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Abstract

Background: Bacillus Calmette-Guérin (BCG) prevents tumour recurrence and progres-
sion in non–muscle-invasive bladder cancer (BC). However, common adverse events
occur, including BCG infections.
Objective: To find a mycobacterium with similar or superior antitumour activity to BCG
but with greater safety.
Design: In vitro, ex vivo, and in vivo comparisons of the antitumour efficacy of non-
pathogenic mycobacteria and BCG.
Intervention: The in vitro antitumour activity of a broad set of mycobacteria was studied
in seven different BC cell lines. The most efficacious was selected and its ex vivo capacity to
activate immune cells and its in vivo antitumour activity in an orthotopic murine model of
BC were investigated.
Outcome measurements and statistical analysis: Growth inhibition of BC cells was the
primary outcome measurement. Parametric and nonparametric tests were use to
analyse the in vitro results, and a Kaplan-Meier test was applied to measure survival
in mycobacteria-treated tumour-bearing mice.
Results and limitations: Mycobacterium brumae is superior to BCG in inhibiting low-
grade BC cell growth, and has similar effects to BCG against high-grade cells. M. brumae
triggers an indirect antitumour response by activating macrophages and the cytotoxic
activity of peripheral blood cells against BC cells. Although no significant differences were
observed between BCG and M. brumae treatments in mice, M. brumae treatment prolonged
survival in comparison to BCG treatment in tumour-bearing mice. In contrast to BCG,
M. brumae does not persist intracellularly or in tumour-bearing mice, so the risk of
infection is lower.
Conclusions: Our preclinical data suggest that M. brumae represents a safe and effica-
cious candidate as a therapeutic agent for non–muscle-invasive BC.
Patient summary: We investigated the antitumour activity of nonpathogenic mycobac-
teria in in vitro and in vivo models of non–muscle-invasive bladder cancer. We found that
Mycobacterium brumae effectively inhibits bladder cancer growth and helps the host
era
immune system to 

immunotherapy.
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1. Introduction

Despite the well-known benefits of bacillus Calmette-

Guérin (BCG) therapy for non–muscle-invasive bladder

cancer (NMIBC) [1], it is not a perfect treatment. BCG, an

attenuated mycobacterium obtained from the pathogenic

Mycobacterium bovis, exerts both direct and indirect

antitumour activities involving inhibition of cellular prolif-

eration and stimulation of a robust immune response,

respectively [1,2]. However, nonsevere toxicity is frequent-

ly observed [1], and severe adverse events, including BCG

infections [3–5], limit the clinical applicability of this

immunotherapy. Many studies have attempted to find

agents as efficacious as BCG but safer. Killed BCG and BCG

cell extracts are less efficacious than live BCG [2]. Moreover,
Fig. 1 – Genealogical tree of mycobacterial species selected for the study. Maxim
genus based on 16S rRNA gene sequences, indicating slow and rapid Mycobacter
for the first instillations in a treatment regimen, live

bacteria are needed to obtain a favourable immune

response [6,7]. Other weaknesses regarding BCG function-

ality also have to be considered. First, different BCG strains

can differ in effectiveness [8,9]. Second, BCG supply

shortages worldwide have highlighted its costly production,

mainly because of its slow growth.

An attractive approach to overcome adverse BCG

effects is the use of nonpathogenic mycobacteria. Most

mycobacteria species (Fig. 1) are nonpathogenic and

potentially share immunomodulatory antigens with

BCG. Mycobacterium smegmatis and Mycobacterium phlei

were initially proposed as alternatives to BCG for

NMIBC treatment [10]. Later, researchers investigated

Mycobacterium vaccae and Mycobacterium indicus pranii,
um likelihood phylogenetic tree of type strains from the Mycobacterium
ium growers. Arrows indicate the species selected for the study.
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initially used as immunotherapeutic agents for tuberculo-

sis and leprosy, for treatment of other types of cancer

[11]. All of these studies used cell extracts or heat-killed

mycobacteria, probably because M. phlei, M. smegmatis,

and M. vaccae infections have been described [12–14].

