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Abstract In our recent phase I trial, we demonstrated that
the AE37 vaccine is safe and induces HER-2/neu-specific
immunity in a heterogeneous population of HER-2/neu™
prostate cancer patients. Herein, we tested whether one
AE37 boost can induce long-lasting immunological mem-
ory in these patients. Twenty-three patients from the phase I
study received one AE37 boost 6-month post-primary vac-
cinations. Local/systemic toxicities were evaluated follow-
ing the booster injection. Immunological responses were
monitored 1-month (long-term booster; LTB) and 3-year
(long-term immunity; LTI) post-booster by delayed-type
hypersensitivity, IFN-y ELISPOT and proliferation assays.
Regulatory T cell (Treg) frequencies, plasma transforming
growth factor-p (TGF-f) and indoleamine 2,3-deoxyge-
nase (IDO) activity levels were also determined at the same
time points. The AE37 booster was safe and well tolerated.
Immunological monitoring revealed vaccine-specific long-
term immunity in most of the evaluated patients during
both LTB and LTI, although individual levels of immunity

Electronic supplementary material The online version of this
article (doi:10.1007/s00262-013-1461-3) contains supplementary
material, which is available to authorized users.

S. A. Perez (X)) - E. A. Anastasopoulou - P. Tzonis -

M. Papamichail - C. N. Baxevanis

Cancer Immunology and Immunotherapy Center, Saint Savas
Cancer Hospital, Building No. 2, 3rd Floor, 171 Alexandras
Avenue, 11522 Athens, Greece

e-mail: perez@ciic.gr

C. Gouttefangeas
Department of Immunology, Institute for Cell Biology,
Eberhard-Karls University, Tiibingen, Germany

H. Kalbacher
Interfaculty Institute of Biochemistry, Eberhard-Karls University,
Tiibingen, Germany

during LTI were decreased compared with those meas-
ured 3 years earlier during LTB. This was paralleled with
increased Tregs, TGF-B levels and IDO activity. One AE37
booster generated long-term immunological memory in
HER-2/neu” prostate cancer patients, which was detectable
3 years later, albeit with a tendency to decline. Boosted
patients had favorable clinical outcome in terms of overall
and/or metastasis-free survival compared with historical
groups with similar clinical characteristics at diagnosis. We
suggest that more boosters and/or concomitant disarming
of suppressor circuits may be necessary to sustain immuno-
logical memory, and therefore, further studies to optimize
the AE37 booster schedule are warranted.

Keywords HER-2/neu - AE37 vaccine - Prostate cancer -
Immunological memory

Introduction

Immunotherapy in the form of peptide-based vaccines is a
promising modality for treating cancer. Tumor-associated
antigens are proteins expressed by tumors capable of inducing
specific tumor immunity. Sources of tumor-associated anti-
gens that have been extensively studied in prostate cancer are
prostate-specific antigen (PSA), prostatic acid phosphatase
(PAP) and prostate-specific membrane antigen (PSMA) [1].
HER-2/neu (HER2) is a 185,000-kDa transmembrane
glycoprotein that belongs to the HER family of epider-
mal growth factor receptors [2]. Majority of prostate can-
cer (PCa) patients (approx. 75 %) have tumors expressing
HER?2, and HER?2 overexpression is found mainly in those
patients who have become resistant to hormonal ablation
[3-5]. Therefore, HER2 targeting has become an attractive
treatment strategy for castrate-resistant PCa patients [6, 7].

@ Springer


http://dx.doi.org/10.1007/s00262-013-1461-3

1600

Cancer Immunol Immunother (2013) 62:1599-1608

AE36 is a HER2-derived peptide from the intracellular
domain of the HER2 protein (HER2: 776-790, GVGSPY-
VSRLLGICL), which promiscuously binds to MHC class
II molecules [8, 9]. Vaccination with the AE36 peptide has
been shown by us and others to generate peptide-specific
T cell immune responses in mice and to sensitize in vitro
T lymphocytes from cancer patients [2, 10-13]. AE37 rep-
resents the AE36 native peptide with the addition of the
four amino acid li-Key peptide (LRMK) moieties from
the MHC class II-associated invariant chain (Ii) protein [2,
11]. The Ii-Key peptide considerably increases the bind-
ing potency and immunogenicity of MHC class II epitopes
when covalently linked to a native helper epitope [10].
[i-Key/MHC class II epitope hybrids have further been
shown to enable direct extracellular charging of the MHC
class II molecule by binding to its allosteric site and induc-
ing a favorable conformational change in the epitope-
binding groove, thus bypassing the need for intracellular
antigen processing [2, 11]. Pre-clinical investigations in
our laboratory revealed that mice immunized with the Ti-
Key/AE36 hybrid (i.e., AE37) had enhanced proliferation
of native peptide-recognizing CD4" T cells, increased
IFN-y release, as well as enhancement of cytotoxic T
cell (CTL) anti-tumor activity [13]. Moreover, we could
demonstrate that patient-derived CD41 T cells primed
with AE37 provided a significantly stronger helper effect
to autologous CD8' T cells specific for a HER2 CTL
epitope, as illustrated by either IFN-y ELISPOT assays or
specific autologous tumor cell lysis in vitro and in vivo in
SCID mice [12].

