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ABSTRACT: Among bacteria used as anticancer vaccines,
attenuated Listeria monocytogenes (Lm™) stands out, because it
spreads from one infected cancer cell to the next, induces a strong
adaptive immune response, and is suitable for repeated injection
cycles. Here, we use click chemistry to functionalize the Lm* cell
wall and turn the bacterium into an “intelligent carrier” of the
chemotherapeutic drug doxorubicin. Doxorubicin-loaded Lm*
retains most of its biological properties and, compared to the
control fluorophore-functionalized bacteria, shows enhanced
cytotoxicity against melanoma cells both in vitro and in a xenograft
model in zebrafish. Our results show that drugs can be covalently
loaded on the Lm® cell wall and pave the way to the development
of new two-in-one therapeutic approaches combining immuno-
therapy with chemotherapy.

B INTRODUCTION

Attenuated Listeria monocytogenes (Lm®) has been widely
investigated as an anticancer vaccine, because of its ability to
trigger a strong and pleiotropic immune response against
primary tumors, as well as metastases. In addition, it can spread
from cell to cell, reaching even the deepest, most hypoxic
tumor regions. Finally, Lm* does not induce a strong antibody
production; therefore, it is suitable for repeated injections."”
Due to its ability to selectively accumulate inside cancer
tissues, Lm* has been largely employed as a platform to deliver
different kinds of therapeutic compounds inside the tumor
mass.”* The ease of genetic manipulation has enabled the use
of this bacterium as a carrier for nucleic acids,” tumor-
associated antigens (TAA),® and prodrug converting enzymes’
with anticancer activity. In addition, there have been several
successful attempts to combine Lm*-mediated immunotherapy
with chemotherapy.® The ability of Lm* to deliver clinically
relevant, nongenetically encoded molecules has also been
exploited by our group, in the form of radiolabeling”'® and
noncovalent surface coating of Lm* with antibodies or
immunomodulatory molecules.”'’ Both strategies were safe
for mice and therapeutically effective, leading to a stronger
reduction of tumor burden and higher survival rates.
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Several approaches have been developed to functionalize the
surfaces of bacteria.'”™"® For Listeria, we and others have
shown that the cell wall can be loaded via a combination of (i)
metabolic labeling and (ii) bio-orthogonal click chemistry
reaction.”’”** Our two-step approach consists of (i) metabolic
incorporation of azide- or alkyne-bearing p-Alanine probe in
the peptidoglycan (PG) stem peptide, followed by (ii) covalent
attachment of alkyne- or azide-bearing cargos through
copper(I)-catalyzed azide—alkyne cycloaddition (CuAAC).
This approach is highly efficient and, if properly tuned, it
can be highly biocompatible.”***

