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LUD99-08); however, the same vaccine induced only a few 
vaccine antigen-specific immune responses in patients with 
advanced disease (study LUD2002-013). Pre-clinical mod-
els suggest that the alkylating agent cyclophosphamide can 
enhance immune responses by depleting Tregs. Therefore, 
we have enrolled a second cohort of patients with advanced 
melanoma in the clinical trial LUD2002-013 to investi-
gate whether pre-treatment with cyclophosphamide could 
improve the immunogenicity of the NY-ESO-1/ISCOMA-
TRIX™ vaccine. The combination treatment led to a sig-
nificant increase in vaccine-induced NY-ESO-1-specific 
CD4+ T cell responses compared with the first trial cohort 

Abstract  Clinical outcomes from cancer vaccine tri-
als in patients with advanced melanoma have so far been 
disappointing. This appears at least partially due to a state 
of immunosuppression in these patients induced by an 
expansion of regulatory cell populations including regu-
latory T cells (Tregs). We have previously demonstrated 
potent immunogenicity of the NY-ESO-1/ISCOMA-
TRIX™ vaccine in patients with resected melanoma (study 
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treated with vaccine alone. We could not detect a significant 
decline in regulatory T cells in peripheral blood of patients 
14  days after cyclophosphamide administration, although 
a decline at an earlier time point cannot be excluded. Our 
observations support the inclusion of cyclophosphamide in 
combination trials with vaccines and other immune-modu-
latory agents.

Keywords  Cancer vaccines · Melanoma · 
Cyclophosphamide · Regulatory T cells

Abbreviations
i.m.	� Intramuscularly
i.v.	� Intravenously
ICS	� Intracellular cytokine staining
IHC	� Immunohistochemistry
MDSC	� Myeloid-derived suppressor cells
nTregs	� Natural regulatory T cells
PBMC	� Peripheral blood mononuclear cells
RECIST	� Response evaluation criteria in solid tumours
RT-PCR	� Reverse transcription polymerase chain reaction
Tregs	� Regulatory T cells

Introduction

Melanoma is recognized as a highly immunogenic cancer 
which responds to a variety of immunotherapies. These can 
achieve durable tumour responses in 10–30  % of patients 
with metastatic disease [1–4]. Cancer vaccine trials in 
malignant melanoma patients have so far failed to demon-
strate meaningful clinical benefits, although a recent ran-
domized clinical trial of a gp100 peptide vaccine in com-
bination with IL-2 compared to high dose IL-2 alone led 
to a higher response rate and progression-free survival in 
patients in the combination arm, supporting the concept that 
cancer vaccines provide clinical benefit in this setting [5].

It is of paramount importance for successful therapeu-
tic vaccination to identify melanoma-associated antigens 
that are good tumour rejection antigens. NY-ESO-1, a 
cancer–testis antigen, has many favourable characteristics 
as an immunological target. In addition to being highly 
immunogenic, it is expressed in approximately 30–50  % 
of metastatic melanomas and no normal tissues apart from 
testis [6, 7]. Adoptive T cell therapy trials using NY-ESO-
1-specific CD4+ T cell clones or genetically modified 
CD8+ T cells have demonstrated major tumour regressions 
in patients with metastatic melanoma and have validated 
NY-ESO-1 as an excellent tumour rejection antigen [8, 9]. 
This is further supported by recent studies showing that 
pre-existing NY-ESO-1-specific immunity is associated 
with clinical response to the immune-stimulatory CTLA-4 
blocking antibody ipilimumab [10] and that the presence 

of NY-ESO-specific T cells is an independent prognos-
tic marker for overall survival in patients with metastatic 
melanoma [11]. Pre-existing NY-ESO-1-specific humoral 
and cellular immune responses are frequently detected in 
patients with tumours expressing NY-ESO-1, and various 
vaccination strategies targeting this antigen have demon-
strated high immunogenicity in patients with low disease 
burden [12–14].