In our previous phase I study, we showed that the AE37
vaccine is safe and can induce HER2-specific cellular
immune responses in patients with prostate cancer [14].
Herein, we have attempted to determine whether these
patients develop both in vivo and in vitro long-term immu-
nological memory after one AE37 booster.

Patients and methods
Patient population

Of the 32 patients enrolled in our previous phase I trial
(EudraCT 2006-003299-37; [14]), 23 received one AE37
booster 6-month post-primary vaccine regimen, follow-
ing the approval of St Savas Institutional Review Board
and written informed consent. Sixteen of these patients
were available for reevaluation 3 years after booster and
their clinical records are given in Table 1. At the time of
their enrollment and just before receiving their first vac-
cination (January—July 2008), all reevaluated patients
had castrate-sensitive (CS) non-metastatic (NM) disease
except patient PR32 who had developed castrate-resistant
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(CR) metastatic (M) disease (Table 1). Patients were then
clinically monitored as per standard of care. As of the writ-
ing of this paper (June 2013), 11 of these patients were
still displaying CS/NM disease (receiving anti-androgen
therapy (AAT)), and 4 had progressed either to CR/NM
(n = 1; under treatment with second-line AAT) or to CS/M
(n = 1) and CR/M stage (n = 2; free of chemotherapy at
least 1 month prior to testing; Table 1). The patient with
CR/M disease at enrollment was without radiographic pro-
gression and remained so as of the writing of this paper (ca
57 months; Table 1).

Booster vaccine

The AE37 hybrid peptide (li-Key/HER-2/neu(776-790):
Ac-LRMK GVGSPYVSRLLGICL-NH2) was produced
in GMP grade by NeoMPS (San Diego, CA). AE37 mixed
with GM-CSF (Bayer HealthCare Pharmaceuticals LLC,
Seattle, WA) was administered as in the primary series [14].

Time points of immune monitoring

The time schedule for vaccinations and immunological
assessments is shown in Fig. 1.

Delayed-type hypersensitivity

The DTH reaction was assessed and measured as described
[14].

T cell proliferation assay

Proliferation assays were performed with thawed periph-
eral blood mononuclear cells (PBMCs) that were seeded
at 2.5 x 10° cells/well in CTL medium (C.T.L. Europe
GmbH, Germany), in 96-well plates in triplicates either
in medium alone, or stimulated with 10 pg/ml final con-
centration of the native AE36 peptide. Stimulation with
2 pg/ml pokeweed mitogen (PWM; Sigma-Aldrich LLC,
St Louis, MO) was used as a positive control. Prolifera-
tion was assessed on day 4, after loading the cells with
1 wCi/well of 3H-Thymidine (30—40 Ci/mmol, 1 mCi/ml,
Amersham, Cardiff, United Kingdom) for the last 16 h of
incubation. The stimulation index (SI) was calculated as
the ratio of the average of test triplicate wells to the aver-
age of the medium control triplicates. A positive prolifera-
tive response was defined as a SI of at least 1.5 (i.e., 50 %
above medium control).

ELISPOT assay

This was performed as described by us previously [14].
Patients were considered to have increased response if the
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Table 1 Clinical characteristics of patients who received one AE37 booster
it |t | ey | s | S | S | S | et | s |G
(biopsy) | (surgery)

