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Abstract 

Background  The intracellular bacterium Listeria monocytogenes is an attractive vector for cancer immunotherapy 
as it can effectively deliver tumor antigens to antigen-presenting cells, leading to a robust antitumor response.

Results  In this study, we developed a novel vaccine platform called Listeria-based Live Attenuated Double Sub-
stitution (LADS), which involves introducing two amino acid substitutions (N478AV479A) into the virulence factor 
listeriolysin O (LLO). LADS is a safe vaccine platform, with an attenuation of nearly 7000-fold, while retaining complete 
immunogenicity due to the absence of deletion of any virulence factors. We developed two LADS-based vaccines, 
LADS-E7 and LADS-AH1, which deliver the human papillomavirus (HPV) type 16 E7 oncoprotein and murine colon 
carcinoma immunodominant antigen AH1, respectively. Treatment with LADS-E7 or LADS-AH1 significantly inhibited 
and regressed established tumors, while also dramatically increasing the populations of tumor-infiltrated antigen-
specific CD8+ T cells. RNA-sequencing analysis of tumor tissue samples revealed that LADS-E7 altered the expression 
of genes related to the immune response. Moreover, intratumoral injection of LADS-based vaccines induced strong 
antitumor responses, generating systemic antitumor responses to control distant tumor growth. Encouragingly, 
LADS-E7 or LADS-AH1 immunization effectively prevented tumor formation and growth.

Conclusions  Our findings demonstrate that LADS-based vaccines represent a more powerful platform for the devel-
opment of immunotherapeutic and preventive vaccines against cancers and infectious diseases.

Keywords  Aattenuated Listeria monocytogenes, LADS, Tumor immunotherapy, Tumor prevention, Listeriolysin O, 
Tumor-associated antigen

Background
Listeria monocytogenes (LM) is an intracellular food-
borne pathogen that can proliferate in a variety of cells, 
including epithelial cells, fibroblasts, and macrophages 
[1]. Once the bacterium successfully invades into host 
cells, it maintains the ability to activate the adaptive 
immune response via the major histocompatibility 
complex (MHC) pathways [2]. Those bacteria that do 
not escape the host cell phagosome elicit an immune 
response through the MHC II pathway with subsequent 
activation of CD4+ T cells. However, LM has evolved 
many sophisticated mechanisms to escape into the cyto-
sols of infected cells mediated by many virulence fac-
tors. Listeriolysin O (LLO), a pore-forming cytolysin, 
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enables Listeria to perforate the membranes of phago-
cytic cells such as macrophages and dendritic cells, after 
which it escapes from cytoplasmic vacuoles and enters 
the cytoplasm, thereby spreading to the neighboring 
cells. Once outside the phagosome, peptides secreted 
by the bacterium enter the host cell cytosol where they 
can be degraded by proteasomes and loaded onto MHC 
I molecules for presentation to CD8+ T cells for robust 
induction of LM-specific cytotoxic T lymphocytes (CTL) 
responses that protect against a subsequent exposure [3, 
4]. Moreover, LM can also induce a decrease in regula-
tory T cells (Tregs) in tumor tissues, thereby promoting 
an immune response to kill tumor cells directly [5–7]. 
Therefore, the capacity to efficiently deliver tumor-asso-
ciated antigens (TAA) to antigen-presenting cells and 
activate robust antitumor cellular immune responses 
makes LM a powerful vaccine vector for tumor immuno-
therapy [2, 8–10].

So far, Listeria-based vaccines have been widely devel-
oped for numerous malignancies that demonstrate prom-
ising efficacy in preclinical models of cancer with several 
candidates in various stages of clinical development [2, 3, 
8, 11–17]. However, LM is a pathogenic microorganism 
that can cause severe listeriosis in humans with a high 
mortality rate, attenuation of its virulence is necessary for 
safety considerations as an antitumor vaccine. Early stud-
ies have employed strains containing deletions of genes 
involved in bacterial virulence to accomplish reliable 
attenuations of LM-based vaccine strains. While infec-
tion with the virulent LM strains can lead to the forma-
tion of robust memory T cell responses, several studies 
have found that attenuated strains result in improved 
immune memory and protective responses [18, 19]. To 
date, the most widely employed strategy to attenuate LM 
involves lacking the transcriptional regulator PrfA [17], 
or the other two virulence factors, ActA and InlB [18, 20]. 
The resultant strain ∆actA/∆inlB has been best known as 
the Live Attenuated Double-Deleted (LADD) platform 
(Aduro BioTech Inc.) that forms the basis for several 
vaccines in clinical trials. Besides, an alternative attenu-
ation strategy has been developed using the ∆dal/∆dat 
strain (Lmdd) from which the dal and dat genes required 
to synthesize D-alanine to build peptidoglycan and 
lipoteichoic have been deleted [21–23]. However, these 
virulence factors (such as PrfA, LLO, and ActA) are 
known to play important roles for the LM escaping into 
the cytosol and promoting the delivery of TAA to the 
proteasome, which can enhance the efficiency of antigen 
processing and MHC class I presentation [24–27]. Addi-
tionally, these virulence factors have adjuvant properties 
to activate Toll-like receptor 4 (TLR4) signaling path-
way, inducing the production of inflammatory cytokines 
such as interleukin (IL)−6, IL-12, IL-18, and interferon 

(IFN)-γ, promoting the differentiation of activated CD4+ 
T cells into Type 1 helper (Th1) cells [28–30]. It is very 
likely that the current attenuated LM platform displays 
reduced immunogenicity and affects the priming of cel-
lular anti-tumor immune response owing to the deletion 
of the virulence factors. Therefore, a new attenuated LM 
vaccine platform that retains high immunogenicity need 
to be constructed.

In the present study, we developed a novel live-atten-
uated LM immunotherapy platform (Live Attenuated 
Double Substitution, LADS) in which none of the genes 
was deleted but only introduced a substitution of two 
residues in the carboxyl-terminal of LLO (N478AV479A). 
LADS can be rapidly cleared in mice without signifi-
cant organ damage following intravenous administra-
tion and is approximately 7000-fold attenuated relative 
to the wild-type LM. More importantly, LADS secretes 
a detoxified LLO (LLON478AV479A) and can generate all 
bacterial antigens (such as ActA) as the wild-type strain, 
display high immunogenicity and have been demon-
strated to act as adjuvants to boost therapeutic immune 
responses against tumors [17, 25, 27]. Based on this novel 
platform, two genetically modified vaccines (LADS-E7 
and LADS-AH1) that secrete the human papillomavirus 
(HPV) type 16 antigen E7 and the murine colon carci-
noma antigen AH1, respectively, with a fusion to LLO, 
were developed and tested for their antitumor effects 
in established murine tumor models. Cervical cancer is 
the fourth most common cancer in women worldwide 
and is almost exclusively caused by HPV infection, with 
most cases being attributed to HPV subtypes 16 and 18 
[31–34]. HPV expresses the E6 and E7 oncoproteins that 
directly promote cell division and tumorigenesis, and E7 
is necessary to maintain the malignant state of the tumor 
cells, thereby serving as a target for immunotherapy [35, 
36]. AH1 is an antigenic peptide presented on H-2Ld, 
first identified as the immunodominant antigen of the 
murine colon carcinoma cell line CT26 [37]. It derives 
from the endogenous murine leukemia virus envelope 
glycoprotein 70 (gp70), and it is highly expressed in a 
multitude of murine tumor cell lines of different his-
tological origins, while being virtually undetectable in 
healthy murine organs [38, 39]. Encouragingly, we dem-
onstrate that the novel LADS-based cancer vaccines, 
LADS-E7 and LADS-AH1, are safe and can trigger 
strong cellular immune responses, particularly the tumor 
antigen-specific CD8+ cytotoxic T cells in the infiltrated 
tumors, to mediate robust tumor suppression and clear-
ance in the murine cervical cancer and colon carcinoma 
models. RNA-sequencing analysis showed that a large 
number of genes affected by vaccination of LADS-E7 
were enriched in immune response. Moreover, intratu-
moral injection of the LADS-based vaccines also induced 
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strong antitumor responses and can generate systemic 
antitumor responses to control distant tumor growth. 
Surprisingly, the immunization of LADS-E7 or LADS-
AH1 achieved terrific effects on preventing tumor for-
mation and growth. Therefore, the impressive antitumor 
and prevention efficacy of LADS-based vaccines makes 
LADS a new and attractive delivering platform to further 
develop more promising tumor vaccines for clinical can-
cer immunotherapy and prevention.

