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ABSTRACT
The tumor microenvironment (TME) is characterized by the 
activation of immune checkpoints, which limit the ability of 
immune cells to attack the growing cancer. To overcome 
immune suppression in the clinic, antigen- expressing 
viruses and bacteria have been developed to induce 
antitumor immunity. However, the safety and targeting 
specificity are the main concerns of using bacteria in 
clinical practice as antitumor agents. In our previous 
studies, we have developed an attenuated bacterial strain 
(Brucella melitensis 16M ∆vjbR, henceforth Bm∆vjbR) 
for clinical use, which is safe in all tested animal models 
and has been removed from the select agent list by the 
Centers for Disease Control and Prevention. In this study, 
we demonstrated that Bm∆vjbR homed to tumor tissue 
and improved the TME in a murine model of solid cancer. 
In addition, live Bm∆vjbR promoted proinflammatory M1 
polarization of tumor macrophages and increased the 
number and activity of CD8+ T cells in the tumor. In a 
murine colon adenocarcinoma model, when combined 
with adoptive transfer of tumor- specific carcinoembryonic 
antigen chimeric antigen receptor CD8+ T cells, tumor cell 
growth and proliferation was almost completely abrogated, 
and host survival was 100%. Taken together, these 
findings demonstrate that the live attenuated bacterial 
treatment can defeat cancer resistance to chimeric antigen 
receptor T- cell therapy by remodeling the TME to promote 
macrophage and T cell- mediated antitumor immunity.

INTRODUCTION
In the tumor microenvironment (TME), 
cancer cells express factors to suppress 
immune surveillance, thereby creating a 
permissive environment for their uncon-
trolled proliferation.1 2 The immunosuppres-
sive TME is a key factor limiting the efficacy 
of chimeric antigen receptor T- cell (CAR- T) 
therapies, especially for solid tumors.3 
Several strategies are being developed to 
overcome TME- associated immunosuppres-
sion, including the activation of antitumor 
immunity by antigen- expressing viruses and 
bacteria.4–6 However, improvements in the 
safety, targeting specificity, and efficacy of 
these agents are required for widespread 
adoption.7 Here, we demonstrate that a safe, 

live attenuated bacterium (Brucella melitensis 
16M ∆vjbR, henceforth Bm∆vjbR) homed 
to tumor tissue and improved the TME in 
a murine model of cancer. Moreover, we 
show that Bm∆vjbR, when paired with CAR- T 
therapy, displayed remarkable anticancer effi-
cacy in this model.

Bm∆vjbR has been developed by our 
groups for clinical applications.8 9 This strain 
is genetically and functionally defective in 
LuxR- type regulatory protein VjbR, which is 
required for expression of the bacterial type 
IV secretion system, an essential component 
of bacterial virulence.10 A series of safety 
studies in immune- compromised mice and 
non- human primates showed that Bm∆vjbR 
does not induce disease- associated symp-
toms and resulted in removal of BmΔvjbR 
from the select agent list by the Centers for 
Disease Control and Prevention.8 11 12 Here, 
we show that Bm∆vjbR can remodel the 
TME to a proinflammatory state. Moreover, 
when Bm∆vjbR treatment was combined with 
the adoptive transfer of carcinoembryonic 
antigen CEA- Ag- specific CD8+ T cells, tumor 
growth and proliferation were dramatically 
impaired.

MATERIALS AND METHODS
Bacterial culture and inoculation
Freshly cultured Bm∆vjbR in tryptone soya 
broth was collected by centrifugation and 
washed and resuspended in 1× phosphate- 
buffered saline (PBS, pH 7.4). For in vitro 
inoculation, bacteria were added in each well 
of a 24- well plate with macrophage mono-
layer at a multiplicity of infection (MOI) of 
20 in Dulbecco’s Modified Eagle’s Medium 
(DMEM) (Thermo Fisher Scientific), and 
the plate was centrifuged at 500× g for 5 min 
to enhance bacterial interaction with the 
macrophages. After incubation at 37℃ for 
30 min to allow the macrophages to uptake 
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the bacteria, the non- internalized bacteria were removed 
by washing the cell monolayer twice with warm PBS, 
and then fresh DMEM medium containing 50 µg/mL of 
gentamicin was added into each well for cell growth until 
assay. For in vivo animal experiment, at 9- day postinocu-
lation of tumor cells in mice, 5×107 colony forming units 
(CFUs) of Bm∆vjbR in 100 µL of 1× PBS was intravenously 
injected into each mouse.