Here, we use click chemistry to covalently conjugate the
chemotherapeutic drug doxorubicin to the Lm* surface. Our
approach has high loading efficiency, is bioorthogonal, and is
amenable to both noncleavable and cancer cell-selective
cleavable linkers. Having previously demonstrated the
effectiveness of Lm* against melanoma cells, both in vitro
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Figure 1. Generation of flu-Lm™ and characterization of its biological features in melanoma cell lines. (a) Schematic representation of the two-
step approach used to functionalize the Lm* cell wall. In the first step, Lm® is incubated with an alkyne-p-alanine probe (alkDA, upper) or an
alkyne-p-alanine-D-alanine probe (alkDADA, lower), which result in the metabolic functionalization of the fifth or fourth p-alanine of the PG stem
pentapeptide with an alkyne group, respectively. In the second step, the azide-bearing AF488 green fluorophore (az-AF488) is attached to bacterial
cell wall via click reaction (CuAAC reaction, using BTTP as the ligand), so that fluorescent Lm* is obtained. When alkDA (but not alkDADA) is
used, b,D-carboxypeptidases (CPs) and p,b-transpeptidases (TPs) can remove the alkyne- and/or fluorophore-bearing fifth p-alanine from the PG
stem peptide, decreasing loading efficiency. TPs also cross-link the fourth d-alanine to meso-diaminopimelic acid (m-DAP), contributing to confer
PG its characteristic 3D meshlike structure. (b) Fluorescence microscope images of bacteria incubated overnight (ON) with 1 mM alkDA probe (i,
top) or alkDADA probe (ii, bottom), and MFI of bacteria populations incubated with increasing probe concentrations (middle). (c) Bacteria
viability after ON incubation with 40 mM alkDA (dark gray bar) or alkDADA (gray bar) probe. (d) Viability of bacteria subjected to CuAAC
reaction, after ON incubation with 40 mM alkDA probe (dark green bar) or alkDADA probe (green bar). For click reaction, the following
optimized protocol was used: 25 M az-AF488, 2.5 mM sodium ascorbate, 20 uM CuSO, and 160 uM BTTP, in PBS buffer, with incubation time
set at 10 min (see Figure S4). (e) Proliferation of bacteria incubated ON with 40 mM alkDA or alkDADA probe and then subjected to CuAAC
reaction with az-AF488 (flu-Lm*-alkDA, dark green line; flu-Lm*-alkDADA, green line). Unlabeled Lm* (not incubated with a probe nor
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Figure 1. continued

subjected to CR) is taken as control (black line). Panels (f)—(h) show infectivity assays of AF488-loaded Lm™. (f) Representative confocal images
of A375 melanoma cells after 3 h of infection with unlabeled Lm™ (left), flu-Lm*-alkDA (middle), and flu-Lm*-alkDADA (right). Blue denotes
DAPI staining of cell nucleus; red denotes staining of actin filaments using Phalloidin $94. Green denotes flu-Lm*-alkDA and flu-Lm*-alkDADA
detected through AF488 green fluorophore. Pink represents a rendering of Lm™ staining with primary anti-Listeria antibody and far-red secondary
antibody. (g) A37S cells were infected at MOI 100 with bacteria incubated or not with alkDA probe or alkDADA probe and then subjected or not
to click reaction. After 1 h of infection, extracellular Lm* was killed by medium replacement with fresh gentamycin-containing medium. At 3 h (left
bars) and 6 h (right bars) post-infection, cells were lysed and intracellular Lm* was quantified by plating for CFU. (h) A375 cells were infected at
MOI 100 with flu-Lm*-alkDA (dark green bars), flu-Lm*-alkDADA (green bars) or unlabeled Lm* (not incubated with a probe nor subjected to
CR, black bars), in the presence of the indicated concentration of SMER28 inhibitor. After 2 h of infection, extracellular Lm* was killed by medium
replacement with fresh gentamycin-containing medium. At 3 h post-infection, cells were lysed and intracellular Lm* was quantified by plating for
CFU. Panels (i) and (j) show intracellular replication of AF488-loaded Lm™. (i) Bacteria doubling time between 3 h and 6 h was calculated based
on the CFU obtained in panel (g). (j) Confocal microscope images of 501 Mel cells infected with flu-Lm*-alkDADA at MOI 100. After 1 h of
infection, extracellular Lm™ was killed by medium replacement with fresh gentamycin-containing medium. The fluorescence images are
representative of the increase in the number of intracellular bacteria over time (3, 6, and 12 h post-infection). Legend: blue, DAPI staining of cell
nucleus; red, staining of actin filaments using Phalloidin 594; green, flu-Lm*-alkDADA detected through AF488 green fluorophore. Panels (k) and
(1) show cell-to-cell spreading assays. (k) Schematic representation of the experimental approach. 501 Mel melanoma cells were infected at MOI S0
with CyS-loaded Lm*-alkDA or Lm*-alkDADA. After 2 h of infection, extracellular Lm* was killed by medium replacement with fresh gentamycin-
containing medium. Then, infected cells were collected at 3 and 18 h post-infection, stained with anti-Listeria primary antibody and Alexa Fluor
488 secondary antibody, and analyzed by flow cytometry to determine the percentage of cells that acquire green fluorescence due to Lm™
spreading. (1) Percentage of green 501 Mel cells at 18 vs 3 h post-infection with flu-Lm*-alkDA (dark green bars), flu-Lm*-alkDADA (green bars),
or unlabeled Lm* (not incubated with a probe nor subjected to CR, black bars). (m) Kill rate assay. A375 melanoma cells were infected with
AF488-loaded Lm*-alkDA or Lm*-alkDADA at MOI 2000. At 3 h post-infection, extracellular Lm* was killed by medium replacement with fresh
gentamycin-containing medium. At 24 h post-infection, cells were fixed and stained with DAPI to count nuclei by fluorescence microscopy.
[Legend: NP, no probe; PBS, no click reaction; CR, click reaction; CFU, colony forming units; MOI, multiplicity of infection; MFI, median
fluorescence intensity. Graphs represent the mean + SEM of at least three independent experiments, performed by using at least two independently
functionalized stocks of Lm*. Unpaired t-test. (*) p < 0.05, (**) p < 0.01, (***) p < 0.001. ns: not statistically significant.]