Results
LADS secreting LLON478AV479Awith decreased hemolytic 
activity is unable to grow intracellularly in macrophages
As we have previously established that the residues 
Asn478 and Val479 are new active sites that are required 
for LLO hemolytic activity [40], the substitution mutation 
(N478AV479A) was introduced into the chromosome 
on the background of the wild-type LM EGD-e, result-
ing in the mutant strain LADS (Additional file  1: Fig. 
S1A). As shown by immunoblotting, LADS could express 
and secrete LLON478AV479A in comparable amounts to 
wild-type LLO, demonstrating that these residue sub-
stitutions did not affect LLO synthesis and secretion 
(Additional file 1: Fig. S1B, C). Moreover, the mutations 
had no significant influence on this bacterium’s in  vitro 
growth (Additional file 1: Fig. S1D). However, the hemo-
lytic ability recorded in the supernatants of LADS was 
dramatically impaired relative to the wild-type strain 
(Additional file 1: Fig. S1E), with the supernatant of cen-
trifuged blood appearing much lighter in red compared 
to the WT group, which is entirely consistent with our 
previous findings that the novel residues N478 and V479 
are crucial for LLO-mediated pore-forming and hemo-
lytic activity. To investigate the ability of LADS to grow 
intracellularly, the murine-derived macrophage cell lines 
(J774A.1 and RAW264.7) and the primary bone marrow-
derived macrophages (BMDMs) were used as the infec-
tion models. As indicated in Additional file 1: Fig. S1F-H, 
LADS was unable to grow intracellularly within all the 
three macrophage types, similar to the circumstance for 
the ∆hly mutant strain where LLO has been deleted, and 
bacteria failed to escape from vacuolar during intracellu-
lar infection (Additional file 1: Fig. S1F, G, and H). These 
data collectively indicated that LADS is completely una-
ble to grow intracellularly in macrophages.

LADS is highly attenuated and safe for potential use 
as a live vaccine vector
LM is responsible for foodborne listeriosis and can cause 
severe symptoms for humans [41, 42]. Therefore, it is 
essential to guarantee the safety of LADS for potential 
use as a vaccine vector. The virulence of LADS was evalu-
ated in a murine listeriosis model in terms of median 

lethal dose (LD50) values and bacterial loading and 
clearance in mouse livers and spleens. For LD50 value 
determination, the ICR mice were inoculated intraperi-
toneally with various bacterial concentrations, and their 
survival was monitored until no mice died. Encourag-
ingly, the LD50 value for LADS and LADS-E7 is 109.07 
and 109.68  CFU, respectively (Additional file  2:Fig. S2A, 
D), extremely higher than the wild-type EGD-e with 
the LD50 of 105.25 CFU (Additional file 2: Fig. S2B) and 
even higher than the avirulent strain ∆hly with the LD50 
value of 108.74 CFU (Additional file 2:Fig. S2C), indicating 
that the virulence of LADS and LADS-E7 are attenuated 
nearly 7000-fold relative to its parent strain. Addition-
ally, the LD50 value for LADD-E7, which is constructed 
based on a current widely used live-attenuated LM vac-
cine platform (LADD), is 108.64 CFU and lower than that 
of LADS-E7 (Additional file 2: Fig. S2E), indicating that 
the LADS-based vaccine is safer than that of LADD. 
Moreover, no detectable LADS bacteria were recovered 
from the mouse livers and spleens after inoculated intra-
peritoneally with 106 CFUs bacteria for 24 or 48  h. In 
contrast, about 104 ~ 108 CFUs bacteria could be detected 
for the wild-type strain recovered from the mouse organs 
(Additional file 2: Fig. S2F and G). Next, we further inves-
tigated the kinetics of bacterial clearance in the organs 
from C57BL/6  J mice infected intravenously via caudal 
vein with a high dose of 1.9 × 108 CFUs LADS, which we 
expected to provide a biosafety basis for the following 
tumor therapy experiments. As indicated, the amount of 
bacteria in target organs decreased gradually 2 days post-
infection, and finally, the mice completely cleared the 
infection by day 6 (Additional file 2: Fig. S2H). No deaths 
of mice and no organ damage were observed during the 
whole kinetics of bacterial clearance, confirming that the 
novel LADS platform is safe and reliable as a vaccine vec-
tor for antitumor immunotherapy.

Vaccination with LADS confers protective immunity
The two requirements for a live vaccine platform are 
safety and efficacy. In Additional file  2: Fig. S2, we 
showed that LADS is highly attenuated and thus satis-
fies the safety requirement. To test the efficacy of LADS 
as a live vaccine, a protection study from the virulent 
wild-type LM infection was carried out both on ICR 
and C57BL/6  J mice models according to the indicated 
strategies. In strategy 1 (Fig.  1A), ICR mice were vacci-
nated intraperitoneally with 108 LADS on days 0 and 14. 
One week post the last vaccination, the mice were chal-
lenged with a lethal dose of WT LM (105, 106, or 107 
CFUs). Two days post-challenge, the bacterial burdens 
from mice livers and spleens were enumerated. Vaccina-
tion with LADS provided 6-logs of protection from LM 
infection as no bacteria recovered from the vaccinated 
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mice which were challenged with a high dose of 106 
CFUs (Fig. 1B and C). It should be noted that, based on 
our preliminary research, the dose of 10^7 CFU signifi-
cantly exceeds the LD50 of the wild-type strain. There-
fore, in our experiment, all mice inoculated with this high 
dose did not survive beyond 48 h, resulting in a lack of 
data under this specific condition. Meanwhile, we fur-
ther monitored the survival kinetics of these vaccinated 
mice which were challenged with various doses of WT 
bacteria for a duration of 8  days. The data showed that 
vaccination with LADS provided a complete 7-logs of 
protection as all the vaccinated mice survived, while all 
the mice vaccinated with Hanks’ Balanced Salt Solution 
(HBSS, control) died before day 7 even challenged with 
a low 105 dose of WT bacteria (Fig. 1D, E, F). In strategy 
2 (Fig. 1G), C57BL/6 J mice were vaccinated with either 
105 or 106 CFUs LADS via tail vein, and the mice were 
challenged with 105 WT bacteria via the same routine 
2  weeks-post vaccination. Three days post-challenge, 
CFU from the mice organs were enumerated, showing 
that vaccination with either 105 or 106 CFUs LADS pro-
vided significant protection from intravenous bacterial 
infection (Fig.  1H). The survival kinetics indicated that 
vaccination with 106 CFUs LADS conferred 100% protec-
tion and 105 CFUs LADS with 80% protection (Fig.  1I). 
Collectively, LADS is a highly attenuated LM strain capa-
ble of inducing robust protective immunity, which fur-
ther makes LADS a safe and reliable vaccine platform for 
antitumor immunotherapy.

LADS‑based vaccines specifically secrete 
the LLON478AV479A‑fused antigens
Based on the attenuated LADS platform, we constructed 
two LADS-based vaccine strains that express E7 antigen 
(LADS-E7), or AH1 antigen (LADS-AH1) fused to the 
residual-hemolytic LLON478AV479A via the homologous 
recombination strategy as described in Additional file 3: 
Fig. S3A. AH1 is a dominant H-2Ld-restricted CD8+ T 
cell epitope derived from endogenous retroviral antigen 
gp70 [37], and E7 is the HPV type 16-derived oncoprotein 
[43]. Expression and secretion of the LLON478AV479A-E7 

or LLON478AV479A-AH1 fusion proteins from LADS-E7 
or LADS-AH1 were detected in the cell culture superna-
tants and whole bacterial proteins after in  vitro growth 
of the bacteria. As indicated, LADS-E7 synthesized and 
secreted the fusion protein LLON478AV479A-E7 as detected 
with both anti-LLO and anti-E7 antibodies (Additional 
file  3: Fig. S3B). Since the anti-AH1 antibodies were 
not available from the supplier, we detected the fusion 
protein LLON478AV479A-AH1 with anti-LLO antibodies 
only. Likewise, LADS-AH1 was also capable of produc-
ing the fusion protein LLON478AV479A-AH1 as displayed 
in Additional file  3: Fig. S3C. As expected, the vaccine 
strains LADS-E7 and LADS-AH1 exhibited a comparable 
in vitro growth kinetics to LADS (Additional file 3: Fig. 
S3D), suggesting that introducing foreign antigens had no 
impact on the growth characteristics of LADS. Moreo-
ver, the hemolytic activities of fused LLON478AV479A-E7 or 
AH1 secreted by LADS-E7 or LADS-AH1 were remark-
ably impaired due to the identified mutations present on 
the residues N478V479 that have previously been found 
required for LLO pore-forming activity (Additional file 3: 
Fig. S3E). Taken together, the LADS-based vaccines 
LADS-E7 and LADS-AH1 were successfully constructed 
that were capable of efficiently secreting the LLO-fused 
antigens.