Macrophage cultures
For murine bone marrow- derived macrophage (BMDM) 
generation, bone marrow cells were harvested from 
the tibia and femur of C57BL/6 mice of 6–8 weeks and 
cultured as described previously.13 Murine RAW264.7 
(ATCC TIB- 71) and J774A.1 (ATCC TIB- 67) macrophage 
cell lines were both cultured in DMEM media containing 
10% FBS and penicillin–streptomycin (100 IU/mL and 
100 µg/mL).

Cytokine responses
BMDMs were seeded in 24- well plates at a concentra-
tion of 2.0×105 cells/well in DMEM without antibiotics. 
After overnight culture, the cells were inoculated with 
heat- killed (HK) or live Bm∆vjbR bacteria at a MOI of 
20. At 24 hours post- treatment, cell culture supernatant 
was collected and analyzed for the presence of cyto-
kines/chemokines by using a Multiplex Mouse Cyto-
kine/Chemokine Array 31- Plex technology (MD31, Eve 
Technologies).

Flow cytometric analysis
CD8+ T cells, isolated by using mouse CD8+ T- cell isola-
tion kit (BioLegend), were cocultured in vitro with 
Bm∆vjbR- treated macrophages. The CD8+ T cells were 
then analyzed by flow cytometry following exclusion 
of dead cells by using Aqua Zombie NIR staining dye 
(BioLegend) and specific gating CD8+ marker. The 
CD8+ T- cell markers of programmed cell death protein 1 
(PD- 1), CD69, 4- 1BB, CD27, CD62L, OX40, granzyme B 
(GrB), and perforin (Prf) were assessed either immedi-
ately after coculture with infected BMDMs or 3 days after 
re- stimulation with anti- CD3/CD28 antibodies. Intracel-
lular cytokine staining was performed by using monensin 
and brefeldin (BioLegend) and the production of inter-
leukin 2 (IL- 2), tumor necrosis factor alpha (TNF-α), and 
interferon gamma (IFN-γ) was assessed. Similarly, the 
BMDMs were separately analyzed for the expression of 
CD38 on M1 macrophages. All flow cytometry data were 
acquired on a Fortessa X 20 (BD Biosciences, CA) and 
analyzed by using FlowJo (Treestar, OR).

CAR-T cell preparation
The MSGV1 γ retroviral vector backbone was modi-
fied to express CEA specific scFv, as described in our 
previous study.14 Briefly, CD8+ T cells isolated from B6 
Thy 1.2 mice were transduced with the viral supernatants 
containing CEA in the presence of 5 µg/mL Polybrene 
(Sigma Aldrich, USA), following a protocol as described 

previously.15 The transduced cells were positively identi-
fied by expression of c- Myc.

Animal experimentation
The wild- type C57BL/6 (B6) Thy 1.1 mice (Jackson Labo-
ratories) 6–8 weeks old were subcutaneously injected with 
1×106 MC32 CEA cancer cells in the right lateral flank on day 
0. Subsequently, the mice were divided into three different 
groups (n=5) with each group receiving either 1× PBS 
control (Ctrl), HK bacteria or live attenuated bacteria (Live) 
on day 9 postinoculation of tumor cells. On day 12 postin-
duction of the tumor, all the groups of mice received the 
CEA CAR- Ts isolated and prepared from Thy 1.2 mice 6–8 
weeks old. Mice were housed in Texas A&M University, Labo-
ratory Animal Resources and Research Facility, and checked 
daily. Tumor growth was monitored every other day and 
tumor volumes were calculated using the formula: Tumor 
Volume (mm3)=0.5 × length × width2. Mice were humanely 
sacrificed if tumor size reached above 4000 mm3.

