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Cell penetrating peptides (CPPs) from the protein ZEBRA 
are promising candidates to exploit in therapeutic cancer 
vaccines, since they can transport antigenic cargos into 
dendritic cells and induce tumor-specific T cells. Employ-
ing CPPs for a given cancer indication will require engi-
neering to include relevant tumor-associated epitopes, 
administration with an appropriate adjuvant, and testing 
for antitumor immunity. We assessed the importance of 
structural characteristics, efficiency of in vitro transduc-
tion of target cells, and choice of adjuvant in inducing 
the two key elements in antitumor immunity, CD4 and 
CD8 T cells, as well as control of tumor growth in vivo. 
Structural characteristics associated with CPP function 
varied according to CPP truncations and cargo epit-
ope composition, and correlated with in vitro transduc-
tion efficiency. However, subsequent in vivo capacity to 
induce CD4 and CD8 T cells was not always predicted by 
in vitro results. We determined that the critical parameter 
for in vivo efficacy using aggressive mouse tumor models 
was the choice of adjuvant. Optimal pairing of a particu-
lar ZEBRA-CPP sequence and antigenic cargo together 
with adjuvant induced potent antitumor immunity. Our 
results highlight the irreplaceable role of in vivo testing 
of novel vaccine constructs together with adjuvants to 
select combinations for further development.
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INTRODUCTION
The therapeutic potential of tumor-specific immune responses 
is well recognized and is critical for cancer vaccine develop-
ment. Nevertheless, such development is a complex task that 
integrates many components.1 Indeed, solid tumors are com-
posed of heterogeneous cancer cells expressing diverse antigens, 

with immunosuppressive microenvironments; accessibility for 
immune effector cells and molecules is variable.2–4 Although the 
immune system can recognize and, to some extent, eliminate 
tumor cells, the antitumor immune response often remains of low 
amplitude and is inefficient.5 Boosting antitumor immunity with 
therapeutic vaccination is a long sought goal of cancer therapy. 
However, the identification of optimal combinations of antigens, 
adjuvants, and delivery processes has not yet been achieved.6

Several novel ideas about how to manipulate parameters to 
facilitate the development of more potent cancer vaccines are 
emerging. Cancer vaccines must deliver antigens to antigen-pre-
senting cells such as dendritic cells (DCs) and activate them. In 
addition, cancer vaccines should stimulate both CD4 T helper 
cells and CD8 cytotoxic T cells specific for different epitopes. 
Protein vaccines allow multiepitopic antigen delivery to DCs 
with long-lasting epitope presentation.7 They also require uptake 
and processing by DCs to achieve major histocompatibility com-
plex (MHC)-restricted presentation of their constituent epitopes. 
Overall, these mechanisms reduce the risk of peripheral tolerance 
that was described after vaccination with short peptides.8 However, 
most soluble proteins are generally degraded in endolysosomes 
and are poorly cross-presented on MHC class I molecules, induc-
ing no or low-level CD8 T cell responses.9 We have previously 
demonstrated that the efficacy of protein-based vaccine delivery 
could be improved by the use of cell penetrating peptides (CPPs).10

CPPs are peptides of 8–40 residues that have the ability to 
cross the cell membrane and enter into most cell types.11,12 The best 
described is the trans-activating transcriptional activator from 
the human immunodeficiency virus 1 (HIV-TAT),13,14 but CPPs 
of different origins are now known.15,16 The secondary structure of 
CPPs is an important feature for their cellular uptake,17 with heli-
cal structure being associated with strong CPP-membrane inter-
actions.18 Recently, a CPP derived from the viral protein ZEBRA 
was described to transduce protein cargoes across membranes by 
both direct translocation and lipid raft-mediated endocytosis.19 
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We previously showed that these two mechanisms of entry pro-
mote both MHC class I and II restricted presentation of cargo 
antigens to CD8 and CD4 T cells, respectively. We demonstrated 
that a fusion protein combining ZEBRA CPP with a multianti-
genic protein was able to deliver multiepitope peptides to DCs, 
and subsequently to promote cytotoxic T lymphocyte (CTL) and 
Th cell activation, and antitumor function.10

Here, we have identified truncations of ZEBRA CPP with dif-
ferent structural characteristics that markedly improve antigen-
specific CD8 and CD4 T cell immune responses both in vitro and in 
vivo. Responses were assessed not only to the model antigen oval-
bumin (OVA), but also to the human melanoma/melanocyte pro-
teins gp100 and MART-1, and to tyrosinase related protein 2(Trp2). 
Vaccination experiments using different adjuvants were performed 
in both naive and tumor-bearing mice and optimal ZEBRA CPP-
adjuvant combinations impacting on both subcutaneous (s.c.) 
tumors and lung metastases were characterized. Collectively, these 
data enhance our understanding of CPP-adjuvant combinations 
that can be further developed for optimal clinical efficacy.

