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of peptides bound to BCG was estimated to be 1.8×106 
peptide molecules/bacterium. For the Trp2 antigen and 
for the AH1 antigen containing N-terminal poly-lysine 
sequences, the number of peptides bound to BCG was 
estimated to be 4.4×106 peptide molecules/bacterium 
and 3.2×105 peptide molecules/bacterium, respectively.

APCs can efficiently present therapeutic peptides delivered by 
PeptiBAC
Next, we tested whether the PeptiBAC platform can deliver 
therapeutic peptides to APCs and if the APCs can cross-
present the MHC-I epitope portions from these peptides. 
PeptiBAC-OVA (BCG coated with CPP-containing immuno-
dominant epitope from chicken ovalbumin; ​GRKK​RRQR​
RRPQ​RWEK​ISII​NFEKL) was used to infect JAWSII murine 
DCs for 24 hours followed by the assessment of the cross-
presentation efficacy of the epitope (SIINFEKL) by flow 
cytometry (figure  3A). As expected, PeptiBAC-delivered 
SIINFEKL was efficiently cross-presented by the DCs, as 
almost 40% of JAWSII cells were shown to cross-present the 
SIINFEKL epitope. In addition, PeptiBAC-OVA was able 
to induce enhanced DC activation compared with BCG, as 
assessed by the significantly increased expression of cluster 
of differentiation 86 and 40 (CD86 and CD40) proteins 
(figure 3B,C, respectively).

Intratumoral treatment with PeptiBAC with CPP-containing 
OVA antigen induces systemic tumor-specific CD8+ T cell 
response in syngeneic mouse model of B16.OVA melanoma
To study the immunostimulatory potential and antitumor 
effects of the PeptiBAC platform, we used a well-established 
syngeneic mouse melanoma model B16 expressing chicken 
ovalbumin (OVA) as a model antigen.22 When mice-
bearing B16.OVA tumors were treated intratumorally with 
OVA-targeting PeptiBAC (PeptiBAC-OVA), BCG, peptides 
alone or vehicle (mock), we observed a modest and non-
significant increase in tumor growth control in the Pepti-
BAC-OVA group as compared with other treatment groups 
(figure 4A). We set a tumor size threshold of 250 mm3 for 
defining the responders in each treatment group. In mock-
treated group, there were no responders, while groups 
treated with the CPP-containing SIINFEKL peptide alone or 
BCG, both had one mouse defined as a responder to the 
therapy. PeptiBAC-OVA treatment had only modest effect 
on tumor growth with two mice defined as responders for 
the therapy; a 25% response rate for this group of mice. We 
went on to analyze whether there were any differences in 
immunological responses against the OVA antigen between 
the treatment groups, and we first assessed whether there 
were any differences in the infiltration of immune cells 

Figure 2  Surface plasmon resonance (SPR) analysis of the peptide/BCG interaction. (A) SPR analysis of the interaction 
between the CPP-OVA and BCG. (B) SPR analysis of the interaction between the polyK-Trp2 and BCG. (C) SPR analysis of the 
interaction between the polyK-AH1 and BCG. CPP, cell penetrating peptide; OVA, ovalbumin.

Figure 3  Antigen-presenting cells can readily cross-present antigens delivered by the PeptiBAC platform. Mouse dendritic 
cell line Jaws II was pulsed with PeptiBAC-OVA, BCG, CPP-containing SIINFEKL peptide alone or left unpulsed (cells only). 
Cross-presentation was determined by flow cytometry using APC-conjugated anti-H-2Kb bound to SIINFEKL. CD86 and 
CD40 expression (as a measure of dendritic cell maturation and activation) was determined by flow cytometry. Each bar is the 
mean±SEM of technical triplicates. Statistical analysis was performed with one-way analysis of variance. ****p<0.0001. APC, 
antigen-presenting cell; CPP, cell penetrating peptide; PeptiBAC, peptide-coated Bacillus Calmette-Guérin; PeptiBAC-OVA, 
OVA-targeting PeptiBAC.
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into the TME. We observed that a higher (although non-
significant) number of cytotoxic CD8+ T cells infiltrated into 
the tumors of PeptiBAC-OVA-treated mice as compared 
with the tumors of BCG-treated, peptide alone-treated or 
mock-treated mice. However, we did not see any infiltra-
tion of tumor-specific CD8+ T cell into the tumors in any 
of the treatment groups (data not shown). In contrast 
to BCG-treated, peptide alone-treated and mock-treated 
mice, a significant induction of a systemic OVA-specific 
T cell response was seen in PeptiBAC-OVA-treated mice 
(figure 4B). The modest increase in tumor growth control 
in the PeptiBAC-OVA group translated into a non-significant 
trend toward longer survival, with median survival of 32 days 
compared with 25, 29 and 27 days with BCG, peptide alone 
and mock groups, respectively (figure 4C).