Anti-tumour immune responses in patients with 
advanced melanoma are compromised by several immune-
regulatory mechanisms [15]. In particular, a subset of 
CD4+ T cells identified by the transcription factor FOXP3 
and defined as natural regulatory T cells (nTregs) is thought 
to play an important role in suppressing anti-tumour 
responses in patients with advanced solid malignan-
cies, including melanoma. Several studies have identified 
increased nTreg numbers in peripheral blood, lymph nodes 
and metastatic lesions of patients with advanced melanoma 
[16, 17]. Pre-clinical studies have demonstrated that deple-
tion of nTregs in combination with vaccination can lead to 
major tumour regression in a mouse melanoma model [18]. 
Moreover, nTreg depletion in vitro leads to an expansion 
of NY-ESO-1-specific Th1 effector T cells in patients vac-
cinated with a NY-ESO-1 DNA vaccine [19]. Recently, 
supporting the importance of nTregs in controlling anti-
tumour immune responses in patients with melanoma, the 
frequency of CD4+ CD25+ FoxP3+ was shown to be nega-
tively correlated with clinical responses in patients enrolled 
in adoptive T cell therapy studies [20]. There is also some 
evidence that vaccination itself can lead to induction and 
expansion of Tregs [21–23]. Hence, the integration of 
an nTreg-depleting agent in vaccination protocols could 
improve the efficacy of current vaccine approaches.

We have previously performed clinical trials with a 
vaccine of full-length NY-ESO-1 protein formulated with 
ISCOMATRIX™ adjuvant (CSL Limited). The vaccine 
generated strong, broad cellular and humoral NY-ESO-
1-specific immune responses in patients with fully resected 
melanoma [12] with long-lasting NY-ESO-1-specific 
immunity detectable several years after treatment [24]. 
However, the same vaccine evaluated in a phase II clinical 
trial, LUD2002-013, in patients with measurable Stage III 
or IV melanoma demonstrated poor cellular immunogenic-
ity and clinical efficacy [16]. This was mainly attributed to 
systemic immunosuppression due to an expansion of CD4+ 
CD25+ FoxP3+ regulatory T cells in the peripheral blood 
of these patients compared to the patients with a low dis-
ease burden in the former trial.

Cyclophosphamide is an alkylating cytotoxic agent 
that has been shown to have immune-modulatory proper-
ties [25]. Depending on the dose, either immunosuppres-
sive or immune-enhancing effects have been observed. 
Prior to the current definition and characterization of 
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nTregs, low-dose cyclophosphamide in combination with 
an autologous whole tumour vaccine was associated with 
some clinical efficacy in patients with advanced melanoma 
[26]. Recent pre-clinical studies have confirmed its selec-
tive nTreg-depleting activity [27]. Further supporting the 
nTreg-depleting property of cyclophosphamide, a peptide 
vaccine trial in patients with renal carcinoma demonstrated 
a reduced frequency of nTregs in patients treated with the 
vaccine in combination with cyclophosphamide [28]. Simi-
larly, the frequency of tumour antigen-specific CD8+ T cell 
responses to a whole tumour vaccine has been enhanced by 
inclusion of cyclophosphamide into the vaccination regi-
men in patients with advanced pancreatic carcinoma [29].

We have subsequently enrolled a second cohort of 
patients with metastatic melanoma in the LUD2002-013 
trial, with the objective of investigating whether adminis-
tration of low-dose cyclophosphamide leads to an improved 
efficacy of the NY-ESO-1/ISCOMATRIX™ vaccine in this 
patient population.

Materials and methods

Study design

The LUD2002-013 clinical trial was an open-label, 2-cen-
tre phase II study intended to evaluate the safety and immu-
nogenicity of the NY-ESO-1/ISCOMATRIX™ vaccine 
in patients with advanced melanoma. The first cohort of 
patients (Cohort 1) received NY-ESO-1/ISCOMATRIX™ 
vaccine alone, and the results of this cohort were reported 
previously [16]. The second cohort (Cohort 2) was added 
after evaluation of responses in Cohort 1 and received NY-
ESO-1/ISCOMATRIX™ vaccine in combination with low-
dose cyclophosphamide. All patients received three injec-
tions of NY-ESO-1 ISCOMATRIX™ preceded, in Cohort 
2, by cyclophosphamide at a dose of 300  mg/m2 every 
4 weeks (Supplementary Figure 1).

Assessment of clinical and immunological responses 
was undertaken at week 11. If there was no disease progres-
sion that warranted other systemic treatments, patients were 
offered additional cycles of therapy. The response assessment 
was performed according to the response evaluation criteria 
in solid tumours (RECIST) criteria [30]. The LUD2002-013 
study was approved by the Human Research Ethics Commit-
tees of Austin Health and the Peter MacCallum Cancer Cen-
tre, Melbourne, Australia. All patients gave written informed 
consent prior to inclusion in the study. For myeloid-derived 
suppressor cell (MDSC) experiments, peripheral blood mon-
onuclear cells (PBMC) from buffy coats of healthy donors 
(Red Cross Blood Bank, Melbourne, Australia) were pre-
pared by Ficoll-Paque density gradient centrifugation (GE 
Healthcare, Little Chalfont, United Kingdom). Use of these 

cells was granted ethical approval by the Human Research 
Ethics Committee of Austin Health.