RESULTS
Circular dichroism analysis of ZEBRA CPP variants
Eight variants of ZEBRA CPP were designed (see Supplementary 
Figure S1) based on Z12 full-length CPP sequence.10 To avoid the 
disulfide bridges during protein production and purification pro-
cesses, the cysteine residue in Z12 was replaced by a serine residue 
in the variant Z13. Based on their theoretical isoelectric point (pI) 
and secondary structure, truncations were then designed from 
Z13 variant sequence. Due to their amino acid sequence and their 
size, the variants had different physicochemical properties (see 
Supplementary Table S1). The N-terminal truncated CPPs (Z13– 
Z15 and Z19–Z20) were more hydrophobic, whereas the C-ter 
truncated CPPs (Z16–Z18) were highly positively charged. With 
its very low pI, Z16 CPP truncation was not expected to be a highly 
potent CPP.20 New vaccine constructs were designed by conjugat-
ing each of the eight ZEBRA CPP variants to the highly hydro-
phobic MHC class-I restricted epitope from model antigen OVA 
(OVACD8). The conjugation with the OVACD8 epitope resulted in 
a isoelectric point (pI) decrease and in an increase of hydrophobic-
ity (see Supplementary Table S2). These variants were first studied 
by circular dichroism analysis which represents the technique of 
choice to estimate secondary structures of proteins and peptides 
in solution.21 Alpha-helical structures, reported to control to a 
certain extent their cellular uptake,18 are usually characterized by 
the presence of two negative bands at 208 and 222 nm along with 
one positive band at 192 nm. Circular dichroism analysis showed 
that almost all CPP constructs assessed exhibited an alpha-helical 
conformation but this secondary structure seemed to be favored 
in some of the shortest constructs Z15-, Z16-, and Z20-conjugates 
(Figure 1). These results pointed out that the conjugated epitope 
could significantly contribute to the overall helical content of the 
construct, which could potentially influence the CPP properties.

Capacity of ZEBRA CPP variants to promote 
cross-presentation
The functionality of the different ZEBRA CPP variants was 
validated both in vitro and in vivo, based on the capacity to 

stimulate OVA-specific CD8 T cells (from OT-I T cell recep-
tor (TCR) transgenic mice). This capacity should reflect 
transport of the OVACD8 cargo into antigen-presenting 
cells. The read-out for these experiments was the prolifera-
tion of OVA-specific CD8 T cells in vitro (Figure 2a), and 
for the in vivo studies, the induction of OVA-specific CD8 T 
cells in the blood of mice vaccinated with the different CPP-
OVACD8 conjugates together with adjuvant (Figure 2b).  
CPPs variants generally conserved their immunogenicity, but 
the in vitro tests showed little discrimination between them. In 
contrast, the in vivo vaccination experiments showed more pro-
nounced differences: Z13, Z14, Z15, and Z18 elicited significant 
higher frequencies of antigen specific CD8 T cells compared 
with adjuvant control. Thus, we selected these variants for fur-
ther studies with full-length Z13 as a reference.

In vitro transduction with the ZEBRA CPP variants
In order to assess more directly, the transduction capacities of the 
selected CPP variants, fluorescent constructs were tested using dif-
ferent cell types. Most importantly, we tested DCs of both human 
and mouse origin as the phagocytic antigen-presenting cell most 
critical for antigen presentation. In addition, we included two cell 
lines: murine EL4 thymoma cells and human K562 erythroleuke-
mia line (Figure 3). Transduction efficacy was different depend-
ing on the cell type for truncated Z14 and Z15, while full-length 
Z13 was of comparable efficiency on all investigated cell lines. All 
the peptides showed a modest transduction using DCs of murine 
origin. The variant Z18 with the lowest pI exhibited a lower trans-
duction efficiency compared with other CPP variants, for all cell 
lines tested. This was in accordance with a positive correlation 
between the transduction efficacy and the theoretical pI value (see 
Supplementary Figure S2a). Overall, transduction efficiency was 
greater for human DCs, which might be correlated to phagocytic 
activity, showing that results are translatable to human cells.

In vitro capacity of ZEBRA CPP variants to promote 
epitope presentation on MHC class I and MHC class II
We extended our studies using Z13, Z14, Z15, and Z18 CPPs 
to transduce human DCs with the human leukocyte anti-
gen (HLA)-A2 epitope of the tumor associated antigen (TAA) 
MART1 as cargo. The physicochemical properties of these new 
construct show that conjugation with the MART1 epitope resulted 

Figure 1 CD spectroscopy of Z12–Z20 variant conjugated to OVACD8 
epitope. All peptides were measured at 100 μmol/l concentration in 
water containing 1.25% trifluoroethanol.
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in a decrease of the pI and a strong hydrophobicity increase (see 
Supplementary Table S3). As shown, efficient stimulation of 
human MART1-specific CD8 T cells was CPP dependent as no 
response was detected with scramble construct (Figure 4). We 
also observed similar cytokine expression and degranulation 

marker CD107a expression for Z13, Z14, and Z15 CPPs. Again, 
only Z18 CPP, the variant with the lowest pI showed markedly 
lower efficacy. Interestingly, the epitope presentation capacity 
was significantly correlated to the pI value (see Supplementary 
Figure S2b).