CPP-containing but not poly-lysine-containing antigenic 
peptides reduce the viability of BCG
The unexpected minimal efficacy seen using PeptiBAC with 
CPP-containing OVA antigen prompted us to test whether 
the CPP-containing antigen peptide could be toxic to the 
bacteria. Indeed, we saw a decrease in BCG viability when 
coated with CPP-containing antigen peptide but not when 
coated with poly-lysine-containing antigen peptide. To further 
validate the poly-lysine as a suitable attachment moiety, we 
tested macrophage activation potential of PeptiBAC coated 
with poly-lysine containing antigen peptide. PeptiBAC with 
poly-lysine-containing antigen peptide was equally potent in 
activating NF-kB/AP1 pathways in murine RAW-blue macro-
phages as the non-coated BCG (online supplemental figure 
2). As the tumor-associated macrophages (TAMs) are an 
important cell component of the TME, we also wanted to 
assess the cross-presentation properties of macrophages on 

PeptiBAC-delivered tumor antigens. PeptiBAC-OVA (BCG 
coated with poly-lysine-containing OVA peptide was used to 
infect BMDMs for 24 hours followed by the assessment of 
the cross-presentation efficacy of the epitope (SIINFEKL) by 
flow cytometry. Remarkably, PeptiBAC-delivered SIINFEKL 
was efficiently cross-presented on the surface of the BMDMs 
(online supplemental figure 3A). In addition to macro-
phage presentation, we wanted to see whether PeptiBAC 
had the same properties as BCG on macrophage polariza-
tion from M2 state more toward the M1 state. M2 polar-
ized macrophages were infected with BCG or PeptiBAC, 
and the expressions of macrophage M2 and M1 markers 
were analyzed by flow cytometry. Both BCG and PeptiBAC 
were equally effective at polarizing M2 macrophages more 
toward the M1 state as assessed by the significant upregula-
tion of both MHC-II and CD86 expression and by the signif-
icant downregulation of the M2 marker CD206 expression 
(online supplemental figure 3B). Based on these data, poly-
lysine was chosen as the attachment moiety to be used in all 
further experiments.

Intratumoral treatment with PeptiBAC with poly-lysine-
containing Trp2 antigen increases the number of responders 
to anti-PD-1 therapy, improves tumor control and induces 
tumor-specific T cell responses in a syngeneic mouse model 
of B16.F10.9/K1 melanoma
Next, we tested the PeptiBAC platform in a syngeneic mouse 
model of B16.F10.9/K1 melanoma using a more relevant, 
tumor-associated antigen from tyrosinase-related protein 2 
(Trp2180–188) in combination with anti-PD-1 ICI therapy. B16.
F10.9/K1 melanoma is a derivative of a highly metastatic 
B16.F10.9 melanoma with a low cell surface expression of 
major histocompatibility complex 1 (MHC-I) H-2Kb that was 

