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establishes antigen-specific CD8+ T cell immunity and increases in antitumor efficacy 
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ABSTRACT
Bacteria-based cancer therapy employs various strategies to combat tumors, one of which is delivering 
tumor-associated antigen (TAA) to generate specific immunity. Here, we utilized a poly-arginine extended 
HPV E7 antigen (9RE7) for attachment on Salmonella SL7207 outer membrane to synthesize the bacterial 
vaccine Salmonella-9RE7 (Sal-9RE7), which yielded a significant improvement in the amount of antigen 
presentation compared to the previous lysine-extended antigen coating strategy. In TC-1 tumor mouse 
models, Sal-9RE7 monotherapy decreased tumor growth by inducing E7 antigen-specific immunity. In 
addition, pairing Sal-9RE7 with adjuvant Albumin-IFNβ (Alb-IFNβ), a protein cytokine fusion, the combina-
tion significantly increased the antitumor efficacy and enhanced immunogenicity in the tumor micro-
environment (TME). Our study made a significant contribution to personalized bacterial immunotherapy 
via TAA delivery and demonstrated the advantage of combination therapy.
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Introduction

With improvements in genetic engineering techniques, bacteria- 
based cancer therapies have gained increasing attention as 
a versatile complement to conventional treatment strategies.1,2 

Recent discoveries have shed light on their cancer therapeutic 
characteristics, including specific targeting hypoxic tumor micro-
environment (TME) by anaerobic strains, immunostimulatory 
action on professional antigen-presenting cells (APCs) and cas-
cade responses, and diverse modifications for improved antitumor 
activities.3–7 Among these therapeutic bacterial species, Salmonella 
(S. typhimurium) is one of the most well-researched and promis-
ing candidates, due to its superior tumor targeting and growth 
suppression abilities.8 Improvements on bacterial target specificity 
and virulence attenuation has allowed growing engineering inno-
vation of cytotoxin and immune cytokine delivery by bacteria to 
the TME.9,10 One direction of Salmonella-based cancer immu-
notherapy is generating tumor-specific immunity through the 
delivery of immune dominant tumor antigen.11 A previous study 
presented an antigen-coated bacterial platform using cell penetrat-
ing peptide (CPP) linkage to induce antigen-specific immunity, 
but it showed limited tumor reduction as a lone treatment 
strategy.12 After combining the bacterial vaccine with immune 
checkpoint inhibitor (ICI) therapy, it improved the response rate 
and efficacy of the ICI treatment.12

Nowadays, many cancer therapies utilize combination treat-
ments to avoid cancer resistance by targeting multiple 

mechanisms.13 As a well-established target for viral infections 
and cancer, type I interferons, a major class of immune cyto-
kines, can act directly on CD8+ T cells to increase cytotoxicity 
and survival by increasing the expression of cytotoxic T cell 
markers, perforin 1 and granzyme B115.14,15 It has also been 
reported to inactivate suppressiveness of regulatory T cells 
(Treg) to promote effector functions.16 In clinical settings, 
type I interferon has been used for resected stage II and III 
melanoma, and it could increase the rate of molecular 
responses in chronic myeloid leukemia when combined with 
multikinase inhibitor imatinib.17–19 Recently, we have 
improved on the drug kinetics and functionality of a type 
I interferon, interferon beta (IFNβ), by fusing it to albumin 
protein, creating Albumin-IFNβ (Alb-IFNβ).20 This increases 
the half-life of IFNβ, and therefore enhanced cross- 
presentation by APCs and generated stronger antigen-specific 
T cell and B cell responses.

