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Tumor Bearing Mice Although Less Efficaciously than
Live Mycobacteria
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Purpose: g Irradiated Mycobacterium bovis bacillus Calmette-Gu�erin has shown
in vitro and ex vivo antitumor activity. However, to our knowledge the potential
antitumor capacityhasnotbeendemonstrated invivo.Westudied the invivopotential
of g irradiated bacillus Calmette-Gu�erin and g irradiated M. brumae, a saprophytic
mycobacterium that was recently described as an immunotherapeutic agent.

Materials and Methods: The antitumor capacity of g irradiated M. brumae was
first investigated by analyzing the in vitro inhibition of bladder tumor cell pro-
liferation and the ex vivo cytotoxic effect of M. brumae activated peripheral blood
cells. The effect of g irradiated M. brumae or bacillus Calmette-Gu�erin intra-
vesical treatment was then compared to treatment with live mycobacteria in the
orthotopic murine model of bladder cancer.

Results: Nonviable M. brumae showed a capacity to inhibit in vitro bladder
cancer cell lines similar to that of live mycobacteria. However, its capacity to
induce cytokine production was decreased compared to that of live M. brumae.
g Irradiated M. brumae could activate immune cells to inhibit tumor cell growth,
although to a lesser extent than live mycobacteria. Finally, intravesical treat-
ment with g irradiated M. brumae or bacillus Calmette-Gu�erin significantly
increased survival with respect to that of nontreated tumor bearing mice. Both
g irradiated mycobacteria showed lower survival rates than those of live myco-
bacteria but the minor efficacy of g irradiated vs live mycobacteria was only
significant for bacillus Calmette-Gu�erin.

Conclusions: Our results show that although g irradiated mycobacteria is less
efficacious than live mycobacteria, it induces an antitumor effect in vivo,
avoiding the possibility of further mycobacterial infections.
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MYCOBACTERIUM bovis bacillus Calmette-Gu�erin is
still the gold standard treatment to avoid progres-
sion and recurrence in patients with nonmuscle
invasive BC. BCG triggers a dual effect. 1) It is
supposed that BCG inhibits the growth of the
remaining tumor cells because in vitro experiments
have demonstrated the capacity of BCG to inhibit
the proliferation of bladder cancer cell lines. 2) BCG
triggers an immunological cascade of events,
including attracting different subsets of immune
cells into the bladder, which helps eradicate tumor
cells.1e3 However, this efficacious treatment also
has adverse events.4 The most critical collateral ef-
fect is BCG infections due mainly to traumatic
instillations.5e7 BCG is instilled weekly into the
bladder for 6 weeks but for optimal efficacy clinical
trials suggest that BCG should be given on a
maintenance schedule for at least 1 year.8 This
increases the risk of infection.

To avoid the possibility of BCG infection different
strategies involving mycobacteria derived agents
are currently under investigation. The first is based
on a nanoemulsion of BCG cell wall extract,9 which
increases the attraction of the hydrophobic BCG cell
wall to the bladder epithelium. This triggers a more
efficient immune response than using the BCG cell
wall without nanoemulsion. The other approxima-
tion is to use the cell wall plus nucleic acids from M.
phlei in a formulation called MCNA (M. phlei cell
wall-nucleic acid complex).10 In a recent study Mo-
rales et al determined its safety and potential to
treat BCG refractory cases.10

In this line of research 2 other therapeutic
options were recently proposed at our laboratory.
1) Based on the fact that at least in the first in-
stillations live mycobacteria are needed to induce a
proper immune reaction,1,11,12 we determined the
antitumor capacity of M. brumae, a saprophytic
mycobacterium. Like BCG M. brumae can activate
the immune system and inhibit bladder cancer cells.
In vitro, ex vivo and in vivo M. brumae has shown
antitumor ability similar to that of BCG.13 2) We
determined the antitumor activity of killed but
metabolically active BCG in vitro and ex vivo.14 In
contrast to the proposal of using cell wall extracts,
using killed but metabolically active mycobacteria
implies using the whole bacterium, thus, avoiding
missing any potential immunostimulatory com-
pounds. Mycobacteria in that case are treated
with g irradiation, preserving a percent of active
metabolism but preventing the mycobacteria from
replicating. Thus, the fact that g irradiated myco-
bacteria cannot cause infections warrants using
them. However, to our knowledge the in vivo anti-
tumor effect remains to be investigated.

