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Bacterial Delivery of Staphylococcus aureus
o-Hemolysin Causes Regression and Necrosis in

Murine Tumors

Adam T St. Jean'?, Charles A Swofford', Jan T Panteli’, Zachary ] Brentzel' and Neil S Forbes’

'Department of Chemical Engineering, University of Massachusetts, Amherst, Massachusetts, USA, 2Current Address: Department of Chemical Engi-

neering, University of New Hampshire, Durham, New Hampshire, USA

Bacterial therapies, designed to manufacture therapeutic
proteins directly within tumors, could eliminate cancers
that are resistant to other therapies. To be effective, a
payload protein must be secreted, diffuse through tissue,
and efficiently kill cancer cells. To date, these properties
have not been shown for a single protein. The gene for
Staphylococcus aureus o-hemolysin (SAH), a pore-forming
protein, was cloned into Escherichia coli. These bacteria
were injected into tumor-bearing mice and volume was
measured over time. The location of SAH relative to necro-
sis and bacterial colonies was determined by immunohis-
tochemistry. In culture, SAH was released and killed 93%
of cancer cells in 24 hours. Injection of SAH-producing
bacteria reduced viable tissue to 9% of the original tumor
volume. By inducing cell death, SAH moved the boundary
of necrosis toward the tumor edge. SAH diffused 6.8+0.3
um into tissue, which increased the volume of affected
tissue from 48.6 to 3,120 uym3. A mathematical model of
molecular transport predicted that SAH efficacy is primar-
ily dependent on colony size and the rate of protein pro-
duction. As a payload protein, SAH will enable effective
bacterial therapy because of its ability to diffuse in tissue,
kill cells, and expand tumor necrosis.
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INTRODUCTION
Engineering bacteria to deliver therapeutic proteins can overcome
the limitations of traditional chemotherapy.'*> Most cancer drugs
cannot clear all cancer cells in tumors. They are typically only
effective against proliferating cells, and cannot penetrate deep into
tissue.* These weaknesses allow many cells to escape treatment,
and increase the chance of recurrence, metastasis, and mortality.>®
Tumor-seeking bacteria have an advantage over passive molecules
because they can deliver a molecular factory that continuously
produces protein drugs in situ. By manufacturing molecules on
site, bacterial delivery can focus production to locations deep in
tumors and produce molecules that kill all cells.* Combined, these
effects have the potential to greatly increase treatment efficacy.
Many bacterial therapies have been developed over the last
two decades that deliver a wide range of payloads.® These include

prodrug cleaving enzymes,”® immune sensitizing proteins,”! anti-
gens,'> cytokines,'*? and bacterial toxins.?* Natural bacterial
toxicity has also been shown to reduce tumor growth.?** To improve
bacterial delivery of therapeutic molecules the roles of the immune
system”*?” and bacterial chemotaxis®?* in controlling tumor target-
ing have been determined and genetic methods have been developed
to control protein production.’®!**** Many of these strategies reduce
tumor growth in mice,*'**** but further development is required.

An optimal protein payload has several properties that would
enable it to eliminate tumors.® It must (i) be efficiently released
by bacteria, (ii) directly kill cancer cells, and (iii) diffuse through
tumor tissue. These properties will amplify the number of cancer
cells that can be killed. If a protein is not released, it will not reach
cancer cells. Direct killing will ensure efficacy against all cells and
reduce variability. The ability to diffuse through tissue will amplify
the effect of each bacterium, and enable killing of tissue far from
each colony. To date, all of these properties have not been demon-
strated for a single protein-delivery strategy.

Staphylococcus aureus o-hemolysin (SAH) is a pore-forming
protein that is naturally secreted and kills mammalian cells.*** It
is a 293-aminoacid protein that assembles into heptameric, mush-
room-shaped pores in mammalian membranes.® It is highly toxic
to epithelial cells, with an LD, of 100 ng/ml.* Death is caused by
two mechanisms: non-specific adsorption to cell membranes caus-
ing loss of ion homeostasis and lysis, and binding to cell-surface
receptors that causes activation of apoptotic pathways.?”*® The sus-
ceptibility of all cells to pore-induced lysis enables treatment of cells
that are resistant to drugs that target more specific mechanisms.

To create a therapy with favorable delivery properties, we engi-
neered bacteria to produce SAH. We hypothesized that SAH could
be produced and released by bacteria, diffuse into tissue, kill cancer
cells, and reduce tumor volume. To test this hypothesis, we cloned
SAH from S. aureus into Escherichia coli. The ability to release SAH
was determined by immunoblot and the rate of SAH-induced cell
death was measured in culture. The extent that bacterially-produced
SAH reduced tumor volume and induced necrosis was measured
in mice. The colocalization of necrosis and SAH was determined
by immunohistochemistry. The distance of SAH diffusion from
bacterial colonies was quantified by immunofluorescence and
analyzed by a mathematical model of production and transport.
Demonstration that a payload protein (SAH) can diffuse through
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tissue and efficiently eliminate tumor cells is a critical step in the
development of an effective bacterial cancer therapy.