PRO8 51 1/2/2000 1/4/2000 G2T4NIMO IV | 7(443) | 7443) 13,30 YES | 23/1/2008 CS/NM CR (150)/ NM
PR10 52 16/12/2002 | 18/6/2003 | G2T3bNIMO o | 6(3+3) 7 (443) 10,00 YES | 30/1/2008 CS/NM CR/M(114)
PRI11 73 23/8/2007 | 25/10/2007 | G3T3bNOMO O | 7(443) | 74+3) 18,85 NO 6/2/2008 CS/NM CS/NM
PR12 55 18/2/2000 NO G2T3bNxM1b | IV | 7 (4+3) >200 NO 6/2/2008 CR/M D (136)
PR13 78 24/1/2008 NO GAT3bNxMIb | IV | 10 (5+5) 52,03 NO 6/2/2008 CS/M D (36)
PR14 48 9/2/2006 | 20/3/2006 | G3T3aNOMO I 6(3+3) | 6(3+3) 8,50 NO 6/2/2008 CS/NM CS/NM
PRI15 72 1/12/2006 NO GITIbNOMO 1 32+1) 18,90 NO | 13/2/2008 CS/NM CS/NM
PR16 64 16/7/2001 | Cryotherapy |  T2bNOMO I 4(242) 13,40 NO | 20/2/2008 CS/NM CS/NM
PR17 49 1/5/2002 | 09/07/2002 | G4T3bNIMIb | IV | 9 (4+5) 12,00 YES | 27/2/2008 CR/M D (89)
PR19 44 1/4/2007 NO G2T3bNIMIb | IV | 6(3+3) 130,00 YES | 5/3/2008 CR/M D (24)
PR20 70 29/11/2006 | 01/03/2007 | G3T2aNOMO i 8 (4+4) 7(3+4) 7,11 NO 2/4/2008 CS/NM D (51)
PR21 56 1/5/2007 | 20/9/2007 | G2T2aNOMO Il | 8(4+4) | 8(4+4) 9,50 NO 2/4/2008 CS/NM CS /NM
PR22 63 6/2/2007 | 7/6/2007 G2T3bNOMO M | 6(G+3) | 8(3+5 6,80 NO | 16/4/2008 CS/NM CS/NM
PR23 63 17/12/2007 NO G3T2bNOMO 0 | 7G+4) 97,00 YES | 21/5/2008 CS/NM LFW (17)
PR24 81 2/2/2006 NO G2T2aNOMO o | 6(3+3) 10,00 NO | 21/5/2008 CS/NM CS/NM
PR25 75 9/5/2008 NO G3T2aNOMO i¢ 8 (3+5) 7,23 YES | 4/6/2008 CR/NM D (54)
PR26 61 17/4/2006 NO GAT3aNxMIb | IV | 8(3+5) 419,83 NO 4/6/2008 CS/M CR/M(71)
PR27 63 7/8/2007 | 8/11/2007 | G4T2bNOMO | 7(443) 8(4+4) 6,80 NO 4/6/2008 CS/NM CS/NM
PR28 62 21/9/2007 | 22/1/2008 | G3T3bNOMO | 8(3+5) 8(4+4) 22,98 YES | 18/6/2008 CS/NM CS /M(61)
PR29 67 23/1/2008 | 13/5/2008 | G2T3bNOMO M | 63+3) | 10(5+5) 7,50 NO 9/7/2008 CS/NM CS/NM
PR30 66 771172007 | 29/1/2008 | G2T2bNOMO M | 6(G+3) | 6(3+3) 6,00 NO 9/7/2008 CS/NM CS/NM
PR31 52 1/12/2007 | 8/4/2008 G3T3bNOMO I | 8(4+4) | 8(5+3) 6,80 YES | 16/7/2008 CS/NM CS /NM
PR32 65 1/6/2007 NO G3T3bNxMIb | IV | 9(5+4) 320,00 YES | 30/7/2008 CR/M CR/M

Gray background defines patients who were not tested at LTI

M metastatic, NM non-metastatic, CS castrate sensitive, CR castrate resistant, D death, LFW lost in follow-up

* Clinical status by June 2013. Numbers in parentheses represent months from initial biopsy to change in clinical status
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Fig.1 Time schedule for vaccinations and immune monitoring.
The primary vaccination regimen consisted of 6 monthly injections
[15]. Immune monitoring was performed before each vaccination
(RO-RS5) and 1 month after the last (6th) vaccination (R6). Long-term
(LT) assessment was done 6 months after the last vaccination, and

mean number of specific spots (i.e., experimental spots
minus medium control spots) at the time point tested (Rx)
(i) after subtraction of mean number of specific spots at
pre-vaccination (R0O) was equal or greater than 10 (i.e., Rx
minus RO > 10) and (ii) after division by the mean number
of specific spots at (RO) was equal or greater than 1.5 (Rx/
RO > 1.5).

Rq

boost

rrorot !

LTB LTI

after this, 23 of the initially 32 patients enrolled in the phase I study
[15] were offered a booster vaccination on the same day. Long-term
booster (LTB) was performed 1 month later and long-term immunity
(LTD), 3 years later

Analysis of Tregs

This was performed by using anti-CD45-peridinin chlo-
rophyll protein (PerCP), CD4 allophycocyanin (APC),
CD25-fluorescein isothiocyanate (FITC) and CD127-phy-
coerythrin (PE) (all purchased from BD Biosciences, BD
Europe) as reported by us recently [14].
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Plasma human TGF-p determination

Alterations in blood circulating concentrations of TGF-§ at
the indicated time points were measured by using commer-
cial kits as previously described [14].