To establish the true potential of g irradiated
mycobacteria as immunotherapeutic agents in the
current series we first determined the antitumor
capacity of g irradiated M. brumae in vitro and
ex vivo. We then determined for the first time to our
knowledge the in vivo effect of intravesical in-
stillations of irradiated mycobacteria compared
with live mycobacteria in the orthotopic murine
model of BC.
MATERIALS AND METHODS

Bacterial Strains and Treatments
M. bovis BCG Connaught (ATCC� 35745), M. phlei
(ATCC 11758) and M. brumae (ATCC 51384T) were grown
on Middlebrook 7H10 medium (Difco Laboratories,
Detroit, Michigan) supplemented with 10% OADC
enrichment for 3, 2 or 1 week at 37C. In some experi-
ments bacteria cells were subjected to different heat
(60C and 121C) and irradiation (UV and g) treatments as
previously described.14

SEM and TEM Negative Staining
Mycobacterial structure was observed with electron mi-
croscopy. For conventional SEM experiments bacterial
cell suspensions (105 cfu/ml) were filtered though a 0.2 mm
nanopore Whatman� membrane and processed as previ-
ously described.15 For TEM negative staining a suspen-
sion of isolated bacteria (106 cfu/ml) was applied to glow
discharged, carbon coated copper grids and treated as
described previously.14

Direct Growth Inhibition Experiments
In 2007 to 2011 we obtained human transitional carci-
noma cell lines corresponding to high (T24 and J82) and
low (RT112, 5637, SW780, MG-HU-3 and RT4) histo-
pathological tumor grades (RTICCC-PRBB, Cancer Cell
Line Repository). They were authenticated following short
tandem repeat profiling. Cells were confirmed as negative
for mycoplasma contamination by monthly screening
using the MycoAlert� assay. Tumor cells were main-
tained and infected with live or treated bacteria as
described previously.13e16 The formation of mycobacterial
clumps was assessed by microscopy. Of the cells 90% were
present as single cells or small clumps (data not shown).
After 72 hours, or 120 hours for J82 cultures, cell culture
supernatants were harvested, centrifuged and stored at
e40C until use. Cell proliferation was measured by MTT
colorimetric assay (Sigma�).

Mycobacteria Activated PBMC Macrophage
Activation and Antitumor Capacity
Flow cytometry analysis of surface receptors in the mu-
rine macrophage-like J774 cell line was performed as
described previously.13,14 J774 macrophages were seeded
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in 6-well Nunc� cell culture plates. They were untreated,
treated with lipopolysaccharide (10 mg/ml) as a positive
control or infected with mycobacteria at a MOI (multi-
plicity of infection) of 1:1 for BCG and 10:1 for the other
mycobacteria. After 3-hour incubation the cells were
washed and complete medium was added. At 24 hours
after infection the cells were collected and blocked with
anti-mouse CD32/CD16 antibody (BD Pharmingen�).
The cells were stained with phycoerythrin conjugated
anti-CD40, anti-CD80 or anti-CD86 specific antibodies
(BD Pharmingen). Isotype control antibodies were also
included to account for nonspecific binding. The cells were
analyzed with a FACSCalibur� flow cytometer using
CellQuest� software. Results are expressed as the
mean � SD fluorescence intensity (Geo MFI) of 10,000
events per histogram in 3 independent experiments.

Cytotoxicity experiments using PBMCs from purified
protein derivative negative individuals were done as
described previously.14 After incubation culture superna-
tants were harvested for further analysis of cytokine
production. Procedures to obtain human samples were
approved by the UAB ethical committee.

Analysis of Cell Culture Supernatant Cytokines
and NO
To quantify cytokines we performed enzyme-linked
immunosorbent assay of infected BC cell lines or PBMC
supernatants using commercially available kits according
to manufacturer instructions. We used IL-6, IL-8, IFN-g,
TNF-a (BD Pharmingen), IL-10 and IL-12 (Mabtech,
Stockholm, Sweden). NO production was assessed by
measuring nitrite concentrations using the Griess reac-
tion (Sigma).