Fluorescence imaging of Bm∆vjbR
Formaldehyde fixed tissue or macrophage monolayer were 
used for Bm∆vjbR staining. For staining bacteria in tumor 
tissue, formalin fixed, paraffin- embedded sections of MC32 
tumor tissue were deparaffinized in xylene and rehydrated 
through graded alcohols, and then antigen was retrieved in a 
pressure cooker using a citrate buffer. The cells were stained 
with rabbit anti- Brucella antibodies (Bioss Inc.) for 1 hour 
followed by appropriate secondary antibody for 1 hour. Cells 
were mounted with ProLong Glass Antifade Mountant with 
NucBlue Stain (Thermo Fisher Scientific). All the images 
were acquired using a Nikon Eclipse Ti2 fluorescence 
microscope.

Bacterial quantification
For detecting Bm∆vjbR survival in BMDMs, J774A.1 or 
RAW 264.7 cell lines, cells were seeded in a 24- well plate 
in 1 mL of DMEM without antibiotics at 2.0×105 cells/well. 
The CFU of bacteria at different postinoculation times 
was assayed by spotting serial dilution on tryptone soya 
agar (TSA) plates. For CFU assay of Bm∆vjbR in different 
organs of cancer bearing mice, the organ- homogenates 
were obtained 19 days postinoculation and spotted on 
TSA plates for enumeration of bacteria.

Comparative metabolic analysis
The differences in the glycolytic states of CD8+ T cells were 
analyzed using extracellular flux (XF) analyzers (Agilent) 
using a protocol described previously.16 Briefly, after cocul-
ture with Bm∆vjbR infected BMDMs for 16 hours, T cells in 
suspension were removed from the cocultured medium and 
seeded on 96- well seahorse plates. Their XF and compensa-
tory glycolysis were assessed by using glycolytic activators and 
inhibitors as described in the Seahorse XF protocol.

Imaging and immunohistochemistry of tumor sections
Paraffin- embedded solid tumor samples were sliced into 
5 µm sections with microtome. The slides that were prepared 
from these sections were processed for fluorescence 
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microscopy, H&E staining, and mass cytometry analysis. The 
H&E stained slides were scored for inhibition of tumor by 
assessing the necrotic areas and infiltration of immune cells 
on a scale of 1–5. The score was represented as tumor inhibi-
tion score in the comparative bar–graph analysis.

Imaging mass cytometry (IMC) analysis
IMC analysis of tumor samples derived from Bm∆vjbR 
treated mice or PBS controls were processed for the 
quantification, imaging, and analysis of DNA, Ki67 
antigen, CD8+ T cells, B220 (B cells), CD11c (dendritic 
cells), and F4/80 (macrophages) respectively. A dimen-
sionality reduction technique was adopted to construct 
t- distributed stochastic neighbor embedding (t- SNE) 
plots from the heatmaps of treated or untreated groups 
of mice. The neighborhood analysis was constructed to 

find the probability of enriched cell- to- cell interactions 
using basic statistical methods as described previously.17

Statistical analysis
All analyses were performed using Graphpad Prism V.9. 
Unpaired t- test was performed to compare the difference 
between the groups. A p value of <0.05 was considered 
statistically significant.