Assessment of IDO activity

IDO activity was estimated by quantifying tryptophan
(Trp) and its metabolite kynurenine (Kyn) similarly as
described [15, 16]. Trp and Kyn were identified by reverse
phase HPLC (LC 10 AvP system, Shimadzu, Duisburg,
Germany equipped with a C18 ReprosilPur Basic® col-
umn, Dr Maisch GmbH, Entringen, Germany) and iso-
cratic elution with 3 % ACN 0.05 % TFA, at a flow rate
of 0.25 ml/min. Trp was detected by fluorescence (Exc.
285 nm/Em 405 nm) and Kyn with a UV/Vis detector at
360 nm [16].

To quantify both products, a series of 7-8 standards
(range Trp: 5-100 uM and Kyn: 1.25-20 puM, both Sigma)
were included in each experiment by diluting frozen stock
solutions in human serum albumin 70 g/l (Biotest AG,
Dreieich, Germany) in duplicates. Patient’s plasmas were
tested in duplicates, and sera of three donors without cancer
were also systematically included. Normalization was per-
formed by spiking 3-nitro-L-tyrosinase at 0.1 mM (Sigma,
detection 360 nm) as internal calibrator in all samples.
Results were calculated from peak areas and are expressed
as Kyn wM/Trp mM ratios (mean of duplicate measure-
ments) [15].

Statistical analysis

GraphPad Prism version 5 software was used for statisti-
cal analysis of data. The two-tailed Wilcoxon matched
pair t test with a 95 % confidence interval (CI) was used
for statistical evaluation of patients at different time points.
Statistically significant differences were considered when
the p value was <0.05. Kaplan—Meier curves and log rank
test were used for the evaluation of metastasis-free survival
(MFS) and overall survival (OS).

Results
Toxicity

Following the booster injection, no systemic adverse events
were reported. Local toxicity was mild, with all patients but
one having only grade 1 symptoms consisting of a com-
bination of erythema, edema and induration. This group
included two patients who, in addition, developed an ulcer
and one patient who also developed pruritus. One patient
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developed grade 2 symptoms consisting of erythema,
edema, induration, ulcer and pruritus. After booster, 15
patients developed higher dermal reactions (DR) to AE37
as compared to the DR observed after the last (6th) vaccine
(Supplementary Fig. S1); two patients developed weaker
DR, whereas in the remainders, DR were found to be at
almost similar levels (Fig. S1).

AE37 booster-induced immune response in vivo
DTH reactions

AE37 boost was given 6-month- post-primary vacci-
nation regimen at long term (LT; see also Fig. 1), and
DTH reactions in response to intradermal injection of
AE36 were quantified at LTB and LTI (i.e., 1 month and
3 years later; see also Fig. 1). Of the 22 patients who
were tested for DTH reaction to AE36 during LTB (with
a median induration diameter (ID) of 17.25 mm range:
0-43 mm; mean £ SD: 18.09 £ 12.48), 18 (82 %) had
DTH reactions >5 mm. Remarkably, 3 years later, dur-
ing LTI, a similar percentage of the boosted patients
developed >5 mm DTH reactions to the vaccine (14
of 16; 87.5 %) with a median ID of 15.50 mm for all
assessed patients (range: 1.5-33.5 mm; mean & SD:
14.50 £ 7.46) (p = 0.0516; Fig. 2a). At LT (i.e., 6-month
post-primary vaccinations and before booster), 15 of 22
patients (68 %) had DTH reactions >5 mm with a median
ID of 10.50 mm for the 22 patients (range: 0.0-45 mm;
mean £+ SD: 14.09 £ 13.29) (p = 0.7609 vs. LTI),
whereas one-month post-primary vaccinations (R6), 14
of 23 patients (61 %) had similar DTH responses (median
ID 12.00 mm) (range: 0.0-77.50 mm; mean £ SD:
14.54 £ 17.24) (p = 1.0000 vs. LTI; Fig. 2a). Thus, there
were no significant changes in DTH reactions recorded at
R6, LT and LTI, with slight, though significant increases
during LTB. Figure 2b—e shows the magnitude levels
(ML) of each individual’s DTH reactions at successive
time points as a percent change of the ML of the DTH
reaction developed by the same individual at a preceding
time. Thus, the median ML (MML) of DTH during LTB
was by 12.5 % higher compared to the corresponding lev-
els at R6 (Fig. 2b). Similarly, the MML at LTB exceeded
by 25.5 % those at LT (Fig. 2c), whereas at LTI, the
MML decreased by 22 % compared to LTB (Fig. 2d).
Despite this reduction, all patients exhibited increased
DTH at LTI compared to RO (Fig. 2e). Interestingly, one
of the patients had a >5 mm DTH reaction only at LTI
(13 mm) and one other developed similar DTH reactions
at LTB and LTI (13 and 17 mm, respectively). Another
patient who performed weakly at LT (8 mm) developed
strong reactions during LTB and LTI (29 and 20 mm,
respectively).
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Fig. 2 a DTH responses to AE36 at RO, R6 and LT (reported also in
[15]), as well as after a single AE37 booster at LTB and LTI (herein).
Cutoff point for positive reactions, 5 mm (faint horizontal line). b—e
Show the magnitude level (ML) of each individual’s DTH reactions