BC Orthotopic Model and Intravesical Treatment
Animal experiments were done according to procedures
approved by the UAB animal care committee. The ortho-
topic murine model of BC was developed as previously
described.1,13,17 After instilling L-poly-lysine (Sigma)
intravesically to induce chemical lesions, 105 MB49
murine tumor bladder cells were instilled to induce tu-
mors (dwell time 60 minutes) in 6 to 8-week-old C57Bl/6
female mice (Charles River Laboratories, Chatillon-sur-
Chalaronne, France). One day later the mice received
live mycobacteria intravesically in PBS (dwell time
60 minutes) or PBS (control group) while under isoflurane
anesthesia. Animals were then treated weekly with PBS,
live mycobacteria or mycobacteria that had been irradi-
ated at 5 kGy (fig. 1, A). This dose of irradiation was
previously demonstrated to avoid bacteria proliferation
but preserve the high rate of metabolic activity.5 Animals
were evaluated daily for health status and gross hema-
turia. At 60 days the survivors were sacrificed.

The bladder was fixed in 10% buffered formalin and
embedded in paraffin. Hematoxylin and eosin staining
was performed on 4 mm sections for histopathological ex-
amination. Spleens were collected, disrupted, serially
diluted in PBS and plated on BD� Middlebrook 7H10
medium to determine the cfu count.

Statistical Analysis
Statistical significance of differences between BC cell
growth inhibition and cytokine levels was assessed with
the Student t-test and Prism�. The Wilcoxon-Mann-
Whitney rank test was used to compare cytokine levels
and the percent of cytotoxicity. The log rank test was
applied to determine the statistical significance of Kaplan-
Meier survival curves. The Kruskal-Wallis test (Mann-
Whitney test with Bonferroni corrected p values) was
applied to compare cfu counts. Significance was
considered at p <0.05.
RESULTS

g Irradiated M. brumae Retained Antitumor

Capacity and Ability to Induce Cytokine

Production

We first tested the effect of heating and irradiation
on the antitumor capacity of M. brumae. g Irradia-
tion and 121C heat treatments yielded nonviable M.
brumae. However, UV irradiation and 60C heat
treatment reduced M. brumae viability to 8.2 � 102

and 3.6 � 103 cfu/ml, respectively, compared with
untreated M. brumae (3 � 106 cfu/ml).

Treated and live M. brumae inhibited T24 growth
to a similar extent (fig. 2, A). However, IL-6 and IL-8
production was lower in treated M. brumae infected
cultures compared to viable M. brumae (p <0.05,
fig. 2, A). g Irradiated M. brumae (25 kGy) triggered
cytokine production to an extent similar to that of
live M. brumae. Thus as in BCG,14 g irradiated M.
brumae retained the antitumor potential of the live
mycobacteria.

On electron microscopy we observed that g irra-
diation damaged the superficial structure of the
mycobacteria but not to the severe degree that was
observed with heat killed treatment (fig. 2, B).

Similar Direct Antitumor Effects of g Irradiated

Mycobacteria

As noted, antigens from M. phlei are used as anti-
tumor agents for BC treatment. Moreover we pre-
viously reported that together with BCG and M.
brumae live M. phlei provides the highest growth
inhibiting activity in BC cell lines.13 To our knowl-
edge nothing is known about the antitumor effect of
g irradiated M. phlei. Thus, we compared the ca-
pacity of g irradiated M. phlei to inhibit cell growth
with that of M. brumae and BCG. g Irradiated M.
brumae and M. phlei inhibited BC cell growth to an
extent similar to that of BCG in all tumor cell lines
studied except g irradiated M. phlei in the RT112
cell line (fig. 3). g Irradiated M. brumae was most
efficacious at inhibiting the growth of RT4, SW780
and RT112 BC cells.

g Irradiated M. brumae Triggered Cytokine

Production but Not Activation Marker Expression

To evaluate the potential of g irradiated M. brumae
as an immunomodulatory agent we evaluated by flow
cytometry its ability to trigger the expression of