RESULTS
Live Bm∆vjbR induces anticancer phenotypes in BMDMs and 
CD8+ T cells
To test the hypothesis that Bm∆vjbR elicits anti- cancer 
proinflammatory phenotypes from immune cells, we 
incubated the live attenuated strain with murine BMDMs 

Figure 1 Live BmΔvjbR treatment activates CD8+ T cells to produce proinflammatory cytokines by polarizing macrophages. 
(A,B) Cytokine array analysis of the culture medium of BMDMs after treatment with 1× PBS (Ctrl), HK or live) BmΔvjbR for 
24 hours shown live BmΔvjbR promotes BMDMs to secret proinflammatory cytokines and chemokines. (C,D) Flowcytometric 
analysis of CD38 expression on BMDMs after treatment with HK or live BmΔvjbR for 24 hours. (E) Coculturing with live 
BmΔvjbR- infected BMDMs activates CD8+ T cells to produce granzyme B and perforin (left) and express activation markers and 
cytokines (right heatmap). (F,G) Cocultivation with live BmΔvjbR- infected BMDMs increases the glycolysis of CD8+ T cells. Data 
represent means±SD from three independent experiments. *, **, ***Significance at p<0.05, 0.01, and 0.001, respectively. BMDM, 
bone marrow- derived macrophage; Ctrl, control; ECAR, extracellular acidification rate; GM- CSF, granulocyte- macrophage 
colony- stimulating factor;HK, heat- killed; IFN-γ, interferon gamma; IL, interleukin; IP- 10, interferon gamma- induced protein 10; 
KC, keratinocytes- derived chemokine; MCP- 1, monocyte chemoattractant protein 1; M- CSF, macrophage colony- stimulating 
factor; MIP, macrophage inflammatory protein; ns, not significant; RANTES, chemokine (C- C motif) ligand 5; VEGF, vascular 
endothelial growth factor; PBS, phosphate- buffered saline; SSC, side scatter; TNF-α, tumor necrosis factor alpha.
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for 24 hours, and then measured cytokine secretion and 
macrophage polarization. We found that, in contrast to 
HK or no- treatment Ctrl, live BmΔvjbR (Live) enhanced 
the secretion of proinflammatory cytokines and chemok-
ines (figure 1A,B). Most of these BMDMs were polarized 
to M1 macrophages, which express CD38, an M1 exclu-
sive marker, on their surface (figure 1C,D). Collectively, 

these data suggested that live BmΔvjbR activates macro-
phages and induces the production of proinflammatory 
cytokines and T cell- mediated chemo- attractants.18 19

After coculturing CD8+ T cells with BMDMs pre- treated 
with either live or HK bacteria, we found that BMDMs 
exposed to live BmΔvjbR activated CD8+ T cells more effi-
ciently compared with HK controls through upregulating 

Figure 2 Live BmΔvjbR- treated mice show a significant increase in innate immune cells. Mass cytometry analysis of MC32 
CEA derived tumor samples (three samples/group) from Thy 1.1 mice either intravenously injected with live BmΔvjbR or 1× PBS 
(Ctrl) prior to intravenous administration of CEA CAR- Ts. (A) Schematic diagram showing adoptive T- cell therapy and BmΔvjbR 
treatment protocol. (B) Visualization of t- distributed stochastic neighbor embedding (viSNE) plots of comparative immune 
cell populations in the Ctrl and live BmΔvjbR treated tumor samples. (C) Neighborhood joining plots of different immune cell 
populations in tumor tissues with highly interacting neighbored cells shown in red, whereas the avoided interactions are shown 
in blue. (D) Reconstructed image of immune cell infiltration into tumor samples. (E) Quantification of macrophages, dendritic 
cells, and B cells in tumor samples (three fields/sample were analyzed). **, ***Significance at p< 0.01 and 0.001, respectively. 
The markers representing the different immune cell populations are B220 (B cells), F4/80 (macrophages), CD11c (dendritic 
cells), Ki67 (proliferating cells), CD8+ (CD8+ T cells) and surface− (cells are negative to all tested makers). CAR- T, chimeric 
antigen receptor T cell; CEA, carcinoembryonic antigen; Ctrl, control; PBS, phosphate- buffered saline.
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the expression of GrB and Prf (figure 1E, left). The live 
BmΔvjbR- treated BMDMs also induced significantly higher 
production of TNF-α, IFN-γ, and IL- 2 from CD8+ T cells 
(figure 1E, right top). Moreover, costimulatory marker 
expression, including OX40 and 4- 1BB, was higher in CD8+ 
T cells cocultured with BmΔvjbR- treated BMDMs (figure 1E, 
right top). To test the hypothesis that the activated CD8+ T 
cells retained functional recall ability, a feature critical for 
antitumor efficacy,20 we used anti- CD3/anti- CD28 antibodies 

