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An Immunomodulator-Boosted Lactococcus Lactis Platform
For Enhanced In Situ Tumor Vaccine

Mengna Sun, Tianyu Shi, Subiyinuer Tuerhong, Mengru Li, Qiaoli Wang, Changchang Lu,
Lu Zou, Qinghua Zheng, Yingxin Wang, Juan Du, Rutian Li,* Baorui Liu,*
and Fanyan Meng*

In situ vaccination is an attractive type of cancer immunotherapy, and
methods of persistently dispersing immune agonists throughout the entire
tumor are crucial for maximizing their therapeutic efficacy. Based on the
probiotics usually used for dietary supplements, an
immunomodulator-boosted Lactococcus lactis (IBL) strategy is developed to
enhance the effectiveness of in situ vaccination with the immunomodulators.
The intratumoral delivery of OX40 agonist and resiquimod-modified
Lactococcus lactis (OR@Lac) facilitates local retention and persistent
dispersion of immunomodulators, and dramatically modulates the key
components of anti-tumor immune response. This novel vaccine activated
dendritic cells and cytotoxic T lymphocytes in the tumor and tumor-draining
lymph nodes, and ultimately significantly inhibited tumor growth and
prolonged the survival rate of tumor-bearing mice. The combination of
OR@Lac and ibrutinib, a myeloid-derived suppressor cell inhibitor,
significantly alleviated or even completely inhibited tumor growth in
tumor-bearing mice. In conclusion, IBL is a promising in situ tumor vaccine
approach for clinical application and provides an inspiration for the delivery of
other drugs.

1. Introduction

In situ vaccination (ISV) composed of antigens and/or adjuvants
have been a promising immunotherapeutic approach for cancer
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treatment in the past decade. On the one
hand, ISV makes the tumor itself a vac-
cine factory, continuously activating the
anti-tumor immune response and convert-
ing the immunosuppressive microenviron-
ment into an immunostimulatory one.[1]

On the other hand, it avoids the off-target
s toxic side effects associated with sys-
temicimmune stimulation.[2,3] To enhance
tumor immunogenicity and make it a “self-
vaccine”, multiple strategies have been in-
corporated into the configuration of in situ
vaccine. Among these strategies, the combi-
nation of immunomodulatory proteins and
small molecule immunoagonists has re-
ceived extensive attention.[1,4] This combi-
nation strategy of direct intratumoral co-
administration can eradicate tumors by trig-
gering a specific T-cell immune response.[1]

As a member of the co-stimulatory recep-
tors on T cells, OX40 has the function of
T cell activation and is one of the most
widely studied immunoregulatory protein
agonists.[5] The OX40-OX40L interactions
have been reported to be conductive to the

primary T cell stimulation and expansion, facilitating the estab-
lishment of long-term effector T cells and memory T cells.[6] Sin-
gle administration of the OX40 agonist (𝛼OX40) did not meet
the expectations of clinical trials.[7,8] Given the limitations of this
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monotherapy, 𝛼OX40 is currently mainly explored in combina-
tion with small molecule immune drugs.[4,9,10] However, it is dif-
ficult to maintain their effective accumulation and persistent re-
tention of small molecule anti-tumor drugs at the tumor site, be-
cause of the inhibition of their efficacy through tumor vascular
and/or lymphatic metabolism.[11]

Transporting drugs into the tumor microenvironment (TME)
and maintaining their efficacy has been a fanatical question for
decaded.[12] Currently, a wide range of complex vectors, such
as liposomes, inorganic nanoparticles, polymer nanogel, and
injectable hydrogels, have been developed to deliver immune
adjuvants and antigenic proteins/peptides, and then concen-
trate drugs into tumor tissues through enhanced permeability
and retention effect.[13,14] Despite achieving some incremental
results, the overall effectiveness remains limited due to the
influence of multiple biological barriers.[15] Probiotics have
the special advantages as tumor vaccines, as they can serve
as both biological vectors for drug transportation and as good
immune adjuvants to active innate and adaptive immunity.[16]

On one hand, due to the immunosuppressive and hypoxic tumor
microenvironment alongside bacterial motility, therapeutic
probiotic formulations exhibit exceptional tumor-targeting capa-
bilities, rendering them as capable of serving as delivery vehicles
for cancer in situ vaccination.[12] On the other hand, some
probiotics have been reported to be rich in a large number of
pathogen-associated molecular patterns, which effectively mod-
ulate the immune system.[16] Considering safety and practicality,
food-grade Lactococcus lactis (L. lactis) has enormous potential
for tumor immunotherapy. As a facultative anaerobic bac-
terium, it exhibits a propensity to target and localize within the
TME.[17]

Here, we present an innovative in situ vaccine strategy that
𝛼OX40 and resiquimod (R848) were modified to the surface of L.
lactis, resulting in the generation of dual immune adjuvant mod-
ified L. lactis (OR@Lac). R848, a small-molecule immunomod-
ulatory, belongs to the Toll-like receptor 7/8 (TLR7/8) agonist
family. Upon binding of R848 to TLR7/8 receptor, a diverse
array of cytokines such as IL-6 and TNF-𝛼 are released, initiating
a series of signaling pathways that facilitate the activation of
antigen-presenting cells.[18,19] The combination of the two drugs
is expected to fulfill the requirements of innate immunity and
adaptive immunity in the anti-tumor immunity. In this design,
intratumoral injection (i.t.) of OR@Lac can facilitate efficient
antigen cross-presentation by dendritic cells (DCs) within the
TME and tumor draining lymph nodes (TDLNs). L. lactis served
as a living carrier for drug delivery, transporting immune drugs
to various parts of tumor tissue to play a combined therapeutic
role. Our research demonstrated that the IBL strategy induced
significant tumor regression and triggered robust systemic
immune response by augmenting the population of mature
DCs and restoring cytotoxic T lymphocytes (CTLs) (Figure 1).
In the subsequent analysis of the TME, we found substantial
accumulation of myeloid-derived suppressor cells (MDSCs) in
the tumors, leading to subsequent tumor progression and recur-
rence.Therefore, we further administered ibrutinib, an MDSC
inhibitor, to regulate the production and function of MDSC.[20]

