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ABSTRACT
Background  Colorectal cancer (CRC) is a leading cause 
of cancer-related death and remains a significant global 
health challenge. Cancer vaccines have emerged as a 
promising immunotherapy for long-term tumor control. 
While Listeria monocytogenes (Lm)-based intravenous 
vaccines can generate tumor-reactive CD8 T cells, 
clinical trial success has been limited. Here, we sought 
to determine whether in vivo targeting of gastrointestinal 
tissues with foodborne delivery of Lm-based cancer 
vaccines controlled tumor growth in murine models of 
CRC.
Methods  The ActA and InlB virulence genes were deleted 
from a mouse-adapted Lm strain expressing ovalbumin 
and containing an internalin A mutation (InlAMLm-ova) that 
allows epithelial cell invasion of mice to generate an oral 
vaccine administered via consumption of inoculated bread. 
Immunogenicity and safety were tested in C57Bl/6 mice. 
Vaccine efficacy was evaluated with CRC tumors delivered 
by colonoscopy-guided orthotopic transplantation into the 
colon submucosa. Microsatellite instability high MC38 
cell line expressing ovalbumin or genetically engineered 
microsatellite stable AKPS (ApcKOKrasG12DTrp53KOSmad4KO) 
organoids expressing low levels of ovalbumin (loSIIN) were 
used. Vaccines were tested in prophylactic and therapeutic 
settings and in the context of immune checkpoint 
inhibitors (ICI).
Results  Oral immunization induced a robust CD8 T cell 
response that was similar in magnitude and phenotype 
to the fully virulent Lm. Immunized mice did not lose 
weight, and Lm was contained to intestinal tissues. 
Mice prophylactically immunized with the vaccine were 
protected from CRC tumors. Therapeutic immunization 
of mice bearing loSIIN AKPS tumors revealed curtailed 
growth of the local tumor but did not improve survival. 
Immunization with anti-programmed cell death protein-1 
and anti-cytotoxic T-lymphocyte-associated protein 
4 controlled tumors when coupled with therapeutic 
immunization. Protection correlated with accumulation of 
ova-specific CD8 T cells within the tumor.
Conclusions  Oral Lm-based cancer vaccines targeting 
CRC elicit robust, widely disseminated, and persistent 
tumor-specific immune responses in mice. These vaccines 
limit CRC development when administered prophylactically 
and provide tumor control when administered 

therapeutically with ICI. Thus, oral delivery of Lm-based 
cancer vaccines coupled with ICI may provide improved 
control of CRC progression in clinical application.

BACKGROUND
Gastrointestinal (GI) cancers including 
colorectal cancer (CRC) represent a signif-
icant global public health challenge due to 
their high incidence and mortality rates.1 
Despite the widespread use of conventional 
therapies, there is a persistent concern 
regarding their inability to provide adequate 
long-term protection and their off-target 
effects on healthy tissues. The 5-year survival 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Listeria monocytogenes (Lm) elicits potent innate 
and adaptive immune responses. Previous studies 
have demonstrated that intravenous delivery of Lm-
based vaccines can generate tumor-reactive CD8 T 
cell responses. While there have been some suc-
cesses, clinical trial results have often fallen short 
of expectations.

WHAT THIS STUDY ADDS
	⇒ Oral immunization of highly attenuated Lm vaccine 
induces robust, widely disseminated T cell respons-
es. Prophylactic vaccination of oral Lm vaccine also 
prevents colorectal cancer (CRC) development in 
multiple orthotopic CRC models. Therapeutic vac-
cination transiently curtailed CRC local growth in 
an aggressive CRC model that more closely mimics 
human CRC. Therapeutic vaccination with immune 
checkpoint inhibition controlled tumors.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Our findings underscore the potential of Lm as 
an oral cancer vaccine vector to target CRC. 
Additionally, prophylactic vaccination could be an 
effective measure to prevent CRC in high-risk popu-
lations, like Lynch syndrome.

Journal for Im
m

unoT
herapy of C

ancer: first published as 10.1136/jitc-2025-011570 on 5 F
ebruary 2026. D

ow
nloaded from

 https://jitc.bm
j.com

 on 9 F
ebruary 2026 by guest.

P
rotected by copyright, including for uses related to text and data m

ining, A
I training, and sim

ilar technologies.

https://jitc.bmj.com/
https://orcid.org/0000-0001-9436-4857
https://orcid.org/0000-0002-3299-5888
https://doi.org/10.1136/jitc-2025-011570
https://doi.org/10.1136/jitc-2025-011570
https://crossmark.crossref.org/dialog/?doi=10.1136/jitc-2025-011570&domain=pdf&date_stamp=2026-02-05


2 Lei X, et al. J Immunother Cancer 2026;14:e011570. doi:10.1136/jitc-2025-011570

Open access�

rates, 64% for CRC,1 underscore the pressing need for 
more effective and safer therapeutic approaches. Meta-
static CRC, in particular, has a poor prognosis, with 
significantly lower survival rates. The tumor microenvi-
ronment (TME) plays a crucial role in cancer progression 
and response to therapies. Its immunosuppressive char-
acteristics enable tumors to escape immune destruction.2 
Cancer immunotherapies have emerged as promising 
strategies to enhance antitumor immunity by overcoming 
immune tolerance and reversing TME-induced immuno-
suppression.3 However, GI cancers, especially microsatel-
lite stable (MSS) and metastatic CRC respond poorly to 
existing immunotherapy modalities including immune 
checkpoint inhibitors (ICI) and chimeric antigen recep-
tor-T therapy. Among developing immunotherapies, 
cancer vaccines have emerged as a promising strategy. 
They can educate the immune system to recognize cancer-
related antigens in an in vivo setting that may enhance 
T cell targeting to tumor-bearing tissues by instructing 
appropriate homing molecules. In some contexts, they 
may also elicit antigen-independent mechanisms to over-
come immunosuppression in the TME.3 4 Cancer vaccines 
appear a viable immunotherapy given the success of a 
recent phase I trial using a personalized messenger RNA 
neoantigen vaccine targeting pancreatic cancer.5

Among cancer vaccine approaches, live bacteria plat-
forms stand out for their ability to stimulate robust anti-
tumor immunity in vivo and potentially reshape the 
TME.6 Listeria monocytogenes (Lm), a gram-positive, intra-
cellular bacterium, elicits potent innate and adaptive 
immune responses.7 On invading the intestinal epithe-
lium via the surface protein internalin A (InlA), Lm uses 
the pore-forming listeriolysin O to escape into the cytosol 
from the phagosome. This escape mechanism allows Lm 
to engage in major histocompatibility complex (MHC) 
class I antigen presenting pathway, thereby triggering 
potent T cell responses. These responses are crucial for 
the sustained clearance of tumors.7 Additionally, Lm 
immunotherapy inhibits the immunosuppressive envi-
ronment of the TME by reducing regulatory T cells 
(Treg) and myeloid-derived suppressor cells (MDSC)8 
and promoting M1 macrophages.9 The ability to induce 
a potent T cell response, modulate the immune response 
within the TME, and induce cancer cell death through 
the generation of reactive oxygen species, makes Lm 
a compelling candidate for cancer vaccine vectors.10 
Previous studies have also demonstrated that intravenous 
(i.v.) delivery of Lm-based vaccines can generate tumor-
reactive CD8 T cell responses.11 While there have been 
some successes,3 11 12 clinical trial results have often fallen 
short of expectations.13 14