to restimulate CD8+ T cells at 3- day postactivation. We found 
that the CD8+ T- cell recall responses were enhanced post-
restimulation, exhibiting lower PD- 1 expression and higher 
expression of proinflammatory cytokines (figure 1E, right 
bottom). CD8+ T cells also had a significantly higher extracel-
lular acidification rate and showed higher glycolytic activity 
when activated with BMDMs treated with live Bm∆vjbR 
(figure 1F,G).

Figure 3 BmΔvjbR accumulates in tumor tissue and suppresses tumor growth. Three groups of MC32 tumor- bearing 
C57BL/6 (B6) mice (five mice/group) were intravenously injected with either live, HK BmΔvjbR, or 1× PBS (Ctrl). On day 
3 postbacteria treatment, all three groups of mice were intravenously injected with CEA CAR- Ts. (A) Survival of mice is 
significantly improved in the group receiving BmΔvjbR from 18 days onwards compared with the control untreated group 
(n=5 mice/group). (B) Live BmΔvjbR immunization followed by adoptive T- cell transfer significantly suppresses the tumor 
growth from 18 days postinitiation of the experiment compared with both non- bacterial (Ctrl) and HK BmΔvjbR (HK) treatment 
groups (n=5 mice/group). (C) H&E staining shows significant improvement in tumor in the group of mice receiving BmΔvjbR 
compared with the Ctrl group. (D,E) Flow cytometry (D) and confocal microscopy (E) followed by graphical representation of 
infiltrating lymphocytes (Thy 1.2 CD8+ T cells) confirm significantly higher infiltration of adoptively transferred CEA CD8+ T cells. 
(F) Representative immunofluorescence microscopy images show BmΔvjbR survival in tumor tissue 19 days postinjection. 
(G) BmΔvjbR mainly colonizes in tumor (n=3). (H) BmΔvjbR can be observed in BMDMs with immunofluorescence microscopy 
after 1, 4, and 24 hpi. (I) The BmΔvjbR can be recovered from BMDMs, J774A.1, and RAW 264.7 macrophages at 1 hpi and 
four hpi, but no bacteria survived in these macrophages at 24 hpi. Three independent experiments were performed for H and 
I. Data represent means±SD. *, **, ***, ****Significance at p<0.05, 0.01, 0.001, and 0.0001, respectively. BMDM, bone marrow 
derived macrophage; CFU, colony forming unit; CAR- T, chimeric antigen receptor T cell; Ctrl, control; DAPI, 4′,6- diamidino- 2- 
phenylindole; HK, heat- killed; hpi, hours postinoculation; ns, not significant; PBS, phosphate- buffered saline.
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Bm∆vjbR induces diverse cellular responses
We hypothesized that Bm∆vjbR treatment may alter the 
TME in an in vivo murine solid- tumor system. To test this 
hypothesis, we performed an IMC analysis to quantify 
the abundance of B cells as well as proliferating and non- 
proliferating immune cells from explanted solid tumors. 
A well- established MC32 colon cancer murine model was 
used for the experiment, following the protocol shown 
in figure 2A. We found that live Bm∆vjbR- treated mice 
had a higher complexity of immune cells in the TME 
(figure 2B,C) compared with controls. To determine the 
identities of enriched interactions between or within the 
cell phenotypes in the TME, we constructed neighbor-
hood joining plots from the IMC data. The t- distributed 
stochastic neighbor embedding (t- SNE) plots (figure 2B) 
and neighborhood joining analysis (figure 2C) showed 
that innate immune cells were activated and quantita-
tively higher in the TME of mice receiving the treatment. 
The reconstructed image from the mass cytometry anal-
ysis showed more immune cells, especially F4/80+ macro-
phages, in the TME of Bm∆vjbR treated mice receiving 
adoptive transfer of CAR- Ts (figure 2D). Therefore, we 
quantified the specific innate immune cells from the 
TME and found that the numbers of Ki67-F4/80+ (non- 
proliferating macrophages) and Ki67+F4/80+ (prolif-
erating macrophages) were significantly increased in 
Bm∆vjbR- treated mice receiving adoptive transfer of 
CAR- Ts (figure 2E). Overall, our results indicated that the 
numbers of macrophages and dendritic cells were signifi-
cantly increased in the TME of treated mice receiving 
adoptive transfer of CAR- Ts, consistent with the hypoth-
esis that these immune cells promote CAR- T tumor infil-
tration and drive tumor regression.