RESULTS

SAH caused rapid cell death

Bacteria were transformed with either a plasmid designed to con-
trollably produce SAH (Figure 1a) or a nontoxic control protein
(Figure 1b). The gene for SAH was extracted from the S. aureus
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Figure 1 Plasmids developed in this study. (a) Plasmid that produces
S. aureus a-hemolysin after induction with L-arabinose. (b) Control plas-
mid that produces ZsGreen.
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genome and placed downstream of the arabinose-inducible pro-
moter, P, =~ (Figure 1a). The 6.6kDa plasmid contained genes
AraC, which is necessary for the function of P, - and asd (aspar-
tate semialdehyde dehydrogenase), which creates a balanced-
lethal system® to maintain plasmid stability when transformed
into Aasd E. coli strain %6212. The primary function of the control
pZsG-asd plasmid was to provide asd to 36212, which cannot sur-
vive without it.

The P,,, promoter effectively controlled expression of SAH
and once expressed, E. coli transformed with pBAD-SAH (named
EC-SAH) released SAH into the surrounding environment
(Figure 2a,b). Cultures of EC-SAH were grown to mid-logarith-
mic phase (OD,,: 0.5) and induced with 0.2% arabinose for 4
hours. Induced cultures released 66% of produced SAH into the
supernatant (Figure 2a). Uninduced EC-SAH released ~2% of the
amount released by induced cultures (Figure 2a). As expected,
control bacteria (E. coli transformed with pZsG-asd, named
EC-ZsG) do not produce SAH (Figure 2b).

Treating MCF7 cancer cells with supernatant from cultures
of EC-SAH caused rapid death (Figure 2c-f). Supernatant was
added to cultures of mammalian cells at a concentration equiva-
lent to bacterial coculture. Six-hour treatment with supernatant
from induced EC-SAH cultures reduced cell viability compared to
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Figure 2 SAH expression and in vitro toxicity. (a) Distribution of bacterially-produced SAH in cultures of EC-SAH. Half of the cultures were induced
with 0.2% L-arabinose for 4 hours and half were not induced. The cytoplasmic fraction was isolated by mechanical lysis. The released fraction repre-
sents the SAH in the culture supernatant. (b) SAH in the supernatant from bacterial cultures of EC-SAH and EC-ZsG. (c) Supernatant from induced
EC-SAH cultures decreased survival of MCF-7 cells compared to untreated (PBS) controls (*P < 0.05). The decrease was comparable to 500 ng/ml of
pure SAH (*P < 0.05). Supernatant from uninduced EC-SAH did not affect survival compared to PBS controls. (d) MCF7 cells treated with supernatant
from EC-SAH cultures. Arrows indicate internal rearrangement of organelles and loss of membrane integrity. (e) Supernatant from EC-SAH cultures
decreased the survival fraction of MCF7 cells in a time dependent manner (*P < 0.001). Values are normalized to untreated controls at each time
point. (f) Long-term treatment with supernatant from EC-SAH cultures decreased the survival fraction of MCF7 cells (*P < 0.001). Values are normal-
ized to untreated controls at 24 hours. PBS, phosphate-buffered saline; SAH, Staphylococcus aureus o-hemolysin.
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untreated controls (P < 0.05; Figure 2c). The extent of cell death
was comparable to 500 ng/ml of pure SAH, the IC,  concentration.
Supernatant from uninduced cultures did not affect viability com-
pared to controls (Figure 2c). Immediately after treatment with
bacterially expressed SAH, MCF-7 cells showed visible signs of
distress (Figure 2d). Internal structures reorganized and cells rup-
tured as they lost membrane stability (Figure 2d, white arrows).
After 24 hours of treatment, cell viability was 7% of untreated
controls (P < 0.001, Figure 2e). Treatment with supernatant from
induced EC-SAH cultures repressed cell growth for 120 hours
(Figure 2f). The density of treated cells was 99% lower than con-
trols on day 5 (P < 0.001). After 5 days, treated cells did not grow
or recover (Figure 2f). In contrast, control cells grew exponen-
tially with a doubling time of 1.1 days, increasing the density to
12-fold over this same period.

SAH-producing bacteria reduced tumor volume and
induced necrosis

Treatment with EC-SAH reduced tumor volume and induced
necrosis formation (Figure 3). To measure efficacy, mice were
systemically injected with EC-SAH and, after 48 hours, SAH pro-
duction was induced by injection of arabinose. In treated mice,
tumors regressed rapidly after induction (Figure 3a). In compari-
son, tumors in control mice, injected with EC-ZsG, continued
to grow (Figure 3a). At day 5, the tumor volume in EC-SAH-
treated mice was significantly less than in control mice (P < 0.05).
After induction, the volume decreased for every tumor in the
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Figure 3 Tumor response to bacterially-delivered SAH. (a) Tumor vol-
ume in treated mice. Protein expression was induced on day 2 (arrow).
On day 5, tumor volume in EC-SAH-treated mice was less than before
induction and less than EC-ZsG-treated controls (*P < 0.05). Volumes
are normalized by values on day 0. (b) H&E staining of control and
EC-SAH-treated tumors. Regions of necrosis (N) and viable (V) tissue are
indicated. Bars = 5mm. (c) The fraction of viable tissue in treated tumors
was significantly less than control tumors at the time of sacrifice (*P <
0.05). (d) Total volume and volume of viable tissue in EC-SAH-treated
and EC-ZsG-treated control tumors. The volume of viable tissue at the
end of the study (final) was less than the initial tumor volume (*P < 0.01).
H&E, hematoxylin and eosin; SAH, Staphylococcus aureus o-hemolysin.
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EC-SAH group (n = 8). The final tumor volume was 59% of the
volume at the time of induction (P < 0.001; Figure 3a). Prior to
treatment, these tumors were growing exponentially with a dou-
bling time of 4.3 days. In contrast, tumor volume in the control
group had increased to 146% of the volume at day 0 (P < 0.05).
After induction, the average volume reduction rate was 18% per
day (Figure 3a). No survival difference was observed between
EC-SAH and control (Supplementary Figure S1). There was no
difference in liver damage between SAH-treated and control mice
(Supplementary Figure S2).