LADS‑Ag vaccination efficiently regresses tumors growth 
in mice
To evaluate the antitumor efficacy of the LADS-E7 vac-
cine, C57BL/6  J mice were subcutaneously implanted 
with the HPV16-derived E7 expressing TC-1 tumor cells, 
which has been working as a surrogate for human HPV16 
tumors [43]. After tumors had reached a palpable size of 
about 5 mm, C57BL/6 J mice bearing TC-1 tumors were 
treated twice via tail vein immunization with LADS-E7, 
LADS, or HBSS buffer 1-week intervals according to the 
strategy as described (Fig.  2A). Excitingly, Fig.  2B illus-
trates that the tumor volumes and growth rates in mice 
administered LADS-E7 had an average of 24.96 mm3, 
which is significantly reduced compared to the LADS 
group, averaging 1165.23 mm3, and the HBSS group, 

Fig. 1  Vaccination with LADS confers protective immunity in mice. A The strategy for the immune protective assay in ICR mice. Mice 
were vaccinated intraperitoneally with HBSS or 108 LADS on days 0 and 14. One week post the last vaccination, the mice were challenged 
intraperitoneally with a lethal dose of WT LM (105, 106, or 107 CFUs). B,C The proliferation of WT bacteria from the mice after vaccination 
of LADS. Two days post-challenge, bacterial CFUs were enumerated from the mice livers (B) and spleens (C). Data are expressed as mean ± SEM 
of the log10CFU per organ for each group. D–F The Kaplan–Meier survival curves of mice infected with 105 (D), 106 (E), or 107 (F) WT LM 
after vaccination of LADS. G The strategy for the immune protective assay in C57BL/6 J mice. Mice were vaccinated intravenously with 105 
or 106 LADS on day 0. Two weeks post vaccination, the mice were challenged with 105 WT bacteria via tail vein. H The proliferation of WT 
bacteria from the mice after vaccination of LADS. Three days post-challenge, bacterial CFUs were enumerated from the mice livers and spleens. 
Data are expressed as mean ± SEM of the log10CFU per organ for each group. I The Kaplan–Meier survival curves of mice infected with WT LM 
after vaccination of 105 or 10.6 LADS. Data (B and C) are expressed as mean ± SEM of three replicates. *p < 0.05, **p < 0.01, and ***p < 0.001

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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averaging 951.98 mm3. More importantly, the adminis-
tration of LADS-E7 also led to a complete regression of 
established tumors in three of eight mice (Fig.  2B). By 
contrast, no reduction in tumor growth was observed in 
mice treated with LADS or HBSS at any time point, and 
all the mice in these two groups were humanely sacrificed 
when the tumor reached 20 mm (Fig. 2B). To test whether 
this striking antitumor response could be observed in 
distinct genetic mice backgrounds. The BALB/c mice 
were employed as the tumor-bearing model. AH1 antigen 
is expressed in CT26 tumor cells [44], which allowed us 

to test the efficacy of the LADS-AH1 vaccine in BALB/c 
mice bearing this tumor. The CT26 tumor-bearing mice 
were treated with LADS-AH1 or LADS using the same 
immunotherapy strategy as LADS-E7. As anticipated, 
immunization with LADS-AH1 elicited a robust antitu-
mor response. The tumor volumes and growth kinetics in 
the LADS-AH1 treated mice, with an average volume of 
23.08 mm3, demonstrated a remarkable regression com-
pared to the control groups. Specifically, the LADS group 
exhibited an average tumor volume of 107.34 mm3, while 
the HBSS group had an even higher average of 139.91 

Fig. 2  Vaccination of LADS-Ag causes regression of established tumors. A Schedule of immunotherapy procedures in the tumor-bearing models. 
C57BL/6 J or BALB/c mice were subcutaneously injected with 2 × 10.5 TC-1 or CT26 tumor cells, and after the tumor reached a size of 4–5 mm 
in diameter, tumor-bearing mice were intravenously administered with LADS-E7 or LADS-AH1 on days 8 and 15. Tumors and spleens were then 
harvested for further analysis on day 18. B The growth of TC-1 tumors in mice vaccinated with LADS-E7 was monitored at the indicated time points. 
C The growth of CT26 tumors in mice vaccinated with LADS-AH1 was monitored at the indicated time points. D Growth curve of TC-1 tumors 
in mice vaccinated with LADD-E7 or LADS-E7 at the indicated time points. Tumor volume was expressed as mean ± SEM of eight mice in each 
group. The numbers of tumor-free mice are indicated in the figures. *p < 0.05, **p < 0.01, and ***p < 0.001
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mm3 (Fig. 2C). Additionally, the differences in therapeu-
tic efficacy between LADD-E7 and LADS-E7 were evalu-
ated according to the strategy as described in Fig.  2A. 
After immunization with 108  CFU LM based vaccine, 
one mouse died in LADD-E7-injected group whereas 
all mice survive in LADS-E7 group, this might be due to 
the higher virulence of LADD-E7 as we show in Addi-
tional file 2: Fig. S2D and Additional file 2: Fig. S2E. The 
size of tumor in LADD-E7-injected group trend to be 
bigger than that in LADS-E7 group 21 days after tumor 
implantation, and the proportion of tumor-free mouse 
in LADD-E7-treated group lower than that of LADS-
E7 group (Fig. 2D). These data demonstrate that LADS-
based vaccines exerted strong antitumor effects in the 
established tumor models, and this LADS-induced anti-
tumor efficacy requires expression of a relevant tumor 
antigen delivered by LADS, thereby providing a new 
potential strategy for cancer immunotherapy.

Vaccination of LADS‑Ag induces robust Ag‑specific CD8+ T 
cells in tumors
Cancer development is highly influenced by the tumor 
microenvironment (TME), underlying the importance 
of TME components in tumor immunotherapy. Tumor-
specific CD8+ cytotoxic T cells are the primary type of 
lymphocytes in cell-mediated immunity and play a cen-
tral role in inducing efficient immune responses against 
tumors [45, 46]. To elucidate whether vaccination with 
LADS-Ag induced Ag-specific CTLs can infiltrate the 
tumors, the populations of tumor antigen Ag-specific 
CD8+ T cells (stained with the H-2Db E7 and H-2Ld AH1 
tetramers for E7- and AH1-specific CD8+ T cells, respec-
tively) isolated from the tumor-bearing mice spleens and 
tumors were measured. Strikingly, the flow cytometry 
analysis 3 days after the last immunization with LADS-E7 
showed significantly increased percentages of the E7-spe-
cific CD8+ T cell frequency from splenocytes (Fig.  3A, 
B), compared with those from the LADS (Fig.  3C) or 
HBSS group (Fig.  3D). TME is the natural environment 
for CD8+ cytotoxic T cell-mediated tumor killing. We 
pay more attention to the antigen-specific CD8+ T cell 

frequency in TME than in the splenocytes. As expected, 
LADS-E7 treatment dramatically increased the fre-
quency of E7-specific CD8+ T cells in infiltrated tumors 
(Fig.  3E, F), with approximately 91 times higher than 
LADS or HBSS where almost no detectable  E7-specific 
CD8+ T cells were detected (Fig. 3G, H). As for LADS-
AH1, immunization with this vaccine also induced a 
25-fold high frequency of AH1-specific CD8+ T cells in 
infiltrated tumors (Fig. 3I, J) compared with those from 
LADS (Fig. 3K) or HBSS (Fig. 3L) group where the anti-
gen-specific CD8+ T cells were in the background levels. 
Notably, the TME is highly immunosuppressive partially 
due to the fact that Tregs can suppress antitumor immu-
nity and hamper effective antitumor immune responses 
[47, 48]. We next characterized Tregs populations in 
the mice-bearing tumors after treatments, and the data 
indicated that LADS-E7 treatment decreased tumor-
infiltrating Treg frequency compared with the treatment 
of LADS or HBSS (Fig. 3M). The gating strategy for flow 
cytometry is shown as depicted in Additional file 4: Fig. 
S4A. These data collectively illustrate that LADS-E7 
immunization can trigger a robust population of tumor-
infiltrating antigen-specific CD8+ cytotoxic T cells and 
induce modulation effects on the tumor microenviron-
ment, thereby facilitating antitumor cellular immune 
response responses in an established tumor model.

Intratumoral injection of LADS‑E7 generated systemic 
antitumor responses in established tumors
To investigate a potential antitumor effect of different 
administration routes of LADS-based vaccines, we chose 
LADS-E7 (with comparatively better tumor-eradicating 
effects) to determine whether the route of this vaccine 
impacts the generation of antitumor effects. C57BL/6  J 
mice were first implanted with 2 × 105 TC-1 tumor cells 
subcutaneously on both sides of the mouse abdomen 
according to the previous study with minor modifica-
tions [49]. Once the tumor was established, mice received 
an intratumoral injection of LADS-E7 on only one side 
on days 7, 12, and 17 (Fig.  4A). To monitor the anti-
tumor responses, tumors on both the ipsilateral and 

Fig. 3  LADS-Ag induces robust Ag-specific CD8+ T cells in infiltrated tumors. A Frequency of E7 tetramer+ CD8+ T cells from spleens. B–D 
Representative staining of E7 tetramer and CD8+ T cells from spleens. The tumor-bearing C57BL/6 J mice were immunized i.v. on days 8 
and 15 after tumor challenge with 0.1 LD50 of LADS-E7 (B), LADS (C), or HBSS (D). On day 18, spleens were harvested and splenocytes stained 
with an H-2Db E7 tetramer and anti-CD8. E Frequency of E7 tetramer+ CD8+ T cells from tumors. F–H Mice were immunized as described above (F 
LADS-E7, G LADS, H HBSS), and tumors were harvested on day 18 and single-cell suspensions stained with an H-2Db E7 tetramer, anti-CD8, 
and anti-CD3. I Frequency of AH1 tetramer CD8+ T cells from tumors. J–L Representative staining of AH1 tetramer and CD8+ T cells from tumors. The 
tumor-bearing BALB/c mice were immunized i.v. on days 8 and 15 after tumor challenge with 0.1 LD50 of LADS-AH1 (J), LADS (K), or HBSS (L). On 
day 18, spleens were harvested and splenocytes stained with an H-2Ld AH1 tetramer and anti-CD8. M Frequency of Treg in CD4+ T cell population 
from tumors. As described above, mice were immunized with LADS-E7. Tregs were defined as CD4+CD25+Foxp3.+ cells. Data (A, E, I, and M) are 
expressed as mean ± SEM of three replicates. *p < 0.05, **p < 0.01, and ***p < 0.001

(See figure on next page.)