at successive time points as a percent change of the ML of the DTH
reaction developed by the same individual at a preceding time point.
Bars and circles represent medians and individual values, respectively
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Fig. 3 Proliferative responses to AE36. a Individual SI at the indi-
cated time points is depicted. Cutoff point for SI = 1.5 (faint hori-
zontal line). b—d Show the ML of each individual’s proliferative

AE37 booster-induced immune responses in vitro
Proliferation assay

Median SI at LTI was 1.5 and ranged between 0.78
and 7.76 (mean £ SD: 2.57 4+ 2.37), which was statisti-
cally non-significant as compared to LT (median SI: 1.30;
range: 0.68—12.38; mean £ SD: 3.35 £ 3.92) (p = 0.6250;
Fig. 3a). Statistical significance was reached for both LT
and LTI versus RO (p = 0.0547 and p = 0.0097, respec-
tively; Fig. 3a). Remarkably, proliferative responses per-
sisted at almost equal levels post-primary vaccinations (R6)
and throughout the following 3.5-year period (LT and LTI).
This is depicted in Fig. 3b, ¢ where the MML of prolifera-
tion at R6, LT and LTI was found to be almost similar when
compared to each other. MML at LTI were 83 % above
those at RO (Fig. 3d). All cultures were positive upon stim-
ulation with PWM (data not shown).

responses at successive time points as a percent change of the ML
of the SI developed by the same individual at a preceding time point.
Bars and circles represent medians and individual values, respectively

AE36-specific IFN-y secretion

Median response at LTI (expressed as Rx/R0) was 1.18 and
ranged between 0.03 and 351 (mean £ SD: 29.21 + 87.81),
which was statistically non-significant as compared to LT
(median: 2.07; range: 0.03-35; mean &+ SD: 6.33 &+ 10.32)
(p = 0.2243) and to LTB (median: 3.64; range: 0.01-70;
mean = SD: 10.86 + 18.50) (p = 0.2769; Fig. 4a). Com-
pared to IFN-y spots measured at RO, 15 of 22 evaluated
patients (68 %) developed increased responses at LTB
(range of Rx/R0O: 1.60-70; Fig. 4a) of whom 11 also had
augmented IFN-y responses compared with responses
measured at LT (Fig. 4c). In 7 patients, responses decreased
during LTB as compared to LT (Fig. 4c). Interestingly,
during LTI, 7 of 16 evaluable patients (43.75 %) had
1.60- to 351-fold increased numbers of IFN-y-secreting T
cells above those from RO (Fig. 4a), Moreover, 3 of these
patients developed overall maximal immunity to AE36

@ Springer
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Fig. 4 IFN-y ELISPOT responses to AE36. a The Rx/RO ratios of
specific spots at the indicated time points are depicted. Cutoff point:
Rx/R0O = 1.5 (faint horizontal line). b—d Show the ML of each indi-
vidual’s IFN-y response at successive time points as a percent change

at LTI (27-, 73- and 351-fold increases compared to RO;
Fig. 4a). The MML of IFN-y responses at LT, LTB and
LTI remained similar compared to R6 (Fig. 4b). However,
when compared to the MML at LT, only patients at LTB
maintained almost similar levels of immunity (21.5 %
median change), whereas the levels of IFN-y responses
at LTI considerably decreased (MML -45 % compared to
LT) (Fig. 4c). Interestingly, three patients at LTI had higher
levels of immunity to AE36 as compared with the median
response at LTB (152, 401 and 654 % increase) and another
9 decreased (38—-89 % decrease) so that the median levels
of IFN-y immunity at LTI were almost half as much com-
pared to those at LTB (Fig. 4d).