Figure 2 Identification of the most potent CPP truncations in vitro (proliferation assay) and in vivo (CD8 T cell immune response after vac-
cination). (a) Processing of each ZEBRA CPP truncation (conjugated to OVACD8 epitope) by BMDCs and antigen presentation to OVA257–264 specific, 
MHC class I restricted (H-2Kb) OT-I T cells in vitro. CFSE-labeled splenocytes from OT-I mice were cocultured for 4 days alone, or with mature BMDCs 
that had been loaded with each ZEBRA CPP truncation (Z13– Z20). Negative controls include OT1 incubated with non-loaded BMDCs or BMDCs 
loaded with irrelevant peptide (gp100 peptide). A positive control was performed by stimulating OT1 cells with BMDCs loaded with OVACD8 
peptide. Except when indicated, proliferation was assessed by CFSE dilution analyzed by flow cytometry, gating on live CD8 T cells. Data from one 
experiment representative of two independent experiments. (b) C57BL/6 mice were vaccinated by s.c. injection at wk0, and wk2 with 10 nmoles 
of each ZEBRA CPP truncation (Z12–Z20) conjugated to OVACD8 epitope and mixed with 100 μg of anti-CD40. Mice were also injected with 50 
μg of Hiltonol i.m. (same side as the s.c. injection). Adjuvant control mice received anti-CD40 and Hiltonol. Mice were bled 1 week after the second 
vaccination for assessing OVA-specific CD8 T cells. Data from two independent experiments are shown. One representative dot-plot of each group 
is shown. *P < 0.05; **P < 0.01 (Kruskal–Wallis test). BMDC, bone marrow derived DCs; CPP, cell penetrating peptide; CFSE, carboxyfluorescein 
diacetate succinimidyl ester; OVA, ovalbumin. 
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Next, we tested the capacity of the CPP variants to stimulate 
not only CD8 cytotoxic T cells, but also CD4 helper T cells. This 
mechanism is essential for robust integrated antitumor immune 
responses. For this purpose, antigenic cargos including both 
CD8 and CD4 T cell epitopes from OVA were conjugated to Z13, 

Z14, Z15, and Z18. The addition of OVACD4 epitope caused a 
pI decrease and a hydrophobicity increase (see Supplementary 
Table S4). With its low pI, Z18 construct is not expected to be 
strongly efficacious. Processing and presentation of the CD8 and 
CD4 T cell epitopes were monitored by measuring the in vitro pro-
liferation of naive OVA-specific T cells from OT-I and OT-II TCR 
transgenic mice, respectively (Figure 5). Proliferation of both 
CD8 and CD4 T cells occurred in vitro with all ZEBRA CPP vari-
ants, confirming an efficient transduction of the DCs and delivery 
of the cargo into antigen processing pathways for both MHC class 
I and MHC class II. However, for both pathways, Z18 was less effi-
cient than Z13, Z14 or Z15, suggesting again that physicochemical 
properties of ZEBRA CPP variants were quite predictive of in vitro 
results.

Taken together, the results confirmed that all tested CPP vari-
ants were able to deliver their antigenic cargo into the different 
processing compartments of DCs, with results of truncated Z14 
and Z15 being comparable with full-length Z13, while Z18 being 
more modest.

Capacity of ZEBRA CPP variants vaccines to elicit 
OVA-specific CD8 and CD4 T cell immune responses 
by combination with different adjuvants
To extend the previous findings to in vivo vaccination, Z13, 
Z14, Z15, and Z18 conjugated to antigenic cargo containing 
both OVACD8 and OVACD4 epitopes were first tested with 
Hiltonol adjuvant (a Toll-like receptor-3 (TLR3) agonist). 
Agonistic antibody to CD40, which could substitute for CD4 

Figure 3 Comparison of the transduction capacity of Z13, Z14, Z15, and Z18 CPP truncations. Transduction was assessed in cells with high 
phagocytosis capacity (DCs of human and mice origin) and in cells with poor phagocytosis capacity (human K562, or murine EL4). Cells were 
incubated for 30 minutes, 2 hours or 4 hours with the fluorescein-conjugated constructs (Z13OVACD8FAM, Z14OVACD8FAM, Z15OVACD8FAM or 
Z18OVACD8FAM) then subjected to a 30 seconds wash with an acidic buffer to remove membrane bound peptide before staining for flow cytometry 
analysis. Mean and SEM of three independent experiments are shown. DC, dendritic cells; CPP, cell penetrating peptide; OVA, ovalbumin.

100
90
80
70
60
50

%
 o

f t
ra

ns
du

ce
d 

ce
lls

40
30
20
10

0
0 1 2

Time (hours)

3 4

100
90
80
70
60
50

%
 o

f t
ra

ns
du

ce
d 

ce
lls

40
30
20
10

0
0 1 2

Time (hours)

3 4

100
90
80
70
60
50

%
 o

f t
ra

ns
du

ce
d 

ce
lls

40
30
20
10
0

0 1 2

Time (hours)

3 4

100
90
80
70
60
50

%
 o

f t
ra

ns
du

ce
d 

ce
lls

40
30
20
10
0

0 1 2

Time (hours)

Z13 Z14

Z15 Z18

K562
EL4
BMDCs
Human DCs

3 4

a b

c d

Figure 4 In vitro epitope presentation (MHC I-restricted) assay by 
human DCs. Human monocyte-derived DCs were loaded with 1 μmol/l 
of scramble-MART1, Z13-MART1, Z14-MART1, Z15-MART1 or Z18-
MART1 for 4 hours, washed and then incubated overnight at 37°C. In 
addition nonloaded DCs and DCs loaded with the high affinity pep-
tide MART-1 were used as negative and positive controls, respectively. 
Specific TCR-transfected T cells were then added to DCs and incubated 
for 5 hours with monensin and brefeldinA before staining for flow 
cytometry. Data from one experiment representative of two indepen-
dent experiments. DCs, dendritic cells; CPP, cell penetrating peptide; 
TCR, T cell receptor; MHC, major histocompatibility complex.
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T cell help,22 was not added in these following series of experi-
ments, given the presence of the CD4 epitope in the constructs. 
A control construct without ZEBRA CPP was also assessed. 
OVA-specific CD4 and CD8 T cells were evaluated by quantify-
ing interferon-γ (IFN- γ) secreting cells (Figure  6a,b). Alone, 
the cargo elicited low CD4 and CD8 T cell immune responses. 
In contrast, CD8 T cell responses were enhanced in mice vac-
cinated with constructs conjugated to Z13, Z14 or Z18 CPP 
(Figure 6a), proving the critical role of ZEBRA CPP. This was 
confirmed by MHC-peptide multimer staining for Z13 and Z18 
CPP (see Supplementary Figure S3a) and intracellular stain-
ing (see Supplementary Figure S3b). The highest CD4 T cell 
responses were observed when mice were vaccinated with Z15 
or Z18 CPP constructs as shown by the quantification of IFN-
γ-producing OVA-specific CD4 T cells (Figure 6b), confirmed 
also by the proportion of multifunctional CD4 T cells produc-
ing IFN-γ, interleukin(IL)2 and tumor necrosis factor (TNF)-α 
(see Supplementary Figure S2c).