Therefore, the same limitations observed for heat-killed

BCG also affect these other mycobacteria. Only recombi-

nant M. smegmatis expressing human tumour necrosis

factor (TNF)-a has been investigated as a live mycobacte-

rium, and it is vastly superior to BCG, as demonstrated in in

vitro assays and in vivo in mouse models [15]. However,

genetically modified M. smegmatis and BCG have not been

studied in humans.

This previous research indicates that nonpathogenic

mycobacterial species could have antitumour activity that

is similar or superior to that of BCG. In this study we focused

on nonpathogenic, rapidly growing species because of two

advantages over BCG: a lower risk of infection and lower

production costs. After selecting the mycobacterial species

with the highest antitumour activity in vitro, we investi-

gated its ex vivo capacity to activate immune cells and its in

vivo antitumour activity.

2. Materials and methods

2.1. Sequence alignment and phylogenetic inferences

16S rRNA sequences (�1200 nucleotides) were obtained from the

Ribosomal Database Project (release 11; http://rdp.cme.msu.edu/index.

jsp) [16]. A set of 143 good-quality 16S rRNA sequences (only

Mycobacterium genus-type strains) was downloaded and used for

sequence alignment (Slow accurate alignment algorithm) and phyloge-

netic analysis (Neighbour-joining algorithm) using CLC Main Work-

bench v. 6.9.1 (http://www.clcbio.com/products/clc-main-workbench/).

Tree topology was re-examined using the bootstrap (1000) method of

resampling.

2.2. Bacterial strains and cell lines

All mycobacterial strains, cell lines, and growth conditions are described

in the supplementary material.

2.3. Direct growth inhibition experiments

Tumour cells were infected with mycobacteria at different multiplicity

of infection (MOI) levels, and cell proliferation was analysed as

previously described [9,17].

2.4. Macrophage infection and surface receptor analysis

Murine J774 macrophages were seeded into six-well cell culture plates.

After 24 h, lipopolysaccharide or mycobacterial suspension was added.

After 3 h, the cells were washed and complete medium was added. At 24 h

after infection, cell culture supernatants were harvested, and the cells

were collected and centrifuged [18]. The pellets were resuspended in

phosphate-buffered saline (PBS) with antimouse CD32/CD16 (Mouse

FcBlock, Becton-Dickinson, Pharmingen, San Jose, CA, USA) and incubated

on ice for 15 min. Then phycoerythrin-conjugated anti-CD80, anti-CD86,

and anti-CD40 (BD Pharmingen) antibodies were added. Isotype control

antibodies were also included. The cells were then analysed on a

FacsCalibur flow cytometer using CellQuest software (both from BD

Biosciences, San Jose, CA, USA).
2.5. Cytotoxic activity

Experiments on inhibition of cell growth were performed using human

peripheral blood mononuclear cells (PBMCs) as previously described [17].

The optimal MOI and time for cytokine production were first determined

on a small set of PBMC samples. Sample collection was approved by the

Ethics Committee of Universitat Autònoma de Barcelona (UAB).

2.6. Cytokine analysis

To quantify cytokines, enzyme-linked immunosorbent assays were

performed on cell culture supernatants using commercially available

kits (Supplementary Table 2). Nitric oxide (NO) production was assessed

by measuring nitrite concentrations in the Griess reaction (Sigma–

Aldrich, Madrid, Spain).

2.7. Mycobacterial viability

To determine the intracellular viability of mycobacteria, T24 cells and J774

macrophages were infected and collected at different time points after

infection as previously described [9].