Patients

Cohort 1 of the LUD2012-003 study included 27 patients 
and Cohort 2 nineteen patients. The main inclusion criteria 
were: Stage IV (metastatic) or unresectable Stage III mela-
noma with measurable disease, detection of NY-ESO-1 or 
LAGE-1 expression by immunohistochemistry (IHC) or 
reverse transcription-PCR (RT-PCR) in melanoma speci-
men, life expectancy of more than 4  months, adequate 
organ function and a Karnofsky performance status of 
more than 70 %. Patients with chemotherapy, radiotherapy 
or immunotherapy within 4  weeks before study week 1, 
other malignancy within 3 years before study entry, known 
immunodeficiency, other serious illnesses and pregnancy 
or concomitant treatment with immunosuppressive drugs 
were excluded.

Investigational agents

Recombinant NY-ESO-1 protein was produced in Escher-
ichia coli, as previously described [31]. The vaccine, 
which was administered intramuscularly (i.m.), comprised 
200 µg/mL NY-ESO-1 protein formulated with 240 µg/mL 
ISCOMATRIX™ adjuvant. A total volume of 0.5 mL vac-
cine was injected i.m. with each vaccination.

Cyclophosphamide (Baxter Healthcare Ltd.,) was 
administered intravenously (i.v.) 24 h prior to vaccination 
at a dose of 300 mg/m2.

Serology

Peripheral blood NY-ESO-1-specific antibodies were meas-
ured using a standardized ELISA method, as described 
[12], and the level of antibody was expressed as recipro-
cal titter. The lower limit of the assay detection was set 
at 2,000. Patients with pre-treatment titters >5,000 were 
deemed to have a pre-existing response, while patients 
were deemed to have had a positive humoral response to 
vaccination if they developed a titter >5,000 and had no 
pre-existing response [12].

Analysis of T cell responses

Blood was taken on day 0, 14, 42, 70 and 154 of study 
treatment, and PBMC were isolated by Ficoll-Paque den-
sity gradient centrifugation and cryopreserved until used. 
In vitro culture followed by intracellular cytokine staining 
(ICS) was used to assess T cell responses within patient 
PBMC samples and to identify the epitopes recognized, as 
previously described [32].
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Briefly, two peptide libraries were synthesized, each of 
which covered the entire sequence of NY-ESO-1 with an 
overlap of either 12 amino acids (for the 18mer library) 
or 11 amino acids (for the 13mer library). Cryopreserved 
PBMC were thawed and pulsed with pools of 3–4 18mer 
peptides at 10  µM for 1  h at 37  °C and then cultured in 
the presence 25 U/mL IL-2. Cultures were first screened 
for responses on ~day 11 by re-stimulating with the indi-
vidual peptides of the 18mer peptide pools used for cul-
ture, in the presence of 10 µg/mL Brefeldin A, followed by 
staining for CD4, CD8 and intracellular IFN-γ. Based on 
these responses, further examination was performed using 
13mers within the relevant 18mer region.

CD4+ and CD8+ T lymphocytes have been delineated 
by gating in the first step on the lymphocyte population fol-
lowed by gating on the CD4+ or CD8+ cell population.

Responses were defined as positive when a clear popula-
tion of strongly positive IFN-γ-producing CD4+ or CD8+ 
lymphocytes could be discerned on the flow cytometry dot 
plot, and this population was at least 0.1 % of gated CD8+ 
or CD4+ events. In all responses that were defined as posi-
tive, the detected population was at least twice the back-
ground staining.

Flow cytometry

The following antibodies were obtained from BD Bio-
sciences (Franklin Lakes, NJ): CD4 (clone RPA-T4), CD25 
(clone 2A3) and CD127 (clone hIL7R-M21). The antibody 
to FOXP3 (clone PCH101) was purchased from e-biosci-
ence (San Diego, CA, USA).

For lymphocyte subpopulation and MDSC staining, 
cryopreserved PBMC were thawed out and stained imme-
diately at 4  °C. After 30-min incubation, samples were 
washed twice in PBS  +  1  % FBS solution and analysed 
using a FACSCalibur instrument (BD).

MDSC have been defined by gating on the whole PBMC 
gate followed by gating on the CD14+ and HL-DR−/low 
population.