In parallel, we evaluated the T cell immune responses elicited 
by vaccination with the same constructs and the TLR2 adjuvant 
Pam3CSK4. Strikingly, mixed with this adjuvant, the Z18 CPP 
construct induced the highest number of specific CD8 T cell 
responses (Figure 6c and Supplementary Figure S4a). In addi-
tion, this construct was the most efficacious at eliciting CD4 T cell 
immune responses (Figure 6d).

As the combination of the adjuvant with the ZEBRA CPP 
construct seemed to be critical for eliciting potent immune 
responses in vivo, a third adjuvant, the TLR4 adjuvant MPLA 
with Monophosphoryl Lipid A (MPLA) was tested combined 
with the different CPP constructs. Combined with MPLA, the 
Z13 CPP construct elicited higher CD8 and CD4 T cell responses 
compared to shorter constructs (Figure 6e,f and Supplementary 
Figure S4b).

Taken together, the data showed that the combination of the 
ZEBRA CPP variant and the adjuvant is an important issue. As 
an e.g., Z18 induced the highest CD8 and CD4 immune response 

Figure 5 In vitro epitope presentation (MHC I and MHC II-restricted) assay. Processing of Z13OVACD8CD4, Z14OVACD8CD4, Z15OVACD8CD4, 
and Z18OVACD8CD4 by BMDCs and antigen presentation to OVA257–264 specific, MHC class I restricted (H-2Kb) OT-I T cells (a) or to OVA323-339 specific, 
MHC class II restricted (H-2IAb) OT-II T cells (b) in vitro. CFSE-labeled splenocytes from OT-I or OT-II mice were cocultured for 4 days alone with mature 
BMDCs that had been loaded with each ZEBRA CPP construct. Proliferation was assessed by CFSE dilution analyzed by flow cytometry, gating on live 
CD8 (OT-I cells, a) or CD4 (OT-II cells, b) T cells. As positive control, BMDCs were pulsed for 1 hour with 5 µmol/l peptide. Data from one experiment 
representative of three independent experiments. BMDC, bone marrow derived DCs; CPP, cell penetrating peptide; MHC, ; CFSE, carboxyfluorescein 
diacetate succinimidyl ester; OVA, ovalbumin.
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when combined with Pam3CSK4, whereas Z13 was more effi-
cacious when combined with MPLA. However, MPLA and 
Pam3CSK4 elicited CD4 T cell immune responses at a lower 
level compared to Hiltonol, reported to be a highly potent adju-
vant for T helper responses.23,24 Even the Z15 CPP, which elicited 
lower T cell immune responses with any adjuvant, was capable 
of promoting high CD4 T cell responses when combined with 
Hiltonol.

Therapeutic effect of ZEBRA CPP variant vaccines to 
control tumor growth
Next, we evaluated the therapeutic effect (on tumor growth) of T 
cell immune responses elicited by the different combinations of 
ZEBRA CPP constructs with the different adjuvants. For this pur-
pose, mice were implanted s.c. with 3 × 105 EG7-OVA cells in the 
left flank and vaccinated in the right flank 3 times in a therapeutic 
setting; 5, 13, and 21 days post-tumor implantation (Figure 7).

Figure 6 CD8 and CD4 T cell immune responses elicited by vaccination with CPP truncations combined to different adjuvants. Mice were 
vaccinated three times (wk0, wk2, and wk9) by s.c. injection of 10 nmoles of OVACD8CD4 (the cargo without ZEBRA CPP), Z13OVACD8CD4, 
Z14OVACD8CD4, Z15OVACD8CD4, Z18OVACD8CD4, and i.m. injection of 50 μg of Hiltonol (a and b), or mixed with 20 μg of Pam3CSK4  
(c and d) or with 20 μg of MPLA. After 1 week from last vaccination, ELISPOT assay was performed on spleen cells for detecting IFN-γ-producing OVA257-264- 
specific CD8 T cells (a, c, and e) and OVA323-339–specific CD4 T cells (b, d, and f). Data from one experiment representative of two independent 
experiments. *P < 0.05; **P < 0.01. CPP, cell penetrating peptide; MPLA, Monophosphoryl Lipid A; IFN, interferon; ELISPOT, enzyme-linked immunospot; 
OVA, ovalbumin.
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With Hiltonol, each ZEBRA CPP construct was able to signifi-
cantly delay tumor growth. In contrast, only Z18 was efficacious 
to control tumor growth when the ZEBRA CPP construct was 
injected with Pam3CSK4 adjuvant. This was not the case when 
ZEBRA CPP constructs were used in combination with MPLA: 
in this case, Z13 and Z14 CPP were the most efficacious. These 
results confirm previous immune response data (Figure 6) and 
point out the importance of the adjuvant combination for the 
overall therapeutic response.