Page 8 of 22Sun et al. BMC Biology          (2024) 22:291 

Fig. 3  (See legend on previous page.)
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contralateral sides were measured twice a week. Encour-
agingly, we found that robust tumor regression in the 
LADS-E7 group was observed on both the ipsilateral and 
contralateral tumors compared to those vaccinated with 
either LADS or HBSS (Fig.  4B and C). Surprisingly, the 
contralateral LADS-E7 group also demonstrated thera-
peutic effects against the tumor. Furthermore, the pro-
portion of tumor-associated antigen specific T cells in 
the TME were analyzed by flow cytometry. Immuniza-
tion of LADS-E7 significantly increased the frequency 
of E7-specific CD8+ T in both the ipsilateral (Fig.  4D 
and F) and contralateral (Fig.  4D and G) tumor tissues 
compared with those from LADS (Fig.  4D, H, and I) 
and HBSS (Fig.  4E) injected group. These data showed 
that intratumoral injection of LADS-based vaccine can 
potentially elicit therapeutic antitumor immunity not 
only in the injected tumor site but also in distant nonin-
jected tumor lesions, termed an abscopal effect. Taken 
together, these results suggest that intratumoral vaccina-
tion of LADS-based vaccines can generate systemic anti-
tumor responses to control distant tumor growth.

Vaccination of LADS‑Ag confers effective prevention 
of tumor implantation
Our data have demonstrated that LADS-based vaccines 
(LADS-E7 and LADS-AH1) exert strong antitumor 
effects in the established TC-1 and CT26 tumor mod-
els via intravenous or intratumoral injection. Although 
attenuated LM has been an attractive platform for devel-
oping cancer immunotherapy vaccines, research on the 
feasibility of this bacterium using as a preventive cancer 
vaccine is very rare. Thus, to investigate whether immu-
nization of LADS-based vaccines could provide effec-
tive tumor prevention, we implanted tumor cells into 
mice after immunizations of LADS-Ag, and then tumor 
growth was monitored (Fig.  5A). C57BL/6  J mice were 
immunized with LADS-E7 on days 0 and 14, and the 
vaccinated mice were then implanted with 2 × 105 TC-1 
tumor cells on day 19. Most excitingly, the data revealed 
that vaccination with LADS-E7, resulting in an aver-
age tumor volume of just 1.15 mm3, nearly achieved 
complete inhibition of tumor growth. Remarkably, all 
eight mice in this group were virtually tumor-free by the 

conclusion of the experiment (Fig. 5B). In stark contrast, 
mice vaccinated with either LADS, which had an average 
tumor volume of 884.72 mm3, or HBSS, with an average 
of 536.16 mm3, exhibited significant and sustained tumor 
growth throughout the duration of the study, as depicted 
in Fig. 5B. In the CT26 model, BALB/c mice were immu-
nized with LADS-AH1 on days 0 and 14, and the vacci-
nated mice were then implanted with 3 × 105 CT26 tumor 
cells on day 19. As anticipated, vaccination with LADS-
AH1 demonstrated significant tumor growth inhibi-
tion, with an average tumor volume of 106.84 mm3. By 
the end of the experiment, depicted in Fig. 5C, approxi-
mately half of the mice had achieved a near-tumor-
free state, showcasing the efficacy of the LADS-AH1 
treatment. The efficacy for tumor prevention between 
LADD-E7 and LADS-E7 was measured according to 
the strategy in Fig. 5A. As the LADD-E7 retain the viru-
lence in some extent and the immunization of this vac-
cine with 108 CFU can lead to the death of mice, 107 CFU 
of LADD-E7 was used for immunization. Surprisingly, 
all tumor cells were eliminated in LADS-E7 immunized 
mice 22  days after tumor implantation, whereas only 
a quarter of the mice completely repress the growth of 
tumor cells in LADD-E7-injected group (Fig. 5D). There-
fore, these results demonstrated that immunization of 
LADS-based vaccines achieved amazing effects on pre-
venting tumor formation and growth, suggesting for the 
first time that the ability of LM to deliver tumor antigens 
makes this platform very promising in cancer immuno-
therapy and immunoprevention.

Vaccination of LADS‑E7 altered the expression of genes 
related to immune function
A comprehensive exploration of genes affected by LM-
based vaccine injection was performed to understand 
the mechanism by which LADS-E7 treatment induced 
potent antitumor response. C57BL/6 mice were treated 
with vaccines 8 and 15 days post implantation with tumor 
cells, and tumor tissue samples were isolated 8 days after 
the second vaccination and analyzed by RNA-sequenc-
ing. A total of 224 differentially expressed genes (DEGs) 
were identified in LADS-E7-treated group compared 
with LADS-injected group, among which 163 were 

(See figure on next page.)
Fig. 4  Intratumoral injection of LADS-E7 generated systemic antitumor responses in established tumors. A Schematic illustration of the Both-side 
implantation experiment. Briefly, C57BL/6 J mice were subcutaneously injected with 2 × 105 TC-1 on both sides of the mouse abdomen on day 
0. A total of 108 LADS-E7 was injected intratumorally into the tumor of one side on days 7, 12, and 17. Tumor growth was monitored on both the 
ipsilateral and contralateral sides. B Tumor growth curve of ipsilateral TC-1 tumors. C Growth curve of TC-1 tumors on contralateral side. D 
Frequency of E7 tetramer+ CD8+ T cells from tumor tissues from LADS-E7-, LADS-, and HBSS-injected mice. E–I Representative staining of E7 
tetramer and CD8.+ T cells in tumors from LADS-E7-, LADS-, and HBSS-injected mice. Tumor volume was expressed as mean ± SEM of eight mice 
in each group. The numbers of tumor-free mice are indicated in the figures. *p < 0.05, **p < 0.01, and ***p < 0.001
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upregulated and 61 were downregulated (Fig. 6A, B). Five 
hundred eighty DEGs were detected between LADS-E7- 
and HBSS-injected groups, including 322 upregulated 
and 258 downregulated genes (Fig.  6A, B). Heatmaps 
indicating the differential expression of genes are demon-
strated in Additional file 5: Fig. S5. Gene ontology (GO) 
enrichment analysis was conducted to identify the biolog-
ical processes relevant to the DEGs. All top 30 GO terms 
are biological process and most of them are associated 

with immune response, including leukocyte/lympho-
cyte activation, innate immune response, cytokine pro-
duction, leukocyte cell–cell adhesion, and leukocyte/
lymphocyte aggregation (Fig.  6C). The other two GO 
categories, cellular component and molecular function, 
were also evaluated between LADS-E7 and LADS group. 
The result of the top 30 molecular function analysis sug-
gested that many genes were enriched in the following 
GO terms: MHC protein binding, endopeptidase and 

Fig. 5  Vaccination of LADS-Ag confers effective prevention of tumor implantation. A Schematic illustration of the tumor prevention experiment. 
Briefly, C57BL/6 J or BALB/c mice were immunized with LADS-E7 or LADS-AH1 on days 0 and 14, and the vaccinated mice were then implanted 
with 2 × 10.5 TC-1 or CT26 tumor cells on day 19. The tumor formation and growth were monitored. B The growth of TC-1 tumors in mice vaccinated 
with LADS-E7 was monitored at the indicated time points. C The growth of CT26 tumors in mice vaccinated with LADS-AH1 was monitored 
at the indicated time points. D The growth of TC-1 tumors in mice vaccinated with LADS-E7 and LADD-E7 was monitored at the indicated time 
points. Tumor volume was expressed as mean ± SEM of eight mice in each group. The numbers of tumor-free mice are indicated in the figures. 
*p < 0.05, **p < 0.01, and ***p < 0.001
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peptidase activity, and chemokine receptor binding, etc. 
(Additional file 6: Fig. S6). Similarly, GO analysis revealed 
that DEGs between LADS-E7- and HBSS-injected group 
were enriched in biological processes associated with 
immune response (Additional file  7: Fig. S7). Notably, 
xcr1, the genes encoding X-C motif chemokine recep-
tor 1 (XCR1), were upregulated in the tumor samples 
from LADS-E7-treated mice compared with those 
from LADS- and HBSS-injected mice (Fig.  6D). XCR1 
expressed on a subset of dendritic cells, which is known 
as type 1 conventional dendritic cells (cDC1s) and play 
a key role to mediate cytotoxic immune response of T 
cell [50–52]. In addition, pparg, the gene encoding tran-
scription factor peroxisome proliferator-activated recep-
tor gamma (PPARγ) that can enhance cytotoxic function 
of T cells in cancer [53–55], was upregulated in LADS-
E7-injected group compared with LADS group (Fig. 6D). 
Furthermore, expression of genes known to enhance the 
antitumor cytotoxicity of CD8+ T cells (such as tlr8 and 
nkg7) [56, 57] were increased in LADS-E7-injected group 
(Fig.  6D). Together, these results show that LADS-E7 
could affect immune response at the transcriptional level.