and in the Braf/Pten melanoma model,”> we chose melanoma reactions.”® In Figure S1, we show that, in our experimental

as biological context and showed that doxorubicin-loaded Lm*
has enhanced cytotoxicity against infected melanoma cells,
compared to fluorophore-loaded control Lm*.

Our loading method broadens the spectrum of tools for the
chemical engineering of Lm* and sets up a versatile approach
to covalently attach chemotherapeutic small molecules directly
on its surface,>®?’ expanding the bacterium’s utility as an
anticancer vaccine.

B RESULTS AND DISCUSSION

Biocompatible and Efficient Lm* Cell Wall Loading
with a Fluorophore. The Listeria strain that we used for cell
wall loading is XFL-7 Lm*-LLO (denoted as Lm®, for the sake
of brevity). This strain, which has been widely explmted by our
research group as a vaccine against breast cancer,'" pancreatic
cancer’® and melanoma,® is characterized by attenuated
virulence due to the knockout of the Positive Regulatory
Factor A (prfA) gene and its reintroduction as an episomal
plasmid.®

Generation of a bacterium-drug conjugate for therapeutic
purposes requires a loading process that is both efficient and
able to preserve bacterial viability, ability to interact with host
cells, and fitness. We opted for metabolic labeling of the amino
acids that compose the stem peptide of PG, followed by
covalent attachment of the drug of choice through a click
chemistry reaction, because this is a controlled, site-specific
approach that, contrary to nonspecific conjugation, allows one
to predict and monitor the destiny of the payload.
Furthermore, our approach can be adapted to ensure drug
release in host cell cytoplasm once the bacterium reaches the
tumor mass. The protocol for optimal loading of Lm* cell wall
was set up using AF488 fluorophore as cargo.

We compared two of the most common click reactions: the
strain-promoted azide—alkyne Cycloaddition (SPAAC)*’ and
the copper(I)-catalyzed azide—alkyne Cycloaddition (CuAAC)

setting, the CuAAC reaction is more efficient and able to
preserve viability.””** Then, we chose the commercially
available alkyne-modified p-alanine (alkDA), which is expected
to be incorporated into the fifth position of the peptidoglycan
stem peptide, as a metabolic probe (Figure $2)*° and azido-
AF488 (az-AF488) as a fluorescent label. Finally, by tuning the
components of CuAAC reaction (Figure S3), we established
the optimal conditions to obtain AF488-Lm*-alkDA with
maximal loading efficiency and, at the same time, no
observable toxicity (Figure S4). We also observed that the
optimized CuAAC reaction is not affected by Lm* genetic
background (Figure SS).