Capacity of ZEBRA CPP variants vaccines to elicit 
gp100-specific CD8 T cell immune responses
To extend the previous results, OVACD8 epitope was replaced by 
the TAA gp10025–33 CD8 epitope in the previous constructs (see 
Supplementary Table S5) to evaluate the TAA-specific immune 
response. These constructs were tested with Hiltonol (Figure 8a) 
or MPLA adjuvant (Figure 8b). Although OVA-specific CD4 T 
cells were elicited in all groups (not shown), the data indicated 
that Z18 elicited poor gp100-specific CD8 T cell responses. In 

Figure 7 Therapeutic effect of CPP truncations on tumor growth. C57BL/6 mice were implanted s.c. with 3 × 105 EG7-OVA tumor cells in the left 
flank and vaccinated three times (d5, d13, and d21) by s.c. injection of 10 nmoles of Z-truncOVACD8CD4 peptides and 50 μg of Hiltonol (a,b) or  
20 μg of Pam3CSK4 (c,d) or 20 μg of MPLA (e,f) in the right flank. Tumor size was measured with a caliper. a, c and e: tumor growth (mean of 
7 mice per group ± SEM). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 (two-way analysis of variance test at the day when tumor size of all 
control mice reach a size superior to 1,000 mm3). b, d, and f: survival curve of 7 mice per group. Median survival is indicated on the graph (m.s.). 
*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 (Log-Rank test). CPP, cell penetrating peptide; MPLA, Monophosphoryl Lipid A; OVA, ovalbumin.
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striking contrast, Z14 was able to induce significant levels of TAA-
specific CD8 T cells, when injected with Hiltonol or MPLA.

The therapeutic effect of different combinations of ZEBRA 
CPP constructs on growth of melanoma lung metastases was then 
assessed. To establish tumors, mice were injected i.v. with 1 × 105 
B16 cells expressing gp100 and OVA antigens. Vaccinations were 
made with ZEBRA CPP variant vaccines expressing gp10025–33 
CD8 epitope and the OVA323–339 CD4 epitope (Figure 8c). 
Z14 CPP was the most efficacious variant, supporting previ-
ous immune response data (Figure 8a). However, an impressive 
reduction of melanoma lung metastasis was also observed in mice 
vaccinated with Z13 combined to TAA tyrosinase related pro-
tein 2 (Trp2180–188), suggesting that combination with Z13 could 
still be efficacious depending on the antigen (see Supplementary 
Figure S5).

DISCUSSION
Evidence is increasing that CPPs are able to induce potent immune 
responses via enhanced delivery and presentation. This was first 
reported in a study using the minimal domain of TAT with OVA 
protein. TATOVA allows the processing and presentation of both 
MHC class I and class II, allowing for the generation of both CD8 
and CD4 T response.25 We previously showed that a fusion protein 
combining ZEBRA CPP with epitope peptides was able to pro-
mote CD8 and CD4 T cell responses and antitumor control.10 In 
this report, we identified the most efficacious CPP truncations–
adjuvants combinations to elicit simultaneous CD8 and CD4 T 
cell immune responses for both model- and TAA-antigens.

We observed that structural characteristics associated with 
CPP function (such as alpha-helicity and theoretical pI) varied 
according to the CPP truncation and cargo epitope composi-
tion. Physicochemical properties of the ZEBRA CPP construct 
were predictive for the in vitro efficacy except for in vitro CD8 

T cell proliferation. The later assay did not allow discrimination 
between the various truncations conjugated to OVACD8, likely 
due to the extreme sensitivity of OT-I cells to proliferation stimuli. 
In striking contrast, CPP variants with theoretical structure prop-
erties predicted to be efficacious for cell permeation (e.g., high 
pI) were associated with high in vitro transduction efficiency and 
stimulation of potent human T cell stimulation (Figures 3–5). 
This was validated by positive correlations between the pI of CPP 
variants and in vitro transduction or human T cell stimulation 
data (Supplementary Figure S2).

Z18 CPP has a low pI and showed the lowest efficacy in vitro 
for both transduction and promotion of MHC class I and II 
epitope presentation. However, Z18 was shown to elicit potent 
in vivo OVA-specific CD8 and CD4 T cell immune responses 
(Figures 6–8). We hypothesize that this observation may be cor-
related to a chemical effect due to the formulation (adjuvant/con-
struct). Indeed, it is likely that the mixture of Z18OVACD8CD4 
with either the lipopeptide Pam3CSK4 or the monophosphoryl 
lipid MPLA, formed a temporarily amphiphilic complex, with 
enhanced translocation and internalization capacity.26 This adju-
vant-ZEBRA CPP complex would thereby allow efficient cargo 
transport and loading into DCs as well as the simultaneous acti-
vation of DCs. In contrast, Z15 showed limited in vivo efficacy 
(Figures 6 and 7) compared with the high in vitro stimulatory 
capacities (Figures 3 and 5). Indeed, injected without antiCD40 
antibody, this construct did not elicit potent CD8 T cell immune 
response. This low CD8 T cell response was associated with a weak 
CD4 T cell response when injected with MPLA or Pam3CSK4 
(Figures 7 and 8). Thus, without any antiCD40 agonist, substi-
tuting for the function of CD4 T helper cells,22 Z15 CPP trunca-
tion was not very efficacious for eliciting CTL immune responses. 
However, this variant vaccine was able to promote high CD4 T 
cell immune responses when combined with Hiltonol, described 