Based on the bacterial immunotherapy strategy of tumor anti-
gen delivery, we have developed a Salmonella-based cancer vaccine 
to induce E7 antigen-specific immunity. Extending HPV E7 anti-
gen by 9 cationic arginine residues (9RE7), this modified antigen 
peptide can adhere to the cell membrane of Salmonella 
Typhimurium strain SL7207,10 termed Sal-9RE7. Poly-l-arginine 
is used as a tag for mammalian cell uptake to deliver drugs and 
macromolecules such as proteins and enzymes.21 By generating 
E7-specific CD8+ T cells and recruiting CD4+ helper T cells to the 
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TME, Sal-9RE7 exhibited promising antitumor effects as 
a monotherapy. When combined with protein adjuvant Alb- 
IFNβ, the antitumor effect was significantly enhanced with 
increased antigen-specific cytotoxic T Lymphocytes (CTLs) pro-
liferation and decreased exhaustion and suppression of tumor 
infiltrating lymphocytes (TILs). Our results demonstrated the 
therapeutic efficacy of an HPV E7 antigen-presenting Salmonella 
system with improved peptide loading and should be considered 
for future bacterial immunotherapy approaches in clinical 
investigations.

Materials and methods

Cells and bacteria

E7 expressing TC-1 tumor cells and dendritic cell lines22,23 

were grown in vitro in RPMI 1640 media containing 10% 
(v/v) fetal bovine serum, 50 units/mL of penicillin/strepto-
mycin, 2 mM L-glutamine, 1 mM sodium pyruvate, 2 mM 
non-essential amino acids, and 0.1% (v/v) 2-mercaptoetha-
nol under 37°C with 5% CO2. CD8+ T cells were incubated 
with E7 expressing cells and maintained in culture. 
Salmonella SL7207 was grown under the recommended 
conditions in LB broth at 37°C. Cells were harvested at O. 
D. 600 reading of 0.5 and washed with PBS solution before 
incubation at 60°C for 2 hours. Bacterial activity was 
checked by growing in LB medium at 37°C with no O.D. 
600 reading to ensure complete inactivation.

Peptide synthesis

Peptides used in this study include RRRRRRRRR- 
RAHYNIVTF (E7 protein amino acids 49–57), termed 9RE7, 
and FITC-conjugated peptides KKKKKK (6K), RRRRRR (6 R), 
RRRRRRRRR (9 R), E7, and 9RE7. Peptides were synthesized 
by GenScript (Piscataway, NJ, USA).

Characterization of Sal-9RE7

5 × 106 CFU of live or heat inactivated Salmonella SL7207 
was mixed with 1ug of FITC conjugated peptides 6K, 6 R, 9  
R, E7, and 9RE7 in PBS buffer. Bacteria/peptide mixture was 
vortexed at room temperature for 30 minutes, followed by 
centrifugation and buffer exchange to remove unbound pep-
tides. FITC signals were measured by 13-color 
B-Y-R-V CytoFLEX S (Beckman Coulter). Bacterial cell 
charge was measured with Malvern Zetasizer Nano ZS90 
(Malvern Instruments). 9RE7 attachment was quantified by 
interpolating the absorbance of FITC-labeled Sal-9RE7 at 
500 nm from the constructed standard curve with 
Nanodrop One (Thermo Fisher Scientific).

Alb-IFNβ protein generation

Generation of mouse pcDNA3-Alb-IFNβ Mouse IFNβ plasmid 
was performed as previously described.20 We transfected Alb- 
IFNβ plasmid in Expi293F expression system kit (Thermo 
Fisher Scientific) and purified the proteins by the HiTrap 
Albumin column (GE Healthcare Life Sciences).

In vitro T cell activation

Sal-9RE7 was constructed by mixing 1 × 108 CFU of heat- 
inactivated Salmonella to 1 ug 9RE7 and incubated with 1 ×  
105 dendritic cells in 96 well plate cultured with complete 
RPMI media at 37°C, 5% CO2 overnight. After aspirating 
culture medium and washing with PBS, 5 × 105 E7-specific 
CD8+ T cells were added to dendritic cell line and blocked 
with Brefeldin A + Monensin Golgi Plug (Thermo Fisher 
Scientific) overnight.22,23 Cells were collected and stained 
with PE-conjugated HPV16 E7aa49–57 peptide loaded H-2  
Db E7 tetramer and APC-A750-conjugated anti-mouse CD8α 
antibody (Biolegend) before permeabilization with eBioscience 
Fixation (Invitrogen). FITC-conjugated IFNγ antibody was 
used for intracellular staining.24