The synergy between OR@Lac and ibrutinib significantly
enhanced the anti-tumor effect, indicating that our approach
provides an attractive strategy for in situ tumor vaccines.

2. Results

2.1. Preparation and Characterization of OR@Lac

The inherent characteristics of L. lactis endow them with the
mobility and adaptability to target location and perform certain
functions within the TME, which demonstrated strong capabili-
ties for TME-targeted drug delivery. The preparation of OR@Lac
is schematically illustrated in Figure 2a. The cell wall of L. lac-
tis is rich in N-acetylmuramic acid and N-acetylglucosamine.[21]

Through one-step amide condensation, aminated R848 and
𝛼OX40 were attached to the carboxyl group of N-acetylmuramic
acid on the surface of L. lactis, which are extensively found in
the cell wall of bacteria and exhibits more reactive than other
carboxyl groups.[22–24] Briefly, OR@Lac was prepared by sepa-
rately co-incubating L. lactis with R848 and 𝛼OX40 in PBS at
room temperature for 2 h with the help of EDC and NHS. Sub-
sequently, the resulting OR@Lac was purified by centrifugation.
Then we tested the loading efficiency of R848 and 𝛼OX40, and
determined by HPLC that the loading efficiency of R848 was
49.42%, while the loading efficiency of 𝛼OX40 was 22.93% (Table
S1, Supporting Information.). Typical TEM and SEM images
were displayed R848 coupled with 𝛼OX40 onto the bacterial sur-
face did not change its original shape (Figure 2b; Figure S1, Sup-
porting Information). DLS analysis showed that the mean size
of OR@Lac after conjugation increased from 1.15 to 1.41 μm
compared to Lac, with no significant change in zeta potential
(Figure 2c,d). Notably, unaffected bacterial viability is essential for
OR@Lac to penetrate thoroughly in tumor tissue.[25] We found
that the surface modification process of R848 and 𝛼OX40 had
limited side effects on bacterial viability, and thus the prolif-
eration of OR@Lac was similar to that of unmodified bacteria
(Figure 2e). Then, we detected whether 𝛼OX40 could be inte-
grated onto the L. lactis surface, cy5-conjugated 𝛼OX40 was em-
ployed and measured by flow cytometry and immunofluores-
cence microscope. As shown in Figure 2f, flow cytometry anal-
ysis showed the successful decoration with 𝛼OX40, the average
fluorescence intensity of 𝛼OX40@Lac was significantly higher
than that of Lac group (Figure 2g). Immunofluorescence im-
ages also further confirmed that bacteria are effectively mod-
ified with red fluorescence under the experimental condition
(Figure 2h).

2.2. OR@Lac Effectively Induced the Activation of BMDCs and T
Cells In Vitro

The induction of antigen-specific immune response requires ef-
fective interactions between specialized antigen-presenting cells
(APCs) and antigen-specific T cells.[26] As the key APCs, the
recognition and internalization of antigens by DCs are essential
steps in processing and presenting tumor-specific antigens. After
antigen capture, immature DCs migrate into the TDLNs for mat-
uration, followed by the upregulation of costimulatory molecule
expression and cytokine secretion.[27] To determine the activa-
tion ability of DCs, different processing groups were directly co-
cultured with bone marrow-derived dendritic cells (BMDCs) for
24 h. The immunostimulatory activity was evaluated via flow cy-
tometry, as shown in Figure 3a,b, all groups containing R848
significantly induced the maturation of BMDCs (CD80+CD86+),
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Figure 1. Schematic diagram of intratumorally injecting OR@Lac combined with ibrutinib therapy to enhance tumor immunotherapy and the mechanism
of anti-tumor immune response.

which is consistent with previous reports.[18,28] As expected, treat-
ment with OR@Lac greatly upregulated the expression of cos-
timulatory molecules on BMDCs compared to both Lac and
OR groups, indicating enhanced DC activation. Notably, the Lac
group alone significantly increased the percentages of mature
BMDCs compared to the NS group due to the natural immuno-
genicity of the L. lactis. In addition, the OR@Lac group had
significantly higher secretion of TNF-𝛼, IL-6, and INF-𝛾 , which
played key roles in initiating and stimulating innate immune
response (Figure 3c–e). To further examine the internalization
of L. lactis by BMDCs, DIO stained L. lactis and DiI stained
BMDCs were co-incubated at a ratio of 10:1 for 2 h. As shown
in Figure 3f, most BMDCs internalized these L. lactis. These re-
sults demonstrated that OR@Lac could be effectively uptaked
by DCs, leading to a stronger immune responses and enhanced
vaccination.