2.8. Orthotopic model of BC and intravesical treatment

Animal experiments were performed according to procedures approved

by the Animal Care Committee of UAB. The murine model was developed

as previously described [6,8,19]. In brief, C57Bl/6 female mice (7–9 wk old;

Charles River Laboratories, Barcelona, Spain) were anaesthetised with

isoflurane, and chemical lesions were induced on the bladder urothelium

by instilling 50 ml of L-poly-lysine intravesically through a 24-gauge

catheter (dwell time 10 min). Subsequently, 105 MB49 bladder tumour

cells were instilled to induce tumours (dwell time 60 min). At 1 d after

tumour implantation, the mice were randomly divided into three groups

(7–14 animals/group) and administered mycobacterial cells (dwell time

60 min) or PBS. The animals were treated weekly for 4 wk (Fig. 5B) and

evaluated on a daily basis in terms of health status and the presence of

gross haematuria. After 60 d, surviving animals were sacrificed and

bladders were fixed in buffered formalin (10%) and embedded in paraffin.

Haematoxylin-eosin staining was performed on 4-mm sections for

histopathologic examination. Spleens were collected, disrupted, serially

diluted, and plated to determine colony-forming units.

2.9. Statistical analysis

Student’s t-test (Prism software, GraphPad, San Diego, CA, USA) was used

to assess the statistical significance of differences among groups for

direct inhibition of BC cell growth, cytokine levels produced by BC cells,

and mycobacterial viability in infected cultures. The Wilcoxon-Mann-

Whitney rank test was used to compare cytokine levels and percentage

cytotoxicity (Prism software). Log-rank tests were applied to determine

the statistical significance of Kaplan-Meier survival curves.

3. Results

3.1. M. brumae has a better antitumour effect than BCG against

low-grade tumour cells

We assessed the ability of eight different mycobacteria to

inhibit tumour cell growth. The antiproliferative activity of

mycobacteria depended on both time and MOI (Supple-

mentary Fig. 1). Comparison of tumour growth inhibition

revealed that not all mycobacteria had antitumour effects

(Fig. 2). BCG, M. brumae, M. phlei, and M. vaccae smooth



Fig. 2 – Mycobacterium brumae had the greatest inhibitory effect on the growth of low-grade tumour cells among all the mycobacteria studied.
(A) Growth inhibition and cytokine production for high-grade (T24 and J82) and low-grade (RT4) bladder cancer cells infected with
mycobacteria (multiplicity of infection [MOI] 12.5:1) at 72 h after infection for T24 and RT4 cells, and 120 h for J82 cells. Data denote
percentage cell survival relative to untreated cells (control). Values represent the mean W standard deviation (SD) for triplicate preparations.
Data are representative of one of at least three independent experiments. (B) Growth inhibition of T24 and low-grade (SW780, 5637, RT112,
and MG-HU-3) bladder tumour cells infected with mycobacteria (MOI 12.5:1) at 72 h after infection. Data represent percentage cell survival
relative to untreated cells. Each column represents the average W SD for triplicate cultures from at least three independent experiments.
M. vaccae S = smooth variant; M. vaccae R = rough variant. * p < 0.05 versus BCG-infected cells, ** p < 0.05 for infected versus noninfected cells,
Student’s t-test.
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Fig. 3 – Induction of an immune response and antitumor activity by macrophages and peripheral blood mononuclear cells (PBMCs) infected with
Mycobacterium brumae. (A) Induction of activation markers on mycobacteria-infected macrophages. J774 murine macrophages were not stimulated
(NS), treated with lipopolysaccharide (LPS; 10 mg/ml), or infected with mycobacteria (multiplicity of infection [MOI] 1:1 for BCG and 10:1 for the
other mycobacteria) for 24 h. The cells were then stained with anti-CD40, anti-CD80, or anti-CD86 antibodies. Results are expressed as the mean
fluorescence intensity (Geo MFI from 10 000 events for each histogram) W standard deviation (SD) for three independent experiments.
(B) Production of cytokines (interleukin [IL]-6, IL-12) and nitric oxide (NO) in uninfected and infected macrophages was measured 48 h after
infection. (C) Cytokine production by mycobacteria-infected PBMCs. PBMC were infected with BCG (MOI 0.1:1) or M. brumae (MOI 1:1) for 7 days,
and cytokine production was measured. ND = not determined (data were below the minimum detection value of the test). (d). Cytotoxicity of
BCG-activated (blue column) and M. brumae-activated (red column) PBMCs, or soluble factors (cell culture supernatants) from BCG-activated (blue)
and M. brumae-activated (red) PBMCs against T24 cells after 48 h. PBMCs alone or the corresponding cell culture supernatant against T24 cells
(black columns) and T24 alone (white columns) were used as controls. In (B–D), values represent the mean W SD for triplicate cell cultures from
three independent experiments. M. vaccae S = smooth variant; M. vaccae R = rough variant. * p < 0.05 versus BCG treatment, ** p < 0.05 versus
nontreated cells, Mann-Whitney test.
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Fig. 4 – Mycobacterial survival in infected cell cultures. (A) T24 tumour
cells and (B) J774 macrophages were infected at a multiplicity of
infection of 10:1 for 3 h. After washing, samples were plated on
Middlebrook agar and viable intracellular mycobacteria were counted.
Results are expressed as mean of colony-forming units (CFU)/well
W standard deviation for triplicate wells from three independent
experiments. M. vaccae S = smooth variant; M. vaccae R = rough variant.
* p < 0.05, ** p < 0.01 versus BCG infection, Student’s t-test.
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variant (S) exhibited similar antitumour activity in high-