Regulatory T cells

Tregs were defined as CD4TCD25"E"CD 127"~ cells [15].
Post-primary vaccinations (R6), there was a slight decrease
in this type of cell compared to pre-vaccination (median:
5.11 %; range: 2.12-9.13 %; mean + SD: 5.34 4+ 1.65 % at
R6 vs. median: 5.53 %; range: 1.46-10.75 %; mean + SD:
5.85 2.2 % at RO), which became significant 6 months later
at LT (median: 4.82 %; range: 1.32-8.48 %; mean £ SD:
5.07 £ 1.68 %; p = 0.0264 vs. R0O) (Fig. 5a, b and [15]).
Afterward, at LTB, the number of Tregs started to increase
(mean £ SD: 5.32 £ 1.47 %; not statistically significant) and
reached maximal values at LTI (mean + SD: 6.49 4+ 1.81;
median: 6.78 %; range: 3.52-8.83 %) (p = 0.0117 vs. LTB
and p = 0.0059 vs. RO; Fig. 5a). The median increase in
Treg frequency at LTI was 27 % (range: —6 to 141 %;
mean + SD: 42.60 £ 45.39) compared to RO (Fig. 5b).

TGF-B levels in the plasma

There was a decrease in plasma TGF-f levels at R6 (median:
8.46 ng/mL; range: 4.42-31.99 ng/mL; mean =+ SD:
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of the ML of the Rx/R0 developed by the same individual at a pre-
ceding time point. Bars and circles represent medians and individual
values, respectively

1098 + 7.67 ng/mL) as compared to RO (median:
9.87 ng/mL; range: 4.11-31.84 ng/mL; mean + SD:
12.12 £ 7.85 ng/mL), (p = 0.28), which became statisti-
cally significant at LT (median: 6.87 ng/mL; range: 2.90—
24.23 ng/mL; mean £+ SD: 8.48 + 4.47; p = 0.0217). At
LTB, individual TGF-f levels remained slightly decreased
compared to RO, without statistical significance (median:
6.47 ng/mL; range: 2.6-23 ng/mL; mean & SD: 7.67 &+ 5.14;
p = 0.3575) (Fig. 5c, d). TGF- levels in plasma paralleled
circulating Treg frequencies at LTI at which time point they
significantly increased (median: 16.74 ng/mL; range: 5.91-
66.10 ng/mL; mean + SD: 23.93 4 18.66) and reached sta-
tistical significance compared to RO (p = 0.0214) and LT or
LTB (p < 0.002; Fig. 5c, d). The median increase in TGF-$
levels at LTI compared to RO was 91.5 % (range: —50 to
989 %; mean + SD: 200.1 + 292.8) (Fig. 5d).

IDO activity

We also evaluated IDO activity by measuring trypto-
phan and kynurenine in patients’ plasma samples and
estimating Kyn/Trp levels. Values for tryptophan and
kynurenine measured at RO, R6, LT and LTI are shown
in Supplementary Figures S2A-S2D. Kyn/Trp levels
were significantly higher at LTI (median: 49.19; range:
36.32-80.53; mean = SD: 55.00 + 13.01) as compared
to RO (median: 41.83; range: 28.40-92.83; mean + SD:
46.38 + 16.09) (p = 0.0004), R6 (median: 45.50; range:
25.00-76.99; mean £ SD: 47.31 £ 12.62) (p < 0.0001)
or LT (median: 44.21; range: 28.50-146.40; mean £ SD:
49.58 £ 23.87) (p = 0.0181) (Figs. Se, f). Kyn/Trp levels
at LT were also higher, although not statistically signifi-
cant, than those measured at RO (p = 0.0803). The median
Kyn/Trp levels at LTI exceeded the median Kyn/Trp
value at RO by almost 40 % (range: 5-97 %; mean + SD:
40.13 £ 32.68) (Fig. 5f).
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Fig. 5 a Circulating Tregs, ¢ TGF-f plasma levels and e IDO activ-
ity measured as the kynurenine-to-tryptophan ratio (Kyn/Trp), deter-
mined at the indicated time points. b, d, f Show the ML of individual
Treg frequencies b, TGF- levels d and Kyn(iuM)/Trp (mM) ratios as

Clinical evaluation

Boosted patients were clinically monitored from first
diagnosis to June 2013 as per the standard of care.
Median follow-up was 73 months (mo) from diagnosis
(range: 17-161 mo) and 60 months from the first vac-
cine (range 12-65 mo). Metastatic patients (n = 6) had a
median OS of 89 months (83.33 % survived at 24 months
and 66.67 % at 36 months) (Supplementary Fig.S3A).
Time of death for four of them from diagnosis was as fol-
lows: 136 months for patient PR12 (40 months after his
Ist vaccine), 36 months for PR13 (35 months from 1st
vaccine), 89 months for PR17 (20 months from 1st vac-
cine) and 24 months for PR19 (13 months from 1st vac-
cine). The remainders, PR26 and PR32, are still alive,
with 86 and 73 months from diagnosis (61 and 51 months
from 1st vaccine), respectively. Two of the non-metastatic
patients, PR20 and PR25, died from unrelated reasons
(neurotoxic brain death and liver cirrhosis) at 51- and
54-month post-diagnosis (34 and 53 months from 1st vac-
cine), respectively.