Next, we aimed to overcome a crucial limitation of p-alanine
probes in certain bacteria species including L. monocytogenes,
namely their susceptibility to D,p-carboxypeptidases like
penicillin binding protein S (PbpS), which remove the fifth
p-alanine of the stem peptide (Figures S6 and S7a—S7f).*"*
We reasoned that a probe designed to install the chemical
handle on the fourth p-alanine (instead of the fifth) of the PG
stem peptide would be insensitive to PbpS$ activity and would
increase PG loading efficiency (Figure S7g).>" To this end, we
resorted to the alkyne-D-alanine-D-alanine (alkDADA, also
known as EDA-DA’") probe and compared it with the alkDA
probe.’" After confirming that both probes properly react with
fluorophores containing an azido group (Figure S8a), we
proceeded with Lm* loading with az-AF488 (Figure la). As
expected, the loading increased at the increase of probe
concentration and incubation time, yet the alkDADA probe
yielded a loading that was consistently higher than that of
alkDA (Figure 1b and Figure S8b). Neither probe was toxic for
Lm®, even after overnight (ON) incubation (Figure 1c), and
neither bacteria viability nor proliferation were affected upon
CuAAC reaction (see Figures 1d and le, as well as Figures
S8c—S8g). Importantly, growing Lm* retains its cargo for
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several generations, although fluorescence is inevitably diluted
upon bacterial replication (Figure S8h).

We also investigated whether cell wall loading impacts
fluorescent Lm* interaction with host cells, i.e., its ability to
infect cancer cells, to spread from cell to cell, and to kill
infected cells.

While AF488-loaded Lm™ retained its ability to infect A37S
melanoma cells (Figure 1f), AF488-loaded Lm™ infection was
less efficient than that of unlabeled Lm* (Figure 1g). To
investigate this phenomenon further, we tested infectivity upon
treatment with increasing concentrations of SMER28, a broad-
spectrum inhibitor of L. monocytogenes penetration within
cells.>** Both unlabeled Lm* (Figure 1h, black bars) and
AF488-loaded Lm™ (Figure 1h, green bars) showed a dose-
dependent reduction in cell penetration (compare 0 vs 50/200
uM SMER28), suggesting that the mechanism(s) used by Lm*
to penetrate host cells are dampened but not fundamentally
altered by cell wall functionalization. Nevertheless, once inside
cancer cells, fluorescent Lm™ replicates approximately at the
same rate as unlabeled Lm* (Figures 1i and 1j). Although the
exact mechanism responsible for the reduction in infectivity
remains to be established, we speculate that cell wall
functionalization may alter the deformability or accessibility
of the heteropolymeric mesh and partially impair surface
interactions between bacterial and cancer cells. Additionally, or
alternatively, cell wall functionalization may interfere with Lm*
protein localization.”

After endocytosis and phagosome-escape, Lm™ spreads
directly from the cytoplasm of one cell into the cytoplasm of
another.” To test whether fluorophore loading affects this
feature, we monitored the increase in the percentage of
infected 501 Mel melanoma cells over time upon the removal
of extracellular Lm* (Figure 1k). We conjugated Lm* with
azido-CyS fluorophore (az-CyS) and stained intracellular Lm*
with anti-Lm antibody coupled with a secondary antibody
labeled with AF488 fluorophore. Comparing 3 h and 18 h
post-infection, we observed that the increase in the percentage
of AF488-positive cells previously infected with unlabeled Lm*
(black bars in Figure 11) and CyS-positive Lm* (green bars in
Figure 11) is similar. We also performed a direct monitoring of
CyS-positive bacteria-containing 501 Mel melanoma cells. As
shown in Figure S9a, we observed that the percentage of such
cells increases over time only in the case of the spreading-
competent CyS-Lm*-alkDA strain, not in the case of CyS-
Lm*-OVA-alkDA strain, which is avirulent, because of it bein§
unable to escape the phagosome and, thus, spread cell to cell.”
Finally, we observed that the increase over time in the
percentage of CyS-positive bacteria-containing cells has similar
trend upon infection with CyS-loaded Lm*-alkDA and Lm*-
alkDADA (Figure S9b). All together, these results attest that
fluorophore-loaded Lm™ fully retains its ability to spread cell to
cell.