Figure 1. g Irradiated mycobacteria treatment prolonged survival in tumor bearing vs nontreated mice. A, schedule of in vivo

experiments in 6 or 7 C57BL/6 mice that received 4 weekly intravesical instillations of PBS, 2 � 106 BCG or 2 � 107 M. brumae cells

(arrows) after tumor implantation. B, bladder sections from control mice treated with PBS (control), and mice treated with live and

g irradiated mycobacteria. Note intravesical tumor in PBS treated mice, remaining tumor cells in lamina propia (inset, asterisk) in

g irradiated BCG treated mice and no tumor in g irradiated BCG treated mice. No evidence of tumors was observed in live

mycobacteria and g irradiated M. brumae treated mice. H&E, scale bar indicates 1,000 and 50 (inset) mm.
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activation markers in J774 macrophages. Only
g irradiatedBCGandM.phlei significantly increased
the CD86 activation marker (mean 240 � 30 and
200 � 65 MFI, respectively) compared to basal levels
(100 � 7 MFI, p <0.05). g Irradiated M. brumae did
not induce the expression of any activation marker
and no g irradiated mycobacteria induced the
production of NO in infected macrophages.

In regard to PBMC infection the production of all
cytokines examined increased after infection
compared with constitutive production (table 1). The
exception was g irradiated M. phlei infections for
IFN-g production. g Irradiated M. brumae triggered
significantly decreased levels of IL-8 and IFN-g but
higher levels of IL-6 production than g irradiated
BCG in infected PBMCs. g Irradiated M. phlei infec-
tion produced similar levels of IL-6, IL-8 and IL-10
but significantly lower IL-12, IFN-g and TNF-a
compared tog irradiatedM.brumae (p<0.05, table 1).
We next analyzed the cytotoxic activity of myco-
bacteria activated PBMCs against tumor cells.
Infection with g irradiated BCG, M. brumae or M.
phlei induced similar cytotoxic effects on T24 cells
(table 1). Additionally soluble factors derived from
g irradiated M. brumae infected cultures showed
cytotoxic effects against T24 cells in contrast to
g irradiated M. phlei (table 1).

Intravesical M. brumae Enhanced Survival in

Tumor Bearing Mice

After determining the superior effect of g irradiated
M. brumae vs M. phlei to activate the antitumor
capacity of PBMCs, we focused our in vivo experi-
ments on g irradiated M. brumae and BCG using
the orthotopic model of BC (fig. 1, A). At a mean of
9 � 2 days after tumor induction all animals pre-
sented with hematuria, a hallmark of established
tumor.1,13,18 All tumor bearing mice treated with



Figure 3. g Irradiated M. brumae and M. phlei inhibited growth of tumor bladder cell lines to extent similar to that of g irradiated BCG.

Cell survival is shown relative to that of control uninfected tumor cells. Values represent mean � SD of triplicate preparations of at least

3 independent experiments. Asterisk indicates p <0.01 vs irradiated BCG infected. ND, not determined.

Figure 2. g Irradiated M. brumae inhibited growth and triggered cytokine production. A, live and irradiated or heat treated M. brumae

inhibited tumor high grade T24 cell growth to similar extent. Cytokine production decreased in response to treated mycobacterial

infection in T24 cells. Survival is shown relative to that of control uninfected tumor cells. All experiments were repeated at least

3 times. Values represent mean � SD of triplicate preparations of 1 representative experiment. Asterisk indicates p <0.05 vs live

M. brumae infected cells. Ampersand indicates p <0.05 infected vs noninfected cells. B, TEM and SEM reveal live, 121C heat killed

and 25 kGy g irradiated BCG and M. brumae.
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Table 1. Production of cytokines and cytotoxicity against T24 cells of g irradiated mycobacteria infected PBMCs

Mean � SD Noninfected Mean � SD BCG*

Mean � SD Infected

M. brumae* M. phlei

Cytokines (pg/ml):
IL-6 Not detected 65 � 1.5 12,479 � 2,438 14,676 � 194*
IL-8 14 � 6.1 388 � 4.0 300 � 6.7 310 � 8.8*
IL-10 17 � 8.6 90 � 1.4 85 � 34 124 � 5.3*
IL-12 50 � 15 4,161 � 1,453 3,115 � 486 277 � 94*
IFN-g 9.9 � 3.8 5,223 � 41 912 � 19 5.3 � 0.2
TNF-a Not detected 6,601 � 645 7,090 � 543 3,693 � 255*