NTreg staining was performed as previously described 
[16]. The nTreg population has been defined by gating on 
the total lymphocyte population followed by gating on 
the CD4+/FoxP3+ or the CD4+/CD127dim population. 
Data were analysed using the FlowJo software package 
(TreeStar).

Suppression assay

Frozen PBMC samples were thawed and rested in culture for 
48 h. Live cells were collected using Lymphoprep, stained 
and FACS sorted as follows: nTreg (CD4+CD25+CD127−) 
and non-Treg (CD4+CD25−CD127−). FACS sorted, buffy 

coat-derived responder (CD8+CD127+CD25−) CD8+ T 
cells were labelled with 5 μM CFSE, and 4,000 cells were 
cultured with 2,000 nTreg in 96-well plates pre-coated with 
1  μg/mL anti-CD3 (OKT3) antibody. The percentage of 
divided CD8+ T cells (CFSE-low) was determined after 
4 days’ culture and used to calculate percentage of suppres-
sion as follows: 1−(% divided test/ % divided max) × 100, 
where ‘test’ was the suppressor population being tested and 
‘max’ was the non-Treg control.

Statistical analysis

Frequency of immune-regulatory cell populations and the 
suppressive capacity of nTregs at different time points were 
compared using the Wilcoxon signed-rank test and calcu-
lated using Prism software (GraphPad Software, La Jolla, 
CA, USA). The frequency of vaccine-induced immune 
responses between both study cohorts was compared using 
a paired t test. P values <0.05 were considered significant.

Results

Patients, toxicity and clinical outcome

Nineteen patients with progressive metastatic melanoma 
were enrolled as an additional cohort (Cohort 2) in the clin-
ical trial LUD2002-013 and received the NY-ESO-1/ISCO-
MATRIX™ vaccine in combination with low-dose cyclo-
phosphamide. Treatment with the same vaccine in the first 
cohort of patients in this study demonstrated poor immuno-
genicity and clinical efficacy [16]. The patient and disease 
characteristics were similar to those of patients enrolled in 
Cohort 1 [16] with the majority of patients having Stage IV 
melanoma (Table 1). Four patients came off the study due 
to disease progression prior to completing their first vac-
cination cycle. Fifteen patients received at least one vac-
cination cycle consisting of three i.m. NY-ESO-1/ISCO-
MATRIX™ injections. Six of these patients completed two 
cycles and one patient received a total of 13 cycles. Only 
patients who had completed at least one cycle were evalu-
ated for NY-ESO-1-specific immune responses.

As in the previously treated cohort of patients [16], 
the treatment was well tolerated with only a few patients 
developing vaccine-related side effects such as myalgia and 
injection site pain. Inclusion of cyclophosphamide in the 
treatment regimen did not change the number or the grade 
of adverse events compared to Cohort 1 of this study.

No objective responses could be observed, although six 
patients had stable disease at the first assessment at week 
11 and two of these patients demonstrated prolonged dis-
ease control in the following restaging (Table 2).
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Effect of low‑dose cyclophosphamide on lymphocyte 
populations in peripheral blood

To exclude the possibility that cyclophosphamide had any 
cytotoxic influence on immune effector cells, we evaluated 
the effects of low-dose cyclophosphamide on lymphocyte 
populations in the peripheral blood of eight patients by flow 
cytometry. No significant changes were measured in the 
frequency of CD19+ B cells, CD4+ T cells, CD8+ T cells 
or CD56+ NK cells over the treatment course (Fig. 1). This 
finding suggests that it is unlikely that the dose of cyclo-
phosphamide chosen for the study would lead to a deple-
tion of tumour antigen-specific, immune effector cells.

Frequency and suppressive capacity of FoxP3+ CD4+ 
regulatory T cells are not altered by cyclophosphamide

The depletion of FoxP3+ CD4+ T cells is the proposed 
principal mechanism for the immune-enhancing effect 

of low-dose cyclophosphamide. Therefore, we deter-
mined the frequency of regulatory FoxP3+ CD4+ T cells 
in the peripheral blood of the patients prior to treatment 
and 2 weeks after each cyclophosphamide administration. 
The percentage of nTregs relative to the total CD4+ T cell 
population in peripheral blood was similar to that seen in 
Cohort 1 and was increased compared to healthy donors, as 
described previously by us and other groups [16, 17]. No 
significant changes in nTreg frequency were observed in 
these patients at this time point during the treatment period 
(Fig. 2a, upper panel, Supplementary Figure 2). This find-
ing was confirmed by using a different staining method for 
nTregs, which were defined as a population of CD3+ CD4+ 
CD25+ CD127 low cells (Fig. 2a, lower panel) [33].