Figure 4  Intratumorally administered PeptiBAC induces systemic tumor-specific T cell responses in a syngeneic mouse model 
of B16.OVA melanoma. (A) BCG, peptides alone or PeptiBAC-OVA was given intratumorally 12, 15 and 22 days post tumor 
implantation. Individual tumor growth curves for all treatment groups are shown. A threshold of 250 mm3 was set to define the 
percentage of mice responding to the different therapies (dotted line). The percentage of responders in each treatment group is 
shown on the right side of the dotted line. (B) Immunological analysis of tumors and spleens of treated mice. (C) Kaplan-Meier 
survival curve for the treatment groups. The number of mice in each group was 7–8. Statistical analysis was performed with 
one-way analysis of variance. ***p<0.001. OVA, ovalbumin; PeptiBAC, peptide-coated Bacillus Calmette-Guérin; PeptiBAC-
OVA, OVA-targeting PeptiBAC.
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transfected with H-2Kb genes to generate H-2Kb-expressing 
clone K1.23 The B16.F10.9/K1 clone is more responsive to 
cancer immunotherapies than the highly immunosuppres-
sive parental strain B16.F10.9. Starting at 8 days post tumor 
engraftment, mice were treated intratumorally with BCG, 
anti-PD-1 alone, PeptiBAC-Trp2, BCG in combination with 
anti-PD-1, PeptiBAC-Trp2 in combination with anti-PD-1 or 
saline as a mock-treated group. Again, we set the tumor size 
threshold of 250 mm3 for defining the responders in each 
treatment group. In contrast to mock-treated animals, BCG, 
anti-PD-1 alone and BCG in combination with anti-PD-1 ICI-
treated groups showed modest tumor growth control with 
response rates of 10%, 18% and 9%, respectively. PeptiBAC-
Trp2-treated animals showed robust tumor growth control 
with a 44% response rate. Remarkably, PeptiBAC-Trp2 in 
combination with anti-PD-1-treated animals showed efficient 
tumor growth control, with 50% response rate; increasing 
the response rate for anti-PD-1 therapy from 18% to 50% 
(figure 5A, see also online supplemental figure 4 for average 
tumor growth curves). To further evaluate the mechanism 
of tumor growth control, we assessed whether there were 
any differences in the Trp2-specific T cell responses between 
the treatment groups. We saw a non-significant trend 
toward increased numbers of tumor-infiltrating CD4+ and 
CD8+ T cells in PeptiBAC-Trp2-treated tumors compared 
with BCG, anti-PD-1 alone and BCG in combination with 
anti-PD-1 ICI-treated tumors. Also, we saw a non-significant 
trend toward increased number of Trp2-specific CD8+ T 

cells in PeptiBAC-Trp2-treated tumors compared with BCG, 
anti-PD-1 alone and BCG in combination with anti-PD-1 
ICI-treated tumors. In contrast to other treatment groups, 
PeptiBAC-Trp2 in combination with anti-PD-1-treated 
tumors had significantly more tumor-infiltrating CD4+ and 
CD8+ T cells as well as Trp2-specific CD8+ T cells, indicating 
an enhanced effect on T cell responses by combining the 
two treatment modalities (figure  5B, upper panel). We 
also evaluated systemic tumor-specific T cell responses by 
analyzing the spleens of treated mice. No significant differ-
ences in the number of CD4+ and CD8+ T cells were found 
between groups. The number of Trp2-specific CD8+ T 
cells was increased in PeptiBAC-Trp2 in combination with 
anti-PD-1 ICI-treated spleens as compared with other treat-
ment groups, again indicating an enhanced effect on T 
cell responses by combining the two treatment modalities 
(figure 5B, lower panel).

Intratumoral treatment with PeptiBAC with poly-lysine-
containing modified gp70 antigen increases the number of 
responders to anti-PD-1 therapy, improves tumor control and 
induces tumor-specific T cell responses in a syngeneic mouse 
model of CT26 colorectal cancer
To validate the PeptiBAC platform as a more universal 
cancer vaccine platform, we tested the platform in a 
syngeneic mouse model of CT26 colorectal cancer using 
a modified tumor rejection antigen AH1 in combina-
tion with anti-PD-1 ICI therapy. AH1 represents one 