The cytotoxicity exerted by fluorescent Lm* against
melanoma cells was measured using a kill rate assay. AF488-
loaded Lm™ retained its ability to kill A375 cells, but cell wall
functionalization has a negative impact on this biological
feature, which becomes evident at high MOI (compare the
results obtained with MOI 200 (Figure S9c) with those
obtained with MOI 2000 (Figure 1m)). The lower cytotoxicity
of AF488-loaded Lm*-alkDA and Lm*-alkDADA (green bars
in Figure 1m) is consistent with their impaired infectivity
(green bars in Figure 1g). However, bacteria only incubated
with the probes (alkDA-PBS bar and alkDADA-PBS bar in

Figure 1m), or only subjected to the CuAAC reaction (NP-CR
bar in Figure 1m), show reduced cytotoxicity as well. Although
statistical significance is not reached, incubation with the two
probes does decrease the infectivity (alkDA-PBS bar and
alkDADA-PBS bar in Figure 1g, 6 h). This suggests that, when
present in abundance within the cell wall, even the minor
chemical modification represented by the alkyne group can
affect Lm* biological properties, compromising its ability to
interact with and later kill host cells. Conversely, the decreased
cytotoxicity of Lm* only subjected to a click reaction might be
a consequence of the presence of copper(I) in the reaction
mix.

In summary, we carefully optimized metabolic labeling and
CuAAC reaction to achieve high levels of Lm* cell wall loading
without compromising bacterial viability and proliferation.
However, a decrease in infectivity, with a consequent decrease
in cytotoxicity, are observed. Given the superior loading
efficiency compared to alkDA, we chose alkDADA probe to
optimize bacterial cell wall loading with a drug. Therefore, in
the experiments aimed at assessing the increased cytotoxicity
of drug-loaded Lm*, we used fluorophore-loaded Lm*-
alkDADA as a control.

Doxorubicin Conjugation Increases Lm?" Cytotoxicity
against Melanoma Cells. The optimization of the two-step
loading approach with fluorophores enabled precise and
quantitative characterization of each variable involved in the
cell wall loading of Lm™. However, the physicochemical
properties of individual small molecules require some tailoring
of the conjugation protocol. More specifically, the optimal
conditions defined for the first step (i.e, the metabolic
incorporation of the probe) can be applied irrespective of the
chosen cargo, while the second step (i.e., the click reaction)
requires small molecule-tailored optimization. Several charac-
teristics of the chosen drug, such as water solubility, steric
hindrance, and polarity, may in fact affect the accessibility of
the azido-modified drug to the alkyne group embedded in the
thick, meshlike layer of Gram-positive peptidoglycan.’***

As a proof-of-concept drug to functionalize Lm™, we chose
doxorubicin (dox). This drug is well-known to cause
cytotoxicity due to nuclear accumulation and DNA damage,*
while its intrinsic red fluorescence facilitates the assessment of
the efficiency of the functionalization process. We also
investigated two different chemical linkers to attach doxor-
ubicin onto the Lm™ surface. The azidoacetic linker (Figure
S10a) is small and uncleavable. It was chosen for its compact
size, which is expected to minimize the steric hindrance and
facilitate incorporation into the peptidoglycan mesh. The az-
VC linker contains the azido group (az), a PEG, spacer
attached to a Valine-Citrulline dipeptide (VC) and a self-
immolative para-aminobenzyl carbamate (PABC) spacer
(Figure Slla). Although longer and bulkier than the
azidoacetic linker, the az-VC linker allows the specific cleavage
of Valine-Citrulline dipeptide by Cathepsin proteases, which
are overexpressed in cancer tissues.’”” This feature, together
with the presence of the self-immolative spacer, is expected to
enable release of native doxorubicin inside infected cells.’®