T cells are the primary mediators of antitumor 
immunity and play a central role in the response 
to immunotherapy. Tumors are often infiltrated by 
various numbers of immune cells.15 A multitude of 
studies across various cancer types, including CRC, 
consistently demonstrate a strong correlation between 
the presence of tumor-infiltrating CD8 T cells and 

favorable outcomes, such as tumor regression and 
improved prognosis.16–18 Tissue resident memory 
T (TRM) cells represent a subpopulation of memory 
T cells that reside in non-lymphoid tissues without 
recirculating and are phenotypically, functionally and 
transcriptionally distinct from circulating memory T 
cells.19 20 On re-exposure to antigen, TRM cells are prep-
ositioned in the tissue to respond immediately and 
mediate protective immunity while the circulating T 
cells need to be recruited first, thus resulting in a delay 
in secondary immune response.21 22 TRM cells express 
CD69 and the majority also express CD103.19 23 Tumor-
infiltrating CD8 T cells that acquire a TRM cell pheno-
type including the upregulation of CD103 are linked 
to enhanced cytotoxic T cell responses and better 
overall survival.24 25 Thus, the promotion of CD103+ 
TRM cells emerges as a critical strategy for enhancing 
antitumoral immunity against GI cancers, empha-
sizing its significance in cancer vaccine design.26

Despite promising therapeutic efficacy demon-
strated in preclinical studies and clinical trials,3 5 6 chal-
lenges persist in optimizing Lm-based cancer vaccines 
for maximal effectiveness. Currently, most trials and 
preclinical work use i.v. delivery because the immuno-
genicity of highly attenuated oral Lm vaccines has been 
questionable.27 To address this in mouse models, it is 
critical that a Lm strain capable of invading murine 
enterocytes is employed, as wild-type Lm is unable to 
invade these cells. Therefore, we established a murine 
model of Lm oral immunization using a recombinant 
strain of Lm with a mutation in the InlA (InlAM) gene 
that facilitates interaction with murine E-cadherin to 
allow efficient invasion of mouse enterocytes simi-
larly to how it occurs in humans.28 29 In the present 
study, we demonstrated that foodborne infection with 
InlAM Lm-ova induced a significantly more robust 
ova-specific CD8 T cell response in the gut compared 
with i.v. infection, along with rapid accumulation of 
ova-specific CD103+ TRM cells in the intestinal mucosa. 
The “murinized”, highly attenuated Lm-based cancer 
vaccines were highly immunogenic and safe after oral 
immunization. Prophylactic use of the oral Lm-based 
cancer vaccine prevented tumor development from 
orthotopic transplantation of the carcinogen-induced 
and microsatellite instability high (MSI) MC38 colon 
adenocarcinoma cell line in an antigen-specific 
manner. In addition, a similar antigen-specific restric-
tion of tumor formation was observed after orthot-
opic transplantation of genetically engineered MSS 
ApcKO KrasG12D Trp53KO Smad4KO (AKPS) organoids 
that are designed to express low levels of the ova CD8 
epitope SIINFEKL (loSIIN AKPS) to mimic normal 
neoantigen expression.30 Administration of oral Lm 
vaccines initially limited the growth of established 
MSS loSIIN AKPS tumors but did not improve survival. 
However, Lm vaccination in combination with ICI led 
to profound tumor control that was associated with 
ova-specific CD8 T cell accumulation in the tumors. 
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Our findings underscore the potential of Lm as an 
oral cancer vaccine vector to enhance ICI responsive-
ness to CRC.

RESULTS
Foodborne infection promotes gut-focused T cell responses
C57Bl/6 (B6) mice were infected with 2×109 colony-
forming units (cfu) of InlAM Lm-ova by foodborne infec-
tion or 2×103 cfu of InlAM Lm-ova by i.v. infection. Prior 
studies have determined that these doses lead to a similar 
internal burden of Lm in the liver and similar magnitude 
of circulating CD8 T cells.31 9 days postinfection (dpi), 
foodborne infection induced a greater ova-specific CD8 
T cell response in the mesenteric lymph nodes (MLN), 
small intestine lamina propria (siLP) and intraepithelial 
lymphocyte (siIEL) compartments, and liver. In contrast, 
the ova-specific CD8 T cell response was comparable 
in the blood and spleen (figure  1A). After foodborne 
infection, CD8 T cells rapidly upregulated CD69 and 
CD103 (figure  1B) demonstrating rapid acquisition of 

a residency phenotype that did not occur after i.v. infec-
tion.31 Three months after infection, ova-specific CD8 T 
cells induced by foodborne infection were enriched in 
the siLP and siIEL (figure 1C) and maintained the more 
robust expression of CD103 (figure 1D). Conversely, ova-
specific memory CD8 T cells were enriched in secondary 
lymphoid organs (MLN and spleen) after i.v. infection 
(figure 1C). These results suggest a potential benefit of an 
oral immunization strategy to target GI-focused cancers.

Oral immunization with Lm vaccines is immunogenic and safe
Lm-based vaccines need to be sufficiently attenuated for 
clinical use in patients with cancer. ActA enables Lm’s 
movement through the cytosol, promoting direct cell-
to-cell dissemination while evading soluble mediators of 
immune control.32 InlB promotes Lm’s invasion of hepato-
cytes.33 34 Multiple attenuation strategies in a single vector 
ensure that a single reversion event will not lead to patho-
genic vaccines. Deletion of these factors led to a 1,000-fold 
attenuation after intragastric administration of mice.34 To 
evaluate oral Lm immunization on antitumor immunity, 

Figure 1  Foodborne infection induces superior intestinal CD8 T cell responses. B6 mice were administered 2×109 cfu of InlAM 
Lm-ova by foodborne infection or 2×103 cfu of InlAM Lm-ova by tail vein i.v. infection. (A)  The absolute number of ova-specific 
T cells among CD8α TCRβ cells was determined with MHCI tetramers in the indicated tissues at 9 dpi. (B)  Ova-specific CD8 
T cells were assessed for CD69 and CD103 expression. (C)  The absolute numbers of ova-specific CD8 T cells were quantified 
>3 months postinfection. (D)  Ova-specific CD8 T cells were assessed for CD69 and CD103 expression. Cumulative data are 
shown from two independent experiments as mean±SEM with 9–11 mice/group. Representative flow plots are shown. *p<0.05; 
**p<0.01; ***p<0.001; ****p<0.0001 by Student’s t-test. cfu, colony-forming units; dpi, days postinfection; InlAM, mutation in the 
internalin A; i.v., intravenous; Lm, Listeria monocytogenes; MHC, major histocompatibility complex; MLN, mesenteric lymph 
node; siIEL, small intestine intraepithelial lymphocyte; siLP, small intestine lamina propria; TCRβ, T-cell receptor β.
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we used the suicide-counterselection vector pLR16-Phes* 
to delete ActA and InlB sequentially from the InlAM Lm-
ova chromosome (ΔInB ΔActA InlAM Lm-ova; online 
supplemental figure S1A).35 The deletion of ActA and 
InlB was confirmed by colony PCR (online supplemental 
figure S1B) and sequencing (data not shown).