Cytotoxicity (%):†
Cell to cell 39.5 � 8.2 59 � 3.8 53 � 1.8 54 � 1.3*
Soluble factors 0.2 � 11 18 � 2.4 18 � 5.8 0 � 1.5

*Mann-Whitney test p <0.05 vs noninfected PBMCs.
†T24 cell growth inhibition was triggered by g irradiated mycobacteria activated PBMCs (cell to cell) or soluble factors (cell culture supernatants) from g irradiated
mycobacteria activated PBMCs.
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mycobacteria showed significantly prolonged sur-
vival (table 2). However, treatment with live myco-
bacteria resulted in higher survival rates than the
rates in animals treated with g irradiated myco-
bacteria. The difference was significant for BCG
treated mice (p <0.05).

Examination of viable bacteria in splenocyte
cultures revealed that even when live BCG was only
used at the first instillation, g irradiated BCG
treated mice showed a viable bacteria count 60 days
after tumor induction. At 29 days after tumor in-
duction the number of BCG counts in splenocytes
was significantly lower in g irradiated BCG treated
mice than in live BCG treated mice. No mycobac-
teria were detected in any surviving M. brumae
treated mice (table 2).

Histopathological examination of PBS treated
tumor bearing mice showed a solid mass growing in
the bladder lumen and infiltrating under the lamina
propia (fig. 1, B). In g irradiated BCG treated mice
remaining diffuse tumor cells were observed in 1
bladder and a solid tumor was observed in another
bladder. In the remaining bladders of mycobacteria
Table 2. Kaplan-Meier analysis of survival and cfu count in
spleen of 6 tumor bearing mice after treatment

M. brumae BCG PBS

Instillation No.:
1 Live Live Live Live PBS
2e4 Live g Irradiated Live g Irradiated PBS

No. survivors
(days):

30 5 6 6 6 3
45 5* 5* 4* 4* 0
60 5* 4* 4* 2*, † 0

Median cfu/
spleen (days):

Not applicable

29‡ 0 0 1.24 � 105 7.17 � 103§
60 0 0 1.09 � 103 1.35 � 103

*Mantel-Cox log rank test p <0.01 vs PBS.
†Mantel-Cox log rank test p <0.05 vs live M. brumae.
‡ In another set of experiments mice were sacrificed at day 29 after tumor in-
duction and spleens were disrupted and plated for cfu count.
§At 29 days after tumor induction p <0.05 vs live BCG.
treated animals no tumors were observed 60 days
after tumor induction. Mild to moderate lymphocytic
infiltration in the lamina propia and lymphoid ag-
gregates were noted in all tumor bearing mice
treated with mycobacteria (fig. 1, B).
DISCUSSION
The use of nonviable mycobacteria for BC treatment
has been widely studied to avoid BCG infection. The
majority of previous studies have focused on the heat
killed BCG. However, it was earlier demonstrated in
the orthotopic murine model of BC that heat killed
BCG are inefficacious in inhibiting tumor growth
with no difference in survival compared to that of
untreated animals.19 Intravesical instillations of
heat killed BCG cannot induce T-cell infiltration into
the bladder1 and these cells are key to trigger an
antitumor effect.3,20,21 It appears clear that at least
for the first instillations livemycobacteria are needed
to induce an adequate immune response. However,
the duration of BCG treatment in patients with BC
patients, which could be up to 3 years, increases the
possibility of traumatic instillation and, thus, the
possibility of BCG infection. As such, safer options
merit further investigation.

A safer option than live mycobacteria is g irra-
diated mycobacteria. Our results indicate that not
only g irradiated BCG14 but also g irradiated M.
brumae and M. phlei inhibited tumor growth
in vitro (figs. 2 and 3). Moreover, g irradiation
treatment showed a capacity to trigger cytokine
production that was nearest to that of live myco-
bacteria. However, infection of macrophages with
irradiated (table 1) or heat killed mycobacteria (re-
sults not shown) did not induce the expression of
activation markers compared to live mycobacteria.13

Although g irradiation is the least damaging treat-
ment and metabolic activity is preserved (fig. 2),14

the effect of irradiation could modify the physical
properties of the mycobacterial surface as the
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structure of critical fibronectin binding proteins,22

affecting recognition, internalization and traf-
ficking as well as the export of critical antigens
needed to stimulate a proper immune response.