Figure 8 TAA-specific CD8 T cell immune responses elicited by vaccination with CPP truncations and effect of CPP truncations on control of 
melanoma lung metastasis growth. (a, b) Mice were vaccinated three times (wk0, wk2, and wk5) by s.c. injection (right flank) of 10 nmoles of 
Z13OVACD4gp100CD8, Z14OVACD4gp100CD8, Z18OVACD4gp100CD8 and i.m. injection of 50 μg of Hiltonol (right hind leg) (a) or four times 
(wk0, wk2, wk4, and wk7) by s.c. injection (right flank) of 10 nmoles of same constructs mixed with 20 μg of MPLA (b). After 1 week from the last 
vaccination, spleen cells were restimulated in vitro for 7 days with gp10025-33 peptide and multimer staining was performed. (c) Mice were vaccinated 
twice (d-21 and d-7) by s.c. injection of 2 nmoles of Z13OVACD4gp100, Z14OVACD4gp100 or Z18OVACD4gp100 mixed with 100 μg of anti-CD40 
and by i.m. injection of 50 μg of Hiltonol (right hind leg) and implanted i.v. with 1 × 105 B16-OVA melanoma tumor cells at day 0. Mice were eutha-
nized at day 17 and lung recovered. Control mice group was injected with anti-CD40 and Hiltonol only. Number of metastasis foci was counted for 
each lung (5–7 mice/group). Two representative lung pictures of each group are shown. *P < 0.05, **P < 0.01 (One-way analysis of variance (ANOVA) 
with Tukey’s multiple comparisons test). CPP, cell penetrating peptide; MPLA, Monophosphoryl Lipid A; OVA, ovalbumin.
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as a powerful adjuvant for T helper responses.23,24 Further, in vivo 
studies would be therefore necessary to determine whether the 
low level of CD8 T cell immune responses induced by Z15 CPP 
was due to inefficient escape from the endosome to the cytosol.27 
Altogether, the results point out that the level of efficacy of a CPP-
based vaccine cannot be uniquely related to its in vitro capacities.

Whereas Z18 is a potent ZEBRA CPP truncation when conju-
gated to CD4 and CD8 epitopes of OVA, it was less potent to elicit 
gp100-specific CD8 T cells when conjugated to this epitope and 
the OVA CD4 epitope (Figure 8a,b). This highlights the impor-
tance of the cargo conjugated to the CPP, which may result in: (i) 
the loss of CPP capacities; (ii) an inefficient escape from the endo-
some to the cytosol; and (iii) a poor solubility once in a buffered 
solution. In contrast to Z18, we have demonstrated that Z13 and 
Z14 were able to elicit TAA-specific CD8 T cell responses. Previous 
reports showed the capacity of CPP to induce TAA-specific CD8 
T cell immune responses using DCs transduced with TAT-Trp228 
or TAT-carcinoembryonic antigen fusion protein (TAT-CEA) 
injected with CpG oligodeoxynucleotides or Poly(I:C) as adju-
vant.29,30 Vaccination with penetratin CPP conjugated to mucin 1 
(MUC1) epitopes also showed tumor-specific immune responses 
elicited by CPP.31 All these data are encouraging for the promotion 
of TAA-specific immune responses by CPP vectors.

All ZEBRA CPP variants conjugated to CD8 and CD4 epit-
opes of OVA gave higher immune responses than the cargo alone 
without CPP. Now, we have evidence that multiepitope cargos can 
be efficacious, at least, for the OVA and gp100 epitopes tested. 
These encouraging results will be investigated further to deter-
mine whether general rules can be established and extended to 
other antigen combinations. Our data reveal that adjuvant choice 
could not be reduced to a single “optimal” combination. Final 
choice of CPP-based vaccine and adjuvant clearly depends on 
many factors, but the global measure of antitumor efficacy in an 
aggressive tumor model remains an essential parameter. In EG7 
thymoma bearing mouse experiments, major differences were 
observed in therapeutic efficacy. Certain adjuvant combinations 
were identified as having significant in vivo impact for all of the 
CPPs, by either controlling tumor growth (tumor volume or 
metastasis tumor growth) at early time points, or in prolonging 
overall survival.

Overall, the results of this study provide valuable informa-
tion about the potency of the ZEBRA CPP-based vaccines, which 
is remarkably high in eliciting T cell-mediated immunity and in 
controlling tumor growth even in aggressive tumor models. We 
established that to profit from the full potential of ZEBRA CPP 
variants, choice of adjuvant is the most critical parameter. It was 
noteworthy that the hierarchy of ZEBRA CPP variants therapeu-
tic effect varied according to the adjuvant used, and according to 
the strength of the response in the CD4 and the CD8 compart-
ments. Optimal pairing of a particular ZEBRA-CPP sequence and 
peptide epitope cargo together with a TLR agonist based adju-
vant induced well tolerated but potent antitumor immunity. Our 
results highlight the unique role of in vivo testing of novel vaccine 
constructs together with adjuvants to select combinations for fur-
ther clinical development. Moreover, future new developments in 
adjuvants may allow even higher potency to be attained with CPP-
based vaccines.