I.v. immunization with attenuated Lm-ova vaccines 
induces ova-specific CD8 T cells in mice.28 36 In our 
previous studies, foodborne infection with 2×109 cfu of 
the fully virulent InlAM Lm-ova yielded a substantial gut-
focused T cell response21 31 (figure 1 and online supple-
mental figure S2). However, highly attenuated Lm may 
be poorly immunogenic after oral administration as 
Lm needs to overcome the epithelial barrier for effec-
tive immunization. Hence, our objective was to deter-
mine the most appropriate dose of orally administered 
ΔInlB ΔActA InlAM Lm-ova that could elicit a comparable 
immune response to pathogenic InlAM Lm-ova.

B6 mice were foodborne infected with 2×109 cfu of 
InlAM Lm-ova or orally immunized with 2×109, 2×1010, or 
2×1011 cfu of ΔInB ΔActA InlAM Lm-ova. At the peak of the 
oral immune response (9 dpi),37 ΔInlB ΔActA InlAM Lm-
ova induced a diminished ova-specific CD8 T cell response 
compared with the pathogenic strain at the same dose. 
However, oral immunization with 2×1010 cfu elicited a 
similar magnitude ova-specific CD8 T cell response as the 
2×109 cfu of virulent InlAM Lm-ova at 7 dpi in blood, with 
similar results observed in ova-specific T cells at 9 dpi in 
MLN, siLP, siIEL, and spleen (online supplemental figure 
S3). Thus, a dose of 2×1010 cfu was used for subsequent 
experiments.

Despite the increased immunization dose, mice immu-
nized with 2×1010 cfu of ΔInlB ΔActA InlAM Lm-ova did 
not lose weight (figure  2A) or show signs of diarrhea 
(data not shown). Additionally, we quantified replicative 
Lm in intestinal and extraintestinal tissues. As expected, 
bacterial burden in the small intestine was comparable 
between infected and immunized mice (figure  2B). 
However, there was a substantial decrease in Lm burden 
in the colon and MLN and Lm was essentially undetect-
able in extraintestinal tissues after oral immunization 
(figure 2B). Additionally, no pathological changes in gut 
tissues were observed (data not shown). Thus, a highly 
attenuated Lm vaccine was immunogenic and safe when 
administered orally.

Oral attenuated Lm vaccines induce normal CD8 T cell 
responses
We used adoptive transfer of OT-I cells to track the 
vaccine-elicited CD8 T cell response. 9 days after immu-
nization, we evaluated the presence of OT-I cells in 
various tissues including MLN, siLP, siIEL, colon lamina 
propria (cLP), colon intraepithelial lymphocyte (cIEL), 
and spleen (figure 3A). ΔInlB ΔActA InlAM Lm-ova elic-
ited a comparable OT-I T cell response as the fully viru-
lent InlAM Lm-ova in all evaluated tissues. Only a subtle 
but significant reduction was observed in siLP and cLP. 
Next, we assessed the phenotype of OT-I cells in each 

tissue to determine whether oral immunization with 
highly attenuated InlAM Lm-ova altered T cell differen-
tiation. Antigen-specific effector CD8 T cells that upreg-
ulate the interleukin (IL)-7 receptor α chain (CD127) 
represent memory precursor effector cells (MPEC; 
CD127+ KLRG1−). Conversely, cells expressing KLRG1 
are more prone to undergo apoptosis during contrac-
tion and represent terminally differentiated short-lived 
effector cells (SLEC; KLRG1+ CD127−).37 Our analysis 
revealed a similar differentiation pattern of MPEC in the 
MLN, siLP, siIEL, cLP, cIEL, and spleen (figure 3B). OT-I 
T cells in the gut formed similar or more TRM precursor 
cells (CD69+ CD103+) after immunization (figure  3C). 
An assessment of endogenous ova-specific CD8 T cells 
revealed similar results in the MLN, siLP, siIEL, and 
spleen at 9 dpi (online supplemental figure S4). The 
functionality of vaccine-elicited T cells was also deter-
mined at 9 dpi. Cells were isolated from spleen, MLN, 

Figure 2  Safety profile of Lm-based cancer vaccines. B6 
mice were orally administered 2×1010 cfu of ΔInlB ΔActA 
InlAM Lm-ova or 2×109 cfu of InlAM Lm-ova. (A)  Mice were 
weighed daily for 7 days. Cumulative data are shown from 
four independent experiments as mean±SEM with 8–11 mice/
group. *p<0.05 by Student’s t-test. (B)  Bacterial burden 
was quantified 3 days postimmunization from the indicated 
tissues. The dashed line indicates the limit of detection for 
the assay from each tissue. Cumulative data are shown from 
three independent experiments as mean±SEM with 12 mice/
group. *p<0.05; **p<0.01; ****p<0.0001 by Mann-Whitney 
test. cfu, colony-forming units; dpi, days postinfection; InlAM, 
mutation in the internalin A; Lm, Listeria monocytogenes; 
MLN, mesenteric lymph node.
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Figure 3  Highly attenuated Lm vaccine elicits robust CD8 T cells. (A–C, E)  1×104 splenocytes from a CD45.1+ OT-I TCR 
transgenic mouse were transferred into naïve CD45.2+ B6 mice. 1 day later, B6 mice were orally administered 2×1010 cfu of 
ΔInlB ΔActA InlAM Lm-ova or 2×109 cfu of InlAM Lm-ova. (A)  The absolute numbers of OT-I CD8 T cells were determined in the 
indicated tissues at 9 dpi. OT-I CD8 T cells were also assessed for CD127/KLRG1 (B) and CD69/CD103 (C) expression in the 
indicated tissues. (D)  Naïve B6 mice were foodborne infected with 2×109 cfu of InlAM Lm-ova or immunized with the 2×1010 cfu 
of ΔInlB ΔActA InlAM Lm-ova. 9 days postimmunization, cells from the MLN were isolated and stimulated with SIINFEKL 
peptide. IFNγ and TNF were assessed by intracellular cytokine staining. Cumulative data are shown as mean±SEM from four 
independent experiments with 13–15 mice/group. Representative flow plots are shown. (E)  The absolute numbers of OT-I CD8 T 
cells were quantified at 42 days postimmunization. (A–C, E)  Cumulative data are shown from two independent experiments as 
mean±SEM with 6–8 mice/group. Representative flow plots are shown. *p<0.05; **p<0.01 by Student’s t-test. cfu, colony-forming 
units; cIEL, colon intraepithelial lymphocyte; cLP, colon lamina propria; dpi, days postinfection; IFNγ, interferon-gamma; InlAM, 
mutation in the internalin A; Lm, Listeria monocytogenes; MLN, mesenteric lymph node; siIEL, small intestine intraepithelial 
lymphocyte; siLP, small intestine lamina propria; TCR, T-cell receptor; TNF, tumor necrosis factor.
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and siIEL and stimulated with the ova epitope to measure 
interferon-gamma (IFNγ) and tumor necrosis factor 
(TNF) production by intracellular staining. CD8 T cells 
were comparably functional after infection or immuni-
zation (figure  3D and online supplemental figure S5A 
and B). These data demonstrate that the vaccine elicits 
functional CD8 T cells. Furthermore, we assessed the 
induction and phenotype of memory OT-I cells in gut 
tissues at 42 dpi. The magnitude of the memory OT-I T 
cell response was comparable between immunized and 
infected mice in the intestines and colons (figure 3E). 
Additionally, while some variability in phenotype was 
observed, the expression of CD127 (online supplemental 
figure S5C) and CD69/CD103 (online supplemental 
figure S5D) was similar between the groups.