Mice

Female C57BL/6 mice aged 6–8 weeks were purchased from 
Charles Rivers Laboratories (Frederick, Maryland, USA), and 
housed under specific pathogen-free conditions at the Johns 
Hopkins University School of Medicine Animal Facility 
(Baltimore, Maryland, USA). All animal procedures were per-
formed according to protocols approved by the Johns Hopkins 
Institutional Animal Care and Use Committee. 
Recommendations for the proper use and care of laboratory 
animals were closely followed.

Mice vaccination

For tumor inoculation, 1 × 105 TC-1 cells in 50 µL of PBS were 
subcutaneously injected into 6–8 weeks old female C57BL/6 
mice at the lower right abdomen. Largest length and width 
were measured by digital calipers twice per week. Tumor 
volumes were calculated by the formula: 
V = (Length × Width2)/2. At the indicated time points, TC-1 
tumor-bearing mice were vaccinated with 10 ug of 9RE7 pep-
tides, 108 CFU of heat inactivated Salmonella, Sal-9RE7 
(108 CFU to 10 ug), 50 ug of Alb-IFNβ, or Alb-IFNβ combined 
with Sal-9RE7. 9RE7 peptide and Alb-IFNβ were delivered 
intraperitoneally, and bacteria were injected subcutaneously 
at the tumor side of the abdomen.

Flow cytometry analyses

Peripheral Blood Mononuclear Cells (PBMC) from blood sam-
ples were collected by red blood cell (RBC) lysis using RBC 
lysis buffer (eBioscience). For intratumoral immune cell pre-
paration, tissue was collected from mice into FACS buffer with 
magnesium and calcium. After mincing with scissors into ~2  
mm pieces, tissue digestion enzymes including Collagenase I, 
Collagenase IV, and DNase I were added to samples and 
incubated for 20 minutes at 37 degree Celsius. After centrifu-
gation and extensive washing, tumor samples were purified by 
loading onto Ficoll-Paque Plus (GE Healthcare Life Sciences, 
Marlborough, MA). Tubes were centrifuged for 20 minutes 
with low acceleration and no brake. Ficoll-RPMI interface 
was collected. Samples were then counted, plated at equal cell 
numbers, and prepared for flow cytometry. Prior to antibody 
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staining, Zombie Aqua live/dead (BioLegend) and Fc Block 
were used to identify dead cells and reduce nonspecific anti-
body binding. Antigen-specific CD8+ T cell population in 
PBMC was identified with PE-conjugated E7 tetramer and 
APC-A750-conjugated anti-mouse CD8α antibodies. For 
tumor infiltrating lymphocyte analyses, we used PE-Cy5-con-
jugated anti-mouse CD45 antibodies, BV421-conjugated anti- 
mouse CD3 antibodies, PE-conjugated anti-mouse CD8 anti-
bodies, BV780-conjugated anti-mouse CD4 antibodies, APC- 
A750 conjugated anti-mouse PD-1 antibodies, PE-Cy7-conju-
gated anti-mouse CD25 antibodies, and APC-conjugated 
FoxP3 antibodies. Fluorescent compensation was generated 
using single-antibody controls on the CytExpert 2.0 software 
(Beckman). FACS analysis was performed using CytoFLEX 
S (Beckman) and data were analyzed by FlowJo software.

Statistical analysis

All data statistical analysis was performed with GraphPad 
Prism V.10 software and represented as means and standard 
error of the mean. Kaplan-Meier survival plots were used to 
estimate the survival percentage and tumor-free rate. Long 
rank tests were used to compare the survival time between 
treatment groups. Comparison between individual data points 
were analyzed for variance with one-way ANOVA and the 
Tukey – Kramer multiple comparison test, *p ≤ 0.05, 
**p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, ns=not significant.