In contrast to our results others affirmed that heat
killed BCG or the cell wall skeleton of BCG enhanced
the expression of dendritic cell activation
markers.23,24 However, the experimental conditions
used in these reports were different from ours. They
used aMOI of up to 70 compared to the 10MOI in our
experiments. The uptake of killed mycobacteria was
less efficient compared with that of live mycobacteria
inJ774macrophages.25Thus, higherdoses areneeded
to activatemacrophages. Additionally the oil-in-water
emulsion used to resuspend mycobacterial compo-
nents could have enhanced immunostimulatory
properties. Finally, the observed differences could be
due to the use of dendritic vs J774 cells.

In general the weakened immunostimulation re-
flected in the production of fewer cytokines by
bladder cells or in the activation of antigen pre-
senting cells, which initially encounter mycobac-
teria when they are instilled in the bladder, could be
decisive to achieve the appropriate initial antitumor
microenvironment.1,26 This may indicate less clin-
ical efficacy for nonviable mycobacteria. It would
suggest that viable mycobacteria are needed at least
during the first instillations as previously described.

Despite this decreased expression of activation
markers, g irradiated mycobacteria can still trigger
the production of cytokines in PBMCs and activate
them for an antitumor effect against BC cells
(table 1).14,24 In vitro and in vivo studies revealed
that effective immunotherapy should activate anti-
gen presenting cells and strongly induce
Th-1.21,27,28 Thus, if proper primary induction is
achieved with viable mycobacteria, nonviable
mycobacteria will probably produce an effective
recall response. When this strategy was studied in
the mouse BC model, our results showed signifi-
cantly enhanced survival rates for g irradiated
mycobacteria treated tumor bearing mice compared
with nontreated mice (fig. 1). g Irradiated M. bru-
mae proved to be more efficacious than g irradiated
BCG. In view of these results the persistence of live
mycobacteria in the animal, at least in the mouse
model, does not appear to be necessary to increase
the survival rates of tumor bearing mice because M.
brumae was not detected on splenocytes at day 29
after tumor induction but the antitumor effect was
still adequate.

If the safety and tolerability of live M. brumae
are, as expected, superior to those of BCG in human
trials, the g irradiated form of M. brumae could be
irrelevant. However, our findings suggest that the
unique properties of M. brumae may offer novel
opportunities to understand previously unrecog-
nized mechanisms of immune activation that are
important to generate effective local and systemic
immune responses. The fact that BCG and M. bru-
mae inhibit in vitro tumor growth and trigger an
antitumor immune response leads to the belief that
they share common antigens. However, the
different in vivo antitumor effects could indicate
different mechanisms of action, which could be due
to specific immunogenic antigens in M. brumae.
Regarding this, Checkley et al used a bioinformatic
approach to identify antigens specific to non-
tuberculous mycobacteria (ie not present in the M.
tuberculosis complex) and found a specific immune
response to these antigens.29 Comparison of the
different microorganisms (M. brumae, BCG and M.
phlei) in terms of -ome characters (genome, prote-
ome, lipidome, transcriptome and metabolome)
together with the immune responses that they
trigger may provide some insight into the antitumor
efficacy of mycobacteria to treat BC.

Further studies are needed. For instance diluting
mycobacteria in PBS for intravesical instillation
does not perfectly disperse the clumps that myco-
bacteria tend to form (data not shown). Using
mycobacterial emulsions that enhance contact be-
tween mycobacteria and target cells could improve
mycobacterial antitumor efficacy.
CONCLUSIONS
Our data indicate that g irradiated mycobacteria
can induce an antitumor effect in vivo, although
they are less efficacious than live mycobacteria.
This approach could be used to explore the efficacy
of other instillation strategies in patients with BC to
decrease the adverse events triggered by live BCG.
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