First, we conjugated doxorubicin with the commercially
available azidoacetic linker, obtaining az-dox (Figures S10b—
$10d), while an az-VC linker conjugated with doxorubicin was
purchased from a commercial source (az-VC-dox). Then, we
tested the biological effects of the linker-dox conjugates on
melanoma cells. We found that even the small 3'-N-
modification on the aminoglycoside portion of the drug leads
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Figure 2. dox-Lm™ shows enhanced anticancer potential in melanoma cell lines. (a) Schematic representation of the experimental design used
to functionalize Lm* with doxorubicin and investigate whether dox-loaded Lm® has enhanced cytotoxicity in vitro. Once preincubated with
alkDADA, Lm* is loaded with azide-bearing molecules (az-ATTO740 (az-flu), az-doxorubicin (az-dox) or az-VC-doxorubicin (az-VC-dox)) via
CuAAC reaction to generate flu-Lm", dox-Lm*, and dox-VC-Lm", respectively. For click reaction, the following optimized protocol was used: S
UM az-ATTO740, 200 uM az-dox, or 200 uM az-VC-dox; 7.5 mM sodium ascorbate, 60 uM CuSO, and 480 yuM BTTP; 0.9% w/v NaCl in water
as reaction solvent; 25% DMSO as a cosolvent. After infection with flu-Lm®, melanoma cells show decreased viability due to bacteria intrinsic
cytotoxicity, which is enhanced when dox-Lm* or dox-VC-Lm® are used instead. (b) Pictures of bacterial cell pellets (top) and fluorescence
microscope images (bottom) of: untreated Lm*; Lm® not metabolically labeled with the probe, but subjected to CuAAC reaction with az-dox
(Lm* + az-dox) or az-VC-dox (Lm* + az-VC-dox); dox-Lm*; dox-VC-Lm™. (c) Quantification by flow cytometry of the MFI of the samples
treated as in panel (b). (d) FLIM phasors plot of dox-Lm™. The phasor populations of the different samples lie on different regions of the plot.
From left to right: untreated Lm* (blue teardrop); Lm* not metabolically labeled with the probe but subjected to CuAAC reaction with az-dox
(green teardrop); dox-Lm™ (yellow teardrop); az-dox (red teardrop). (e, f) Viability (panel (e)) and proliferation (panel (f)) of untreated Lm*
(black), flu-Lm* (green), dox-Lm* (red), and dox-VC-Lm* (purple). Panels (g) and (h) show infectivity assays. (g) Representative confocal
microscope images of A375 cells after 3 h of infection with dox-Lm™. Blue denotes DAPI staining of cell nucleus. Green denotes staining of actin
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Figure 2. continued