Discussion
The employment of LM to direct an immune response 
at a specific tumor burden dates back to 1995 when a 
study demonstrated that the use of recombinant Lis-
teria could lead to the regression of established tumors 
in an antigen-specific T-cell-dependent manner [58]. To 
date, much more work has evaluated the efficient use of 
recombinant Listeria as a foreign antigen delivery plat-
form for tumor immunotherapy in a wide range of cancer 
models, including breast, cervical, prostate, colon, liver, 
melanoma, and renal cancers [2, 3, 22, 23, 59], includ-
ing 30 clinical trials testing ten different cancer vaccines 
initiated [9]. The unique intracellular lifestyle of LM 
involves phagosomal escape and cytoplasmic entry, thus 
giving it access to both MHC class I and II pathways as 
well as the consequent activation of CD8+ and CD4+ T 
cells [60], thereby making LM a promising and powerful 
vaccine candidate for tumor immunotherapy.

Considering that wild-type LM is pathogenic and 
causes listeriosis and, hence, is unacceptable for clinical 

use; however, there have been established strategies for 
attenuation that may improve the safety and maximize 
immunogenicity towards the target antigens delivered by 
Listeria. As reviewed to data, the selective and irrevers-
ible deletion of critical virulence factors is perhaps the 
most direct and conventional means of attenuating LM 
[61]. The most common LM vaccine strain lacking prfA 
recently demonstrated a high level of safety in Phase II 
clinical trials in patients with recurrent cervical cancer 
[62]. PrfA regulates the expression of numerous virulence 
factors; therefore, LM strains lacking the prfA gene are 
highly attenuated due to their inability to escape into the 
cytosol [63]. Another strain generated via the deletion 
of virulence genes actA and inlB exhibited diminished 
toxicity in vivo and is best known as the LADD vaccine 
platform. However, it has been suggested that Listeria 
virulence factors, like LLO and ActA, enhance the deliv-
ery of TAA to the proteasome, facilitating antigen pro-
cessing and MHC class I presentation [25, 27]. Therefore, 
it is very likely that the deletion of these virulence genes 
can reduce the immunogenicity elicited by Listeria and 
affect cell-mediated immune responses against tumors. 
We described a new live attenuated vaccine platform, 
LADS, without depletion of any gene, only by substitut-
ing two residues on the chromosome of wild-type LM 
background. Using this platform, LADS-E7 and LADS-
AH1 were further developed as the therapeutic vaccine 
candidates with impressive safety and antitumor effi-
cacy in established mouse tumor models. More impor-
tantly, immunization of these two LADS-based vaccines 
achieved promising effects on preventing tumor forma-
tion and growth.

The inspiration and strategy to develop the LADS plat-
form were originated from our previous findings that the 
residues N478 and V479 are required for the pore-form-
ing activity of LLO, and complementing the hly-deficient 
mutant with LLON478AV479A (C△hlyN478AV479A) renders 
this strain severely attenuated while is still capable of 
growing intracellularly in macrophages and spreading 
cell-to-cell in fibroblasts [40]. Listeria has evolved mech-
anisms for intracellular growth and spread while mini-
mizing cytotoxicity, largely through confining the activity 
of LLO to the low-pH environment of the phagosome 

(See figure on next page.)
Fig. 6  Gene expression analysis of tumor tissue post LADS-E7 vaccination. Experimental procedures were same with Fig. 5A and Fig. 7A. TC-1 tumor 
cells were implanted into C57BL/6 mice before intravenous or intratumoral injection with LADS-E7 vaccine. Tumor tissue were isolated from mice 
at day 23 post implantation and subjected to RNA-sequencing analysis. A Venn diagram of DEGs among LADS-E7, LADS, and HBSS (n = 1–2, each 
from 2 pooled mice per group) (fold change ≥ 2 and p < 0.05). B Volcano plot of upregulated (red) and downregulated (blue) DEGs. C GO analysis 
of DEGs between LADS-E7- and LADS-treated group. D Heatmap comparing differential expression of immune-associated genes among LADS-E7-, 
LADS-, and HBSS-injected group. LADS i.v. and LADS i.t. represent the LADS vaccine were intravenous and intratumoral injected, respectively. 
Similarly, LADS-E7 i.v. and LADS-E7 i.t. represent the LADS-E7 were intravenous and intratumoral injected, respectively[Aikira1] [Aikira1]CE: This 
is unidentified paragraph from coast
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Fig. 6  (See legend on previous page.)
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[20]. LLO is a pore-forming cytolysin that allows LM to 
escape from phagocytic vacuoles and enter the host cell 
cytosol [64, 65]. LLO defective mutants remain trapped 
in the vacuole, do not grow intracellularly, and are avir-
ulent [66]. The previous studies have evaluated several 
LLO mutants with various degrees of cytotoxicity for 
their capacity to induce an effector immune response. 
Interestingly, although the LLO L461T mutant strain was 
highly immunogenic, the combination of that mutation 
with △actA resulted in a strain with poor immunogenic-
ity. Other single mutants with phenotypes of increased 
cytotoxicity, including △PEST, and S44A, were con-
siderably impaired in their capacity to induce a primary 
immune response [20, 67]. Therefore, how to get an LLO 
mutant with the “just right” cytotoxicity and complete 
immunogenicity is particularly critical for Listeria as a 
perfect platform in cancer immunotherapy. In this study, 
we introduced this mutation (LLON478AV479A) into the 
chromosome of the wild-type LM EGD-e, receiving the 
recombinant strain LADS. Our results collectively indi-
cated that the LD50 for LADS is 109.07 CFUs in a mouse 
model compared to 105.25 CFUs by wild-type LM while 
retaining perfect protective immunogenicity, demon-
strating that the attenuated LADS meets the safety and 
immunogenicity requirements as a promising live vac-
cine. Furthermore, we compared the safety of LADS-E7 
and LADD-E7, which was generated by employing the 
most widely used attenuated LADD platform through a 
similar strategy of LADS-E7 construction. Surprisingly, 
LADS-E7 showed higher LD50 value when compared 
with LADD-E7 and is safer for potential use as a live 
vaccine vector (Additional file 2: Fig. S2D, E). Addition-
ally, C57BL/6  J mice infected with 0.1 LD50 of LADS 
were able to completely clear the bacteria in 6 days post-
infection. Importantly, bacterial delivery systems carry-
ing antibiotic resistance marker-contained plasmids have 
been discouraged in clinical applications by the Food and 
Drug Administration of the United States because of the 
associated potential risk of environmental spread [68]. 
LADS was constructed by only introducing an in  situ 
substitution on LLO residues, without any foreign plas-
mids. Hence, from the aspect of safety, LADS that is 
free of antibiotic resistance markers to conform to clini-
cal regulatory requirements and improve environmental 
safety, is more suitable for becoming a powerful live bac-
terial vaccine vector.

Undoubtedly, antigens have always been the core focus 
of design for cancer vaccines. Viral antigens and neoan-
tigens are considered ideal targets because of the lack 
of central tolerance [69]. The preclinical potency of LM 
expressing the viral antigens AH1 and E7 highlights the 
therapeutic potential of targeting these antigens [26, 70]. 
To test the potential applications of this new platform in 

tumor immunotherapy, we further developed two LADS-
based vaccine candidates, LADS-E7 and LADS-AH1, 
in either which the tumor antigen was genetically fused 
to the carboxyl-terminal of LLON478AV479A, a partially 
detoxified form of LLO (pdLLO) as previously deter-
mined [40]. Many studies have shown that the fusion of 
tumor-associated antigen to a nonfunctional LLO signifi-
cantly enhances the immunogenicity of the target antigen 
and the efficacy of the cancer immunotherapy [13, 17, 
27, 71]. One of these studies reported that LM express-
ing E7 alone had almost no effect on tumor growth, but 
immunization with dtLLO-E7-expressing LM-induced 
complete regression of 75% of the tumors [17]. Here, 
the LADS vaccine was found to express and secrete 
LLON478AV479A that retains partial hemolytic activity. 
Therefore, we believe that LLON478AV479A is also a pow-
erful adjuvant that enhances TAA delivery and facili-
tates antigen processing and MHC presentation. To test 
adjuvant properties of dtLLO, LADS-E7 and LADS-AH1 
were finally evaluated in mice models for the potential 
potency as therapeutic vaccines. It is very encouraging 
that treatment or immunization with LADS-E7/AH1 
significantly delayed or completely prevented tumor 
growth and even led to complete regression of estab-
lished tumors. Additionally, intratumoral vaccination of 
LADS-based vaccines can generate systemic antitumor 
responses to control distant tumor growth. Surprisingly, 
immunization with 0.1 LD50 of LADS-E7 can mediate 
the elimination of tumor cells in all mice, whereas injec-
tion of the mice with 0.1 LD50 of LADD-E7 cannot pro-
tect the mice from tumor development (Fig. 5D). These 
demonstrate that LADS can become a powerful platform 
for the future development of both immunotherapeutic 
and preventive vaccines against cancers and infectious 
diseases.