Next, we longitudinally assessed circulating OT-I cells. 
Despite a similar number of antigen-specific CD8 T cells 
in the tissues at 9 and 42 dpi, foodborne infection with 
2×109 cfu of pathogenic InlAM Lm-ova resulted in a greater 
magnitude of circulating memory T cells, which emerged 
during contraction (figure 4A). Both groups of mice were 
then challenged by foodborne infection with 2×1010 cfu 
of pathogenic InlAM Lm-ova 43 days after initial immuni-
zation to assess the recall response. Mice immunized with 
Lm-vaccines displayed a robust recall response to the chal-
lenge infection that was comparable to mice that were 
initially infected with pathogenic Lm (figure 4A). At the 
time of challenge infection, most circulating T cells were 
of an MPEC phenotype. After challenge infection KLRG1+ 
cells rapidly emerged and dominated the recall response 
among both cohorts of mice (figure 4B), consistent with 
a conversion from a memory to an effector population. 
Secondary memory T cells were maintained comparably 
between immunized and infected cohorts. Responding 
antigen-specific CD8 T cells also demonstrated readiness 
for gut migration with increased expression of integrin 
α4β7 (online supplemental figure S6A) and CXCR331 
(online supplemental figure S6B).

We also evaluated the response of vaccine-elicited 
memory CD8 T cells to challenge infection in the 
tissues. The intestines and colons were isolated from 
Lm-immunized mice 7 days after challenge infection 
with 2×1010 cfu of pathogenic InlAM Lm-ova, a time that 
corresponded with the peak of the recall response in the 
blood (figure 4A). The magnitude of secondary effector 
T cells was similar between immunized and infected 
mice (figure  4C). Additionally, MPEC differentiation 
(figure 4D) and CD69 and CD103 expression (figure 4E) 
were comparable. OT-I cells were also examined 80 days 
postchallenge infection. Consistent with the primary 
memory response, immunization resulted in a similar 
secondary memory population as observed in mice 
infected with pathogenic Lm (online supplemental figure 
S7). Collectively, these findings demonstrate that oral 
immunization with highly attenuated Lm vaccines elicit 
normal CD8 T cell responses.

Oral Lm vaccines provide prophylactic control of CRC
We tested the efficacy of Lm vaccines in syngeneic CRC 
models using orthotopic transplant of MSI MC38-ova 
cell line by colonoscopy-guided injection into the 
colon submucosa.30 38 39 B6 mice were immunized with 
phosphate-buffered saline (PBS) (sham), 2×1010 cfu 
ΔInlB ΔActA InlAM Lm (vector), or 2×1010 cfu ΔInlB 
ΔActA InlAM Lm-ova (vaccine). 10 days postimmuniza-
tion, mice were orthotopically transplanted with 1×106 
MC38-ova cells, constitutively expressing ovalbumin. At 
7 days post-tumor transplantation (dptt), tumor growth 
was visualized by colonoscopy to calculate tumor index 
(figure  5A). Tumor indexes span from 0 (no visible 
tumor) to 1 (complete obstruction). All mice from the 
sham and vector immunized groups developed CRC with 
tumor indexes mostly above 0.5, indicating substantial 
tumor growth. In contrast, 12 of 13 mice in the vacci-
nated group controlled tumor growth with no or minimal 
tumors detected at 7 dptt (figure 5B). Mice were eutha-
nized at 8 dptt, and tumor weight and size were quantified. 
Tumors were undetectable from most vaccinated mice at 
8 dptt (online supplemental figure S8). The magnitude 
of ova-specific T cells in circulation was notably higher 
in vaccinated mice but was still detectable in sham and 
vector-immunized mice. Furthermore, the differentia-
tion of SLEC was either delayed or impaired in sham and 
vector immunized mice (figure 5C).

We also used the more aggressive and less immunogenic 
MSS loSIIN AKPS organoid model for vaccine testing.30 
These organoids are derived from the normal mouse 
colon and engineered to harbor the most common cancer 
driver gene mutations observed in metastatic human MSS 
CRC. The use of organoids more accurately recapitulates 
the histopathological progression and complex tumor 
environment of human disease. Additionally, low expres-
sion of neoantigen, rather than a complete absence of 
neoantigens, better mimics the typical tumor antigen 
expression profile of MSS CRC in humans.30 40 41 10 days 
postimmunization, 1×106 cell-worth of MSS loSIIN-GFP 
AKPS organoids were orthotopically injected into colon 
submucosa of GFP-tolerized recipient mice by optical 
colonoscopy for further evaluation (figure 5D). Orthot-
opic transplant of loSIIN AKPS leads to approximately 50% 
metastasis and animal death beginning around 40 dptt.30 
Vaccinated mice restricted loSIIN AKPS tumor growth. 
In contrast, the sham-immunized mice exhibited signif-
icant tumor growth (figure 5E). While the magnitude of 
ova-specific CD8 T cells in circulation was comparable 
between sham and immunized mice, protection was 
associated with the development of a pronounced SLEC 
phenotype (figure  5F). Collectively, these data demon-
strate that protection against CRC development is asso-
ciated with SLEC differentiation of antigen-specific CD8 
T cells.

Therapeutic oral vaccination curtails local growth of CRC
We proceeded to evaluate the therapeutic efficacy of 
oral Lm vaccines with the MSS loSIIN AKPS organoid 
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Figure 4  Challenge with pathogenic Lm elicits recall of vaccine-induced memory cells. 1×104 splenocytes from a CD45.1+ OT-I 
TCR transgenic mouse were transferred into naïve CD45.2+ B6 mice. 1 day later, B6 mice were orally administered 2×1010 cfu of 
ΔInlB ΔActA InlAM Lm-ova or 2×109 cfu of InlAM Lm-ova. 43 days after immunization (vertical dashed line), mice were challenged 
with 2×1010 cfu of InlAM Lm-ova by foodborne infection. (A)  The number of OT-I T cells was longitudinally determined in the 
blood at the indicated times postimmunization. (B)  CD127 and KLRG1 expression of OT-I T cells was assessed at the indicated 
times. Cumulative data are shown from six independent experiments as mean±SEM with 4–19 mice/time point. *p<0.05; 
**p<0.01; ***p<0.001 by Student’s t-test. (C)  The number of OT-I cells was determined by flow cytometry in the indicated 
tissues 7 days after challenge infection. OT-I cells were also assessed for CD127/KLRG1 (D) and CD69/CD103 (E) expression. 
Cumulative data are shown from two independent experiments as mean±SEM with 4–5 mice/group. Representative flow plots 
are shown. cfu, colony-forming units; cIEL, colon intraepithelial lymphocyte; cLP, colon lamina propria; dpi, days postinfection; 
InlAM, mutation in the internalin A; Lm, Listeria monocytogenes; siIEL, small intestine intraepithelial lymphocyte; siLP, small 
intestine lamina propria; TCR, T-cell receptor.
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Figure 5  Oral Lm vaccines control CRC. Naïve B6 mice were orally immunized with the 2×1010 cfu of ΔInlB ΔActA InlAM Lm, 
2×1010 cfu of ΔInlB ΔActA InlAM Lm-ova or PBS. 10 days later, 1×106 MC38-ova cells were orthotopically transplanted into colon 
submucosa by optical colonoscopy. Tumors were measured by colonoscopy at 7 dptt. (A)  Schematic depiction of experimental 
outline of prophylactic immunization and MC38-ova transplant. (B)  Ova-specific T cells were identified among CD8α TCRβ 
cells. KLRG1 and CD127 were assessed among ova-specific CD8 T cells. (AC)  Cumulative data are shown from two 
independent experiments as mean±SEM with n=12–13 mice/group. Representative flow plots are shown. **p<0.01; ***p<0.001; 
****p<0.0001 by one-way ANOVA with a post-hoc Tukey’s multiple comparisons test. Naïve B6-EGFP mice were orally 
immunized as above. 10 days later, 1×106 cells-worth of organoids were orthotopically transplanted into colon sub-mucosa of 
B6-EGFP mice by optical colonoscopy. (D)  Schematic depiction of experimental outline for prophylactic immunization with loSIIN 
AKPS transplant. (E)  Colonoscopy was performed at 7 and 21 dptt. (F)  Ova-specific T cells were identified among CD8α TCRβ 
cells. KLRG1 and CD127 were assessed among ova-specific CD8 T cells. Cumulative data are shown from two independent 
experiments as mean±SEM with 4–6 mice/group. *p<0.05; **p<0.01; ***p<0.001 by Student’s t-test. ANOVA, analysis of variance; 
cfu, colony-forming units; CRC, colorectal cancer; dptt, days post-tumor transplantation; InlAM, mutation in the internalin A; Lm, 
Listeria monocytogenes; PBS, phosphate-buffered saline; TCR, T-cell receptor.
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orthotopic model. 7 days after orthotopic transplant, 
colonoscopy was performed to measure baseline 
tumor growth. Mice were subsequently sham immu-
nized or immunized with the vector or vaccine. 28 days 