Results

Poly-arginine-tagged HPV E7 antigen effectively attaches 
to heat inactivated Salmonella

To improve on the previous PolyK anchored antigen 
model12, we used cell penetrating peptide poly-arginine 
as the attachment moiety of 9RE7. We were able to deter-
mine an optimal binding condition by comparing live 
attenuated or 60°C heat inactivated Salmonella (5 × 106 

CFU to 1ug peptide) incubated with FITC-conjugated 
9RE7. The amount of FITC-conjugated 9RE7 on 
Salmonella were quantified with nanoscale flow cytometry 
(Figure 1a) that showed the significantly higher FITC 
intensity under heat-inactivated conditions. Hence, all 
subsequent experiments used heat-inactivated Salmonella 
to maximize capturing of the 9RE7 peptide in Sal-9RE7. 
Next, we compared the binding strength of various FITC- 
labeled cationic peptides including PolyK hexamer 
(6K-FITC), PolyR hexamer (6 R-FITC), and PolyR nona-
mer (9 R-FITC) to Salmonella. Among these peptides, 9  
R-FITC showed the largest shift in nanoscale flow cyto-
metry (Figure 1b,c), thus binding significantly more units 
of peptide than the previous PolyK strategy. With the 
added 9 R moiety, 9RE7 showed significantly higher affi-
nity to Salmonella than E7 alone (Figure 1d,e). By enrich-
ing Salmonella with 9RE7, the cell membrane charge was 
altered as measured by their zeta potential (Figure 1f), 
imparting arginine’s positive charge on the neutral 

Figure 1. Characterization of Salmonella’s electrostatic binding affinity to poly-arginine extended E7 antigen. (a) Nanoscale flow cytometry analysis of FITC signal of live 
and 60°C heat-inactivated Salmonella (5 × 106 CFU) binding with 1 ug of FITC-conjugated HPV E7 antigen extended by 9 arginine residues (9RE7-FITC). Heat inactivated 
Salmonella conjugates with 1 ug of FITC conjugated poly-lysine hexamer (6K-FITC), poly-arginine hexamer (6R-FITC), or poly-arginine nonamer (9R-FITC) with (b) 
representative flow cytometry histogram and (c) bar graph to compare polypeptide anchor strength. (d) Flow cytometry analysis of heat inactivated Salmonella binding 
strength with either FITC-labeled E7 or 9RE7 antigen peptide, and (e) bar graph representation. (f) Dynamic light scattering analysis comparing heat inactivated 
Salmonella (sal) before and after binding to 10ug of 9RE7 (Sal-9RE7). Performed with one-way ANOVA test *p<0.05, **p<0.01, ****p<0.0001. FITC, 
fluoresceinisothiocyanate.
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bacterial membrane. To quantify 9RE7 attachment effi-
ciency, we characterized the absorbance of FITC- 
conjugated 9RE7 UV-Vis spectrum at 500 nm 
(Supplementary Figure S1A). Through construction of 
the calibration standard curve (Supplementary Figure 
S1B), we calculated that 96.5% of 9RE7-FITC remained 
attached to Salmonella surface after buffer exchange.

Dendritic cells cross-present E7 antigen from Sal-9RE7 to 
activate antigen-specific CD8+ T cell response

Next, we sought to demonstrate Sal-9RE7 as an adjuvant 
to activate dendritic cells, which would cross-present 
tumor antigen to activate E7-specific CD8+ T cells. FITC- 
labeled Sal-9RE7 was prepared to coculture with dendritic 
cells to illustrate proper uptake by professional APCs. 
Upon removal of residual bacteria in culture medium, 
FITC labeled Sal-9RE7 cocultured dendritic cells showed 
elevated FITC signal through flow cytometry (Figure 2a,b), 
thus proving dendritic cells successfully phagocytized the 
bacterial complex. To show dendritic cell cross-presenta-
tion through major histocompatibility complex (MHC) 
class I, we treated dendritic cells with Sal-9RE7 before 
coculturing with E7-specific CD8+ T cell. The Sal-9RE7 
treated group showed the highest IFNγ expression by E7+ 
CD8+ T cells, whereas inactivated Salmonella alone could 
not induce T cell activation (Figure 2c,d). Our results 
indicated that in an in vitro setting, Sal-9RE7 can effec-
tively re-activate E7-specific CD8+ T cell via MHC class 
I presentation by APCs.