Once immature DCs reach maturation, they stimulate im-
mune responses that activate T cells through surface antigen pre-
sentation. Next, we assessed the levels of T cell activation. Fol-
lowing co-incubation of BMDCs with OR@Lac, BMDCs were
mixed with T cells for 72 h to evaluate the expression of CD69,
an early activation marker. The expression of CD4+CD69+ and

CD8+CD69+ induced by OR@Lac treated BMDCs increased by
about twice compared to the NS group (Figure 3g,h).

2.3. OR@Lac Induced Persistent Intratumoral Distribution and
Drug Retention

ISV is an effective strategy to increase the accumulation and re-
tention of therapeutic drugs at the tumor site.[2] To confirm the
motility and biodistribution of L. lactis in vivo, we performed a
signal intratumoral injection of DIR-labeled L. lactis and then vi-
sualized the distribution using an in vivo imaging system (IVIS).
All injected L. lactis were predominantly trapped in the core of
the tumor, peaking at 72 h and then waning until 360 h post-
treatment consistent with previous research.[16] Central organs,
tumors, and TDLNs were excised at different time points and
measured in vitro (Figure 4b,c). It is noteworthy that fluorescent
signals were detectable in TDLNs within 24 h, presenting an ex-
cellent opportunity for immune activation in TDLNs.

Conventional small-molecule drugs can be rapidly eliminated
after local injection and are difficult to disperse to distant tu-
mor tissues.[29] Although intratumoral or peritumoral injections
of liposomes or gel-like drug delivery systems can enhance tu-
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Figure 2. Preparation and characterization of decorated L. lactis. a) Schematic diagram of attaching R848 and 𝛼OX40 onto the surface of bacteria via
amide condensation under EDC/NHS catalytic conditions. b) Representative TEM images of Lac and OR@Lac, respectively. Scale bar: 500 nm. c,d)
The diameters and zeta potentials of free Lac and OR@Lac measured by DLS, error bars based on SD (n = 3). e) Growth curves of Lac and OR@Lac
cultured in GM17 medium at 30 °C (n = 3). f) The representative flow cytometry histograms of Lac and 𝛼OX40@Lac (cy5.5 labeled 𝛼OX40). g) The
mean fluorescence intensity of Lac and 𝛼OX40@Lac(n = 3). h) Typical immunofluorescence images of 𝛼OX40@Lac (cy5.5 labeled 𝛼OX40). Scale bar:
200 μm. Data were mean ±SD. Student’s t-test was used for statistical analysis.

mor retention, therapeutic drugs only concentrate at the point
of injection or tumor edge and prevent them from penetrating
deeply into the tumor due to the influence of dense extracellular
matrix and intratumoral pressure.[30,31] Considering the prefer-
ence of L. lactis colonization at tumor sites, we used IgG to study
the distribution of IgG in free and IgG@Lac injected into CT26
tumor-bearing mice. As expected and supported by the IVIS im-
age, tumor colonization of IgG@Lac greatly prolonged tumor re-
tention time of conjugated IgG, whereas the IgG in free form
were cleared faster (Figure 4d,f). Furthermore, the quantitative
analysis demonstrated that at 48 h post-injection, the signal in-

tensity of IgG@Lac was significantly higher than that of the free
IgG group and ≈4.7 times higher at 72 h (Figure 4e,g), reflect-
ing a prolonged retention mediated by L. lactis. In addition, we
further examined the injection IgG@Lac intratumoral distribu-
tion of post IgG. 72 h after injection of FITC labeled free IgG and
IgG@Lac. As shown in Figure 4h, the distribution of IgG in the
deep tumor area was observed in the IgG@Lac group, while the
immunofluorescence in the free IgG group was almost negligi-
ble. In conclusion, the preferential colonization and motility of
L. lactis at the tumor site endowed OR@Lac with the capability
to uniformly and continuously release immunomodulators.
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Figure 3. In vitro activation of BMDCs and T cells. a,b) Representative flow cytometry images and the percentage of mature DCs (CD80+CD86+) after co-
incubation with saline, Lac, OR, OR@Lac, and LPS for 24 h (n = 3). c–e) Percentage of pro-inflammatory cytokine concentrations in BMDC supernatants
(n = 4). f) Colocalization analysis of L. lactis (DiO; green) in BMDCs (DiI; red) by confocal microscopy after co-incubation 2 h. White scale bars: 50 μm.
g,h) The percentage of CD69 expression on CD4+ and CD8+ T-cell subsets in the T cells (n = 3). For (b–e), (g,h), data were mean ±SD. Student’s t-test
was used for statistical analysis.

2.4. In Vivo Anti-Tumor Efficacy of OR@Lac in Subcutaneous and
Orthotopic Tumor Models

First, we utilized a subcutaneous CT26 tumor model in BALB/c
mice to evaluate the therapeutic efficacy of R848 and 𝛼OX40 com-
bined in vivo. As shown in Figure 5a and 2 × 106 CT26 tumor
cells were inoculated near the left groin of BALB/c mice. When
the tumor volume reached 80–100 mm3, they were randomly di-
vided into 4 groups for treatments. After the first injection, the
treatment was repeated twice every two days, and then we mon-
itored the tumor growth with calipers. As shown in Figure 5b,
the tumors of NS-treated mice showed progressive growth, tu-

mor growth trends treated by 𝛼OX40 or R848 alone were slightly
slowed, while the combined use of 𝛼OX40 and R848 treatment
group significantly delayed tumor growth. Consistently, the sur-
vival of mice in the combined treatment group was obviously
longer than any other groups, but did not completely inhibit tu-
mor growth (Figure 5c).