It has been widely understood that LM is rapidly taken 
up by immune cells such as dendritic cells and mac-
rophages upon entering the host. Because of this bacte-
rium’s unique intracellular lifestyle, an antigen expressed 
by the LM-based vaccine can be presented. As a result, 
the cellular immune response elicited against these anti-
gens includes both CD4+ and CD8+ T cells. We observed 
that the LADS vector alone was sufficient to increase 
CD4+ and CD8+ T-cell numbers. However, with fusion 
expression to a dtLLO, immunization with LADS-E7/
AH1 resulted in a significant increase in the popula-
tion of E7/AH1-specific CD8+ T cells in spleens and 
tumors as compared to control mice. Thus, the increase 
of tumor antigen-specific CD8+ T cells derived by LADS-
based vaccine might be due to the efficient presentation 
of TAAs by macrophage and dendritic cells. Interest-
ingly, our RNA-sequencing result showed that LADS-E7 
treatment upregulated the expression of XCR1 in tumor 



Page 15 of 22Sun et al. BMC Biology          (2024) 22:291 	

tissue samples (Fig.  6D), which implies that dendritic 
cell-mediated T cell antitumor response was enhanced 
in LADS-E7-injected mice. XCR1 is a chemokine recep-
tor expressed by cDC1 cells, which play a crucial role 
inducing cellular immune response against intracel-
lular infection and cancer through optimal processing 
and cross-presentation of antigen to activate CD8+ T 
cells [50–52]. Additionally, XCR1 expressing cDC1 cells 
prime and support the immune response of Th1 cells, 
which can further favor cytotoxic CD8+ T cell response 
[51, 52, 72]. However, a lot of immunosuppressive factors 
enriched in the TME hamper the differentiation, activa-
tion, and viability of cDC1 cells, resulting in impaired 
antigen presenting capacity and reduced pro-inflamma-
tory cytokines production and, subsequently, the ineffi-
cient priming of tumor-specific T cell response [51, 52]. 
On the other hand, the increase of cDC1s cells in TME 
is associated with improved prognosis in human tumor 
[50, 51]. Thus, targeting dendritic cells to induce robust 
antitumor T cell response is an attractive strategy for 
cancer immunotherapy [50, 51, 73]. Previous studies have 
reported that LM can induce functional maturation and 
activation of dendritic cells with high expression of co-
stimulatory molecules and cytokines, leading to efficient 
priming of antigen-specific T cell response [8, 16, 74, 
75]. Meanwhile, GO analysis in this study showed that a 
lot of DEGs were enriched in the significant GO terms, 
including leukocyte/lymphocyte activation, leukocyte 
cell–cell adhesion, MHC protein binding, endopepti-
dase, and peptidase activity (Fig. 6C and Additional file 6: 
Fig. S6), which might imply that antigen processing and 
presentation were enhanced in LADS-E7-injected mice. 
Therefore, the superior antitumor response after LADS-
E7 treatment might be partly due to the increased XCR1 
expressing cDC1 cells loaded with TAAs that can prime 
the antitumor T cell response. It is intriguing to test in 
the future whether LADS-E7 can enhance the generation 
of cDC1 cells in tumor-draining lymph nodes and TME. 
Additionally, the link between cDC1 cells and the effi-
cient tumor regression in this study need to be examined.

The gene expression level of transcription factor PPARγ 
in tumor tissue was higher in the LADS-E7-treated mice 
than other control mice (Fig.  6D). The activation of 
PPARγ promote fatty acid oxidation and mitochondrial 
respiratory capacity of CD8+ T cells in TME leading 
to enhanced cytotoxic function and increased survival 
capacity [53–55]. In dendritic cells, PPARγ are involved 
in maturation, activation, antigen presentation, and 
cytokine production through regulation of lipid metab-
olism [76, 77]. Furthermore, PPARγ has been shown to 
play an important role for the full activation and prolifer-
ation of CD4+ T cells by regulating fatty acid uptake [54, 

78]. However, PPARγ activation can also drive the differ-
entiation of M2 macrophages (a subset of macrophage 
display anti-inflammatory activity) which rather suppress 
the cytotoxic function of T cells [79–81]. It will be neces-
sary to examine how LADS-E7 affects the expression of 
PPARγ, and whether this upregulated transcription factor 
is responsible for the promoted antitumor response.

Treatment with LADS vaccines significantly sup-
pressed Tregs frequency in the tumor infiltrated lym-
phocyte population. Tregs consist of functionally 
diverse subsets of immune suppressive T cells that 
mediate the modulation of immune responses and par-
ticipate in the progression of cancers [82, 83]. It has 
been clear that Tregs are significantly decreased upon 
administration of LM-based vaccines that secrete TAAs 
fused to truncated LLO compared to those secreted the 
TAA alone [7, 84]. There are mainly three approaches 
to reduce the accumulation of Tregs in the TME: block-
ade of their recruitment, inhibition of their induction, 
and supporting their differentiation into other CD4+ 
T cell subsets [85, 86]. The mechanism of how LADS-
based vaccine affects Tregs in the TME need to be fur-
ther examined. Taken together, we have provided novel 
evidence demonstrating that fusion expression of a par-
tially detoxified LLO to the TAA in the LADS platform 
preferentially triggered a dramatic increase of tumor-
specific CD8+ T cells and decrease of Tregs propor-
tions, thereby generating strong tumor regression and 
prevention effects as a powerful cancer vaccine (Fig. 7).

Conclusions
In summary, our study developed a novel live attenu-
ated Listeria-based vaccine delivery platform, LADS, 
and it has been successfully employed to deliver HPV 
E7 oncoprotein in the LADS-E7 vaccine and the AH1 
antigen in LADS-AH1. These two LADS-based vaccines 
can induce robust cell-mediated immune responses, 
thereby demonstrating promising tumor regression 
efficacy in established mouse cervical cancer and colo-
rectal carcinoma models. Moreover, the intratumoral 
injection of these vaccines can also generate strong 
antitumor responses both locally and systemically. In 
the future work, we will aim to use the LADS platform 
to develop more vaccine candidates for tumor immu-
notherapy and immunoprevention against a wide range 
of cancer models, and more importantly, to explore 
new strategies for the synergism of these novel Listeria-
based vaccines in combined with immune checkpoint 
blockade and other cancer therapy strategies.
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Methods
Mice
Female C57BL/6  J and BALB/c mice (6–8  weeks old) 
were bred by and purchased from Zhejiang Academy 
of Medical Sciences. All animal experimentation was 
approved by the Institutional Animal Care and Use 
Committee of Science Technology Department of Zhe-
jiang Province (Permit Number: SYXK-2023–0015) in 
accordance with the Regulations for the Administration 
of Affairs Concerning Experimental Animals. In this 
study, the euthanasia method for tumor-bearing mice 

involved cervical dislocation, a physical approach per-
formed directly within the laboratory. This method did 
not require special equipment or animal transportation. 
Following the experiments, the mice were disposed of in 
a biologically safe manner. All the tumor-bearing mice 
weighed less than 200  g, meeting the study’s require-
ments. The personnel conducting the euthanasia were 
trained and highly proficient in animal euthanasia tech-
niques. Our euthanasia procedures strictly adhered to 
the “AVMA Guidelines for the Euthanasia of Animals: 
2020 Edition”.

Fig. 7  A model depicting mechanisms of LADS-based vaccine for cancer immunotherapy and prevention. The novel Listeria-based Live 
Attenuated Double Substitution (LADS), developed by genetically substituting two residues (N478A and V479A) of LLO, was here employed 
as a potential vector for delivering tumor-associated antigen (TAA). (1) Upon intravenous administration, LADS-based vaccines are internalized 
by antigen-presenting cells (APC), such as dendritic cells. (2) LADS-based vaccines escape the phagosome, enter the cytosol, replicate, and secrete 
TAAs fused to the partially detoxified LLON478AV479A (pdLLO-TAA). (3) Secreted fusion proteins are degraded by proteasomes, followed by entering 
the major histocompatibility complex (MHC) class I pathway of antigen presentation for activation of TAA-specific CD8+ cytotoxic T cells. (4) The 
activated TAA-specific CD8+ T cells undergo rapid proliferation and tumor infiltration, generating strong cellular immune responses to directly 
kill tumor cells (or prevent tumor formation if used as a preventive vaccine). As not indicated, part of the antigens from the vacuole is processed 
via the MHC class II molecules which activate CD4+ helper T cells. These unique features of Listeria-based vaccines with impressive efficacy make 
LADS powerful for tumor immunotherapy and prevention as an attractive foreign antigen-delivering platform
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Cell lines
The C57BL/6  J mice syngeneic TC-1 tumor cells, 
immortalized with HPV strain 16 E6/E7 antigens and 
transformed with the c-Ha-ras oncogene [87], and the 
BALB/c mice colorectal carcinoma cell line CT26, were 
purchased from the Tumor Cell Center of the Chinese 
Academy of Medical Sciences (Beijing, China). TC-1 and 
CT26 cells were cultured in RPMI 1640, supplemented 
with 10% fetal bovine serum (FBS), 1 mM sodium pyru-
vate, 100 U/mL penicillin, and 100 μg/mL streptomycin 
at 37 °C with 5% CO2. The macrophages RAW264.7 and 
J774A.1 and the L929 fibroblasts were maintained in 
our laboratory and cultured according to regular proto-
cols. The BMDMs were derived from the bone marrow 
of C57BL/6 J mice and cultivated/differentiated in high-
glucose DMEM medium containing colony stimulating 
factor (CSF) (from mouse CSF-1-producing 3T3 cells), 
20% FBS, 2 mM L-glutamine, and 1 mM sodium pyruvate 
37 °C with 5% CO2.