As assessed by histological staining, treatment with EC-SAH
increased the extent of necrosis (region N, inside white line,
Figure 3b), in addition to reducing overall tumor volume. In all
tumors, necrosis was centrally located and was surrounded by
viable tissue (region V). Treatment with EC-SAH reduced the frac-
tion of viable tissue from 63% (for control mice) to 11% (P < 0.01;
Figure 3c). At the time of sacrifice, the volume of viable tissue in
treated mice (33 mm?®) was 11-fold less (P < 0.01) than the volume
before bacterial injection and 14-fold less than in control mice
(Figure 3d).

Location of SAH and necrosis in tumors
To determine the relative locations of SAH expression and necro-
sis, EC-SAH and EC-ZsG were injected into tumor-bearing
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Figure 4 Location of SAH and necrosis in tumor tissue. (a) Band of SAH
(brown, white arrows) in 4T1 tumor in a BALB/c mouse. Bar = 200 pm.
(b) Ring of SAH (false-colored in yellow, white arrows) around the periph-
ery of a4T1 tumor. Bar =4 mm. (c) Transition zone between proliferating
cells and necrosis (white arrows). Bar = 4mm. (d) H&E stained tumors
showing transition from viable (e) to necrotic cell types (f, pyknosis; g,
karyorrhexis; and h, karyolysis) in EC-SAH-treated and EC-ZsG-treated
(control) mice. Bars = 500 pm. (e-h) High-resolution micrographs of
(e) proliferating cells, (f) pyknosis (arrows indicate nuclear condensa-
tion), (g) karyorrhexis (arrows indicate nuclear fragmentation), and
(h) karyolysis (arrows indicate nuclear dissolution). Bar = 25 pm. (i) The
distance from the tumor edge to regions of pyknosis and karyolysis was
shorter in EC-SAH-treated mice compared to EC-ZsG-treated (control)
mice (*P < 0.05). The location of karyolysis in EC-SAH-treated mice
corresponded to the location of SAH (1.31mm; dashed line). H&E,
hematoxylin and eosin; SAH, Staphylococcus aureus o-hemolysin.
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mice (Figure 4). Twenty-four hours after induction with arabi-
nose, immunohistochemistry showed that SAH was located
in a band (Figure 4a, white arrows) at the tumor periphery
(Figure 4b, white arrows). This band was located in the transi-
tion zone between proliferating and necrotic tissue (Figure 4c).
We have previously shown that bacteria accumulate in this
transition zone.” In these tumors, SAH production caused
necrosis after 1 day (Figure 4d). The tumors in SAH-treated
mice were 76% necrotic compared to 49% in control mice
(P < 0.05). This increase in necrosis was caused by a change in
the location of cell death relative to the tumor edge (Figure 4d).
Cells in the early stages of death (pyknosis, Figure 4f), were
significantly closer to the tumor edge (P < 0.05; Figure 4i).
Pyknosis was more common in mice injected with EC-SAH.
Treatment with EC-SAH also decreased the distance of cells
with observable karyolysis (Figure 4h) to the tumor edge (P <
0.05; Figure 4i). These necrotic regions were bounded by cells
with karyorrhexis (Figure 4g). The average location of SAH
relative to the tumor edge (1.31 mm; dashed line in Figure 4i),
was closely associated with the location of karyolitic cells.

Bacteria

C
0.251

0.20 1

0.154

0.104

Colonies (fraction)
SAH intensity

0.051

SAH Causes Tumor Regression and Necrosis in Mice

SAH diffused through tumor tissue
The SAH produced by EC-SAH diffused away from bacterial
colonies and into surrounding tumor tissue (Figure 5). In tumor
sections, immunofluorescence showed that bacteria accumulated
as colonies (Figure 5a) that ranged in size from individual bacte-
ria to clusters 50 um across. Almost all (91%) bacterial colonies
produced SAH (Figure 5a). The extent of diffusion was deter-
mined as the distance (r,, ) that SAH was observed away from
the boundaries (r,) of bacterial colonies (Figure 5b). The aver-
age colony radius was 2.26 £0.03 pm and the average distance that
SAH diffused into tissue (r,,, — r,) was 6.8+0.3 um (Figure 5c).
Among all SAH-producing colonies, the diffusion distance ranged
from 0 to 252 pm (Figure 5c¢). More than 50% of the produced
SAH was located >2 um from colony borders. The ability to dif-
fuse increased the area of affected tissue 64-fold. The average vol-
ume of bacterial colonies was 48.6 um,’ compared to a volume of
3,120 um? for tissue with detectable SAH.