In order to evaluate the value of immunomodulators-modified
L. lactis in treating solid tumors, we then further explored poten-
tial effective treatments of decorated L. lactis in CT26 tumor mod-
els. On the 7th day of tumor inoculation, 5×108 CFU OR@Lac
were administered through intratumoral injection as the initial
immunization, NS, L. lactis and OR were separately injected
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Figure 4. Temporal colonization, intratumoral retention, and distribution. a) Left, representative in vivo fluorescence imaging of tumor-bearing mice
after intratumoral injection of 5×108CFU L. lactis (n = 3). Right, representative ex vivo images were collected at different time points after injection.
Average radiant efficiency of L. lactis signal in tumor tissue (b) and TDLN (c) detected in vivo or ex vivo at different time points. d) IVIS images at 6, 24,
48 and 72 h after intratumoral injection with 20 μg free cy5.5-IgG or equivalent conjugated cy5.5-IgG (5×108 CFU IgG@Lac) per mouse, respectively (n
= 3). e) Average radiant efficiency of IgG and IgG@Lac at tumor site after injection (n = 3). f) IVIS images of major organs and tumor tissues 72 h after
injection (n = 3). g) Average radiant efficiency of sectioned tumor tissues (n = 3). h) Representative fluorescence images of tumor tissue sections (n =
3). Green indicates FITC-IgG and FITC-IgG@Lac. Scale bar: above: 1000 μm, below:50 μm. For e and g, data were mean±SD. Student’s t-test was used
for statistical analysis.

as controls. Compared with the other groups, OR@Lac group
showed an effective growth inhibition on tumors, and the treat-
ment of OR@Lac exhibited the smallest tumor volume and tu-
mor weight, all of which were attributed to the antitumor effect of
the immunomodulators-modified L. lactis strategy (Figure 5d–g).
The reduced rate of tumor progression in the OR@Lac group
significantly extended survival in the treated mice compared to
all controls, 40% (2/5) of mice achieved complete tumor regres-

sion (CR) (Figure 5h). In addition, all cured mice were attacked
by CT26 after 60 days, and tumor growth was completely in-
hibited (Figure S2, Supporting Information). The fluctuation of
body weight in each group was negligible in CT26 tumor mod-
els (Figure 5i). In addition, compared to the control group, there
was no significant morphological damage was observed in H&E
strained histological sections of CT26 tumor model (Figure S3,
Supporting Information).
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Figure 5. In vivo anti-tumor efficacy in CT26 tumor models. a) Schematic diagram of the treatment in the tumor suppression experiment. Average
tumor-growth curves (b), Survival curves (c) of CT26 mice treated with NS, 𝛼OX40 (2 μg), R848(5 μg) and OR(2 μg 𝛼OX40 and 5 μg R848)(n = 5).
Average tumor growth curves (d), the individualized tumor growth curves (e) of CT26 mice with different treatments as indicated; (i) NS (ii) Lac (5×108
CFU) (iii) OR (2 μg 𝛼OX40 and 5 μg R848) and (iv) OR@Lac (5×108 CFU L. lactis contained 2 μg 𝛼OX40 and 5 μg R848) (n = 5). Photographs f) and
tumor weight (g) harvested from BALB/c mice bearing CT26 colon tumor on the 18th day after tumor inoculation(n = 6). h) Survival curves of mice
after different treatments(n = 5). i) Average weight of different groups for 30 days of BALB/c mice (n = 5). Tumor growth curves (j), Survival data (k)
of BALB/c mice bearing CT26 colon tumor treated with: (i) NS, (ii) OR+Lac, (iii) OR@Lac(n = 5). For the experiments in (b, d, and j), the data was the
mean±SEM. p-values were calculated by two-way ANOVA with Tukey’s multiple comparisons test and correction. Survival differences were determined
using Kaplan–Meier methods, and P-values were calculated using logarithmic rank (Mantel-Cox) tests. For g, the data was mean±SD. Student’s t-test
was used for statistical analysis.
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To further evaluate the broad applicability of OR@Lac to treat
solid tumors, we tested its anticancer efficacy in 4T1 orthotopic
model established using BALB/c female mice. Similar to the
CT26 model, 4T1 tumor growth was significantly inhibited by
administration of OR@Lac (Figure S4a–c, Supporting Informa-
tion).

Furthermore, although the combination of OR and Lac delayed
tumor growth, the antitumor effect was limited. In contrast, mice
treated with the OR@Lac vaccine showed stronger tumor sup-
pression, with 1/5 surviving to the end of the trail period and no
tumor recurrence observed (Figure 5j,k). The above observation
results unambiguously demonstrate the significant anti-cancer
effects mediated by the immunomodulatory-modified L. lactis
strategy, and our modified strategy was essential to maximize the
synergistic effect of L. lactis and immune adjuvants.