Bacterial strains, plasmids, and culture conditions
LM EGD-e was used as the wild-type strain. E. coli DH5α 
was employed for cloning experiments and as the host 
strain for plasmid pKSV7. LM strains were cultured in 
Brain Heart Infusion (BHI) medium (Thermo Fisher 
Scientific, Waltham, USA). E. coli strains were grown at 
37 °C in Luria–Bertani broth (LB) (Thermo Fisher Scien-
tific). Stock solutions of ampicillin (50 mg/mL), gentamy-
cin (10  mg/mL), or chloramphenicol (10  mg/mL) were 
added to the medium where appropriate. All chemicals 
were obtained from Sangon Biotech (Shanghai, China), 
Thermo Fisher, or Sigma-Aldrich (St. Louis, USA) and 
were of the highest purity available.

Construction of LADS‑based vaccinesLADS‑E7 
and LADS‑AH1
As we have previously demonstrated that the residues 
Asn478 and Val479 are new active sites required for 
LLO activity and bacterial pathogenicity [40], the novel 
live-attenuated LM immunotherapy platform LADS 
was constructed on the reference strain EGD-e back-
ground by introducing this mutation LLON478AV479A into 
the EGD-e chromosome. As LADS-E7 an example, the 
complete protein-encoding region of the HPV 16 E7 
gene was introduced into LADS as a fusion protein in-
frame with LLON478AV479A by allelic exchange. Specifi-
cally, the upstream and downstream homoarm fragments 
(LLOup and LLOdn) were amplified from the LADS 
genome using the primers as indicated in Additional 
file 8: Table S1. The resultant fragments were spliced by 
overlap extension PCR with the primers LLOup (F) and 
LLOdn (R), and the fusion fragment was then cloned 
into the shuttle vector pKSV7. The resulting recombinant 

plasmid was electroporated into competent EGD-e cells. 
A single colony of the construct was grown at non-
permissive temperature (42  °C) on BHI agar containing 
chloramphenicol to promote chromosomal integration. 
After that, the recombinants were successfully passaged 
without antibiotics at a permissive temperature (30 °C) to 
enable plasmid excision and curing. The successful con-
struction of the LADS-E7 strain was finally confirmed 
by Sanger DNA sequencing. Similarly, the gene encod-
ing AH1 epitope (amino acid residues 423–431, SPSY-
VYHQF) [37] was introduced into LADS to construct 
LADS-AH1 by using its specific primers (Additional 
file 8: Table S1).

Secretion of the LLON478AV479A‑Ag fusion protein 
by LADS‑Ag
Overnight-grown LADS-Ag bacteria were separated 
from the culture medium by centrifugation at 10,000  g 
for 10  min, and the supernatants recovered [88–90]. 
Briefly, the culture medium was collected after the ini-
tial centrifugation and filtered through a 0.22-μm sterile 
filter to eliminate any bacteria that might be present. To 
obtain the secreted proteins, the proteins in the filtered 
supernatant were precipitated in the presence of 10% 
v/v trichloroacetic acid (TCA) on ice overnight, and the 
precipitated proteins were washed twice with ice-cold 
acetone. Precipitates of supernatant proteins were then 
re-suspended in SDS-PAGE sample buffer and sepa-
rated on a 12% gel by SDS-PAGE. After transferring the 
proteins onto PVDF membranes, the fusion protein 
LLON478AV479A-Ag was detected by immunoblotting with 
either a monoclonal anti-TAA (Anti-human papillomavi-
rus 16 (E7) antibody (289–17,013, TVG-701Y), Abcam, 
Cambridge, UK) or a polyclonal anti-LLO antibody. The 
immunoreactions were carried out using the ECL detec-
tion kit (Pierce, Rockford, IL, USA) and signals visualized 
using the enhanced chemiluminescence detection system 
(UVP Inc., Upland, USA).

LLO‑mediated hemolytic analysis
Measurement of LLO-associated hemolytic activity was 
performed as previously described [91]. Briefly, strains 
of LM were grown for 12 h with shaking in BHI broth at 
37 °C. All cultures were adjusted to an OD600 of 1.0 before 
supernatant protein samples were collected. Hemolytic 
activity was measured based on sheep red blood cells 
(SRBCs) lysis by secreted LLO from culture supernatants. 
Specifically, culture supernatant (50 μL) was diluted in an 
equal volume of hemolysis buffer (10  mM PBS, pH 5.5 
or 7.4, 150 mM NaCl, 1 mM DTT), and equilibrated to 
37 °C for 10 min. Next, 100 μL PBS-washed intact SRBCs 
(5%) were added to each sample and incubated at 37  °C 
for 30 min. Samples were centrifuged, and supernatants 
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were analyzed for hemoglobin absorption at 550  nm. 
Erythrocytes incubated with 1% Triton X-100 or PBS 
served to determine the maximum (100%) and minimum 
(0%) hemolytic activity, respectively.

Intracellular growth in RAW264.7 and J774A.1 macrophage
Intracellular growth was performed accordingly on 
RAW264.7 or J774A.1 macrophages. Specifically, mon-
olayers of macrophages were cultured in DMEM medium 
containing 20% FBS and plated in 24-well plates that 
contained 2 × 105 cells per well. Cells were then infected 
with bacteria at an MOI of about 0.25 for 30 min, washed 
twice with warmed PBS prior to replacing media, and 
added gentamycin at 50 μg/mL 1 h post-infection. At 2, 
6, or 12 h post-infection, cells were lysed in sterile water, 
and the lysates were tenfold serially diluted for enumera-
tion of viable bacteria by plating on BHI agar.

Intracellular growth in BMDMs
Growth curves in BMDMs were performed as previously 
described with minor modifications [66, 92]. Briefly, 
BMDMs were plated in 24-well plates with 2 × 105 cells 
per well and infected at an MOI of about 0.25 for 30 min, 
washed twice with PBS prior to replacing media, and 
gentamycin was added at 50 μg/mL 1 h post-infection. At 
0.5, 2, 5, and 8 h post-infection, cells were lysed in ster-
ile water, and the lysates were tenfold serially diluted for 
enumeration of viable bacteria by plating on BHI agar.

Virulence in the mouse model
LM wild-type strain EGD-e and vaccine strain LADS 
were tested for virulence in mice models. For the deter-
mination of bacterial burdens in organs, ICR mice (8 per 
group) were injected intraperitoneally with ~ 106 CFU of 
each strain. At 24- and 48-h post-infection, mice were 
sacrificed, and livers and spleens removed and individu-
ally homogenized in 10  mM PBS (pH 7.4). Surviving 
bacteria were enumerated by plating serial dilutions of 
homogenates on BHI agar plates. Results were expressed 
as means ± SEMs of recovery bacterial number (Log10 
CFU) per organ for each group. To determine the LD50, 
ICR mice injected intraperitoneally with 104 ~ 109  CFU 
of each Listeria strain were monitored over 10  days. 
The LD50 of the challenge strains was calculated by the 
method of Reed and Muench. For the clearance and 
efficacy test of LADS in organs, C57BL/6  J mice were 
injected intravenously with ~ 108 CFU LADS. At 2, 3, 4, 
5, or 6 days post-infection, six mice (from two independ-
ent experiments) of each group were sacrificed, and livers 
and spleens were removed and individually homogenized 
in 10 mM PBS (pH 7.4). Surviving bacteria were enumer-
ated by plating serial dilutions of homogenates on BHI 

agar plates. Results were expressed as means ± SEMs of 
recovery bacterial CFUs per organ.

Tumor‑immunotherapy and tumor‑prevention studies
To establish tumor models, C57BL/6  J or BALB/c mice 
were subcutaneously injected with 2 × 105 TC-1 or CT26 
cells on the left flank, respectively. For tumor immuno-
therapeutic experiments, tumor-bearing mice were ran-
domly administered with 0.1 LD50 of LADS, or LADS-E7/
AH1 in a total volume of 100 μL by intravenous injection 
or intratumoral injection after the tumors had reached 
a palpable size of 4–5  mm in diameter. C57BL/6  J or 
BALB/c mice were immunized with LADS-E7 or LADS-
AH1 on days 0 and 14 by tail vein injection for tumor 
prevention experiment. Five days post last immunization, 
the vaccinated mice were subcutaneously implanted with 
2 × 105 TC-1 or CT26 tumor cells on the left flank.