postimmunization, mice were boosted with their initial 
immunization regimen. A colonoscopy was performed 14 
days after primary immunization and 7 days post-boosting 
to visualize tumor growth (figure 6A). Sham and vector 

Figure 6  Therapeutic vaccination transiently limits tumor growth. Naïve B6-EGFP mice were orthotopically transplanted with 
1×106 cell-worth of organoids into the colon submucosa by optical colonoscopy. Tumors were measured by colonoscopy 
7 days later. Mice were subsequently orally immunized with 2×1010 cfu of ΔInlB ΔActA InlAM Lm, 2×1010 cfu of ΔInlB ΔActA InlAM 
Lm-ova or PBS. 28 days post primary immunization, mice were boosted with their initial immunization regimen. (A)  Schematic 
depiction of experimental outline for therapeutic immunization of mice bearing loSIIN AKPS tumors. (B)  7 days post-boosting, 
tumors were measured by colonoscopy. (C)  Kaplan-Meier survival curves of the mice in each group (dptt, days post-tumor 
transplant). 9 days post primary immunization (D) and 7 days post boosting (E), ova-specific T cells were identified among 
CD8α TCRβ cells. KLRG1 and CD127 were assessed among ova-specific CD8 T cells. Cumulative data are shown from two 
independent experiments as mean±SEM with 6 mice/group. Representative flow plots are shown. *p<0.05; ***p<0.001 by one-
way ANOVA with a post hoc Tukey’s multiple comparisons test. ANOVA, analysis of variance; cfu, colony-forming units; dpi, 
days postinfection; dptt, days post-tumor transplantation; InlAM, mutation in the internalin A; Lm, Listeria monocytogenes; PBS, 
phosphate-buffered saline.
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immunized mice were unable to control tumor growth in 
the colon. In contrast, vaccinated mice initially controlled 
tumor growth but rapidly succumbed similarly to sham 
or vector immunized mice (figure 6B and C). Circulating 
ova-specific CD8 T cells were assessed 9 days after initial 
immunization and 7 days after boosting. At 9 days postim-
munization, the magnitude and phenotype of circulating 
ova-specific T cells were similar in each group (figure 6D). 
However, by 7 days after boosting, an increased ova-
specific T cell response was detected in the blood of mice 
boosted with ΔInlB ΔActA InlAM Lm-ova. This enhanced 
T cell response was associated with the emergence of a 
pronounced SLEC phenotype (figure  6E). To further 
determine whether the transient control of ΔInlB ΔActA 
InlAM Lm-ova against tumor is driven by an antigen-
specific CD8 T cell response induced by oral Lm vaccines, 
we orthotopically transplanted MSS AKPS organoids 
that lack SIINFEKL expression (noSIIN) into mice who 
were subsequently immunized and boosted with Lm-ova 
vaccines. Colonoscopy performed 7 days after boosting 
revealed that Lm-ova immunization failed to control the 
growth of AKPS tumors that lack SIINFEKL expression 
despite substantial accumulation of ova-specific CD8 T 
cells in the tumors (figure 7A and B). Thus, therapeutic 
immunization with antigen-expressing Lm vaccines can 
drive a tumor-reactive CD8 T cell response that provides 
transient control of tumor growth.

Since oral Lm-ova vaccines only transiently controlled 
loSIIN AKPS tumors, we reasoned that the transient nature 
of tumor control may be due to immune checkpoints 
after induction of the CD8 T cell response. Therefore, 
we evaluated the therapeutic efficacy of combining Lm-
ova vaccines with ICI. Starting 5 days after primary immu-
nization, loSIIN AKPS tumor-bearing mice were treated 
with ICI therapy (anti-programmed cell death protein-1 
(PD-1) and anti-cytotoxic T-lymphocyte-associated 
protein 4 (CTLA4)) every other day for 2 weeks. A colo-
noscopy was performed 7 days after organoid transplanta-
tion and 7 days after vaccine boosting. The combinatorial 
administration of Lm vaccines and ICI therapy markedly 
suppressed the growth of tumors compared with either 
therapy alone (figure 7C). Consistent with previous find-
ings, loSIIN AKPS tumors were poorly responsive to anti-
PD-1 and anti-CTLA4 therapy,30 while Lm-ova vaccines 
substantially enhanced the sensitivity of loSIIN tumors to 
ICI therapy. Circulating ova-specific CD8 T cells increased 
in both vaccine alone and vaccine plus ICI groups 
(figure  7D). Notably, only Lm-ova vaccines in combina-
tion with ICI significantly promoted the accumulation of 
ova-specific CD8 T cells within tumors (figure 7E). Alto-
gether, these results demonstrate that oral Lm vaccines 
can improve the therapeutic efficacy of ICI therapy in 
poorly responsive tumors by driving tumor accumulation 
of antigen-specific CD8 T cells.