In addition, the capacity of nTregs to suppress T effec-
tor cell proliferation has not been altered after three doses 
of cyclophosphamide compared with nTregs of the same 
patients isolated from pre-treatment samples (Fig. 2b).

Interaction between MDSC and regulatory T cells

To extend the assessment of melanoma-associated immune 
regulation, we also determined the frequency of MDSC 
in the peripheral blood of patients in Cohort 2 relative 
to healthy donors. Together with nTregs, MDSC are a 
major immune-regulatory cell population that can com-
promise anti-tumour immunity in patients with advanced 

Table 1   Patient characteristics

AJCC American Joint Committee on Cancer
a  Cohort 1 has been treated in 2004–2006
b  Cohort 2 has received treatment in 2007–2009

Cohort 1a Cohort 2b

(N = 26) (N = 19)

N (%) N (%)

Age at study entry

 Median (range) 62 (36–86) 61 (38–81)

Gender

 Male 14 (54) 12 (63)

 Female 12 (46) 7 (37)

Performance status

Karnofsky score

 100 18 (67) 10 (53)

 90 4 (15) 8 (42)

 80 3 (11) 1 (5)

 70 2 (7)

Stage AJCC

 Mia 5 (20) 5 (26)

 Mlb 4 (15) 4 (21)

 Mlc 17 (65) 10 (53)

LDH

 Elevated 11 (42) 7 (37)

 Normal 15 (58) 12 (63)

Previous

Surgery 27 (100) 19 (100)

Treatments

 Radiotherapy 17 (63) 18 (94)

 Systemic therapy 13 (48) 9 (60)

Table 2   Immunological and clinical outcome

Ab antibody, v vaccinated, p pre-existing, SD stable disease, PD pro-
gressive disease

– No NY-ESO-1-specific immune response detected

+ NY-ESO-1-specific immune response detected

* No samples available to evaluate cellular immune response

Patient Ab CD4+ T cell CD8+ T cell # cycles com-
pleted

Response

130 +(v) +(v) +(v) 1 PD

131 +(v) +(v) – 2 PD

132 +(v) – – 1 SD

133 +(p) +(P) +(P) 1 SD

134 – +(P) – 2 PD

135 +(v) – – 13 SD

136 – * * 3 SD

137 – +(v) – 1 PD

138 – +(v) – 1 PD

139 +(v) +(v) +(P) 2 SD

141 +(v) – – 1 PD

142 +(v) +(v) – 2 PD

143 +(p) – +(P) 2 SD

144 – +(p) – 1 PD

146 +(v) +(v) – 1 PD
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malignancies. A population of CD14+ HLA-DR−/low imma-
ture monocytes has been defined as MDSC in patients with 
metastatic melanoma [34, 35]. CD14+ HLA-DR-/low were 
detected in all patients; however, there were large differ-
ences in the frequency among individual patients (Fig. 3a). 
Five out of 19 patients had levels of MDSC (0.8–2.25  % 
per CD14+ cells) that were comparable to those seen in 
healthy donors, while the other patients had significantly 
increased levels of MDSC in blood. Although fluctuation 
was observed in some patients, we did not detect any con-
sistent changes in MDSC frequency throughout the cyclo-
phosphamide treatment (Fig.  3b). Finally, there was no 
correlation between the levels of MDSC and nTregs at any 
time point (data not shown).

NY‑ESO‑1‑specific immunity

Fifteen patients completed at least one cycle of vaccination 
and could be evaluated for NY-ESO-1-specific immunity 
with one patient having only samples available for serology.

Eight out of 15 patients in Cohort 2 who received cyclo-
phosphamide developed vaccine-induced NY-ESO-1-specific 

antibodies during the study treatment (Table 2; Fig. 4). This 
was similar to Cohort 1, in which patients received the 
same vaccine but no cyclophosphamide and about half of 
the patients achieved a vaccine-induced humoral NY-ESO-
1-specific immune response. Five out of 15 patients did not 
develop any detectable NY-ESO-1-specific antibody dur-
ing the whole treatment period, and two patients had a pre-
existing high NY-ESO-1-specific antibody titter that was not 
boosted during the study period (Table 2). The antibody tit-
ters that were seen in both cohorts were similar, so there did 
not appear to be any effect of cyclophosphamide on the mag-
nitude of the serological response.