Administration of Sal-9RE7 in vivo shows significant 
antigen-specific CD8+ T cell immunity and antitumor 
efficacy

To assess the viability of Sal-9RE7 as an immunogenic vaccine 
and promote CTL-mediated antitumor response, we treated 
C57BL/6 mice bearing E7-positive TC-1 tumors with heat 
inactivated Salmonella, 9RE7 antigen peptide, or Sal-9RE7 for 
three times at one-week intervals (Figure 3a). While Salmonella 
or 9RE7 alone showed no effect on tumor growth, treatment 
with Sal-9RE7 yielded the smallest average tumor volume at 
the 30-day time point (Figure 3b). Accordingly, Sal-9RE7 trea-
ted tumor bearing mice survived longer than other groups 
(Figure 3c). One week after the third dose, we examined 
PBMC from all groups to compare E7 antigen-specific CD8+ 
T cell expansion. Reflecting the antitumor results, flow cyto-
metry analysis showed generation of significantly higher E7+ 
CD8+ CTL population under Sal-9RE7 treatment (Figure 3d, 
e). Tumor antigen 9RE7 alone was insufficient to induce anti-
gen-specific immunity without Salmonella as the adjuvant. 
These results proved that Sal-9RE7 can induce potent E7- 
specific CD8+ T cell mediated response in vivo, while simulta-
neously suppressing tumor growth and prolonging survival.

Coadministration of albumin-fused IFNβ cytokine and sal- 
9RE7 can improve on tumor treatment and antigen- 
specific CD8+ T cell responses

Due to Alb-IFNβ’s prominent effect on expanding antigen- 
specific CD8+ T cells,20 we believed it would act as 
a powerful adjuvant to enhance CD8+ T cell mediated immu-
nity induced by Sal-9RE7 treatment. When coadministering 

Figure 2. In vitro sal-9RE7 uptake by dendritic cell and T cell activation analysis. (a) Overnight dendritic cell line coincubation with 1 × 108 CFU of sal mixed with 1ug of 
9RE7-FITC (Sal-9RE7-FITC), 9RE7-FITC, or sal is analyzed by flow cytometry histogram and (b) bar graph comparison of FITC geometric MFI in dendritic cells. (c) Flow 
cytometry analysis of E7-specific T cell activation. Sal, 9RE7, or Sal-9RE7 is added to dendritic cells before coculturing with E7-specific T cells in RPMI for another 24 hrs. 
After collecting the coculture mixture, cells are stained with PE-conjugated HPV16 E7aa49–57 peptide-loaded H-2 Db E7 tetramer and APC-A750-conjugated anti-mouse 
CD8α antibodies before cell membrane permeation and FITC anti-mouse IFNγ antibody for flow cytometry analyses. Representative flow cytometric images show E7 and 
CD8α gating strategy first, then positive population is gated for IFNγ. (d) Bar graph summary of E7 positive T cells with positive IFNγ population. ****p<0.0001.
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Figure 3. Characterization of therapeutic antitumor effect and antigen-specific CD8+ T cell immune response in TC1 tumor bearing mice treated with Sal-9RE7. (a) 
Schematic illustration of experiment schedule. C57BL/6 mice are injected with 1 × 105 TC-1 cells S.C. On day 0. They are given weekly treatments of either 10ug 9RE7 
intraperitoneally, 1 × 108 heat inactivated Salmonella S.C., or Sal-9RE7 (1 × 108 CFU bacteria mixed with 10 ug of peptide) S.C. For 3 weeks. (b) Tumor growth curve of 
TC-1 tumor-bearing mice. (c) Kaplan-Meier survival curve of TC-1 tumor-bearing mice. (d) PBMC is collected from the mice one week after the final treatment for E7- 
specific T cell analyses by staining for PE-conjugated HPV16 E7aa49–57 peptide-loaded H-2 Db E7 tetramer and APC-A750-conjugated anti-mouse CD8α antibodies. 
Representative flow images of CD8+ and E7+ T cells for all 4 groups and (e) bar graph representations are shown. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. S.C., 
subcutaneously; PBMC, peripheral blood mononuclear cells.