Figure 5  PeptiBAC in combination with anti-PD1 improves tumor growth control compared with either monotherapy and 
induces robust infiltration of tumor-specific CD8+ T cells into tumors in a syngeneic mouse model of B16.F10.9/K1 melanoma. 
(A) Anti-PD-1 immune checkpoint inhibitor (ICI) alone (100 µg/dose given intraperitoneally three times a week, starting at day 
8), BCG alone or in combination with anti-PD-1 ICI and PeptiBAC-Trp2 alone or in combination with anti-PD-1 ICI was given 
intratumorally 8, 10, and 22 days post tumor implantation. Individual tumor growth curves for all treatment groups are shown. 
A threshold of 250 mm3 was set to define the percentage of mice responding to the different therapies (dotted line). The 
percentage of responders in each treatment group is shown on the right side of the dotted line. (B) Immunological analysis of 
tumors and spleens of treated mice. The number of mice in each group was 9–11. Statistical analysis was performed with one-
way analysis of variance. *p<0.05. PeptiBAC, peptide-coated Bacillus Calmette-Guérin; PD-1, programmed death 1.
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of the best characterized tumor rejection antigens in 
mice and is derived from the gp70 envelope protein of 
murine leukemia virus (MuLV), which is endogenous in 
the genome of most laboratory mouse strains, including 
the BALB/c strain used in these studies.24 Starting at 11 
days post tumor engraftment, mice were treated intra-
tumorally with BCG, anti-PD-1 alone, PeptiBAC-AH1, 
BCG in combination with anti-PD-1, PeptiBAC-AH1 in 
combination with anti-PD-1 or saline as a mock-treated 
group. Once again, the tumor size threshold was set to 
250 mm3 for defining the responders in each treatment 
group. Mock, BCG, anti-PD-1 alone and BCG in combi-
nation with anti-PD-1 ICI-treated groups showed tumor 
growth characteristics with response rates of 25%, 22%, 
13% and 0%, respectively. Interestingly, in contrast to the 
B16.F10.9/K1 melanoma model, PeptiBAC-AH1 treat-
ment alone did not increase tumor growth control rela-
tive to the other groups, with a response rate of only 13%. 
Strikingly, PeptiBAC-AH1 in combination with anti-PD-1-
treated animals showed efficient tumor growth control 
with a 40% response rate; increasing the response rate for 
anti-PD-1 therapy from 13% to 40% (figure 6A, see also 
online supplemental figure 5 for average tumor growth 
curves). Again, we assessed whether there were any differ-
ences in T cell responses between the treatment groups. 
We saw no significant differences in the numbers of tumor-
infiltrating CD4+ and CD8+ T cells between the treatment 

groups, although, interestingly, the number of CD8+ T 
cells in the PeptiBAC-AH1-treated tumors was slightly 
but non-significantly decreased compared with tumors 
from other treatment groups. While the number of AH1-
specific CD8+ T cells was slightly but non-significantly 
decreased in BCG and BCG in combination with anti-
PD-1 ICI-treated tumors when compared with the mock 
group, PeptiBAC-AH1 in combination with anti-PD-1 
ICI-treated tumors had significantly increased numbers 
of AH1-specific CD8+ T cells, suggesting a correlation 
between tumor growth control and the number of AH1-
specific CD8+ T cells in the TME (figure 6B, upper panel). 
Analysis of systemic tumor-specific T cell responses from 
the spleens of the treated mice showed no significant 
differences in the number of CD4+ and CD8+ T cells 
between groups. However, a significant increase in AH1-
specific CD8+ T cells was seen in the PeptiBAC-AH1 and 
PeptiBAC-AH1 in combination with anti-PD-1 ICI-treated 
mice spleens as compared with spleens from other groups 
(figure 6B, lower panel).

Heterologous prime-boost vaccination strategy combining 
PeptiBAC platform with PeptiCRAd platform improves T cell 
responses against the coated antigen
Finally, the PeptiBAC-platform was tested in combina-
tion with our recently described cancer vaccine platform 
PeptiCRAd14 (peptide-coated conditionally replicating 