The presence of NY-ESO-1-specific CD8+ and CD4+ T 
cells in the peripheral blood of the patients was assessed 
using an in vitro pre-sensitization assay with overlapping 
peptides covering the whole protein sequence. One patient 
developed a vaccine-induced NY-ESO-1-specific CD8+ T 
cell response, and three patients had a pre-existing response 
(Table 2). Although the effect on CD8+ antigen-specific T 
cells was modest, there was a significant increase in the 
percentage of patients that developed a vaccine-induced 
NY-ESO-1-specific CD4+ T cell response. Seven out of 

10

20

30

40

50

60

D0 D14 D42 D77

10

20

30

40

50

60

70

80

90

D0 D14 D42 D77

5

10

15

20

25

30

35

40

45

D0 D14 D42 D77

5

10

15

20

25

30

35

40

45

50

D0 D14 D42 D77

A B

C D

CD8+ T cells CD4+ T cells

CD19+ B cells CD56+ NK cells

%
 C

D
19

+ c
el

ls
/ly

m
ph

oc
yt

es

%
 C

D
56

+ c
el

ls
/ly

m
ph

oc
yt

es

%
 C

D
3+ C

D
8+ c

el
ls

/ly
m

ph
oc

yt
es

%
 C

D
3+ C

D
4+ c

el
ls

/ly
m

ph
oc

yt
es

Fig. 1   Frequency of lymphocyte subpopulations in the peripheral 
blood of patients treated with low-dose cyclophosphamide. The fre-
quency of CD8+ T cells (a), CD4+ T cells (b), CD19+ B cells (c) and 

CD56+ NK cells (d) in peripheral blood of the patients in Cohort 2 
was analysed by FACS on day 0, 14, 42 and 77 of study treatment
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14 patients developed NY-ESO-1-specific CD4+ T cell 
responses following the vaccine treatment; two of them had 
pre-existing CD4+ T cell responses to NY-ESO-1; however, 
these were against different epitopes (Table 2; Fig. 4). All 
vaccine-induced responses have already been detected after 
the first treatment cycle. The NY-ESO-1-specific CD4+ T 
cells were recognized between one and four different NY-
ESO-1 epitopes. No significant difference was observed 
in the number or type of epitopes recognized by NY-ESO-
1-specific CD4+ T cells between patients with pre-existing 
and vaccine-induced responses or between patients in study 
Cohorts 1 and 2 (Fig. 5). Recently, the frequency of MDSC 
has been demonstrated to be an independent prognostic 
factor in patients with metastatic melanoma [36]. There-
fore, we investigated whether the pre-treatment levels of 
MDSC or Tregs would predict for a vaccine-induced CD4+ 

T cell response, however, could not detect such a correla-
tion (Supplementary Figure 3).

Overall, inclusion of cyclophosphamide in the vaccina-
tion protocol leads to an improved immunogenicity of the 
NY-ESO-1/ISCOMATRIX™ vaccine with an increased 
number of patients developing vaccine-induced NY-ESO-
1-specific CD4+ T cells.

Discussion

The phase II clinical study, LUD2002-013, evaluated the 
NY-ESO-1 ISCOMATRIX™ vaccine in patients with 
measurable Stage III or IV melanoma. Disappointing 
clinical and immunological outcome from the analysis of 
the first cohort of patients led to an enrolment of a second 
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Fig. 2   Frequency and suppressive capacity of Tregs in the peripheral 
blood of patients receiving low-dose cyclophosphamide. PBMC sam-
ples were taken on day 0, 14, 42, 70 and 154 of study treatment. The 
frequency of Tregs among CD4+ T cells was enumerated by FACS 
using fluorochrome-coupled antibodies against CD3, CD4, CD25 and 
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lower panel). Treg cells were isolated from PBMCs collected on day 
0 and 70 and tested in a suppression assay at a 2:1 responder:Treg 
cell ratio. None of the differences between frequencies at differ-
ent time points were significant. The horizontal lines represent the 
median values. Statistical analysis was performed by using the Wil-
coxon signed-rank test (b)



514	 Cancer Immunol Immunother (2015) 64:507–518

1 3

0

10

20

30

40

50

60

D0 D14 D42 D70 D154

%
 C

D
14

+ H
LA

-D
R

-/l
ow

/ P
B

M
C

BA
%

 C
D

14
+ H

LA
-D

R
-/l

ow
/ P

B
M

C

HD Melanoma
0

10

20

30

40

50
p=0.0308

Fig. 3   Frequency of MDSC in the peripheral blood of patients receiv-
ing low-dose cyclophosphamide. The frequency of MDSC in the 
peripheral blood of healthy donors (HD; n = 6) and patients with meta-
static melanoma (Cohort 2) prior to study treatment was determined by 
FACS. PBMC were stained for CD3, CD19, CD56, CD14 and HLA-