Figure 4. Characterization of antitumor effect and antigen specific CD8+ T cell response generated by Sal-9RE7 combined with adjuvant Alb-IFNβ. (a) Schematic 
illustration of the experiment. C57BL/6 mice were S.C. injected with 1 × 105 TC-1 cells. On day 5, they were given 50 ug Alb-IFNβ intraperitoneally, Sal-9RE7 (108 CFU to 
10ug peptide) S.C., or combination treatment weekly for three times. PBMC tumors were harvested to analyze for tumor infiltrating lymphocytes. (b) Tumor growth 
curve of TC-1 tumor-bearing mice. (c) Kaplan-Meier survival curve of TC-1 tumor-bearing mice. (d) PBMC is stained for PE-conjugated HPV16 E7 tetramer and APC-A750- 
conjugated CD8α antibodies. Representative flow images and bar graphs showing (e) CD8+ T cell population and (f) E7+ subpopulation. **p<0.01, ***p<0.001,  
****p<0.0001.
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Alb-IFNβ with Sal-9RE7 (Figure 4a), tumor growths were 
suppressed at an earlier time point and achieved sustained 
control compared to individual treatments (Figure 4b). 
Additionally, the combination treatment effectively prolonged 
the median survival by 24 days than either individual treatment 
(Figure 4c). Significantly higher population of CD8+ T cells 
and E7-specific phenotypes (Figure 4d,e) were observed in the 
PBMC of Alb-IFNβ and Sal-9RE7 combination group com-
pared to individual treatments. Thus, combining Alb-IFNβ 
and Sal-9RE7 enhanced antitumor effects and antigen- 
specific CD8+ T cell response.

Treatment with Alb-IFNβ and Sal-9RE7 increases CD4+ 
and CD8+ lymphocytes infiltration in the tumor 
microenvironment

Following treatment schedule (Figure 4a), TIL populations 
were analyzed with flow cytometry after the final treatment 
(Figure 5a). Under Sal-9RE7 treatment alone, the percentage of 
CD4+ T cells increased, but CD8+ population remained 
unchanged compared to the untreated group (Figure 5b). The 
opposite was observed in the Alb-IFNβ treated group, as only 
the CD8+ T cell population increased while CD4+ T cell popu-
lation did not change (Figure 5c). By combining both treat-
ments, both CD4+ and CD8+ T cell populations were elevated 
compared to the untreated control group. Upon examining 
CD8+ T cell exhaustion and regulatory T cell phenotypes 
(Figure 5d,f), the combination treatment yielded the least 

amount of immune downregulation and exhaustion. Notably, 
combined treatment of Alb-IFNβ and Sal-9RE7 could signifi-
cantly reverse the high PD-1 expression shown in the Sal-9RE7 
treated group (Figure 5e) and decrease Treg phenotypes com-
pared to the control group (Figure 5g). Thus, combining Alb- 
IFNβ and Sal-9RE7 simultaneously expanded CD4+ and 
CD8+ TIL populations while downregulated immune suppres-
sing phenotypes.

Discussion

In this study, we have verified the strategy of displaying MHC 
class I tumor-associated epitope on bacterial surface to induce 
cancer immunity. Compared to live attenuated Salmonella, 
heat inactivated Salmonella had doubled the amount of peptide 
coated on its surface. This is because moderate heat stress on 
bacteria could induce cell permeabilization without cell lysis 
and structural damage,25 allowing more peptide attachment 
and penetration of the bacterial outer membrane. In addition, 
modifications of the CPP by substituting the CPP anchor from 
6K to 9 R further increased peptide adsorption by over 30-fold. 
This finding is consistent with a previous study that showed 
arginine-rich peptides promoted membrane permeabilization 
more than lysine.26 With these engineering improvements, the 
antigen delivery platform has become more efficient and 
remained technically simple for scale-up production.