Colony size affected both the concentration of produced SAH
and diffusion distance (Figure 5d,e). Among all producing colo-
nies, the SAH intensity ranged from 0 to 8.5 times the minimum
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Figure 5 Diffusion of SAH from bacterial colonies in tumors. (a) Colonies of EC-SAH (red) in a 4T1 tumor and associated SAH (green). White arrows
indicate areas of colocalization between bacteria and SAH. Bars = 50 um. (b) Diffusion of SAH (green) was quantified as the distance (r,,,) of SAH
penetration into tissue away from the outer edge (r,) of bacterial colonies (red). Colocalized pixels appear as yellow. Bar = 25 ym. (c) Distribution of
SAH diffusion distances from bacterial colonies (n = 4,743). The average diffusion distance was 6.8 0.3 pm. (d) SAH intensity as a function of colony
size. SAH intensity was normalized by the minimum detectable level. A logarithmic fit (red line) was added as an aid to the eye. (Inset) Larger colonies
produced more SAH (*P < 0.01). (e) SAH diffusion distance and colony size were inversely related. (Inset) The average distance from small colonies
(r, <5 um) was greater than intermediate (5 < r, < 10 um) and large (r, > 10 pm) colonies (*P < 0.001). SAH, Staphylococcus aureus a-hemolysin.
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detection level (Figure 5d). The SAH intensity was more than two
times greater in large colonies (>10 pm) than smaller colonies (0-5
pm; P < 0.01; Figure 5d inset). All colonies with radii >10 pm had
SAH intensities >180% of the minimum detection limit, and 82%
of colonies with intensities less than one were smaller than 2 ym in
diameter (Figure 5d). Colony size had an inverse relation with SAH
diffusion distance (Figure 5e). The average distance from colonies
less than 5 um in diameter was 10.6 times greater than from colo-
nies greater than 10 um in diameter (P < 0.001; Figure 5e inset). A
small subset of colonies was responsible for this relationship. Only
3% of colonies had SAH further than 50 pm from their borders and
the average size of these colonies was 1.3 pm (Figure 5e). Similarly,
only 6.4% of colonies were >5 pum in diameter, and the average dif-
fusion distance from these colonies was 1.5 pm (Figure 5e).

Mathematical modeling of SAH diffusion in tumor
tissue

Delivery of SAH into tumor tissue was mathematically modeled by
a partial differential equation that related protein production by a
single colony and diftusion into infinite three-dimensional space.

dc

—=m|__ C=0
dt |7’—70 |

C=0l,— (1)

r—oo

12 o0

ot r*or or
Here C is the concentration of SAH, and D is the diffusion coef-
ficient of SAH in tissue. The boundary conditions state that SAH
is produced at constant rate 1 from a colony of radius, r,; the con-
centration is zero far from the colony; and zero before production
begins. The analytical solution of Eq. 1 is dependent on only dis-
tance (7'), time (¢), and a dimensionless parameter, M, that relates
SAH production to diffusion.

ézgerfc( /ﬂ?) (2)
r t

Here C, 7, and f are dimensionless concentration (C/ C,)s .
radius

(r/r,), and time . C, is the minimum detectable

Co 15 concen-

tration of SAH. The dimensionless number, M, describes the

relative contributions of SAH production and SAH diffusion
m

47ZD—C07‘0 . The steady-state solution of Eq. 2 is

C=M/7 3)

By nonlinear optimization, M was determined to be 4.05. This
value, which is >1, indicates that the system is diffusion limited.
The calculated concentration profiles show that the SAH concen-
tration decreases with distance from the colony edge (r,), and
increases as a function of time (Figure 6a). The model predicts
that the SAH concentration is 1% of its detectable level at 24 hours
and 428 um from the colony center.

At 24 hours, the concentration profile was close to steady state
(Figure 6a). The normalized SAH concentration, at the average
diffusion distance, r,,,, approached its steady-state value 1 hour
after induction (Figure 6b). By 24 hours, the concentration was
99% of its steady-state value (Figure 6b). The calculated shape of
the concentration profile (Figure 6a) was insensitive to the value
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of the diffusion coefficient (D). Over the reported range (3,600-
360,000 pm?/hour) of D for macromolecules in tumor tissue*' the
predicted concentration profiles were almost identical. Decreasing
D 100-fold only reduced the calculated value of M by 6.7% and the
SAH concentration, 20 um from the center of colonies, by 14%.
The ratio of SAH production to diffusion (M), however, had a
strong effect on the profile (Figure 6¢). Increasing M is equiva-
lent to increasing the production per colony, m, because all other
parameters in M (D, C,, and r,) are constant. The model predicted
that increasing SAH production 30-fold (M = 122) would increase
the volume of affected tissue more than 10,000 times (Figure 6d).

Measurements of diffusion distance as a function of colony
radius indicated that, with this bacterial strain, SAH production
decreased as colony size increased (Figure 5e). By optimizing Eq.
2 for each measured r,, ,, value, it was determined that dimen-
sionless SAH production (M) was inversely related to colony size
(Figure 6e) and approximately equal to r/(r, — 1). The decrease
in production with increasing colony size caused the effective vol-
ume to decrease for colonies smaller than 2.4 um (Figure 6f). At
greater radii, increasing colony size compensated for the reduced
production rate of SAH (Figure 6f). For colonies with radii >12
pm, the effective volume was equivalent to small colonies with the
highest productivity of SAH (Figure 6f).