2.5. In Vivo Immune Responses Triggered by OR@Lac

In our previous tumor inhibition experiments, the intratumoral
administration of immunomodulators-modified L. lactis signifi-
cantly inhibited tumor growth. As shown in Figure 6a, in order
to evaluate the immune response elicited by OR@Lac, we repli-
cated the tumor suppression experiment. Mice were euthanized
and the tumor tissues and TDLNs were collected for immune
response analysis one week after the last treatment. DCs and T
cells play pivotal roles on the process of initiating and regulating
both innate and adaptive immunities.[32] Consequently, we ini-
tially explored whether this modification strategy could enhance
DC maturation and facilitate effective infiltration of CTLs into
tumor and TDLNs. Compared to control group, the percentage
of mature DCs in the OR@Lac group (27.72%) exhibited a sig-
nificant up-regulation, nearly tripling compared to the NS group
(9.92%) (Figure 6b,c). TDLNs are crucial to activate naïve T cells
by tumor antigen-loaded DCs. As demonstrated in Figure 6d,
OR@Lac group induced a substantial increase of mature DCs in
lymph nodes. The up-regulation of functional DCs indicated that
DCs was in a more mature stage, in which CD8+ DCs increased
by twofold compared to the NS group (Figure S5, Supporting
Information). Correspondingly, the expression of CD3+CD8+T
cells in the tumor and TDLNs of OR@Lac group was signifi-
cantly higher than that of all treatment groups, indicating the
elicitation of a strong cytotoxic T cell response within the tumor
(Figure 6e–g). Consistent with the CT26 model, the analysis of
immune microenvironment in the 4T1 tumor model showed a
notable increase in the proportion of DCs and CD8+ T cells in
both the tumor and lymph nodes (Figure S6a–h, Supporting In-
formation).

Effector memory T cells (TEM, CD3+CD8+CD44+CD62L−)
have been demonstrated to induce potent immune protection.
We observed a significant increase in the proportion of TEMs in
the OR@Lac group (18.28%), while increased moderately with-
out statistic difference in Lac group (13.93%) and OR group
(13.78%) compared to untreated group (12.84%) (Figure 6h).
Regarding macrophages, although there was no discernible
difference in M1-like macrophages (CD11b+F4/80+CD86+)
among all group (Figure S7, Supporting Information), a note-
worthy decrease in the proportion of M2-like macrophages
(CD11b+F4/80+CD206+) was observed, from 12.95% to 5.64%

(Figure 6i). Consistently, compared with control group, the pro-
portion of M1and M2-like macrophages increased by ≈ 2.5 times
(1.54 vs 3.88) (Figure 6j).

In addition, we extracted lymphocytes from the mice spleen in
the NS and OR@Lac groups and co-cultured with CT26 tumor
cells for 6 h. At 10:1 E: T in vitro, the OR@Lac group exhibited
stronger cytotoxic activity, than NS group (Figure 6k; Figure S8,
Supporting Information). These findings strongly indicate that
the application of OR@Lac shaped a more immunogenic tumor
microenvironment.

2.6. The Therapeutic Efficacy of the Combination of OR@Lac and
Ibrutinib

Despite immune activation resulting in tumor regression after
OR@Lac treatment, some tumors exhibited slow growth or recur-
rence (Figure 5d,e), indicating immune evasion of tumor cells.
Through immunohistochemistry, we observed a significant pres-
ence of MDSCs within the tumor microenvironment of CT26
and 4T1 (Figure S9, Supporting Information). These MDSCs ef-
fectively suppressed the activity of immune cells, enabling tu-
mor cells to evade attacks from the immune system, thus in-
dicating that MDSC population can be an attractive therapeu-
tic target. Ibrutinib has been shown to limit the production and
migration of MDSCs, thereby improving the efficacy of cancer
immunotherapies.[20,33] Experiments have shown that ibrutinib
reduced the expression of MDSC in tumor regardless of in-
traperitoneal or intratumoral injection (Figure 7a,b). We hypoth-
esized that the inhibition of these MDSCs with ibrutinib could
improve the clinical outcomes of IBL strategy. As illustrated in
Figure 7c, OR@Lac-treated mice received ibrutinib three times.
In combination with ibrutinib, OR@Lac further suppressed the
growth of after the tumor inoculation (Figure 7d; Figure S10,
Supporting Information). And the combination therapy of Ibru-
tinib + OR@Lac increased the percent survival from 40% in
OR@Lac to 66.7% (4/6) (Figure 7e,f). Moreover, mice previously
treated and cured with Ibrutinib+ OR@Lac were subjected to
a rechallenge with CT26 tumors after 75 days. It is noteworthy
that untreated mice exhibited rapid tumor growth, whereas mice
treated with the combination of Ibrutinib+ OR@Lac showed a
tumor suppression rate of 75% and survived for an another 60
days (Figure 7g–i). In addition, the changes in body weight be-
tween the groups were almost negligible (Figure S11, Supporting
Information). These results indicated the therapeutic potential of
the combination of OR@Lac and MDSC inhibitor in clinical ap-
plication.

3. Discussion

In this study, we have introduced an innovative approach uti-
lizing IBL strategy to distribute therapeutic agents in solid tu-
mors. As proof-of-concept research, we capitalized on the re-
markable attributes of bacteria as effective drug vehicles to co-
valently modify Toll-like receptor agonists and immune check-
point agonists onto the bacterial surface. Taking into consider-
ation safety, practicality, and the careful selection of strains, we
have chosen L. lactis as the ideal vehicle for drug delivery. The

Adv. Healthcare Mater. 2024, 2401635 © 2024 Wiley-VCH GmbH2401635 (8 of 13)
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Figure 6. The strong intratumoral immune responses triggered by OR@Lac in CT26 tumor models. a) Scheme of treatment to analyze systemic immune
responses. Representative flow cytometry images of CD80+CD86+ DCs (b), and CD3+CD8+ T cells (e) in the tumor microenvironment (n = 6). c,d)
The percentage of CD80+CD86+ DCs in the tumor microenvironment and TDLN, respectively (n = 6). f,g) The percentage of CD3+CD8+ T cells in the
tumor microenvironment and TDLN, respectively (n = 6). The flow cytometry analysis percentage of effector memory T cells (h), M2-like macrophages
(i), and the ratio of M1/M2 (j) 7 days after treatments in the tumor microenvironment (n = 6). k) The percentage of dead cells was analyzed by flow
cytometry under different target ratio(n = 3). For the experiments in (c,d), and (f–k), data was the mean±SD. Student’s t-test was used for statistical
analysis.