Although dead bacteria generate less immune response 
from granulocytes and macrophages compared to live 

Figure 5. Characterization of CD4+ and CD8+ tumor infiltrating lymphocytes in Alb-IFNβ and Sal-9RE7 combination treatments. (a) Tumors from previously treated 
groups are extracted and isolated for mononuclear cells. TIL populations are identified by staining for PE-Cy5-conjugated anti-mouse CD45 and BV421-conjugated anti- 
mouse CD3 antibodies. Then PE-conjugated anti-mouse CD8 and BV780-conjugated anti-mouse CD4 antibodies are used to distinguish cytotoxic and helper T cell 
populations respectively. Representative flow cytometry gating strategy and bar graphs for (b) CD4+ and (c) CD8+ TILs are shown. (d) PD-1 expression on CD8+ TIL 
using APC-A750 conjugated anti-mouse PD-1 antibody staining, and (f) intratumoral Treg population with PE-Cy7-conjugated CD25 and APC-conjugated FoxP3 
antibodies. Bar graph summary of (e) PD-1 expressing CD8+ TILs and (g) Treg population in CD4+ TILs. *p<0.05, **p<0.01, ****p<0.0001. TIL, tumor infiltrating 
lymphocytes; Treg, regulatory T cells.
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bacteria,27 we proved that they retained immunogenicity to 
activate APCs in vitro. The 9R moiety of the peptide did not 
affect E7 antigen processing and cross-presentation by APCs to 
activated antigen-specific CTLs. Peptide only group 9RE7 
serves as a positive control for both dendritic cell uptake and 
T cell activation (Figure 2). The elevated IFNγ expression of 
9RE7 treatment (Figure 2d) compared to the Sal-9RE7 is 
because peptide loaded dendritic cells present more efficiently 
than cross-presentation from protein.28 Here, we observe the 
same phenomena as cross-presented antigen from Sal-9RE7 is 
less effective at activating E7-specific T cells than 9RE7 direct 
loading. But in mouse models, due to a lack of adjuvant 
accompanying 9RE7, the peptide alone cannot activate anti-
gen-presenting cells to induce tumor antigen-specific immune 
response (Figure 3e).

In TC-1 tumor-bearing animal models, vaccination with 
Sal-9RE7 achieve significant antitumor control, while indu-
cing E7-specific CTLs (Figure 3e). By injecting Salmonella 
subcutaneously, it allows a concentrated and sustained deliv-
ery that immunologically activated antigen presenting cells of 
the skin.29 Initial bacterial injection attempts on the tumor- 
opposing side had limited the response rate and tumor con-
trol. After changing the injection to the tumor side, we 
observed better tumor control in the Sal-9RE7 treatment 
group. This can be due to Salmonella at the tumor-draining 
lymph node to target migratory dendritic cells and prime 
T cells for tumor infiltration,30,31 while direct engagement 
of tumor draining lymph node that develops robust anti- 
tumor immunity.32 Inflammation from the initial Sal-9RE7 
dose cleared within days with little adverse effect on the mice. 
Tumor growth showed visible control after the third dose and 
achieved better antitumor effect and survival outcome than 
the previous BCG-OVA fusion construct, which was unable 
to control B16.OVA tumor growth as a monotherapy.12 Aside 
from using a different tumor model, our results could be due 
to the improved antigen delivery system Sal-9RE7 and higher 
permissible dose by inactivating Salmonella via heat shock, 
which led to more robust E7-specific T cells immunity. In 
terms of other possible injection routes, this treatment could 
benefit from intratumoral delivery, which could possibly 
induce an earlier onset of tumor control by priming E7- 
specific TILs in solid tumors.33