DISCUSSION
Cancer immunotherapy represents a treatment strategy 
that harnesses a person’s own immune system to combat 

Figure 7  Oral Lm vaccines enhance tumor response to 
ICI therapy. (A–B)  Naïve B6-EGFP mice were orthotopically 
transplanted with 0.5×106 cell-worth of loSIIN AKPS or noSIIN 
AKPS organoids into the colon submucosa by optical 
colonoscopy. Mice were subsequently orally immunized 
with 2×1010 cfu of ΔInlB ΔActA InlAM Lm (vector) or ΔInlB 
ΔActA InlAM Lm-ova (vaccine) as indicated. On 23 days post-
primary immunization, mice were boosted with their initial 
immunization regimen. (A)  Colonoscopy was performed at 
37 dptt. (B)  Ova-specific T cells were identified among CD8α 
TCRβ cells within tumors at 37 dptt. (C–E)  Naïve B6-EGFP 
mice were orthotopically transplanted with 0.5×106 cell-
worth of loSIIN AKPS organoids into the colon submucosa by 
optical colonoscopy. Tumors were measured by colonoscopy 
7 days later. Mice were subsequently orally immunized with 
2×1010 cfu of ΔInlB ΔActA InlAM Lm (vector) or ΔInlB ΔActA 
InlAM Lm-ova (vaccine). On 5 days postimmunization, mice 
were intraperitoneally injected with anti-PD-1 antibody and 
anti-CTLA-4 antibody every other day for 2 weeks (ICI). On 
23 days post-primary immunization, mice were boosted 
with their initial immunization regimen. (C)  Colonoscopy 
was performed at 7 and 37 dptt. Statistics are shown for 
all groups versus Vaccine+ICI group. (D)  Circulating ova-
specific T cells were identified among CD8α TCRβ cells 
at 37 dptt. (E)  Ova-specific T cells were identified among 
CD8α TCRβ cells within tumors at 37 dptt. Cumulative 
data are shown from three independent experiments as 
mean±SEM with 7–16 mice/group. *p<0.05; **p<0.01; 
***p<0.001, ****p<0.0001 by a Student’s t-test (B) or one-way 
ANOVA with a post hoc Tukey’s multiple comparisons test 
(C–E). ANOVA, analysis of variance; cfu, colony-forming units; 
CTLA-4, cytotoxic T-lymphocyte-associated protein 4; dptt, 
days post-tumor transplantation; ICI, immune checkpoint 
inhibitor; InlAM, mutation in the internalin A; Lm, Listeria 
monocytogenes; PD-1, programmed cell death protein-1; 
TCR, T-cell receptor.
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cancer. Unlike traditional treatments such as invasive 
surgery, chemotherapy, and radiotherapy, which can 
cause significant collateral damage to the body, immu-
notherapy has the capacity to provide more persistent, 
targeted cancer clearance and long-term surveillance. In 
this context, cancer vaccines have emerged as a prom-
ising avenue for immunotherapy, offering the potential 
to eradicate tumors while establishing durable antitumor 
immunity. A critical consideration for any replicating 
vaccine is its safety profile, particularly for immunocom-
promised individuals such as patients with cancer. Exten-
sive clinical trials using i.v. infusion of 1×108−1×109 cfu of 
attenuated Lm have established a generally manageable 
safety profile, characterized by common, self-limiting 
events like fever, chills, and nausea.42 Current protocols 
include post-Lm administration of antibiotics to limit 
adverse events. Despite this, rare, serious adverse events 
like listeriosis and septic shock have been reported.12 43 44 
Oral immunization with highly attenuated Lm vaccines has 
rarely been explored due to concerns about their ability 
to cross the epithelial barrier and elicit strong immune 
responses. A Phase I clinical trial demonstrated the safety 
of an orally administered, highly attenuated Lm influenza 
vaccine. Although no influenza antigen-specific immune 
responses were observed, anti-Lm responses were detect-
able suggesting immunogenicity is obtainable.27 In our 
study, we used a “murinized” Lm strain lacking the ActA 
and InlB virulence factors, limiting bacterial infection to 
epithelial and phagocytic cells. The murinized strain of 
Lm invades the intestines through InlA-dependent (eg, 
through intestinal epithelial cells) and InlA-independent 
mechanisms (eg, through Microfold cells).28 45 Dissemi-
nation to the MLN is primarily mediated by carriage in 
dendritic cells through afferent lymphatics. Once there, 
Lm divides extensively in Batf3-dependent cDC1 cells, 
which are also critical for induction of the antigen-specific 
CD8 T cell response.46 With a dose only one log higher 
than the pathogenic strain, we observed a robust and 
widely disseminated antigen-specific CD8 T cell response 
after immunization. A reduction or absence of replicative 
Lm in the colon, MLN, spleen, liver, pancreas, and brain 
confirmed the safety profile of this approach. The tissues 
were selected based on their relevance as potential target 
organs for cancer vaccine therapies (eg, primary tumor 
development in pancreas and colon; common metastasis 
sites in MLN, liver, and brain) or their association with 
listeriosis (liver and brain). Interestingly, there was an 
approximate 90% reduction in bacteria isolated from the 
colon which may be due to a reported role of ActA in 
promoting bacterial aggregation and survival in the gut 
lumen47 or InlB in promoting Lm transmigration through 
intestinal epithelial cells.48 The oral immunization route 
explored in this study may also offer a superior safety 
advantage to i.v.-based Lm vaccines. The primary risk of 
i.v. platforms is the inherent systemic bacterial exposure. 
In contrast, our model demonstrated limited systemic 
dissemination following oral immunization, suggesting 
that a mucosal delivery route could significantly reduce 

the risks of bacteremia and systemic toxicity in patients, 
thereby representing a promising and safer alternative 
for vulnerable patient populations.

The TME plays a crucial role in cancer progression and 
response to treatment. It is inherently immunosuppres-
sive, employing various mechanisms such as overexpres-
sion of inhibitory receptors like programmed death-ligand 
1 (PD-L1), downregulation or loss of tumor antigens, 
shedding of soluble MHC I, and release of immunosup-
pressive molecules like IL-10 and transforming growth 
factor β.49 These mechanisms collectively shape the TME, 
allowing transformed cells to evade immune surveillance 
during the elimination phase, leading to uncontrolled 
growth and metastasis.49 Within the TME, CD8 T cells 
often undergo progressive loss of effector functions such 
as the production of effector cytokines and cytolytic mole-
cules. This dysfunctional state is known as T cell exhaus-
tion and is associated with lack of tumor control.50 Listeria 
vaccines have the potential to reshape TME while boosting 
the generation of robust, widely disseminated, long-lived 
tumor-specific T cells. Foodborne infection elicits more 
gut-focused antigen-specific TRM cells while i.v. infection 
elicits more antigen-specific T cells in the circulation. An 
oral vaccine system may be more beneficial for control of 
tumors that require gut-tropic T cells for protection such 
as colorectal, small intestine, or pancreatic cancers, where 
the primary tumor site is within the GI system. Alter-
natively, i.v. administration might better target broadly 
disseminated tumors. The ability to differentially target 
T cells to distinct compartments via route of immuniza-
tion may provide great utility for tailoring immunization 
strategies to target solid tumors of various tissues or those 
that have broadly disseminated after metastasis. However, 
more work needs to assess the impact of priming on anti-
tumor response elicited by vaccination and ICI in distinct 
tumor-bearing tissues. Recent evidence has linked a TCF1+ 
PD-1+ CD8 T cell population with ICI responsiveness and 
positive outcomes after neoantigen vaccination with a 
TLR7/8 agonist.51 Similar populations of progenitor-like 
CD8 TRM cells in the intestines have been described.52 Lm 
also possesses the unique ability to directly infect cells 
and remain intracellular while spreading, enabling Lm to 
evade humoral immunity and making repeated adminis-
trations to boost immune function feasible.53 The flexi-
bility in boosting allows for the utilization of different 
routes of immunization to tailor the immune response to 
the patient’s needs.6

Cancer prevention encompasses a diverse range of 
approaches including chemoprevention, surgery, behav-
ioral science interventions, and vaccines.54 A Listeria-
based oral cancer vaccine provides a potential avenue for 
prophylactic immunization targeting tumor antigens for 
individuals at high risk of GI-focused cancers. Indeed, 
oral immunization with highly attenuated ΔInlB ΔActA 
InlAM Lm vaccines has demonstrated prophylactic efficacy 
against MC38 and AKPS organoid tumors in an antigen-
specific manner. While the MC-38 syngeneic model has 
been studied extensively in prophylactic models, most 

Journal for Im
m

unoT
herapy of C

ancer: first published as 10.1136/jitc-2025-011570 on 5 F
ebruary 2026. D

ow
nloaded from

 https://jitc.bm
j.com

 on 9 F
ebruary 2026 by guest.