an assessment of IDO activity e at successive time points as a percent
change of the corresponding ML at RO. Bars and circles represent
medians and individual values, respectively

Based on Gleason score, which is a strong prognostic
risk factor for metastasis [17], we stratified our non-met-
astatic group of patients into intermediate (Gleason score
5-7; n = 9)- and high (Gleason score 8-10; n = 8)-risk
subgroups and evaluated their time to metastasis. The
proportion of non-metastatic patients, for both groups, at
5-year post-diagnosis was 100 % (median follow-up was
70.5 months; range 54-79, and 89 months; range 17-161
for the intermediate- and high-risk groups, respectively)
(Supplementary Fig.S3B).

Discussion

In this study, we show that HER-2" prostate cancer patients
previously vaccinated with the AE37 vaccine, safely and
effectively develop long-term immunity over time after a
single vaccine booster. The immunological response rates
measured at 4 years assessment post-initiation of primary
vaccinations were found to be virtually similar to those
measured after the primary vaccinations and 1 month after
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booster. Furthermore, in certain patients, immunological
measurements at LTI were even higher than at previous
time points. These findings suggest that one single AE37
boost may have contributed to the maintenance and, in
some cases, improvement of the immunological response
induced 3 years earlier during the primary vaccination
cycle. Notwithstanding, the magnitude of the immunologi-
cal responses in the majority of patients had a downward
trend at LTI which was associated with increased levels of
suppressor elements.

The small sample size as well as the heterogeneity of our
boosted patient population does not allow conclusive clini-
cal interpretations. Notwithstanding, it is noteworthy that
the vast majority of these patients, based on Gleason score
as a predictive risk factor for metastasis, had a most favora-
ble outcome compared to historical groups. Thus, none of
our patients belonging to the intermediate- or high-risk
group for developing metastases did so, although according
to standard criteria, the percent probability to remain free
of metastasis at 5 years is about 40 % for patients with a
Gleason score 8-10, and 73 % for patients with a Gleason
score 5—7, which comes down to 62 % at 7 years [17]. This
100 % metastasis-free 5-year interval provides a compel-
ling evidence for clinical benefit from the AE37 vaccine.
This is also supported by the median OS of 89 months for
our metastatic patients, which considerably exceeds that
observed from historical group of patients [18-20].

The AE37 vaccine contains an immunogenic epitope of
HER2 (i.e., the p776-790 15-mer; AE36) which is modi-
fied to enhance recognition by CD4™ T cells and also shows
highly promiscuous binding to a series of MHC class II
alleles with various affinities, as tested in binding and func-
tional assays [2, 8, 9]. Long HLA class II-matched peptides
such as AE36, which is contained in AE37, may be particu-
larly suited for vaccination protocols by CD4" T-helper cells
that are known to interact extensively with other immune
cells [21, 22]. We hypothesize that AE37-induced T-helper
cells may engage dendritic cells at tumor sites, thereby pre-
senting antigens from apoptotic tumor cells and inducing
epitope spreading. We are addressing this issue in an ongo-
ing studies on our long-term survivors from the phase I trial
by using MHC class I dextramers and have identified T cell
responses against PSA epitopes (unpublished). Moreover,
according to prediction algorithms (SYFPEITHI), AE36
encompasses MHC class I-binding motifs, which renders
it suitable for directly triggering, in addition to CD4T,
CD8™ T cells as well. Indeed, during primary vaccinations,
we could demonstrate increased percentage of both CD4™"
and CD8™ T cells producing IFN-y upon in vitro sensitiza-
tion with AE36 [14]. We plan to synthesize the nonamers
embedded within AE37 and then investigate retrospectively
whether these can be recognized in vitro by CD81 T cells
from our AE37-vaccinated patients.