filaments using Phalloidin 488. Red denotes dox-Lm™. (h) A375 cells were infected at MOI 100 with untreated Lm* (black), flu-Lm* (green) dox-
Lm* (red), and dox-VC-Lm™ (purple). After 2 h of infection, extracellular Lm* was killed by medium replacement with fresh gentamycin-
containing medium. At 3 h (left bars) and 18 h (right bars) post-infection, cells were lysed and intracellular Lm* was quantified by plating for CFU.
(i) Intracellular replication of bacteria. Bacteria doubling time between 3 h and 18 h was calculated based on the CFU obtained in (h) for Lm*
(black), flu-Lm* (green), dox-Lm™ (red), and dox-VC-Lm™ (purple). (j) Kill rate assay. A375 melanoma cells were infected with flu-Lm®, dox-Lm*
or dox-VC-Lm* at MOI 2000. At 3 h post-infection, extracellular Lm* was killed by medium replacement with fresh gentamycin-containing
medium. At 48 h post-infection, cells were fixed and stained with DAPI to count nuclei by fluorescence microscopy. Panels (k) and (1) show the
proliferation status of A37S melanoma cells infected with flu-Lm*, dox-Lm®, or dox-VC-Lm* at MOI 1000. After 3 h post-infection, extracellular
Lm* was killed by medium replacement with fresh gentamycin-containing medium. At 48 h post-infection, cells were stained with anti-MCM?7
antibody and proliferative vs nonproliferative cells were counted based on the presence vs absence of MCM7 nuclear staining. Representative
microscope images (panel (k)) and quantification (panel (1)) of proliferative and nonproliferative A375 cells after infection with flu-Lm*, dox-Lm",
or dox-VC-Lm™. Blue denotes DAPI; green denotes anti-MCM?7 antibody. Panels (m) and (n) show the area of cancer cell mass developed in a
xenograft model in zebrafish embryos. eGFP-expressing A375-PIG cells, previously infected with flu-Lm* or dox-Lm* at MOI 1000 for 2 h, were
injected in 48 hpf embryos. [Here, and throughout, hpf stands for hours post-fertilization.] Then, embryos were allowed to grow for additional 48
h. At the end of this period, the area of green cancer cell mass was quantified. (m) Results of area quantification; at least 100 embryos were injected
per experimental condition. (n) Representative pictures of 96 hpf embryos that, 48 h earlier, were injected with A375-PIG cells uninfected (left),
infected with flu-Lm* (middle), or infected with dox-Lm™ (right). The shape of the embryo and the perimeter of the injection site (yolk sac) are
highlighted with a white dotted line, while the mass of cancer cells within the yolk sac (indicated with a white arrow) shows a green fluorescence
signal. Scale bar = 300 ym. [Legend: NT, untreated cells; NP, no probe; PBS, no click reaction; CR, click reaction; CFU, colony forming units;
MOI, multiplicity of infection; MFI, median fluorescence intensity. Graphs represent the mean +SEM of at least three independent experiments,
performed by using at least two independently functionalized stocks of Lm™.] Unpaired t-test (in vitro assays), Kruskal-Wallis test (Dunn’s
multiple comparisons test, xenograft assay). (*) p < 0.05, (**) p < 0.01, (*¥**) p < 0.001, (****) p < 0.0001. ns, not statistically significant.]

to the loss of the ability of az-dox to accumulate inside nuclei
(Figure S11b, compare panel iii with panel iv), with a
consequent decrease in cytotoxicity (Figure S11c, compare the
third and fourth bar). As expected, az-VC-dox was totally
unable to accumulate in cell nuclei (Figure S11b, panel v) and
showed an even lower cytotoxicity (Figure Sllc, fifth bar).
However, both nuclear localization and cytotoxicity were fully
restored after incubation with acidified cell lysate containing
active Cathepsins that cleave the VC linker and allow the
release of doxorubicin in its native form (Figure S11b, panel vi
and Figure Sllc, sixth bar). As a further indication of
Cathepsin-mediated release of native doxorubicin, az-VC-dox
showed higher toxicity in SK-Mel-28 cells, which express
Cathepsin B at higher levels, compared to A375 cells (Figures
S11d and Sile).

We then proceeded with the optimization of Lm* surface
functionalization, tailored for the doxorubicin drug. First, we
optimized experimental conditions such that the drug is not
toxic for Lm*. A long incubation under active replication
conditions (30—120 min, 37 °C, BHI medium) is, in fact, toxic
at doxorubicin concentrations as low as 20 uM (Figure 12a).
However, a short incubation in the bacteriostatic conditions
used for CuAAC reaction (10 min, RT, PBS buffer) is not
associated with toxicity at doxorubicin concentrations as high
as 500 uM (Figure S12b). Next, we addressed poor
doxorubicin solubility/stability in a CuAAC reaction buffer
(PBS, Figure S12c), which would severely impact efficiency
and specificity of the conjugation with bacterial surface. We
identified the physiological solution (0.9% w/v NaCl) as the
best-performing reaction solvent (Figures S12d and S12e).
Moreover, we found that a short incubation in the
bacteriostatic conditions used for CuAAC reaction was not
associated with toxicity using up to 40% dimethyl sulfoxide
(DMSO) as a cosolvent (10 min, RT, PBS buffer, Figures S12f
and S12g).