L. lactis-based IBL therapeutic strategy has several apparent ad-
vantages. 1) L. lactis itself has an adjuvant effect and can effec-
tively activate DC cells. 2) Both proteins and small molecules can
be modified onto the bacterial surface conveniently. 3) L. lactis
are excellent carriers of molecules modified on them, which can
increase the tumor retention time of these immune regulatory
molecules and thus exert more sustained immune activation ef-
fects. 4) The mobile nature of bacteria may disperse immune reg-

ulatory molecules throughout the tumor tissues, which increases
the chances of contact between immune regulatory molecules
and immune cells within the tumor and improves the therapeutic
effect of vaccines. In our study, 𝛼OX40 and R848 were attached
to the surface of L. lactis to promote effective and long-lasting
anti-tumor effect.

Immunosuppressive TME is a big obstacle that may limit the
anti-tumor effect of cancer treatment, in which DCs and T cells

Adv. Healthcare Mater. 2024, 2401635 © 2024 Wiley-VCH GmbH2401635 (9 of 13)
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Figure 7. In vivo anti-tumor efficacy of OR@Lac combined with ibrutinib. a) Representative flow cytometry images of CD11b+Gr-1+ MDSC in the tumor
microenvironment (n = 3). b) The percentage of CD11b+Gr-1+ MDSC in the tumor microenvironment (n = 3). c) Schematic diagram of the treatment
in the tumor suppression experiment. d) The individualized tumor growth curves with (i)NS, (ii) ibrutinib (10 μg), (iii) OR@Lac (5×108 CFU L. lactis
contained 2 μg 𝛼OX40 and 5 μg R848), (iv) Simple mixture of ibrutinib and OR@Lac equal to (ii) and (iii), separately (n = 6). e) Survival data of CT26
mice treated with different treatments (n = 6). f) CR ratio pie chart.CR: complete response. g) The representative mice pictures were taken 20 days after
the rechallenge (n = 3). Tumor growth curves(h), and Survival data(i) of each mouse following the rechallenge (n = 4). For the experiments in (e) and
(h), the error bars show the mean±SEM. p-values were calculated by two-way ANOVA with Tukey’s multiple comparisons test and correction; survival
differences were determined using Kaplan–Meier methods, and p-values were calculated using logarithmic rank (Mantel-Cox) tests.

play pivotal roles. We demonstrated that the IBL treatment strat-
egy effectively activated DC in TME and TDLN, with a higher
proportion of CD8+ DCs and CD80+CD86+ DCs, and further in-
duce CD8+ T cells to exert anti-tumor effects, thus leading to sys-
temic tumor regression. This strategy also showed a significant
increase in the proportion of TEM and decrease in the propor-
tion of M2-like macrophages, indicating that OR@Lac success-
fully activated the innate and adaptive immune response, and
formed long-term memory in CT26 tumor-bearing mice. Sim-
ilar results were observed in 4T1 tumor-bearing mice, OR@Lac

greatly reversed the poor TME, triggered tumor-specific immune
responses and systemic tumor regressions.

There are a large number of immunosuppressive suppressor
cells in the TME, which have a negative impact on the immune
system and thus promote tumor growth and escape. By immuno-
histochemical analysis, we found high expression of MDSCs in
TME, which may be the reason for tumor relapse two weeks
after the treatment in CT26 tumor-bearing mice or poor effi-
cacy in 4T1 “cold” tumor models. Therefore, we combined im-
munomodulators modified L. lactis with an MDSC inhibitor to

Adv. Healthcare Mater. 2024, 2401635 © 2024 Wiley-VCH GmbH2401635 (10 of 13)
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induce a more powerful systemic immunotherapy effect for pro-
viding a more effective treatment strategy. Previous in situ vac-
cine studies predominantly centered around immune-activated
molecules, our results successfully demonstrate that inhibiting
immune-suppressive cells is also an effective method for enhanc-
ing vaccine efficacy.

While our study provides valuable insights, it is important
to acknowledge its limitations. For instance, our focus on ami-
nating drugs restricts the scope of bacterial modifications, and
the generalizability of these findings to other probiotics remains
unverified. Additionally, advancing single-cell transcriptomics
is imperative to dissect gene-level variations and elucidate the
immune cell regulatory dynamics within the TME. For future
clinical translation, a comprehensive evaluation is warranted
to address potential challenges. These include determining
the optimal dosage of modified L. lactis, enhancing loading
efficiency, and unraveling the mechanisms underlying immune
cell modulation within the TME.

In summary, we described a strong rationale for using
OR@Lac as an ISV. Given the simplicity and feasibility of this
bacterial modification strategy, our study proposes a universal
platform for IBL therapy in solid tumors, opening a new avenue
for optimizing anti-tumor efficacy. This work also illustrates the
promising application of highly tumor-specific immunotherapy
enabled by the combined L. lactis and immunoadjuvants for com-
prehensive tumor therapeutics.