Figure 6  PeptiBAC in combination with anti-PD1 improves tumor growth control compared with either monotherapy and 
induces systemic tumor-specific CD8+ T cell responses and robust infiltration of tumor-specific CD8+ T cells into the tumor in 
a syngeneic mouse model of CT26 colorectal cancer. (A) Anti-PD-1 immune checkpoint inhibitor (ICI) alone (100 µg/dose given 
intraperitoneally three times a week, starting at day 6), BCG alone or in combination with anti-PD-1 ICI and PeptiBAC-AH1 
alone or in combination with anti-PD-1 ICI was given intratumorally 11, 13, and 25 days post tumor implantation. Individual 
tumor growth curves for all treatment groups are shown. A threshold of 250 mm3 was set to define the percentage of mice 
responding to the different therapies (dotted line). The percentage of responders in each treatment group is shown on the right 
side of the dotted line. (B) Immunological analysis of tumors and spleens of treated mice. The number of mice in each group 
was 8–10. Statistical analysis was performed with one-way analysis of variance: *p<0.05; **p<0.01. PeptiBAC, peptide-coated 
Bacillus Calmette-Guérin; PD-1, programmed death 1.
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adenovirus) using a heterologous prime-boost vacci-
nation strategy. The adenovirus used in the PeptiCRAd 
platform was an adenovirus serotype 5 expressing murine 
CD40L and OX40L. By combining two immunologi-
cally distinct platforms coated with the same antigen, we 
tested whether this heterologous prime-boost approach 
could enhance T cell-specific immune responses in naïve 
mice toward the MHC-I restricted epitope presented by 
both platforms. To this end, we vaccinated naïve C57BL/
6JOlaHsd mice with two doses of PeptiBAC-Trp2 or Pepti-
CRAd-Trp2 as homologous prime-boost controls or with 
PeptiBAC-Trp2 prime followed by PeptiCRAd-Trp2 boost 
and PeptiCRAd-Trp2 prime followed by PeptiBAC-Trp2 
boost with doses given 14 days apart. Four days after the 
boost dose, mice where sacrificed and the spleens were 
harvested and analyzed for the induction of Trp2-specific 
T cell responses by interferon-gamma ELISPOT. Vacci-
nation with PeptiCRAd-Trp2 homologous prime-boost 
or PeptiCRAd-Trp2–PeptiBAC-Trp2 heterologous prime-
boost did not induce Trp2-specific T cell responses in this 
vaccination setting. PeptiBAC-Trp2 homologous prime-
boost vaccination induced moderate Trp2-specific T cell 
responses which were enhanced by the PeptiBAC-Trp2–
PeptiCRAd-Trp2 heterologous prime-boost vaccination 

regimen (figure  7A). Subsequently, we tested the same 
approach using the immunodominant epitope of oval-
bumin (SIINFEKL), an epitope more immunogenic than 
Trp2, and assessed the induction of OVA-specific T cell 
responses again by using the interferon-gamma ELISPOT. 
Here, the PeptiBAC-OVA–PeptiCRAd-OVA heterologous 
prime-boost regimen induced significant enhancement 
of OVA-specific T cell responses compared with Pepti-
BAC-OVA vaccination (figure 7B).

DISCUSSION
In this study, we have shown that by coating the mycobac-
terial outer membrane of BCG with MHC class I-restricted 
tumor-associated epitopes, we were able to broaden the 
immune responses elicited by the bacteria to include the 
coated antigens. As the attachment moiety for coating 
the therapeutic peptides onto the mycobacterial outer 
membrane, we tested both the CPP sequence of the HIV 
Tat protein fused to the N terminus of the tumor epitopes 
and a stretch of 6 lysine residues similarly fused to the N 
terminus of the tumor epitopes. We have previously shown 
that the CPP sequence and the poly-lysine sequence at 
the N-terminus of the therapeutic peptides do not influ-
ence the presentation of the tumor epitopes from these 
peptides by APCs.14 25 Both attachment moieties were 
able to efficiently attach therapeutic peptides onto the 
mycobacterial outer membrane, and BCG coated with 
an immunodominant epitope derived from chicken oval-
bumin (PeptiBAC-OVA) was able to deliver these peptides 
into APCs followed by efficient processing and presenta-
tion by the APCs. The antitumor and immune-activating 
properties of PeptiBAC-OVA were tested in a syngeneic 
mouse model of B16.OVA melanoma. Although Pepti-
BAC-OVA induced significant systemic OVA-specific T 
cell responses, the effect on tumor growth control was 
modest at best. In line with earlier reports,26 27 we did not 
observe any beneficial effect on tumor growth control 
by intratumoral treatment with BCG. Interestingly, while 
PeptiBAC-OVA-treated mice had the longest average 
survival, we observed a trend toward decreased survival 
with the BCG-treated group of mice. The minimal in vivo 
efficacy seen with PeptiBAC with CPP-containing OVA was 
most likely due to the toxic effects of the CPP-containing 
peptide coated onto the BCG. Indeed, we noticed a 
decrease in viability of the BCG after complexation with 
the CPP-containing OVA peptide. As poly-lysine sequence 
also enabled efficient coating of therapeutic peptides 
onto the mycobacterial outer membrane, we also tested 
the effects of poly-lysine-containing peptide on viability of 
BCG after complexation. Poly-lysine-containing peptide 
did not affect the viability of the BCG nor the NF-kB/AP1 
pathway activation as assessed by using RAW-blue murine 
macrophage reporter cell line. Since TAMs are an inte-
gral cellular component of the TME, we also tested the 
ability of PeptiBAC to induce antigen cross-presentation 
on infection of macrophages. In addition, we assessed the 
capability of PeptiBAC to drive macrophage polarization 