grade T24 and J82 cell lines (Fig. 2). In low-grade RT4 cells,

M. brumae and M. phlei inhibited cell proliferation to a

greater extent than BCG and M. vaccae (S). Infection with

BCG and M. brumae induced the highest production of

cytokines, apart from in RT4 cells (Fig. 2A).

Given that M. brumae and M. phlei were more efficacious

than BCG in inhibiting cell growth in low-grade RT4 cells,

we evaluated the antitumour activity of a number of other

mycobacterial species in four additional low-grade cell lines

and the high-grade T24 cell line. In T24 cells, all

mycobacteria showed lower antitumour activity than

M. brumae, BCG, or M. phlei (Fig. 2B). In low-grade cell

lines, M. brumae significantly inhibited cell growth to a

greater extent than the other mycobacteria (Fig. 2B). As

Mycobacterium gastri had the lowest inhibition and cytokine

induction rates, it was used as a negative control in

subsequent experiments. We did not observe growth

inhibition of the murine normal urothelium G/G cell line

after infection with BCG or M. brumae (data not shown).

3.2. M. brumae activates immune cells and triggers cytotoxic

activity against tumour cells

To evaluate the immunomodulatory potential of M. brumae,

we evaluated its ability to activate macrophages and

PBMCs. M. brumae triggered the expression of activation

markers and the production of cytokines and NO in

macrophages (Fig. 3A,B). Notably, levels of CD40 expression

significantly increased after infection with M. brumae or

M. vaccae in comparison to BCG and M. phlei (Fig. 3A).

In PBMCs, M. brumae triggered the production of

interleukin (IL)-8, IL-10, IL-12, and TNF-a to levels similar

to those induced by BCG infection (Fig. 3C). It was not

possible to measure the response to M. phlei because this

mycobacterium formed a biofilm on the surface of PBMC

cultures 48 h after infection. We then analysed the ex vivo

antitumour activity of mycobacteria-activated PBMCs. Both

BCG- and M. brumae-infected PBMCs triggered direct

cytotoxic activity against T24 cells (Fig. 3D). In addition,

soluble factors derived from both mycobacteria-infected

cultures showed cytotoxic effects against T24 cells. Co-

culture with mycobacteria-activated PBMCs or nonactivat-

ed PBMCs significantly increased constitutive IL-8 and IL-6

production in T24 cells (Fig. 3D).

3.3. M. brumae does not persist in T24 tumour cells or

J774 macrophages

We corroborated the nonpathogenicity of M. brumae

by investigating its survival in nonprofessional and

professional phagocytic cells. Unlike BCG, M. brumae and

M. vaccae S were not viable in tumour cells or macrophages

at 24 and 96 h after infection (Fig. 4A,B).