DISCUSSION
SAH has many properties that make it an excellent molecule for
delivery by bacteria. When expressed in E. coli, SAH is released as a
functional protein (Figure 2a) that does not need additional modi-
fication to be effective. SAH rapidly kills cancer cells at concentra-
tions that can be produced by bacteria (Figure 2). This potency is
one of the key benefits of SAH. In tumors, SAH can be expressed
by colonized bacteria (Figure 4) and can diffuse into the surround-
ing tissue (Figure 5). Once expressed, SAH induces necrosis and
reduces tumor volume (Figure 3). The ability to eradicate existing
tissue is an improvement on bacterial therapies that only suppress
tumor growth. Treatment with bacteria alone reduces growth, 44
but does not reduce tumor volume (Figure 3). Being able to elimi-
nate viable tumor tissue will increase the clinical utility of bacterial
therapy. Rapid and efficient killing of cancer cells will minimize the
chance of recurrence after treatment and increase overall efficacy.

Two possible mechanisms could explain the release of SAH,
a Gram-positive protein, from Gram-negative bacteria: a homol-
ogous secretion system or cell lysis. Many secretion systems are
conserved across genera, including the general secretory (Sec)
pathway and the twin arginine translocation pathway.** Although
little is known about protein secretion from S. aureus, it is pre-
dicted that the signal peptide for SAH contains Sec-like motifs.**
Because there is homology within Sec-pathway proteins,*>* it
is possible that E. coli secreted SAH via its native Sec-pathway
machinery. Alternately, SAH may have been released after bacte-
rial death and subsequent lysis, which would have spilled bacterial
contents. Both mechanisms would deposit SAH into the extracel-
lular environment of cancer cells (Figure 4), which is a key feature
of a bacterial drug delivery vehicle.

An important safety component of the inducible SAH sys-
tem is the tightly regulated” P,, promoter. This promoter was
strong enough to turn on expression within tumors (Figure 4),
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Figure 6 Mathematical analysis of SAH diffusion from bacterial colonies. (@) SAH concentration profiles as a function of time and distance from the
center of bacterial colonies, as predicted by a mathematical model of SAH production and diffusion. SAH concentrations are normalized by the mini-
mum detectable level. The steady-state profile describes the concentration as time becomes very large. The radii r, and r,, are the colony edge (2.26
um) and the average diffusion distance (9.06 um), respectively. (b) The concentration at r= r,,, quickly approaches steady state, being equal to 94 and
99% of the maximum value at 1 and 24 hours, respectively. (c) Effect of increasing M (dimensionless SAH production) on the concentration profile at
24 hours. Increasing M is proportional to increasing m, the SAH production rate. (d) Effect of increasing M on the volume of cells with a concentration
of SAH greater than the minimum detectable level. (e) Larger colonies had lower predicted SAH production (M). Data were obtained from measured
values of SAH diffusion distance (r,,.) and colony radius (r,; Figure 5e). (f) The measured effective volume of SAH (squares) had a non-linear relation-
ship with colony size. For colonies with radii smaller than 2.4 pm, the effective volume decreased with increasing size. The effective volume increased
with increasing size for colonies larger than 2.4 pm. The theoretical effective volume (solid line) is based on the approximate steady-state relationship
between colony radius and SAH diffusion distance: 7san =1o/(fo =1). M, dimensionless SAH production; SAH, Staphylococcus aureus o-hemolysin.

but tight enough to prevent cytotoxic effects when L-arabinose  rate, m. These equal fluxes produce a concentration profile that
was not present (Figure 2a,c). In addition, its chemical inducer,  decreases inversely with distance and is invariant with time (Eq. 3;
L-arabinose, was able to reach bacterial colonies at sufficient con-  Figure 6a). The profile approached steady state because the time
centrations to induce expression in mice (Figure 5). The ability  for diffusion was considerably shorter than 24 hours. (Figure 6b).
to temporally control protein expression is essential for safety. The mathematical model also suggests how protein deliv-
A delay between bacterial injection and induction controls ery could be improved. Because the profile is near steady state,
where SAH is produced. Six hours after injection, most bacteria ~ waiting longer after induction would not increase the volume of
are cleared from the blood,* and by 48 hours most bacteria are  affected tissue. Despite continuous protein production, the diffu-
cleared from the liver and spleen.* Inducing expression after bac-  sion distance is near its maximum (Figure 6a). Other strategies,
teria have been cleared from normal organs, focuses SAH expres-  however, could increase efficacy. Boosting the protein production
sion to tumors. In these experiments, no SAH-related toxicity was  rate 30-fold would increase the volume of affected cells more than
observed in any organs of any mice. 10,000-fold (Figure 6¢,d). Protein production could be enhanced
Mathematical modeling of SAH delivery predicted that the by increasing copy number or promoter strength. Alternately,
concentration profile was close to steady state 24 hours after  colony size could be increased. Based on fluorescence intensity,
induction (Figure 6). This observation has several implications  larger colonies, with radii greater than 5 um, produced more SAH
about how bacterial delivery functions in tumors. The existence  (Figure 5d, inset). However, as colony size increased, the diffusion
of a steady state in this system may be surprising. It exists because  distance of SAH decreased (Figure 5e), indicating that produc-
of system geometry. On first inspection, it would appear that con-  tion rate (M) decreased with increasing colony size (Figure 6e).
stant production of SAH would produce a spherical concentra- A better understanding of the effect of colony size on protein
tion profile with an ever-increasing radius. This is not the case.  production would improve efficacy (Figure 6d). The model pre-
At long times relative to diffusion, the molecular flux through  dicts that the aggregate productivity of larger colonies eventually
any spherical shell around the colony is equal to the production  overcomes the reduced SAH production and generates effective
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volumes similar to small productive colonies (Figure 6f). However,
to get a greater benefit from larger colonies, SAH production per
bacterium would have to remain constant. The potential to pro-
duce geometrically larger effective volumes (Figure 6d) provides
a strong incentive to determine why production decreases with
colony size.