Bm∆vjbR treatment enhances antitumor efficacy and 
selectively colonizes tumor tissue
Encouraged by our findings, we tested the hypothesis 
that Bm∆vjbR treatment enhances the antitumor effi-
cacy of CAR- T therapy. We found that Bm∆vjbR- treated 
mice displayed significantly greater survival (figure 3A) 
and had drastically lower tumor burden than controls 
(figure 3B,C). We found that there were significantly 
increased numbers of CD8+ T cells infiltrating into the 
solid tumor of mice that were treated with live Bm∆vjbR, 
in comparison to control (figure 3D,E).

We also measured Bm∆vjbR clearance from treated 
mice. Nineteen days after intravenous injection, we 
found Bm∆vjbR in tumor tissue (figure 3F) but not in 
other organs (figure 3G). We also monitored the survival 
of Bm∆vjbR in macrophages in vitro using immunoflu-
orescence staining and CFU enumeration. We found 
numerous bacterial cells in BMDMs at 1 and 4 hours 
postinoculation (hpi). However, fewer were observed at 
24 hpi (figure 3H). Importantly, live bacteria were only 
recovered from BMDMs at 1 and 4 hpi, and no bacteria 
survived longer than 24 hpi in BMDMs, J774A.1, and RAW 
264.7 (figure 3I). These results indicate the Bm∆vjbR 
strain selectively targeted the tumor, survived for only 

short times in macrophages and were rapidly cleared 
from non- tumor tissue after treatment.

DISCUSSION
Cancer cells suppress immune surveillance, thereby 
creating a permissive environment for cancer cell prolif-
eration. In this work, we show that a novel and safe live 
attenuated bacterial strain Bm∆vjbR can remodel the 
TME to a proinflammatory status and thereby limit cancer 
progression and tumorigenesis. Moreover, we have shown 
that Bm∆vjbR treatment, when combined with the adop-
tive transfer of antigen- specific CD8+ T cells, results in 
dramatically impaired tumor growth and proliferation. 
Therefore, this live attenuated bacterial strain potentiates 
immune surveillance and control of cancer.

Previous studies have demonstrated that treatment with 
live attenuated bacteria can limit tumorigenesis by a variety 
of mechanisms, such as activating T cells and expressing 
tumor antigens.6 21 22 Even though some of these bacterial 
approaches have entered clinical trials,23 24 most previ-
ously used bacterial vectors have intrinsic deleterious or 
toxic features, and suboptimal safety profiles or routes of 
delivery that may significantly limit their broad utility in 
cancer therapy/treatment. Among the negative features 
observed are intraperitoneal route of delivery,25 signifi-
cant endotoxin activity, pathogenic reversion potential 
and limitations due to pre- existing host immunity.26 27 So 
far, we have no evidence to suggest that Bm∆vjbR possesses 
the common deleterious properties shared by many of 
the previously studied bacterial vectors.28 Moreover, this 
work provides the first description of combining live 
attenuated bacterium treatment with CAR- T therapy and 
thereby demonstrates the synergy that can be achieved 
with these approaches.
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