MATERIALS AND METHODS
Cell lines. The EL-4 thymoma cell line was maintained in Roswell Park 
Memorial Institute medium (RPMI) 1,640 medium supplemented 
with 10% heat-inactivated fetal calf serum, 10 mmol/l HEPES (N-2-
hydroxyethylpiperazine-N9-2-ethanesufonic acid), 100 U/ml penicil-
lin, and 100 U/ml streptomycin (all from Life Technologies, Waltham, 
MA). The EG.7-OVA cell line (EG7, CRL-2113; American Type Culture 
Collection), a stable transfectant of the murine OVA-expressing EL-4 
thymoma (H-2b), was maintained in complete RPMI 1,640 medium with 
0.5 mg/ml G418 (Life Technologies). The B16-OVA cell line, an OVA-
transfected clone derived from the murine melanoma cell line B16 was 
maintained in complete RPMI 1,640 medium with 1 mg/ml G418 (Life 
Technologies). The K562 cell line was maintained in Iscove’s modified 
Dulbecco’s medium (IMDM, Life Technologies) supplemented with 10% 
heat-inactivated fetal calf serum, 10 mmol/l HEPES, 100 U/ml penicillin 
and 100 U/ml streptomycin (all from Life Technologies).

Mice. Female C57BL/6J mice were purchased from Charles River 
Laboratories. TCR transgenic mice were all on a C57BL/6 background. 
OTI and OTII mice express TCR specific for OVA epitopes (OTI: MHC 
class I restricted OVA257–264; OTII: MHC class II restricted OVA323–339) and 
were purchased from Charles River (l’Arbresle, France). All animals used 
in this study were between 6 and 12 weeks of age at the time of experi-
ments. These studies have been reviewed and approved by the institutional 
and cantonal veterinary authorities in accordance with Swiss Federal law 
on animal protection.

Cell preparation. Bone marrow derived DCs (BMDCs) were prepared 
from C57BL/6 mice as previously described,32 and used at day 9–10 of 
culture. Human monocyte-derived DCs (mo-DCs) were prepared from 
Buffy-coats as previously described.33 Peripheral blood and spleen mono-
nuclear cell suspensions from mice were isolated using Ficoll-Paque gradi-
ent (GE Healthcare, Little Chalfont, UK) before flow cytometry analysis or 
enzyme-linked immunospot (ELISPOT) assay.

Peptide synthesis and CD spectroscopy. Peptides were synthesized on an 
ABI 433 synthesizer customized to perform Boc chemistry with in situ 
neutralization as already described.34 Purity and integrity of each peptide 
were routinely verified by high-performance liquid chromatography and 
mass spectrometry. CD experiments were carried out in a 0.1 cm quartz 
cell using a Jasco J-710 spectrometer (Jasco, Easton, MD) with 100 μmol/l 
peptide solutions (1.25% trifluoroethanol in dH20) at 20°C.

Proliferation tests. BMDCs were used at day 9–10 of culture as antigen-
presenting cells for proliferation tests. Briefly, BMDCs were loaded with 0.3 
μmol/l of the indicated peptide for 4 hours at 37°C, washed three times, then 
matured overnight at 37°C with 100 ng/ml LPS (from Salmonella abortus, 
equi S-form, Enzo Life Sciences, Farmingdale, NY). Antigen-loaded mature 
BMDC were then mixed at a ratio of 1:10 with the indicated TCR trans-
genic mouse splenocytes that had been stained with 10 µmol/l 5-(and 6) 
Carboxyfluorescein diacetate succinimidyl ester (CFSE) (Life Technologies). 
After 4 days coincubation of spleen cells and BMDCs, antigen-specific pro-
liferation was assessed by flow cytometry, measuring CFSE dilution on live-
gated CD8 or CD4 T cells.

Antibodies and flow cytometry. For surface staining, after FcR block-
ing, the following mAb were used: CD4 (RMA4-4), CD8 (53–6.7), 
CD11b (M1/70), CD19 (6D5), CD62L (Mel-14), KLRG1 (2F1/KLRG1), 
all from BD Biosciences (Franklin Lakes, NJ). Dead cells were identi-
fied with LIVE/DEAD yellow fluorescent reactive dye (L34959) from 
Life Technologies and were excluded from analyses. MHC-peptide 
multimers were from Proimmune (Oxford, UK) or from Immudex 
(Copenhagen, Denmark). Multimer gating strategy used a dump gate 
(CD4, CD11b, and CD19) and excluded dead cells. Intracellular cyto-
kines were stained after restimulation with the indicated peptides for 6 
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hours in the presence of Brefeldin A (GolgiPlug, BD Bioscences) with 
mAb to IFN-γ (XMG1.2), TNF (MP6-XT22) and corresponding isotype 
controls (BD Biosciences). Fixation and permeabilization was carried 
out using BD Bioscience kit according to manufacturer’s instructions. 
For staining of human T cells stimulated with DCs, the following anti-
bodies were used after FcR blocking: CD4 (RPAT4), CD8 (RPAT8), 
CD107a (H4A3) (BD Biosciences), IFN-γ (4S.B3) and TNF-α (MAb11) 
(BD Biosciences), all from eBioscience (San Diego, CA), except where 
noted. Fixation and permeabilization was performed using the PerFix 
kit from Beckman Coulter according to manufacturer’s instructions. 
Cells were analysed using a Gallios flow cytometer (Beckman Coulter, 
Brea, CA) or an LSR II flow cytometer (BD Biosciences) and results were 
processed with FlowJo (FlowJo LLC, Ashland, OR) or Kaluza (Beckman 
Coulter) software.

ELISPOT assay. The ELISPOT assay for detection of peptide-specific IFN-
γ-secreting T cells was performed essentially as described previously.35 For 
analysis of ex vivo cytokine secretion, splenocytes were incubated over-
night in ELISPOT plates in the presence or absence of 5 μmol/l of OVA257–

264 (OVACD8) or OVA323–339 (OVACD4). The number of peptide-specific 
IFN-γ-producing cells was calculated by subtracting the number of IFN-γ-
secreting cells cultured without peptide to that obtained with cells cultured 
with peptide.