Figure 7  Heterologous prime-boost vaccination with 
PeptiCRAd platform improves peptide-specific T cell 
responses elicited by the PeptiBAC platform. (A) Naïve 
C57BL/6JOlaHsd immunocompetent mice were vaccinated 
subcutaneously with 1×109 VP/dose of PeptiCRAd-Trp2 or 
2–8×106 CFU/dose of PeptiBAC-Trp2 or saline as a mock-
treated group. Prime and boost vaccinations were performed 
14 days apart, and 4 days after the boost, mice were 
sacrificed, and spleens were collected for enzyme-linked 
immunospot (ELISPOT) assay. The number of mice in each 
vaccination group was 4, and in control group not receiving 
vaccinations the number of mice was 2. (B) Similar to A, 
mice were vaccinated with PeptiBAC-OVA or PeptiBAC-OVA 
followed by PeptiCRAd-OVA booster. The number of mice in 
each vaccination group was 5. OVA, ovalbumin; PeptiBAC, 
peptide-coated Bacillus Calmette-Guérin; PeptiBAC-OVA, 
OVA-targeting PeptiBAC; PeptiCRAd, peptide-coated 
conditionally replicating adenovirus.
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from M2 toward more M1-like macrophages. Interest-
ingly, macrophages were able to readily cross-present 
PeptiBAC-delivered antigens, and in addition, PeptiBAC 
was able to drive macrophage polarization from M2 more 
toward M1-like phenotype.

We next tested the efficacy of PeptiBAC complexed with 
poly-lysine-containing Trp2 epitope (PeptiBAC-Trp2) in 
combination with ICI therapy using an antibody against 
murine PD-1 in a syngeneic mouse model of B16.F10.9/
K1 melanoma. In this model, monotherapy with Pepti-
BAC-Trp2 induced an increase in the number of mice 
responding to the therapy as compared with Mock, 
BCG, ICI or BCG+ICI-treated groups. Remarkably, Pepti-
BAC-Trp2 treatment efficiently sensitized tumors to ICI 
therapy and the combination therapy group showed a 
response rate of 50%. In addition to increased tumor 
growth control, immunological analysis of the treated 
tumors revealed significant infiltration of CD4+, CD8+ 
as well as Trp2-specific CD8+ T cells into the TME of the 
PeptiBAC-Trp2+ICI-treated mice.

To further evaluate the PeptiBAC platform, we tested 
the platform in a syngeneic mouse model of CT26 
colorectal cancer using a modified tumor rejection 
antigen AH1 in combination with anti-PD-1 ICI therapy. 
In this model, although we did not see effects on tumor 
growth with either monotherapies, the combination of 
PeptiBAC-AH1 and anti-PD-1 ICI had enhanced anti-
tumor effects, showing a response rate of 40%. In addition, 
the combo-treated mice showed significantly increased 
infiltration of AH1-specific CD8+ T cells into the TME. 
Both PeptiBAC-AH1 monotherapy and PeptiBAC-AH1 in 
combination with anti-PD-1 significantly increased AH1-
specific CD8+ T cells in spleens as compared with other 
treatment groups.