DR, and MDSC were defined as CD14+ HLA-DRlow/− cells. The hori-
zontal lines represent the median value. Statistical analysis was per-
formed by using the Wilcoxon signed-rank test (a). The frequency of 
CD14+ HLA-DRlow/− MDSC in peripheral blood of patients was ana-
lysed on day 0, 14, 42, 70 and 154 of study treatment (b)
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Fig. 4   Comparison of NY-ESO-1-specific humoral and cellu-
lar immune responses between patients receiving the NY-ESO-1/
ISCOMATRIX™ vaccine alone (Cohort 1) or with low-dose cyclo-
phosphamide (Cohort 2). Graphs show the percentage of patients 
with vaccine-induced NY-ESO-1-specific antibodies, CD8+ T cells 
and CD4+ T cells for Cohort 1 and 2 at the end of study treatment. 
Statistical analysis was performed by paired t test (a). Flow cytom-

etry analysis of a representative vaccine induced NY-ESO-1-specific 
CD4+ T cell response (patient 139, upper panel) and detailed results 
of the NY-ESO-1 peptide screen for the same patient (lower panel). 
Y-axis represents the per cent of IFN-γ-positive CD4+ T cells, and 
stimulating 18-mer peptide pools used for culturing T cells are shown 
on the x-axis, white bar = D 0, black bar = D77 (b)
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cohort of patients to investigate whether the administration 
of low-dose cyclophosphamide could improve the immu-
nogenicity and clinical efficacy of the NY-ESO-1/ISCO-
MATRIX™ vaccine in patients with advanced melanoma. 
The inclusion of cyclophosphamide led to a significant 
increase in the number of patients developing a vaccine-
induced NY-ESO-1-specific CD4+ T cell response without 
any change in NY-ESO-1-specific CD8+ T cell or antibody 
responses compared with a first cohort of patients treated 
with the vaccine only.

The main proposed mechanism for cyclophosphamide’s 
immune-stimulatory effect in pre-clinical models is the 
specific depletion of regulatory T cells [27], potentially 
leading to an improved priming of naïve vaccine antigen-
specific T cells [37] or to the reactivation of pre-existing 
tumour antigen-specific T cells. Additionally, the reduction 
of regulatory T cells in the tumour microenvironment could 
lead to a more effective tumour rejection. We analysed the 
frequency of the FoxP3+ CD4+ regulatory T cell popula-
tion in patients 14  days after the cyclophosphamide infu-
sion and did not detect any significant changes during the 
study period. As previously demonstrated by us and others, 
patients with advanced melanoma have increased levels 
of nTregs in their blood compared with healthy donors or 
patients with fully resected disease [16, 17]. It is possible 
that cyclophosphamide might have had an impact on nTreg 
levels at an earlier time point as demonstrated by a recent 
clinical study using the cytotoxic agent Gemcitabine, in 
which Treg numbers declined shortly after administra-
tion and recovered to baseline levels within 2  days [38]. 
We chose to administer cyclophosphamide 24  h prior to 

vaccination, and this administration schedule has been 
demonstrated to be the most effective in increasing tumour 
antigen-specific T cells in a pre-clinical model [39]. In addi-
tion, the same study stressed that higher doses led to sig-
nificantly reduced tumour-specific immune responses. To 
assess this in the clinical setting, we monitored lymphocyte 
subpopulations in the peripheral blood of patients in Cohort 
2 of LUD2002-013 who received 300  mg/m2 cyclophos-
phamide. We could not detect significant alterations in lym-
phocyte subpopulations, making it unlikely that the dose of 
cyclophosphamide used here depleted immune effector cell 
populations. Our results contrast to a previously reported 
trial in patients with fully resected melanoma using a multi-
peptide vaccine with the same cyclophosphamide schedule 
that could not demonstrate an increase in vaccine immuno-
genicity [40]. A strength of our study is that we undertook a 
detailed assessment of immune-regulatory cell populations 
in our patients.