P
rotected by copyright, including for uses related to text and data m

ining, A
I training, and sim

ilar technologies.



12 Lei X, et al. J Immunother Cancer 2026;14:e011570. doi:10.1136/jitc-2025-011570

Open access�

studies reported delayed tumor growth and prolonged 
survival,55 56 complete rejection has rarely been reported, 
and often used subcutaneous tumor implantation. 
Regardless of the cancer model, tumor development was 
prevented or eliminated in almost all animals as early as 
seven dptt in our study. Protection from tumor devel-
opment was associated with a greater ova-specific T cell 
response and a terminally differentiated phenotype. Ova-
specific CD8 T cells induced by tumors in the absence 
of immunization displayed compromised expansion and 
differentiation, consistent with previous findings.30 These 
ova-specific T cells were unable to initially control tumor 
growth. These findings provide strong evidence of effec-
tive prophylactic control of aggressive orthotopic CRC 
models that may be beneficial for high-risk CRC popu-
lations. For example, individuals with Lynch syndrome 
might benefit from prophylactic immunization.57 58

Ova-specific CD8 T cells induced by MSI MC38-ova 
without immunization ultimately eliminated tumors 
(data not shown), making MSI MC38-ova an insufficient 
model to evaluate therapeutic vaccination. We used the 
more aggressive and less immunogenic MSS loSIIN AKPS 
organoid model for therapeutic vaccine testing since 
it also better mimics human CRC.30 In this model, oral 
immunization with the Lm cancer vaccine after tumor 
development curtailed local tumor growth. Control of 
local tumor growth was associated with a more robust 
antigen-specific T cell response and a terminally differen-
tiated phenotype. However, even though tumor growth 
was transiently controlled, the tumors were not elim-
inated, which may lead to treatment failure and metas-
tases. In the absence of elimination, the vaccine-elicited 
tumor-reactive T cells may become suppressed. Multiple 
underlying causes may contribute to the emergence of 
immune evasion. For example, expression of immune 
checkpoint ligands, such as PD-L1, that subvert T cell 
effector functions in the tumor and increased numbers 
of Treg cells and MDSC may be emerging to prevent 
tumor elimination.59 Indeed, combinatorial therapy with 
vaccination and ICI reduced tumor burden considerably 
and most mice had barely detectable tumors at the study 
endpoint.

A subpopulation of CRC accumulates a high frequency 
of somatic mutations resulting in enhanced neoantigen 
presentation,60 which is referred to as microsatellite 
instability and may be predictive of ICI responsiveness 
in metastatic CRC.61 However, most patients with CRC, 
who are MSS, like the AKPS organoids employed in this 
research, are refractory to the original Food and Drug 
Administration-approved ICI immunotherapies, espe-
cially in advanced stages of disease. Our research demon-
strates the potential for oral Lm-based cancer vaccines 
to target CRC and enhance tumor responsiveness to ICI 
therapy. This vaccine uses various approaches to target 
GI tumors including using highly attenuated live bacteria, 
oral immunization, and an antigen expression system 
that closely mimics bona fide tumor-associated antigen 
expression levels.62 Presently, only a limited number of 

therapeutic vaccines have demonstrated clinical efficacy.63 
Multiple underlying causes may contribute to the lack of 
positive clinical outcomes in many trials that may neces-
sitate employing multiple modalities to overcome. In the 
context of advanced tumors, therapeutic approaches 
often involve tumor debulking through surgery, chemo-
therapy, or radiotherapy.64 In this context, therapeutic 
vaccinations aimed at diminishing the number of residual 
cancer cells may also promote immunological memory 
that could aid in limiting tumor recurrence.

MATERIAL AND METHODS
Bacteria and vaccines generation
Lm strain 10 403s carrying two amino acid changes in the 
InlA protein and expressing truncated ovalbumin (InlAM 
Lm-ova) was used.65 66 The truncated ovalbumin contains 
the SIINFEKL CD8 T cell epitope but lacks the immuno-
dominant CD4 T cell epitope encoded by ova323–339. This 
strain is resistant to streptomycin (Strep). The suicide-
counterselection vector pLR16-Phes* was a gift from 
Anat Herskovits (Addgene plasmid #98783; http://n2t.​
net/addgene:​98783; RRID:Addgene 98783). To delete 
ActA or InlB, approximately 800∼1000 bp fragments 
upstream and downstream from the deleted regions 
were separately amplified by PCR using Q5 polymerase 
(NEB) and inserted between the XhoI and BamHI sites 
of pLR-16-pheS* using NEBuilder HiFi DNA assembly 
master mix following directions from the manufacturer. 
ActA upstream fragment primers: 5’-AGCT-​GGTA​CCGG​
GCCC​CCCC​AACG​CATG​CAGT​TATCCAG-3’, 3’-​GCTC​
GGCA​TAAC​TTCA​CGTG​CAGTTT-CG-5’. ActA down-
stream fragment primers: 5’-​CACG​TGAA​GTTA​TGCC​
GAGC​CTAC​CAGTAATC-3’. 3’-​CGGC​CGCT​CTAG​AACT​
AGTG​TGCT​ACCA​TGTC​TTCCGTTG-5’. InlB upstream 
fragment primers: 5’-AG-​CTGG​TACC​GGGC​CCCC​
CCTG​GGAT​TTCG​CAACTAGC-3’, 3’-​AATT​AGCT​GCCT​
TCCT​TCTT​GGGTTG-TG-5’, InlB downstream frag-
ment primers: 5’-​AAGA​AGGA​AGGC​AGCT​AATT​TAAG​
GGCAC-3’, 3’-​CGGC​CGCT​CTAG​AACT​AGTG​TTGC​
ACCA​GTTA​CTAA​ATAAG-5’. The resulting plasmids 
pLR16-ΔActA and pLR16-ΔInlB were confirmed with 
restriction digestion and sequencing. Deletions were 
achieved according to the published protocol.35 Briefly, 
the plasmids were transformed into the conjugation 
donor strain Sm10pir, then transferred into the recipient 
InlAM Lm-ova strain or its derivatives by conjugation.67 
Transconjugants were selected by incubation on Brain 
Heart Infusion (BHI) agar plates containing 200 µg/mL 
Strep and 10 µg/mL chloramphenicol (Cm) at 37°C for 
24 hours. Clones were inoculated into BHI broth supple-
mented with Cm and grown at 41°C with agitation over-
night. Bacteria from this culture were plated on BHI agar 
containing Cm at 41°C until large colonies were formed. 
Colonies were inoculated in BHI broth and cultured 
at 30°C overnight. The culture was serially diluted and 
plated on BHI agar supplemented with 18 mM p-Cl-phe 
(Sigma-Aldrich, C6506-25G) and incubated at 37°C 
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overnight.68 Single colonies that grew up were verified to 
be Cm-sensitive and contain the desired mutation using 
detection primers by colony PCR (online supplemental 
Figure S1B). ΔActA detection primers: 5’- ​ATGCGT-
GCGATGATGGTAGT-3’, 3’- ​CGGC​CGCT​CTAG​AACT​
AGTG​TGCT​ACCA​TGTC​TTCCGTTG-5’. ΔInlB detec-
tion primers: 5’- GCCT-ACAACAAATAACGGCG-3’, 3’- ​
TCCGTTTTCAGCGAATCAGT-5’.