3.4. Intravesical treatment with M. brumae enhances the

survival of tumour-bearing mice

After we demonstrated that M. brumae inhibits the growth

of murine MB49 tumour cells in vitro, similar to BCG
(Fig. 5A), we performed in vivo experiments (Fig. 5B).

Approximately 9 � 2 d after tumour induction, all animals

exhibited haematuria, a hallmark of established tumours.

While 100% of nontreated animals died within 40 d of tumour

implantation, mycobacteria treatment significantly prolonged

survival in tumour-bearing mice. As for BCG [20,21], the

response to M. brumae in the animal model is dose-dependent

(Supplementary Fig. 2). At 60 d after tumour implantation, no

significant differences were observed between the BCG and

M. brumae treatment groups, although M. brumae treatment

prolonged survival compared to BCG treatment (Fig. 5C).



Fig. 5 – Mycobacterium brumae treatment prolongs survival in tumour-bearing mice. (A) Growth inhibition and interleukin (IL)-6 and keratinocyte
chemoattractant (KC) production for high-grade murine MB49 cells infected with mycobacteria (multiplicity of infection 10:1). Data represent
percentage cell survival relative to untreated cells. Values represent the mean W standard deviation for triplicate preparations from two independent
experiments. ** p < 0.05 versus control group, * p < 0.05 versus BCG group, Student’s t-test. (B) Schematic schedule of the in vivo experiments. C57BL/6
mice (n = 7–14) received four weekly intravesical instillations of phosphate-buffered saline (PBS), BCG, or M. brumae (indicated by arrows) after
tumour implantation. (C) Kaplan-Meier analysis of survival in tumour-bearing mice after treatment with PBS (black line), 2–4 T 106 BCG (blue), or
2 T 107 M. brumae (red). ** p < 0.01 versus PBS group, log-rank (Mantel-Cox) test. (D) Colony-forming units (CFU) for splenocyte cultures from mice
treated with M. brumae (red) or BCG (blue). The number of viable bacteria from each spleen is represented as a dot; the line identifies the median for
the group. (E) Representative histologic images (hematoxylin-eosin staining) of bladder sections from nontreated (PBS), M. brumae-treated, and BCG-
treated tumour-bearing mice. Scale bar, 1 mm (upper images) and 50 or 100 mm (lower images).
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Examination of splenocyte cultures revealed that BCG-treated

mice had viable bacteria counts, while no mycobacteria were

detected in surviving M. brumae-treated mice (Fig. 5D).

Histopathologic examination of a nontreated bladder showed

a solid mass growing within the bladder lumen and

infiltrating the mucosa. Tumours were homogeneous in

pattern, with several haemorrhagic and necrotic foci. In

addition, mitotic cells were observed at higher magnification

(Fig. 5E). Mycobacteria-treated mice had chronic inflamma-

tion, with moderate to intensive lymphocytic infiltration into

the lamina propia and activation of lymphoid follicles. No

granulomatous inflammation was observed (Fig. 5E).

4. Discussion

Among all the mycobacteria studied, M. brumae had the

strongest inhibitory activity on growth. M. brumae inhibited

high-grade tumour growth to a similar extent to BCG and

M. phlei, but was superior to the other mycobacteria in

inhibiting low-grade tumour cells. The antiproliferative

properties are not related to species origin because the most

efficacious bacteria, M. brumae, BCG, M. phlei, and M. vaccae,

are not phylogenetically related (Fig. 1), whereas species

close to M. brumae (M. fallax and M. chitae) were not as

efficacious as M. brumae. Our results indicate that all

mycobacteria enter T24 cells, as previously shown for BCG

and M. smegmatis [22], but the outcome after internalisation

differs among mycobacterial species: some remain alive,

while others are destroyed (Fig. 4). We corroborated these

results for BCG and M. brumae using microscopy techniques

(data not shown). Therefore, the antigens exposed and their

role could differ among different mycobacteria. Further

studies are needed to unravel the M. brumae antigen(s)

related to BC inhibitory activity.