Together with Tregs, MDSC are a key immune-regu-
latory cell population that contributes to attenuated anti-
tumour immune responses in patients with advanced 
malignancy. Several research groups have described the 
presence of MDSC in patients with metastatic melanoma 
[34, 35, 41]. In the majority of cases, MDSC were defined 
as CD14+ HLA-DR−/low immature monocytes. We detected 
significantly elevated levels of MDSC with this phenotype 
in the majority of patients in Cohort 2 of LUD2002-013 at 
the start and throughout their treatment. The application 
of low-dose cyclophosphamide had no detectable impact 
on their numbers during the treatment course. This result 
differs from those of previous pre-clinical studies that 

Fig. 5   Epitope map summa-
rizing CD4+ T cell responses 
to NY-ESO-1 in both study 
cohorts. PBMC were collected 
before and at week 11 of vacci-
nation to determine pre-existing 
and vaccinated NY-ESO-1-spe-
cific responses. Each bar rep-
resents a CD4+ T cell response 
within the indicated region of 
the NY-ESO-1 protein. White 
bars represent pre-existing, 
black bars vaccinated responses
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demonstrated an increase in immature myeloid cells in 
mice upon cyclophosphamide treatment, potentially lead-
ing to further impairment of anti-tumour immunity [42, 
43]. MDSC are also thought to induce or expand regulatory 
T cells [44]; however, we could not establish any correla-
tion between the levels of MDSC and Tregs in the patients 
treated with cyclophosphamide. In addition, the frequency 
of MDSC in peripheral blood of metastatic melanoma 
patients has recently been recognized as an independent 
prognostic factor [36]; we could not detect any predictive 
value of the pre-treatment level of either MDSC or Tregs 
in our patient cohort to achieve a vaccine-induced CD4+ T 
cell response.

Our study demonstrates that cyclophosphamide can 
improve vaccine-induced antigen-specific CD4+ T cell 
responses to a whole protein vaccine in humans with met-
astatic melanoma. This is in keeping with findings in a 
mouse model where the administration of cyclophospha-
mide in combination with a whole tumour vaccine leads 
to an isolated increase in tumour-specific Th1 CD4 T cell 
immunity without any changes in CD8+ T cell responses 
[45]. The significance of an isolated increase in tumour 
antigen-specific CD4+ T cell immunity is unclear. Other 
vaccination platforms using NY-ESO-1 as a vaccination 
antigen in patients with advanced melanoma have shown 
along the induction of CD4+ T cells also an increase in 
NY-ESO-1-specific CD8+ T cell immunity [14]. The cur-
rent paradigm in tumour immunology regards tumour anti-
gen-specific CD8+ T cells as the main effectors of tumour 
rejection; however, it is increasingly recognized in pre-
clinical models that tumour antigen-specific CD4+ T cells 
can, apart from their well-described helper cell function for 
CD8+ T cell and B cell immune responses, act directly as 
effector cells [46–48]. Clinical observation that the transfer 
of NY-ESO-1-specific CD4+ T cells led to major tumour 
regressions in a patient with metastatic melanoma supports 
this [8]. Therefore, interventions to improve anti-tumour 
CD4+ T cell immunity may be of clinical benefit.

It has been shown that the immuno-stimulatory activ-
ity of cyclophosphamide can be mediated by mechanisms 
other than nTreg depletion that could have accounted for 
the improvement in immunogenicity of our vaccine [25]. 
Interestingly, it has been demonstrated in mice that cyclo-
phosphamide can selectively deplete CD8+ lymphoid den-
dritic cells leading to a relative increase in the number of 
CD8-lymphoid dendritic cells [49] that are specifically 
equipped to activate CD4+ T cells [50]. This could explain 
why low-dose cyclophosphamide increases vaccine-spe-
cific CD4+ T cell responses without any change in CD8+ 
T cell immunity.

Although we could not observe responses accord-
ing to RECIST criteria in our patients, recent vaccine tri-
als in patients with prostate cancer have demonstrated 

that survival benefits can be obtained without objective 
responses [51]. Survival data were not prospectively col-
lected as part of our clinical trial, and several patients were 
lost to follow up. A retrospective analysis demonstrated a 
median overall survival of 17.2 months in Cohort 2 versus 
15.3  months in Cohort 1, a difference that is statistically 
not significant.

With the arrival of the new class of immune-stimulatory 
antibodies that block immune checkpoints, more options 
for immunotherapy of melanoma are emerging [52]. These 
will include antibody combinations and combinations of 
immune modifying agents with cancer vaccines. The find-
ing here that antigen-specific immunity can be enhanced 
with the addition of low-dose cyclophosphamide might 
reflect a somewhat lower-tech approach to immune modula-
tion. Nonetheless, the measurable enhancement of vaccine-
induced immunity points to another simple method that 
might be used in such combination studies. In conjunction 
with checkpoint inhibitors, it may be possible to further 
improve outcomes in vaccination trials [48, 53].
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