One possible mechanism is the existence of two populations of
bacteria, one committed to colony growth and another committed
to producing proteins. This mechanism suggests that SAH pro-
duction could be increased by optimizing the timing of induction
or directing more bacteria into the protein-producing population.
Allowing colonies to grow larger before induction could produce
more SAH. Previous measurements of bacterial growth (¢, = 16.8
hours) in tumors,* suggest that colonies would be 30-fold larger
after 4.9 doublings or 3.4 days. The model predicts that the effec-
tive volume of these larger colonies, with average radii of 7.03 um,
would be greater by 8.3-fold (Figure 6f). Alternately, increasing
SAH production, so that it was equal for all bacteria, would have
the greatest effect. In this study, the average colony contained 24
individuals, assuming a bacterial volume of 2 pm?® (Figure 5).
Increasing the volume 30-fold to 1,460 pm® would increase the
number of individuals per colony to 729. Only 2.6% of observed
colonies were this large (Figure 5). If M scaled linearly with col-
ony size, the effective volume would increase more than 10,000-
fold (Figure 6d). Therefore, implementing a genetic strategy to
decouple SAH production from colony size would dramatically
increase efficacy.

The location of SAH (Figure 4) suggests how SAH-producing
bacteria reduce tumor volume. Colocalization of SAH with regions
of karyolysis, indicates direct induction of cell death by bacterially
produced SAH. We have previously shown that bacteria accumu-
late in this transition zone between viable and necrotic tissue.* The
increase in necrosis following treatment (Figure 3) suggests that,
after induction, this boundary moves outward with time, toward
the tumor edge. As the bacterial population induces cell death
via SAH release, it expands the necrotic region. The bacteria fol-
low this boundary toward the tumor edge as the extent of necro-
sis increases. The difference in the location of pyknosis between
treated and control mice (Figure 4d), suggests that low concentra-
tions of SAH initiate cell death. The average distance from the pyk-
notic to karyolitic cells in treated tumors was 908 pum (Figure 4i).
At this distance from colonized bacteria, the SAH concentration
would be about 0.1% of its maximum value (Eq. 2; Figure 6a).

In conclusion, we have demonstrated the potential of bac-
terially expressed SAH as an anticancer agent. SAH, which was
cloned from S. aureus, caused rapid cell death in mammalian
culture. Systemic bacterial delivery created intratumoral pools of
SAH that diffused into surrounding tissue. Microbially synthe-
sized SAH increased necrotic tissue and quickly reduced tumor
volume. Because of its broad utility, SAH is an excellent agent for
delivery by tumor-targeting bacteria and a promising anticancer
treatment.

MATERIALS AND METHODS

Bacterial strains and plasmids. All cloning was completed in DH50
competent cells (Invitrogen, Carlsbad, CA). E. coli strain %6212 (a Aasd
derivative of DH50) was used for all in vitro protein production and in vivo
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animal studies. Reagents are from New England Biolabs (Ipswich, MA)
unless otherwise noted.

Two plasmids were developed for use in this study: pBAD-
SAH and pZsG-asd (Figure 1). The sah gene was amplified from the
genome of S. aureus, strain MW2 (a gift from Dr Jovanka Voyich-
Kane, Montana State University, Bozeman, MT) using forward primer
5’-ccatgggg AAAACACGTATAGTCAGCTCAGTAAC-3" and reverse
primer  5"-gcaagctt ATTTGTCATTTCTTCTTTTTCCCAAT-3". SAH
was inserted downstream of the P,, ~promoter in pBAD/Myc-His A
(Invitrogen), using Ncol and HindIII restriction sites (underlined in
primer sequences). The asd gene was amplified from plasmid pYA332
using forward primer 5-CTCTCTCTGCAGCCATGGTCTGTTTC-3’
and reverse primer 5'-ctctctctgcagTTTTCGTTCCATTG-3" (PstI sites
underlined), and inserted into Nsil sites to create pBAD-SAH (Figure
1a). Plasmid pZsG-asd (Figure 1b) was created by extracting asd from
pYA332 by digestion with EcoRI and BsiWI, and inserting it into pZsGreen
(Clontech, Mountain View, CA). Plasmid were transformed into E. coli
strain %6212 (Aasd) by electroporation (Bio-Rad, Hercules, CA) creating
strains EC-SAH and EC-ZsG. Transforming asd* plasmids into asd" strain
%6212 created a balanced-lethal system® that maintains plasmid stability
and eliminates the need to administer antibiotics during animal studies.