Mice and oral immunization
Female C57Bl/6J (B6) and C57Bl/6-Tg (CAG-
EGFP)131Osb/LeySopJ (B6-EGFP) mice were purchased 
from the Jackson Laboratory and used between 8 and 
16 weeks of age. CD45.1+ OT-I Rag1−/− transgenic mice 
were bred in-house. Mice were housed under specific-
pathogen-free conditions. All procedures were carried 
out in accordance with National Institutes of Health 
guidelines and approved by the Stony Brook University 
Institutional Animal Care and Use Committee and Cold 
Spring Harbor Laboratory Institutional Animal Care and 
Use Committee.

Prior to infection, mice were deprived of food and water 
for up to 6 hours. Foodborne infection was performed by 
providing∼1 cm3 piece of bread inoculated with desig-
nated Lm strains and doses in PBS to individually housed 
mice.65

Enumerating Lm burden
MLN, spleen, liver, pancreas and brain were processed 
in 1% saponin. Small intestinal and colorectal contents 
were flushed using RPMI containing 5% heat-inactivated 
bovine serum. Intestinal tissues were homogenized 
using a GentleMACS (Miltenyi Biotec) and lysed with 
1% saponin. Cell suspensions were incubated at 4°C for 
1 hour prior to plating onto BHI agar plates containing 
200 µg/mL streptomycin. Plates were incubated at 37°C 
for enumeration 24–48 hours later.

Adoptive transfers
Spleens were isolated from CD45.1+ OT-I Rag1−/− mice and 
processed into single-cell suspensions. 1×104 cells were 
intravenously transferred into naïve B6 mice (CD45.2+) 
1 day prior to foodborne infection.

Flow cytometry
Spleen and MLN were processed through 70 µm cell 
strainers. siLP, siIEL, cLP, and cIEL were processed as 
previously described.69 70 Tumors were dissected and 
minced in digestion buffer containing 500 U/mL Colla-
genase Type I (Gibco) and 20 µg/mL DNase I (Roche), 
then digested in a shaker at 1,000 rpm and 37℃ for 
40 min. Tumors were then dissociated with a gentleMACS 
Dissociator (Miltenyi Biotec) using m_impTumor_01.01 
and filtered through 70 µm cell strainers. Blood samples 
were processed with RBC Lysis buffer (BioLegend) 
prior to staining. Cells were stained with fluorochrome-
conjugated antibodies in the presence of Fc-block for 
20 min at 4°C in the dark (online supplemental table S1). 
Panels containing H2-Kb ova-tetramers were stained for 

1 hour in the dark at ambient temperature. Cells were 
fixed with 2% paraformaldehyde for 20 min at 4°C in the 
dark. Data were acquired on a LSRFortessa (BD Biosci-
ences) or Cytek Aurora and analyzed with FlowJo software 
(Tree Star). A generic gating strategy is shown (online 
supplemental figure S2).

T cell stimulations
Cells isolated from spleen, MLN, and siIEL were stimu-
lated for 5 hours as described previously.71 Briefly, cells 
were stimulated with 2 µL/mL of BD leukocyte activa-
tion cocktail (BD Biosciences) or with 1 µg/mL of the 
ova SIINFEKL epitope in the presence of 1 µg/mL BD 
GolgiPlug (BD Biosciences). Unstimulated cells were 
used as controls. Following stimulation, cells were stained 
with surface antibodies for 20 min in the dark at 4°C. Cells 
were then fixed and permeabilized with BD Cytofix/Cyto-
perm kit (BD Biosciences) prior to intracellular staining 
with anti-IFNγ (XMG1.2) or anti-TNF (MP6-XT22). Data 
were acquired on a Cytek Aurora and analyzed with 
FlowJo software.

Mouse intestinal organoid culture
LoSIIN-GFP AKPS (Apc KO; Kras G12D; Trp53 KO; Smad4 
KO)30 were embedded in Matrigel (Corning) and 
cultured with minimal media (Advanced DMEM F-12 
(Gibco) supplemented with N-2 (Thermo Fisher), B-27 
(Thermo Fisher), and Primocin (InvivoGen). Organoids 
were split using TryplE Express enzyme (Gibco) every 
3 days as previously described.39

Endoscopy-guided orthotopic tumor transplantation and 
murine colonoscopy
Orthotopic injections of MC38-ova cells were performed 
as described previously.38 Briefly, cell lines were split 2 days 
prior to the injection day. On the day of injection, cells 
at 80–90% confluency were harvested by TrypLE Express 
enzyme (Gibco) following the manufacturer’s instruction. 
Cells were washed with PBS and counted. 1.0×106 cells 
in 100 µL were injected into the colon submucosa of B6 
mice by optical colonoscopy using a Hamilton syringe 
(7656–1) and a custom 33G needle (Hamilton, custom 
made similar to 7803–05, 16”, Pt 4, Deg 12). Successful 
injections were confirmed by observing large bubbles in 
the colon mucosa. Optical colonoscopy was performed 
using a Karl Storz figure 1 HD Camera System, figure 1 
HUB CCU, 175-Watt Xenon Light Source, and Richard 
Wolf 1.9 mm/9.5 Fr Integrated Telescope (part number 
8626.431) pre and post treatments for in vivo tumor index 
assessment. For orthotopic injections of loSIIN AKPS organ-
oids,38 72 organoids were split 3 days prior to the day of 
injection. On the day of injection, Matrigel was dissolved 
in Cell Recovery Solution (Corning) following the manu-
facturer’s protocol. A small portion of the organoids was 
fully digested by TrypLE Express enzyme for counting. 
Tumor cells were resuspended in PBS+10% Matrigel. 
0.5–1×106 cell-worth of tumors in 100 µL were injected 
into the colon sub-mucosa of B6-EGFP mice as above. 
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The tumor index was calculated as tumor area divided 
by lumen area×100.73 Tumor sizes were also quantified 
ex vivo by a caliper and according to the formula: size 
(mm3)=length (mm)×width (mm)2/2 post harvesting.74

Immunotherapy of tumor-bearing mice
LoSIIN AKPS organoids were implanted in mouse colon 
as described above, and the presence of tumor was 
confirmed on day 7. On 21 days postimplantation, mice 
were intraperitoneally injected with anti-PD-1 antibody 
(BioXcell, BE0146; 200 µg per dose) and anti-CTLA-4 
antibody (BioXcell, BE0131; 200 µg initial dose and 
following doses of 100 µg) every other day for 2 weeks.

Statistical analysis
Statistical analyses were performed in Prism (GraphPad 
Software) as indicated within figure legends. Data 
comparing two groups were analyzed using a student’s 
t-test. Analysis of bacterial burden was assessed by a Mann-
Whitney test. Data comparing three or more groups were 
analyzed using a one-way analysis of variance with a post 
hoc Tukey’s multiple comparisons test, except for online 
supplemental figure S8 B and C which used a Kruskal-
Wallis test with a post hoc Dunn’s multiple comparisons 
test. *p≤0.05; **p≤0.01; ***p≤0.001; ****p≤0.0001.
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