@ Springer

We have measured increased Treg frequencies at LTI
Actually, after an initial drop following the primary vac-
cination cycle, the number of circulating Tregs started
to progressively increase and even exceeded pre-vacci-
nation values 3-year post-AE37 boost. The potential for
the induction of Tregs by cancer vaccines is a recognized
issue. Functional Tregs specific for an HLA-DR-restricted
epitope within a NY-ESO-1 peptide vaccine were expanded
in the blood and tumor tissue of vaccinated patients [23].
Similarly, two other clinical studies have shown that tumor
antigen-specific Tregs can be induced by cancer vaccines
targeting either MAGE-A3 [24] or papillomavirus [25].
In contrast to these reports, other studies failed to detect
an expansion of Tregs in response to vaccination [26—
28], while in another report, these were even found to be
decreased [29]. In all of these studies, patients having dif-
ferent types and stages of cancer were vaccinated against
various tumor antigens, and therefore, it is likely that the
effects of cancer vaccines on tumor antigen-specific Tregs
vary depending on the vaccinating antigen and the nature as
well as the stage of the cancer. While recent findings have
demonstrated a favorable prognosis for cancer patients hav-
ing increased frequencies of intratumoral Tregs [30], a sur-
vey of the literature suggests that finding intratumoral Tregs
is of equivocal prognostic value [31]. It is unknown at pre-
sent whether the increased frequencies of circulating Tregs
at LTI could be exclusively interpreted as a harbinger of
subsequent immune suppression. In prostate cancer, there is
indirect evidence for the association of Tregs with disease
progression which in most cases is derived from estimating
the numbers or the function of Tregs at various anatomical
sites at different stages of the disease [32, 33]. The most
relevant study in this respect could be the phase II PROS-
TVAC trial [34] in which patients with metastatic castrate-
resistant disease who responded to the vaccine had circulat-
ing Tregs with decreased suppressor function as opposed to
those who did not benefit from vaccination. However, the
number of patients analyzed in our study was too small to
draw solid conclusions for association of vaccine-induced
clinical responses with a concomitant decrease in Treg
suppression function. Furthermore, the data obtained with
peripheral Tregs may not be representative of what occurs
in the tumor microenvironment. Derhovanessian et al. [27]
reported no significant correlation between frequency of
Tregs and time to progression in late-stage prostate cancer
patients undergoing active immunotherapy. In addition, a
direct role of Tregs in the induction of tumor-specific tol-
erance has been questioned in TRAMP mice where their
accumulation within prostate tumors and lymph nodes was
associated with ongoing antitumor immune responses and
not with progression of disease [35].

The effects of TGF-f on the immune response have
mostly been described as inhibitory [36]. However, TGF-f
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has been recently identified as a critical regulator of IL-9
production by memory CD4% T cells [37]. There are sev-
eral observations to indicate that IL-9 is a pleiotropic
cytokine and functions as both a positive and negative
regulator of immune responses. Nonetheless, in a most
recent report, IL-9 was demonstrated to protect mice from
tumor development by promoting strong CD8" CTL acti-
vation [38]. TGF-f has also been shown to have a posi-
tive role in the development of Thl responses [39] and to
counteract suppressor activity of CD8 suppressor T cells
[40]. Moreover, TGF-g signaling has been demonstrated
to correlate with increased relapse-free survival in breast
cancer patients [41]. In our study, TGF-g levels followed a
similar pattern throughout the assessment period as Tregs.
Although it is plausible that the increased TGF-f levels
could have an impact to the enhanced frequencies of Tregs
in the periphery, we cannot make any assumptions whether,
and to which extent, these may have influenced Treg func-
tionality. This issue may be clarified after testing patients’
Treg functionality from frozen samples, which is under
progress in our laboratory.

Our study also shows accelerated IDO activity in the
majority of boosted patients compared with pre-vaccina-
tion, as evidenced by increased Kyn/Trp ratios. Higher
Kyn/Trp ratios have been associated with immune activa-
tion [15, 42], and our study results are in line with this
concept, as we observed a high number of patients with
increased immunity in parallel with the increased IDO
activity 3 years after booster. Considering, however, the
decrease in immunity levels on an individual basis at LTI,
we may speculate a timely dependent attenuation of AE37
immunity with a concomitant prevalence of immune
suppressor circuits. If IDO activity is a major player in
this scenario (e.g., by inducing increased frequencies of
Tregs), this is presently unknown, and surely, the small
size population in our study does not allow any clear
conclusions.

The attenuation of immune responses during the 3-year
period between LTB and LTI clearly suggests the need for
including additional boosters in between. While it is rea-
sonable to assume that AE37 boosting would also reduce
Tregs and TGF-8, as observed after the initial series of
immunizations, other tumor-suppressor circuits may not
be suppressed. It is of interest to note that the combination
of two immune checkpoint inhibitors, targeting PD-1 and
CTLAA4, led to improved treatment outcomes in patients
with melanoma [43]. We may propose that, in addition to
increasing booster injections, the elimination of suppres-
sor pathways by targeted therapies could be beneficial for
increasing the efficiency of AE37 immunotherapy.

In our opinion, the results presented herein warrant fur-
ther studies with a homogeneous group of patients for eval-
uating the clinical efficacy of the optimized AE37 booster

schedule, either alone or in combination with immunomod-
ulatory antibodies.
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