After our initial encouraging results for M. brumae,

we studied its capacity to activate an immune response.

In vitro and in vivo studies have demonstrated that

an effective immunotherapeutic agent should activate

antigen-presenting cells and strongly induce Th1 cells

[2,23–25]. M. brumae elevated the expression of activation

surface markers. Interestingly, M. brumae triggered higher

expression of CD40 than BCG did. Activation of CD40

upregulates CD80 and CD86, which improve the pattern of

macrophages with the M1 phenotype, which is necessary

for activating effector T cells and effective antitumour

therapy [23]. M1 macrophages participate in the in vitro

growth inhibition of T24 cells, suggesting that the same

behaviour could occur in vivo after mycobacterial treatment

[26]. In addition to activating macrophages, M. brumae

induces cytokine secretion and activates the antitumour

capacity of infected PBMCs, although to a lesser extent than

BCG. In vitro and in vivo studies demonstrated the influence

of cytokines and the host immune response on the outcome

of BCG immunotherapy in BC [1,2]. Several BCG subcom-

ponents are potent inducers of IL-12 and interferon (IFN)-g

production by PBMCs, promoting Th1 cell differentiation

and enhancing cytotoxicity against BC cells [27,28]. IL-12

and IFN-g are critical for effective immunotherapy in BC

mouse models [19,24]. Thus, our results suggest that
M. brumae shares some components with BCG that are

critical for its immunomodulatory activity.

Finally, we demonstrated that M. brumae treatment

significantly prolongs survival in tumour-bearing mice.

Importantly, BCG was recovered from splenocytes of BCG-

treated mice, whereas M. brumae was not recovered from

the spleen of surviving M. brumae-treated animals. This is

in accordance with our in vitro results, which demonstrat-

ed that M. brumae is cleared within a few days after

infection of BC cells and macrophages, whereas BCG

persists (Fig. 4). Although the limitations of the mouse

model must be taken into account, this result is indicative

of the BCG infections observed in NMIBC patients after

treatment. Accidents after traumatic instillations in

humans can lead to systemic BCG invasion and possible

infection. Numerous reports have documented the onset of

BCG infection. Bowyer et al [29] detected acid-fast bacilli in

a bladder 16 mo after the completion of intravesical

instillations. Systemic infections have even been observed

3 y [4] and 6 y [3] after completion of BCG treatment due to

reactivation of the bacilli when a patient’s immunocom-

petence is decreased. The fact that viable M. brumae was not

recovered in an animal model implies that use of M. brumae

for BC treatment could avoid this adverse event associated

with BCG. M. brumae is a saprophyte mycobacterium

associated with water and soil. Although a case of catheter-

related infection was attributed to M. brumae, it was

subsequently confirmed that the isolate did not correspond

to M. brumae [30]. Therefore, infections due to M. brumae

have not been described.

Our study has some limitations. The molecular mecha-

nisms by which M. brumae inhibits tumour cell growth and

triggers an immune response have not been addressed.

Although this was not the primary aim of our study, we are

currently performing in vitro and in vivo experiments to

elucidate the mechanisms. Moreover, although the animal

model we used is currently the most appropriate and

widely accepted for comparing potential agents with BCG

treatment [6,19], other animal models (eg, using rats and/

or pigs) could be used to corroborate our results before

clinical assays of the safety and tolerability of M. brumae in

humans.

5. Conclusions

In summary, our data indicate that M. brumae effectively

inhibits BC growth and helps the host immune system to

eradicate cancer cells. Moreover, M. brumae grows three

times faster than BCG and is therefore faster and cheaper to

produce than BCG. Although further research is needed, our

preclinical results suggest that M. brumae represents a safe

and efficacious agent for antitumour immunotherapy and

may be a promising option for NMIBC treatment.
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4246–52.

[25] Luo Y, Henning J, O’Donnell MA. Th1 cytokine-secreting recombinant

Mycobacterium bovis bacillus Calmette-Guérin and prospective use
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