Merck).

For the assessment of MDSCs, cells were first stained with the LIVE/DEAD 
fixable Aqua dead cell stain kit. Cells were then blocked with human IgG (AbD 
Serotec) to reduce subsequent Fc-mediated binding. Cells were then surface 
stained with antibodies to CD45 (HI30, 1:100, Life Technologies), antibodies 
to CD15 (MMA, 1:80), CD11b (ICRF44, 1:640), CD124 (human IL-4R–M57, 
1:10), CD14 (MϕP9, 1:60), CD33 (P.67.6, 1:320), Lineage marker (consisting of 
CD3 (UCHT1, 1:40), CD14 (M5E2, 1:40) and CD19 (HIB19, 1:320) and CD56 
(NCAM16.2, 1:80, all by BD)). Erythrocyte lysis and fixation was performed 
with FACS lysing solution (BD).

For the assessment of TCR-ζ and nitrotyrosine, cells were first stained with 
the LIVE/DEAD fixable Aqua dead cell stain kit. Cells were then surface stained 
with antibodies to CD4 (S3.5, 1:300), CD8 (3B5, 1:400, both Life Technologies), 
CD45 (F10-89-4, 1:100, AbD) and CD3 (SK7, 1:160, BD). Stained cells were 
lysed for erythrocytes (Pharm-Lyse-Solution, BD), permeabilized and fixed 
(eBioscience). After intracellular staining with antibodies to CD3-ζ (1A6, 1:20, 
Santa Cruz Biotechnology, Santa Cruz, USA) and antibodies to nitrotyrosine 
(6B10.2, 1:50, Merck Millipore, Schwalbach, Germany), cells were again fixed 
with formaldehyde (Fluka, Munich, Germany).

Fluorochromes of the multicolor assays were carefully chosen to optimize the 
signal-to-noise ratio on the instrument platform according to criteria described 
before71. Measurement was performed on an LSR II SORP instrument (BD). All 
samples were analyzed in one experiment for each assay type. The data analysis 
was performed with FlowJo (TreeStar). Identical gates were used for all samples 
(Supplementary Fig. 5). Samples were set evaluable if at least 75,000 live CD45+ 
lymphocytes were counted.

Assessment of TH cell subsets. After thawing, PBMCs were stimulated for  
5 h with 50 ng ml−1 PMA (Sigma Aldrich, Munich, Germany) and 750 ng ml−1  
ionomycin (Merck) at 37 °C. After treatment with GAMUNEX (Bayer, 
Leverkusen, Germany) and ethidium monoazide (Life Technologies) for 10 min 
on ice, cells were stained for CD3 (UCHT1, 1:250, Life Technologies), CD4  
(RPA-T4, 1:250, BioLegend), CD8 (SK1, 1:25), CCR4 (1G1, 1:15) and CCR6 
(11A9, 1:25, all BD). Cells were then permeabilized with a Cytofix/Cytoperm 
kit (BD) and stained with antibodies to IL-17 (eBio64DEC17, 1:5, eBiosciences), 
tumor necrosis factor α (TNF-α) (cA2, 1:10), IL-10 (B-T10, 1:6, Miltenyi 
Biotech, Bergisch Gladbach, Germany) and IFN-γ (B27, 1:250, BioLegend). Cells 
were analyzed immediately on an LSR II cytometer with FACSDiva software  
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(BD Biosciences). In all experiments at least 1 × 106 cells were measured. One 
control donor was always included in each experiment. Flow cytometry staining 
and data analysis were performed on blinded patient samples.

Serum biomarker sample collection. All serum samples were collected at visit 
VC. Samples were taken using a serum/gel-VACUTAINER 5 ml (BD), inverted 
and incubated for a minimum of 30 min. Tubes were centrifuged for 15 min 
at ≥1,200 g, and serum (approximately 2 ml) was transferred into a NUNC 
cryotube (3.6 ml). Cryotubes were stored immediately at or below −20 °C  
until measurement.

Serum biomarker analyses. More than 300 serum analytes (cytokines,  
chemokines, other proteins and metabolites) were measured using various  
multiplex technologies, mass spectrometry and ELISA.

APOA1 was measured by Rules Based Medicine (RBM, Austin, TX) as part 
of a multiplex assay using luminex technology (Human MAP v1.6). CCL17 
measurement was part of a tenplex cytokine panel provided by Millipore, and the 
assay was performed in the Naturwissenschaftliches und Medizinisches Institut 
(NMI) in Reutlingen, Germany.
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