Heterologous prime-boost vaccination sequentially 
using two or more immunologically distinct platforms 
to deliver the antigen(s) has previously been tested in 
both infectious disease and cancer settings,28–32 and has 
shown to be able to induce enhanced T cell responses 
against the antigen as compared with homologous prime-
boost vaccination. Also, BCG has previously been used as 
a component in heterologous prime-boost settings.33–35 
Here, we set out to test whether the PeptiBAC plat-
form could be used as a component of a heterologous 
prime-boost vaccination setting together with another 
peptide-based cancer vaccine platform using oncolytic 
adenoviruses, called PeptiCRAd. Interestingly, we saw 
enhanced antigen-specific T cell responses as compared 
with homologous prime-boost vaccination with PeptiBAC 
only when PeptiBAC was used as a priming vaccine and 
PeptiCRAd as a booster vaccine. The adenovirus used in 
the PeptiCRAd platform was an adenovirus serotype 5 
expressing murine CD40L and OX40L.

In addition to CIS, BCG is the preferred treatment for 
high-risk non-muscle-invasive bladder cancer (NMIBC) 
and an option for intermediate-risk NMIBC.36 Recently, 
the US Food and Drug Administration approved an ICI 
against PD-1 (pembrolizumab) to treat patients with 

BCG-unresponsive, high-risk, NMIBC with carcinoma 
in situ with or without papillary tumors who are ineli-
gible for, or have elected not to undergo cystectomy.37 In 
addition, a recent phase III trial that evaluated a novel 
intravesical therapy, nadofaragene firadenovec (a non-
replicating adenovirus vector expressing human IFNα2b) 
in 151 patients with BCG-unresponsive NMIBC reported 
that more than half of the patients achieved a complete 
response, of whom almost half maintained complete 
response at 12 months.38 It is intriguing to hypothesize, in 
light of the data presented here, that using PeptiBAC with 
tumor-specific (neo)antigens identified from bladder 
cancer to treat NMIBC could increase the response rate of 
BCG therapy, and in addition, if used in combination with 
pembrolizumab, could have significant improvements 
over outcomes achieved with BCG or pembrolizumab as 
monotherapies. Nadofaragene firadenovec is compatible 
with the PeptiCRAd cancer vaccine platform and could 
be tested as part of the PeptiCRAd platform together with 
prior therapy with PeptiBAC as a heterologous prime-
boost cancer vaccine immunotherapy. Compared with 
various other immunotherapy approaches, the PeptiBAC 
platform is highly adaptable and can be quickly coated 
with a patient’s unique set of tumor-specific antigens, a 
prerequisite for personalized cancer immunotherapy. 
Most importantly, this platform could be transferred 
into the clinical setting very fast, since the backbone of 
the platform, the BCG vaccine, is already FDA/EMEA 
approved for cancer immunotherapy for bladder cancer 
and melanoma.

In addition to being used as a cancer immunotherapy, 
BCG is the only vaccine used in infants and neonates to 
prevent tuberculous meningitis and disseminated tuber-
culosis.39 Remarkably, in addition to its specific effect 
against tuberculosis, the BCG vaccine has beneficial non-
specific (off-target) effects on the immune system that 
protect against a wide range of other infections, including 
bacteria like Staphylococcus aureus, fungi like Candida albi-
cans and viruses like the yellow fever virus.40 41 Recent 
studies have suggested that countries that mandate BCG 
vaccination for the population have a lower number of 
infections and a reduced mortality from COVID-19.42 
Based on these data, it has been hypothesized that BCG 
vaccination might be a potent preventive measure against 
SARS-CoV-2 infection and/or may reduce COVID-19 
disease severity. Currently, there are at least nine clinical 
studies ongoing to determine the effect of BCG vacci-
nation on outcomes from COVID-19. However, the effi-
cacy of the BCG vaccine to provide protection against 
COVID-19 might be significantly improved by enhancing 
the SARS-CoV-2-specific cellular immune responses elic-
ited by the BCG vaccine by the use of PeptiBAC platform 
with SARS-CoV-2-specific antigens.
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