Production and release of SAH. The release of SAH by EC-SAH was mea-
sured by immunoblotting. Single colonies of EC-SAH were inoculated into
lysogeny broth (LB) and grown at 37 °C with shaking at 225rpm. After
overnight growth, cultures were diluted 1:100 into fresh medium and
grown to mid-log phase (OD_, of 0.4-0.6). Cultures were induced with
0.2% w/v arabinose for 4 hours. Bacteria were pelleted by centrifugation
and the supernatant was removed. After sterilization with a 0.22 pm fil-
ter, the supernatant was concentrated 10-fold by centrifugal ultrafiltration
(Millipore, Billerica, MA). Bacterial pellets were resuspended and incu-
bated for 30 minutes in 500 pl water containing 1X halt protease inhibi-
tor cocktail, 12.5 units/ml of DNasel, and 25 ug/ml of lysozyme (Thermo
Fisher Scientific, Rockford, IL). After incubation, pellets were transferred
to 2ml centrifuge tubes with 600 pum glass beads. These samples were
alternately vortexed for 1 minute and incubated on ice for 1 minute, for
10 cycles. One milliliter of water was added, vortexed briefly, and centri-
fuged for 3 minutes. The lysis supernatant was removed without disturb-
ing the glass beads. The supernatant fraction was diluted 10-fold to have
a coculture equivalent concentration. The lysis fraction was diluted to the
original volume of the bacterial cultures. Supernatant and lysis fractions
(12.5 ul each) were loaded per well for SDS-PAGE (Bio-Rad), followed by
transfer to nitrocellulose membranes. Membranes were blocked with 5%
non-fat milk in tris-buffered saline containing 0.2% Tween-20 (TBST),
and incubated overnight at 4 °C with 1:1,000 sheep anti-SAH polyclonal
antibody (Abcam, Cambridge, MA). Following three washes with TBST,
membranes were incubated for 1 hour at room temperature in 1:1,000
horseradish peroxidase-conjugated, donkey antisheep polyclonal antibody
(R&D Systems, Minneapolis MN), washed with TBST, and visualized col-
orimetrically (ThermoFisher Scientific).

In vitro efficacy of SAH. MCF7 human mammary carcinoma cells
(American Tissue Type Collection, Manassas, VA) were cultured in
Dulbeccos modified Eagle’s medium (DMEM) with 10% fetal bovine
serum (FBS) at 37 °C and 5% CO,. Cells were plated onto 96-well tissue cul-
ture plates at a density of 7,500 cells/well. Following 24 hours, to ensure cell
adherence, the growth media was aspirated and replaced with media con-
sisting of 90% DMEM/FBS and one of four treatments: (i) 10% phosphate-
buffered saline (PBS; negative control), (ii) 10% 10X concentrated, sterile
supernatant from uninduced cultures of EC-SAH, (iii) supernatant from
induced cultures, or (iv) 500 ng/ml pure SAH (Sigma Aldrich, St. Louis,
MO; positive control). The combination of the 10X concentration and 10X
dilution steps produced protein levels equivalent to direct coculture with-
out having bacteria in mammalian cultures. Cell viability was measured
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by [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, inner salt; MTS] assay (Promega, Madison,
WI). Treatment medium was replaced with 100 ul DMEM/EBS plus 20 pl
MTS reagent and incubated for 1 hour at 37 °C for color development.
Absorbance was measured at 490nm (Bio-Tek Instruments, Winooski,
VT). The effects of induced supernatant, uninduced supernatant, and pure
SAH were measured at 6 hours. The effect of bacterially produced SAH
was compared to PBS controls at 2, 24, 72, and 120 hours. For time points
longer than 3 days, the medium was replaced on the third day. Short-term
(2-24 hours) viability results were normalized by the viability of PBS con-
trols at each time point. Long-term (24-120 hours) viability results were
normalized by the viability of PBS controls at 24 hours.

Tumor response to SAH-producing bacteria. The effect of SAH was mea-
sured in mice with size-matched tumors. 4T1 murine mammary carci-
noma cells (American Tissue Type Collection) were cultured in DMEM
with 10% FBS at 37 °C and 5% CO,. A syngeneic cell line to immuno-
competent BALB/c mice was necessary because tumor targeting is not
robust in immunodeficient mice.*” At 8 weeks of age; female BALB/c mice
received a subcutaneous injection of 50,000 cells, suspended in saline, into
the right flank. Tumor volume was determined by daily caliper measure-
ments and using the equation (length x width x height) /6. When tumors
reached a volume of 400 mm?, mice received 2 x 10° of either EC-SAH or
EC-ZsG (control) via tail-vein injection. After 48 hours, mice received a
tail-vein injection of 40 mg arabinose in 100 pl saline. Mice were sacrificed
when moribund or when tumor volumes exceeded 1,000 mm?. Tumors
were then harvested, fixed in 10% neutral-buffered formalin, and embed-
ded in paraffin. Tumor sections were stained with hematoxylin and eosin
(H&E), and the extent of intratumoral necrosis was determined by iden-
tifying morphologies indicative of cell death, including pyknosis, karyor-
rhexis, and karyolysis. Areas of viable and necrotic regions were quantified
using Image] (National Institutes of Health, Bethesda, MD). Fractions
of viable tissue were determined as ((tumor area — necrosis area)/tumor
area). Volumes of viable tissue were determined by multiplying tumor vol-
umes by fractions of viable tissue. All animal care was conducted accord-
ing the National Institutes of Health guidelines and was approved by the
Institutional Animal Care and Use Committee at Baystate Medical Center
(Springfield, MA).