Mice immunized with HBSS or LADS were used as 
the negative or background control. Tumor growth was 
monitored, tumor size was measured twice a week with 
an electronic caliper, and the widest (W) and longest 
(L) surface diameters were recorded for each individual 
tumor. Tumor volume was calculated as L × W2/2. Mice 
were sacrificed when the tumor size reached a 20-mm 
average diameter.

Flow cytometric analysis of CD4+, CD8+ T, and Treg cells
C57BL/6  J or BALB/c mice were implanted with 2 × 105 
TC-1 or CT26 tumor cells on the left flank as described 
above. The tumor-bearing mice were immunized i.v. on 
days 8 and 15 after tumor challenge with 0.1 LD50 of 
LADS, LADS-E7/AH1, or HBSS as a control. On day 
18, tumors and spleens were then harvested from two 
or three mice and cut into 1–2-mm pieces using a ster-
ile razor blade and digested with PBS buffer containing 
2 mg/mL collagenase type I and 12 U/mL DNase (Thermo 
Fisher Scientific, Waltham, USA) for 2  h at 37  °C with 
agitation. Single-cell suspensions were pooled through a 
nylon mesh. Cells were stained with anti-CD3-fluorescein 
isothiocyanate (FITC) (clone 145-2C11; BD Biosciences-
Pharmingen, San Diego, CA), anti-CD4-phycoeryth-
rin (PE) (clone RM4-5; BD Biosciences-Pharmingen), 
anti-CD8-allophycocyanin (APC) (clone 53–6.7; BD Bio-
sciences-Pharmingen); anti-CD4-FITC (clone RM4-5; BD 
Biosciences-Pharmingen), anti-CD25-APC (clone PC61; 
BD Biosciences-Pharmingen), anti-FoxP3-PE (clone 
R16-715; BD Biosciences-Pharmingen) monoclonal anti-
bodies, and H-2Db E7 (RAHYNIVTF) tetramer-PE (TB-
5008–1, MBL Beijing Biotech, China), and H-2Ld MuLV 
gp70 (SPSYVYHQF) tetramer-PE (TS-M521-1, MBL 
Beijing Biotech) for 30 min, and then subjected to multi-
color flow cytometry using a FACSCelesta flow cytom-
eter with FlowJo software (BD Biosciences-Pharmingen), 
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according to the manufactures’ instructions. Tregs were 
defined as CD4+CD25+Foxp3+ cells.

RNA‑sequencing analysis
The total RNA was extracted from the tumor tissues of 
two mice per group following the manufacturer’s instruc-
tions of the TRIzol reagent kit (Invitrogen, Carlsbad, CA). 
RNA sequencing analysis was performed by the con-
tract service of MK-bio Mingke Biotechnology Co., Ltd. 
(Hangzhou, China). RNA quality was examined through 
2100 Bioanalyser (Agilent, Waldbronn, Germany) and 
quantified using the ND-2000 (NanoDrop Technolo-
gies, Wilmington, DE). RNA-seq transcriptome libraries 
were prepared from the total RNA using the TruSeqTM 
RNA sample prep Kit (Illumina, San Diego, CA). The raw 
paired end reads were trimmed and quality controlled by 
Trimmomatic (version 0.40), then clean reads were sepa-
rately aligned to reference genome (mm10) using tophat 
(version 2.0.0). The expression level of each transcript 
was calculated using fragments per kilobase of exon per 
million mapped reads (FRKM). Differential expression 
analysis was performed through Cuffdiff (version 0.0.5), 
and the genes exhibiting two-fold or higher expression 
differences (P < 0.05) between the groups were extracted. 
GO analysis was performed by OmicShare online tools 
(version 3.14.0) to understand the functions of the DEGs.
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Additional file 1: Fig. S1. LADS secreting LLON478AV479A with impaired 
hemolytic activity is unable to grow intracellularly in macrophages.The 
construction strategy of LADS by introducing the substitution mutation-
into the wild-type LM.Expression and secretion of LLO or LLON478AV479A 
from wild-type, LADS, or LLO-deletionLM was detected by immunob-
lotting anti-LLO polyclonal antibody, with GAPDH or the extracellular 
protein p60 [94] as the internal control for cytoplasmic or secreted 
proteins, respectively.In vitro growth of wild-type, LADS, or ∆hly in BHI 
medium. Kinetic growth at OD600 nm was measured at 1-h intervals. Data 
are expressed as mean ± SEM of three replicates.Hemolytic activity of 
secreted LLO from culture supernatants of wild-type, LADS, or ∆hly LM. 
Erythrocytes incubated with 1% Triton X-100 or PBS served to determine 
the maximumand minimumhemolytic activity, respectively.Intracel-
lular growth of wild-type, LADS, or ∆hly bacteria in J77A4.1, RAW264.7, 
and BMDM. The infected macrophages were lysed at the indicated time 
points, and viable bacteria were serially plated on BHI plates. All the data 
are expressed as mean ± SEM of three replicates. *p < 0.05, **p < 0.01 and 
***p < 0.001. α-LLO, α-p60 and α-GAPDH represent the anti-LLO, anti-p60 
and anti-GAPDH antibodies, respectively.

Additional file 2: Fig. S2. LADS is highly attenuated for the virulence in a 
mouse model. The Kaplan–Meier curves of the survival of the ICR mice 
infected with LADS (A), wild-type (B), ∆hly (C), LADS-E7 (D) or LADD-E7 (E) 
LM with various bacterial concentrations. Ten mice in each experimental 
group were injected intraperitoneally with each concentration of bacterial 
CFUs as indicated and monitored for up to 7 days after infection. Data 
are presented as the percentage survival over time, and the indicated 
LD50 values of the challenge strains were calculated by the method of 
Reed and Muench. (F-G) The proliferation of LM in mice organs (liver and 
spleen). The wild-type or LADS bacteria were inoculated intraperitoneally 
into ICR mice at ~ 4 × 106 CFU. Animals were euthanized at 24 (F) or 48 
(G) h post-infection, and organs (livers and spleens) were recovered 
and homogenized. Homogenates were serially diluted and plated on 
BHI agar. The numbers of bacteria colonizing the organs are expressed 
as mean ± SEM of the log10CFU per organ for each group (7 mice). (H) 
Kinetics of LADS clearance in the mice organs. The C57BL/6 J mice 
were injected intravenously with ~ 108 CFU LADS bacteria. Six mice per 
group from two independent experiments were sacrificed at 2, 3, 4, 5, or 
6 days post-infection, and bacteria isolated from livers and spleens were 
enumerated as described above. Data were expressed as means ± SEMs of 
recovery bacterial CFUs per organ.

Additional file 3: Fig. S3. The LADS-E7/AH1 can secrete the fused 
LLON478AV479A-E7/AH1 antigen. (A) The construction strategy of LADS-
based vaccines by introducing the HPV type 16-derived E7 antigen or 
the murine colon carcinoma AH1 antigen with a fusion to LLON478AV479A 
in the LADS genome. (B-C) Expression and secretion of LLON478AV479A, 
LLON478AV479A-E7 (B), or LLON478AV479A-AH1 (C) from LADS, LADS-E7, or 
LADS-AH1 bacteria. The interest proteins were detected by immunoblot-
ting using anti-TAA or LLO antibodies, with GAPDH or p60 as the internal 
control for secreted or cytoplasmic proteins. (D) In vitro growth of LADS, 
LADS-E7, or LADS-AH1 in BHI medium. Kinetic growth at OD600 nm was 
measured at 1-h intervals. Data are expressed as mean ± SEM of three 
replicates. (E) Hemolytic activity of secreted LLO from culture superna-
tants of wild-type, LADS, LADS-E7, or LADS-AH1 bacteria. Erythrocytes 
incubated with 1% Triton X-100 or PBS served to determine the maximum 
(100%) and minimum (0%) hemolytic activity, respectively. All the data 
are expressed as mean ± SEM of three replicates. *p < 0.05, **p < 0.01 and 
***p < 0.001. α-E7, α-LLO, α-p60 and α-GAPDH represent the anti-E7, anti-
LLO, anti-p60 and anti-GAPDH antibodies, respectively.

Additional file 4: Fig. S4. The flow cytometry gating strategy flow chart

Additional file 5: Fig. S5. Heatmap of DEGs in tumor samples between 
LADS-E7 and LADS treated mice (fold change ≥ 2 and p < 0.05). i.v. and 
i.t. represent the vaccine were intravenous and intratumoral injected, 
respectively.
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Additional file 6: Fig. S6. GO molecular function analysis of DEGs in tumor 
tissue between LADS-E7 and LADS injected mice

Additional file 7: Fig. S7. GO analysis of DEGs between LADS-E7 and HBSS 
injected group

Additional file 8: Table S1. Primer List. The PCR primers used in this study

Additional file 9: Images of the original, uncropped gels/blots
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