Current bacterial therapy methods have combined bacter-
ial treatment with traditional therapies for enhanced immu-
nogenicity and specific tumor cell targeting.13,34,35 Here, we 
paired Sal-9RE7 with the novel protein-based adjuvant Alb- 
IFNβ. We observed slightly elevated peripheral CD8+ T cells 
in the Alb-IFNβ group compared to Sal-9RE7, while the 
combination treatment of Alb-IFNβ and Sal-9RE7 signifi-
cantly expanded CD8+ T cells and E7 antigen-specific CD8 
+ T cells. This is because type I interferons could increase 
antigen presentation by APCs and costimulatory factors in 
T cell activation.36 In addition, the flow cytometry analysis of 
the TME showed Alb-IFNβ solely acted on increasing CD8+ 
T cells population (Figure 5c), while Sal-9RE7 only increased 
CD4+ TILs (Figure 5b). By combining the two treatments, 
both CD8+ and CD4+ T cell populations were elevated and 
induced a more robust antitumor immunity. This is because 
intratumoral CD4+ helper T cells can increase immune 

function and population of tumor-specific CD8+ T cells 
through IL-2 production.37 In addition, Sal-9RE7 monother-
apy exhibited high T cell exhaustion in the expression of PD- 
1, but this was reduced by combining with Alb-IFNβ because 
type I interferon has been shown to downregulate Tregs and 
promote effector cell functions.16 The decreased immune 
exhaustion in the TME can explain the significant improve-
ment in antitumor efficacy with the combination therapy. 
Overall, these results show that the antigen-coated bacterial 
vaccine, Sal-9RE7, can benefit from combined treatment 
with Alb-IFNβ.

In terms of mechanism of therapy, bacterial immunity 
engages antigen-presenting cells, the complement system, 
and adaptive immunity. For Salmonella, studies suggest 
that CD4+ T cells play a central role in developing protective 
immunity.38–40 We observed that Sal-9RE7 treatment 
recruits CD4+ T cells to the TME (Figure 5b), confirming 
that CD4+ T cells respond to Salmonella infection. But with-
out E7 coating, Salmonella alone could not induce any anti-
tumor response (Figure 3b) because no tumor-specific 
cytotoxic T cells were present (Figure 3e). So despite CD8+ 
TIL population not increasing in response to Sal-9RE7 treat-
ment (Figure 5c), having developing E7 antigen specificity 
from dendritic cells cross-presentation is critical for antitu-
mor immunity. When the adjuvant cytokine Alb-IFNβ is 
introduced as a combination therapy to Sal-9RE7, it engaged 
CTL prolifteration that lacked in Sal-9RE7. Previously, we 
saw that type I infeteron can promote antigen-specific CD8+ 
T cell infiltration in the TME through CXCL-9 and CXCL-10 
proliferation.20,41 While the combination treatment’s 
intended antitumor mechanism is to engage antigen- 
specific T cells, other mechanisms could play a role as well 
and should be investigated further for a more comprehensive 
understanding of this strategy.

Thus, we have demonstrated the therapeutic efficacy of 
the tumor antigen-presenting bacterial vaccine Sal-9RE7 
and improvements on synthesis efficiency to induce more 
robust tumor-specific immune responses. Significant 
enhancement in antitumor effect was achieved through 
pairing Sal-9RE7 with protein adjuvant Alb-IFNβ. This 
demonstrates the potential of bacterial immunotherapy in 
conjunction with other cancer therapies to achieve superior 
treatment results. Future investigations of peptide-coated 
bacterial vaccines should expand the tumor MHC class 
I epitope library to explore its efficacy and applicability in 
other cancer cell types. For more potent antitumor effect, 
neoantigen-coated bacteria should be combined with estab-
lished cancer therapies inducing chemotherapy, radiation, 
and immunotherapy strategies to increase treatment 
response rate. Further investigation in comparing the effi-
cacy and safety of live attenuated versus dead bacteria 
should be explored, in order to address safety and treat-
ment response limitations by providing more effective and 
personalized cancer therapy.
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