Location of SAH and necrosis in tumors. Bacteria were injected into
tumor-bearing mice to identify the location of SAH relative to tumor
necrosis. Tumors were grown for 21 days, after which mice received
injections of 2 x 10° EC-SAH or EC-ZsG (control) via the tail vein. After
48 hours, SAH production was induced with a tail-vein injection of
40 mg arabinose in 100 pl saline. After a further 24 hours, tumors were
excised, fixed in 10% neutral-buffered formalin, and embedded in par-
affin. Equatorial sections were deparaffinized and rehydrated. Antigens
were retrieved by submerging tissue sections in hot citrate buffer for 20
minutes, followed by blocking in 0.1% bovine serum albumin in TBST
for 30 minutes.

To identify SAH, tumor sections were incubated overnight at 4 °C
in 1:200 diluted sheep anti-SAH polyclonal antibody (Abcam). Sections
were rinsed in PBS containing 0.2% Tween-20, followed by blocking of
endogenous peroxidase activity with 3% hydrogen peroxide for 5 minutes.
Following three washes, 1:500 horseradish peroxidase-conjugated donkey
antisheep polyclonal antibody (R&D Systems) was applied for 1 hour at
room temperature. The activity of horseradish peroxidase was detected
colorimetrically (ThermoFisher Scientific). Sections were counterstained
with hematoxylin. Adjacent sections were stained with H&E. Color images
of immunohistochemically labeled and H&E stained slides were acquired
on an inverted epifluorescence microscope (Olympus, Center Valley,
PA) using a trichromatic filter (CRI, Woburn, MA). Individual images
were compressed 25% and tiled to generate whole-tumor images using
automated scripts (IPLab; BD Biosciences, San Jose, CA). In whole-tumor
images, the location of SAH was marked in yellow, based on identification
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in high-resolution images. Regions of pyknosis and karyolysis were
identified in H&E sections by morphological analysis. The locations of
these regions were quantified by averaging the distances from all locations
on the tumor edge to the inner boundary of each region.

Diffusion of SAH from bacterial colonies. The diffusion of SAH from
bacterial colonies was quantified in sections from the tumors used to
identify SAH and necrosis above. Immunofluorescence was used to con-
currently identify SAH and bacteria, following deparaffinization and anti-
gen retrieval. Sections were incubated overnight at 4 °C in 1:200 diluted
sheep anti-SAH polyclonal antibody (Abcam) and 1:500 diluted goat
anti-Escherichia polyclonal antibody (Abcam). Following three washes in
PBS containing 0.2% Tween-20, 1:200 Alexa Fluor 488-conjugated don-
key antisheep polyclonal antibody (Invitrogen) and 1:500 Alexa Fluor
546-conjugated donkey antigoat polyclonal antibody (Invitrogen) was
applied for 1 hour in the dark at room temperature. Sections were coun-
terstained with 4’,6-diamidino-2-phenylindole (DAPI). The minimum
detectable concentration of SAH was determined by measuring the level
of background fluorescence in negative controls.

The size and location of bacterial colonies was determined by particle
analysis (ImageJ) of background subtracted, binary images of E. coli. Ten
images were used per analysis. The SAH associated with each colony was
determined as the average SAH fluorescence intensity within the colony
boundary. SAH intensities are reported relative to the minimum detectable
level after background subtraction. Bacterial colonies having SAH intensities
less than the minimum detectable level were classified as nonproducers. The
diffusion distance of SAH was determined by generating Euclidean distance
maps around binary images of bacterial colonies (Image]). These maps were
multiplied by their corresponding binary SAH images to produce images in
which pixel values represent the distance to the nearest bacterial colony. For
each colony, the distance to SAH was determined by averaging the distance
to all associated SAH pixels.

Mathematical modeling of SAH diffusion. A mathematical model was
used to interpret the measured diffusivity of SAH (Eq. 1). The model
consisted of a single partial differential equation that balanced SAH pro-
duction and diffusion. The balance had an analytical solution (Eq. 2) that
was dependent on only distance, time and a dimensionless parameter, M,
that related SAH production to diffusion. The value of M was determined
from immunofluorescence data by nonlinear optimization. Its value was
adjusted until the normalized concentration (C) was equal to one at the
edge of detectable SAH, r = T and at ¢ = 24 hours. An iterative solution
method was used because of the dependence of t on M (t =4zt M D1 ?).
The diffusion coeflicient of SAH, D = 7,200 um?*/hour, was based on
measurements of protein diffusion in tumor tissue.*** The dependence
of the effective volume on M was calculated by finding the radii where
the SAH concentration equals the minimum detectable level for a series
of values for M.

The dependence of colony size on M was determined by finding the
average measured distance of SAH diffusion (r,,,,) for colony groups with
increasing radii. M was found for each group by optimization of Eq. 2. The

value of M was iteratively adjusted until (C) was equal to one at r = T

and at t = 24 hours. Effective volume was determined as % Z(rsan)’.
The theoretical relationship between colony size and effective volume
was based on the approximate steady-state relationship between colony
radius and predicted SAH diffusion distance: ryy=1,/(r,—1), where
rean=M / C=M.

Statistical analysis. Data are reported as means with error bars represent-
ing standard errors of the mean. Hypotheses were tested using Student’s
t-test with a significance level indicated by P < 0.05.

SUPPLEMENTARY MATERIAL
Figure $1. Survival curves for mice injected with x6212.
Figure S2. Liver damage in mice injected with 36212.
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