4. Experimental Section
Materials: N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hy-

drochloride (EDC, >98%), N-hydroxysuccinimide (NHS, >98%) were
purchased from Aladdin Reagent. Resiquimod (R848) and ibrutinib were
obtained from MCE. Anti-OX40 agonist antibody (𝛼OX40, Clone OX-86)
was purchased from Bioxcell. Monoclonal antibodies (mAbs) used in
flow cytometry were listed as follows: PerCP/Cyanine5.5 anti-mouse CD3,
PerCP/Cyanine7 anti-mouse CD4, FITC anti-mouse CD8, PE anti-mouse
CD44, APC anti-mouse CD62L, APC anti-mouse CD25, APC anti-mouse
CD69, PE anti-mouse CD11c, APC anti-mouse CD80, PerCP/Cyanine7
anti-mouse CD86, PerCP/Cyanine5.5 anti-mouse CD11b, APC anti-mouse
F4/80, PE anti-mouse CD206, PE anti-mouse FOXP3, FITC anti-mouse
Gr-1. All antibodies were purchased from Biolegend and diluted in 1:100.
Cytokines were detected with the Biolegend 8-factor kit.

Mice: The 6–7 weeks male/female BALB/c mice were purchased
from GemPharmatech (Nanjing, China) and raised in specific pathogen-
free(SPF) Laboratory of the Animal Center of Affiliated Nanjing Drum
Tower Hospital of Nanjing University Medical School (Nanjing, China). All
procedures were carried out in accordance with the guidelines approved
by the Animal Ethics Committee of Nanjing Drum Tower Hospital (Grant
No. 2023AE01052).

Cell Lines: CT26 and 4T1 were kept in the Oncology Laboratory, they
were cultured in RPMI 1640 complete medium supplemented containing
10% fetal bovine serum, 100 U mL−1 penicillin, and 100 μg mL−1 strepto-
mycin.

Preparation of OR@Lac: Amino-functionalized R848 and OX40 ago-
nists were linked on the surface of L. lactis by amide condensation. In
short, 5 × 109CFU L. lactis NZ9000 were collected and dispersed at 500 μl
PBS (Corning, New York, USA) through 4500 rpm, centrifuged for 10 min.,
and then 100 μl of amino-functionalized R848 (1 mg ml−1), 3.1 mg EDC
and 3.45 mg NHS were added into the bacterial suspension and rotated
2 h at room temperature. The role of EDC and NHS is described in the
literature in the amide condensation process.[34] After 2 h, R@Lac was
obtained by centrifugation at 4500 rpm for 10 min and washed with PBS
for three times. Second, disperse R@Lac at 500 μl PBS solution, and 50 μl

amino functionalization 𝛼OX40 (1 mg ml−1), 3.1 mg EDC, and 3.45 mg
NHS were added to the L. lactis suspension together. After rotating for
2 h, the above operations were repeated to obtain double-drug modified
L. lactis.

Characterization of OR@Lac: The size distribution and zeta potential
of L. lactis, OR@Lac were measured by dynamic light scattering (DLS) on
a Zetasizer Nano ZS90(Malvern, UK). To confirm the 𝛼OX40 was incorpo-
rated onto bacterial surface, cy5.5-conjugated 𝛼OX40 was employed and
measured by using flow cytometry (Beckman CytoFLEX, USA). The load-
ing efficiencies of 𝛼OX40 and R848 were separately measured using high-
performance liquid chromatography (HPLC). The detection wavelengths
were 280 and 254 nm and the HPLC test template was set (flow rate,
1 ml min−1; mobile phase comparison, (A) acetonitrile containing 1‰

TFA and (B) water containing 1‰ TFA; aOX40, the concentration of A
in the mobile phage ranged from 5% to 65%, 15 min; R848, the concen-
tration of A in the mobile phage ranged from 5% to 65%, 10 min) and
determined at different concentrations(1000, 500250125, 62.5, 31.25, and
15.625 μg ml−1), after which the standard curve was plotted. The loading
efficiency were derived from the following Equation (1):

Loading Efficiency (%) = 1 −
weight of the drug in supernatant

weight of the feeding drug
× 100%

(1)

Growth Curves of Conjugated L. lactis: Equal amounts of uncoated L.
lactis, R848, and 𝛼OX40 coated probiotic (OR@Lac) were diluted in GM17
medium to reach the same initial optical density at 600 nm (OD600) and
incubated at 30°. The OD values of cultures were recorded at 600 nm every
2 h for 12 h by UV/Vis.

In Vitro BMDCs Uptake of L. lactis: Bone marrow-derived dendritic
cells (BMDCs) were isolated from bone marrow mesenchymal stem cells
of 6–7 weeks BALB/c mouse. Then the cells were cultured in RPMI 1640
complete medium containing 20 ng ml−1 mGM-CSF(Xiamen Amoytop
Biotech Co., Lty., China) and 10 ng ml−1 rmIL-4 (Pepro Tech, USA), fol-
lowed by specific operations as described in the previous literature.[16]

Maturation and Activation of BMDCs: After 8 days of BMDCs cultiva-
tion, immature BMDCs (2×105 cells/well) were seeded in 96-well plates
and severally treated with NS, L. lactis(1×107 ml−1), R848+ 𝛼OX40(OR,
1 μg ml separately), OR @Lac (1 μg R848 and 𝛼OX40 were loaded at
1×10ˆ7 CFU ml−1 on L. lactis), and lipopolysac-charide (LPS, 1 μg ml−1) for
24 h. Afterward, DCs were collected and suspended in PBS, and then cells
were incubated with anti-mouse antibodies (CD11c, CD80, and CD86) for
30 min at 4° in the dark. Subsequently, data were obtained by Flow cytom-
etry and analyzed using Flowjo software. The proinflammatory cytokines
(i.e., IL-6, TNF-𝛼, and IFN-𝛾) in suspension were detected by LEGENDplex
MU Th1/Th2 Panel(8-plex) w/VbP V03 (Biolegend, USA) with a standard
protocol and analyzed using Biolegend online data analysis software.