In vitro transduction assay. Fluorescein amidite (FAM)-conjugated 
synthetic ZEBRA CPP truncation constructs were synthesized in-house. 
Transduction of either BMDC, mo-DCs, EL-4 or K562 cells was carried 
out at 37°C for 4 hours. For removal of membrane bound peptide prior to 
cell transduction, an acid wash (0.2 mol/l Glycine, 0.15 mol/l NaCl pH 3.0) 
was performed. Cells were then analyzed by flow cytometry.

In vitro epitope presentation (MHC I) assay by human DCs. DCs from 
an HLA-A2+ donor were prepared from elutriated monocytes, cultured in 
CellGro DC medium (CellGenix, Freiburg, Germany) with granulocyte–
macrophage colony-stimulating factor (GM–CSF; 2,500 U/ml) (Leucomax; 
Schering-Plough, Kenilworth, NJ) and IL-4; 1,000 U/ml (CellGenix). The 
immature DCs were matured with cytokines: IL-1β (10 ng/ml), IL-6 
(1,000 U/ml), TNFα; 10 ng/ml (all from CellGenix) and prostaglandin E2 
(1 μg/ml) (Sigma-Aldrich, Saint-Louis, MO). DCs were rested in CellGro 
DC medium for 2 hours and loaded with 1 μmol/l of Scramble-MART1, 
Z13-MART1, Z14-MART1, Z15-MART-1, and Z18-MART1 for 4 hours 
at 37°C before being washed once and plated at 300,000 cells per well in 
round-bottomed 96-well plates. In addition, nonloaded DCs and DCs 
loaded with the high affinity MART-1 peptide (ELAGIGILTV) at 1 µmol/l 
(ProImmune, Oxford, UK) were used as negative and positive controls, 
respectively.

T cells were expanded from peripheral blood mononuclear cells as 
previously described36 using Dynabeads ClinExVivo CD3/CD28 (Life 
Technologies). Expanded T cells (day 10 postactivation) were transfected 
with the DMF5 TCR (a kind gift of Dr R. Morgan, National Cancer 
Institute, Bethesda). This was done either by mRNA electroporation 
or retroviral transduction as previously described.36,37 T cells were 
coincubated with DCs at a ratio of 1:2 for 5 hours in the presence of 
GolgiPlug and GolgiStop (both BD Biosciences) before intracellular 
staining was performed as described earlier. All conditions were tested in 
duplicate, and the experiment was repeated 2–3 times.

Vaccinations. Vaccines were prepared in phosphate-buffered saline (PBS), 
with 10 nmoles of peptide injected s.c., with the addition of 100 μg anti-
CD40 (FGK4.5, Bioxcell, Brandford, CT) when indicated. Hiltonol (50 μg, 
Poly-ICLC, Oncovir, Washington, DC) was administered i.m., close to the 
peptide injection site. MPLA (20 μg, Avanti Polar Lipids) was s.c. coin-
jected with the peptide. Pam3CSK4 (20 μg, Invivogen) was subcutaneously 
coinjected with the peptide.

In vivo tumor experiments. C57BL/6 mice were implanted s.c. with 3 × 105 
EG7-OVA tumor cells in the left flank and vaccinated three times (d5, d13, 
and d24) by s.c. injection of 10 nmoles of peptides and adjuvant as indi-
cated in the right flank. Tumor size was measured with a caliper. Mice were 
euthanized when tumor reached a diameter of 13 mm.

C57BL/6 mice were implanted i.v. with 1 × 105 B16-OVA tumor 
cells and vaccinated twice (d-21 and d-7) by s.c. injection of 10 nmoles 
of peptides with the addition of 100 μg anti-CD40 (FGK4.5, Bioxcell). 
Hiltonol (50 μg, Poly-ICLC, Oncovir) was administered i.m., close to the 
peptide injection site. Control mice group was injected with anti-CD40 
and Hiltonol. At day 17 postimplantation, lungs were recovered and 
metastases counted using microscopy.

Statistical analysis. Statistical analyses were performed using Prism 6.0 
software (GraphPad Software, La Jolla, CA) and considered statistically 
significant if P < 0.05.

SUPPLEMENTARY MATERIAL
Figure S1. Design of eight variants (Z13 to Z20) based on truncations 
of ZEBRA CPP Z12.
Figure S2. Correlation graphs between CPP variant theoretical pI 
value and in vitro results.
Figure S3. CD8 and CD4 T cell immune responses elicited by vaccina-
tion with ZEBRA CPP truncations combined to TLR3 agonist (Hiltonol).
Figure S4. CD8 and CD4 T cell immune responses elicited by vac-
cination with ZEBRA CPP truncations combined to TLR2 agonist 
(Pam3CSK4) or TLR4 (MPLA).
Figure S5. Effect of Z13Trp2 on control of melanoma lung metastasis 
growth.
Table S1. Physicochemical properties of the ZEBRA CPP truncations.
Table S2. Physicochemical properties of the ZEBRA CPP truncations 
conjugated to OVACD8 cargo.
Table S3. Physicochemical properties of the ZEBRA CPP truncations 
conjugated to MART1 cargo. 
Table S4. Physicochemical properties of the ZEBRA CPP truncations 
conjugated to OVACD8CD4 cargo.
Table S5. Physicochemical properties of the ZEBRA CPP truncations 
conjugated to OVACD4gp100CD8 cargo.
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