In Vitro T-Cell Activation: First, T cells were collected from the spleen
of 8–10 weeks BALB/c mice, after which they were cultured in AIMV
medium containing 10% FBS, 1% penicillin- streptomycin, 24IU ml−1 IL-
2 and 50 ng ml−1 IL-7. Second, immature BMDCs were cultured in 96-
well plates and treated with NS, Lac, OR, OR@Lac for 24 h at 37°. Subse-
quently, the drug-treated DCs were co-cultured with T cells at a ratio of 1:5.
After 72 h, the cells were collected by centrifugation and assessed by flow
cytometry analysis of the expression of CD4+CD69+ and CD8+CD69+.

In Vivo Real-Time Near-Infrared Fluorescence Imaging: L. lactis were
quantitatively located by near-infrared imaging. Intratumoral injection of
L. lactis labeled with DiR (Bridgen, Beijing, China). We anesthetized and
scanned mice at designated time points (6, 24, 72168, and 360 h) using
the CRi Maestro In Vivo Imaging System (Cambridge Research & Instru-
mentation, Massachusetts, USA) Subsequently, tumors, TDLNs, and vital
organs of the mice were excised and imaged, and fluorescence measure-
ments were analyzed using Living Imaging software.

Intratumoral Distribution of cy5.5-IgG@Lac: Cyanine 5.5(cy5.5)-
conjugated IgG was employed to replace 𝛼OX40. The cy5.5-IgG@Lac was
prepared according to the method described for 𝛼OX40@Lac. Subcuta-
neous CT26 tumor-bearing mice were intratumorally injected with 100 μl

Adv. Healthcare Mater. 2024, 2401635 © 2024 Wiley-VCH GmbH2401635 (11 of 13)
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cy5.5-IgG@Lac or free cy5.5-conjugated IgG at a dose of 20 μg IgG per
mouse. At 72 h after injection, tumors, TDLNs, and central organs of the
mice, were dissected, and the fluorescence detection was analyzed using
Living Imaging software.

Animal Experiments: Two cell lines, CT26 and 4T1, were used to ob-
serve the antitumor effect in vivo. The cells were suspended at a dose of
2.0×106 per mouse in 100 μl PBS into the left flanks of male or female
BALB/c mice (6 weeks old). The tumors were randomly divided into four
groups once they reached 80–100 mm3, tumor were treated intratumorally
with NS, 5×108 CFU L. lactis, 5 μg R848+2 μg 𝛼OX40, and 5×108 CFU
OR@Lac loaded with 5 μg R848 and 2 μg 𝛼OX40 on days 7, 9, and11. Sub-
sequently, tumor volume was detected every other day, and calculated it by
the formula length×width2/2. When the tumor volume reached 1500mm3

or the maximum tumor diameter reached 20 mm, the mice were euth-
anized immediately. In order to observe the response of immune cells,
mice were euthanized one week after the last administration, tumors and
lymph nodes were collected and single cell suspension was prepared for
flow cytometry. At the same time, the central organs were taken, fixed with
4% paraformaldehyde and embedded in paraffin, stained with hematoxylin
and eosin (H&E), and analyzed under a light microscope (Leica DM5000,
Germany) for safety.

Flow Cytometry: The tumor tissues, TDLNs, and spleens were taken
out from the mice, and then using mechanical trituration the spleens and
TDLNs were made into single-cell suspension. At the same time, the tu-
mor tissues were cut into small pieces and digested with collagenase type
IV (1 mg ml−1, Sigma) for 2 h at 37 ° with gentle agitation. Then all cell
samples were resuspended in pre-cooled PBS and stained with specific
antibodies for 30 min at 4 ° in darks, and then washed before analysis.

Cytotoxicity Assay of Mouse Splenocytes: CT26 colon cancer cells were
stained with CFSE at 37 ° for 10 min in darks. Spleen cells in NS group
and OR@Lac group were incubated with CFSE-labeled CT26 cells at an
effective target ratio of 5:1, 10:1, and 20:1, respectively. After 6 h, the mixed
cells were stained with PI for 10 min at 4 ° in darks, and then washed and
analyzed on Flow cytometry.

Statistical Analysis: Statistical analysis and graphs were conducted by
Graphpad Prism 8.0 (SanDiego, CA). Figures were designed in Adobe Il-
lustrator 2021. All experiments were repeated at least three times. The un-
paired student’s t-test was used for pair-­wise comparisons, the one-way
ANOVA with Tukey’s multiple comparisons was selected for multiple com-
parisons and the Kaplan-Meier method was employed for survival analysis.
The results were expressed as mean ± SD or mean ±SEM.*p < 0.05, **p
<0.01, ***p <0.001, ****p <0.0001 were considered statistically significant.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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