Overall, we defined the following as optimal reaction
conditions that ensure maximal loading efficiency: 0.9% w/v
NaCl solution as reaction solvent; 25% DMSO as a cosolvent;
a 3-fold increase in click-reagent concentrations (7.5 mM

sodium ascorbate, 60 uM CuSO, and 480 uM BTTP),
compared to the protocol used to obtain fluorescent Lm*-
alkDADA (2.5 mM sodium ascorbate, 20 uM CuSO, and 160
UM BTTP, see above); 200 uM az-dox or az-VC-dox (instead
of 25 uM az-fluorophore).

Since our reaction conditions for doxorubicin loading were
different from those used to load fluorophores, we
reinvestigated bacterial physiology after cell wall functionaliza-
tion with both the azidoacetic linker and the cleavable az-VC
linker. dox-Lm*-alkDADA and dox-VC-Lm*-alkDADA were
generated (denoted as dox-Lm* and dox-VC-Lm*, respec-
tively, for the sake of brevity), while ATTO740-loaded Lm*-
alkDADA (flu-Lm®, for the sake of brevity; see Figure 2a) was
used as control. ATTO740 fluorophore was chosen for its
excitation/emission spectrum that does not overlap with blue,
green, and red fluorescence channels.

The effective conjugation of doxorubicin to Lm* was
detectable by eye, as a bacterial pellet color change (Figure 2b,
top) and was confirmed by fluorescence microscopy (Figure
2b, bottom), flow cytometry (Figure 2c), and fluorescence
lifetime imaging (FLIM, Figure 2d). In particular, the phasor
approach to FLIM data allowed us to graphically assign a
lifetime signature to any fluorescence species, including weak
fluorophores like doxorubicin, and autofluorescent biological
entities like bacteria.””* Figure 2d shows the phasors plot of
dox-Lm* and related controls. As expected, the phasor
population generated by dox-Lm™ (yellow teardrop) lies on
the segment that connects the phasors of the two unconjugated
species (namely, az-dox (red teardrop) and untreated Lm*
(blue teardrop)). In addition, when Lm* is not metabolically
labeled with the probe, but is still subjected to CuAAC
reaction with az-dox, it generates a phasor population that lies
very close to that of untreated Lm* (green teardrop). This
result strongly suggests that az-dox is conjugated to Lm* via
alkDADA, otherwise, unable to adsorb on Lm®, it would be
washed off as unreacted excess. Finally, we extracted
doxorubicin from bacterial cell wall through enzymatic
digestion with a mutanolysin/lysozyme mix and used a
calibration curve to quantify the amount of drug loaded on
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dox-Lm™ vs dox-VC-Lm™. In agreement with visual inspection,
fluorescence microscopy and flow cytometry, we found that
the loading of dox-Lm™ is ~10-fold higher than that of dox-
VC-Lm* (Figures S13a—S13c). By exposing dox-VC-Lm* to
acidified cell lysate containing active Cathepsins, we also
confirmed that the VC-dox linker remains cleavable upon
loading onto the Listeria cell wall (Figure S13d).

After verifying that dox-loaded Lm™ retains viability (Figure
2e) and proliferative activity (Figure 2f), we investigated its
ability to infect A37S melanoma cells.

As expected, there was a significant reduction in infectivity,
but it was comparable across bacteria loaded with all three
different cargos (Figures 2g and 2h). The replication rate
inside cancer cells was similar for Lm* loaded with the three
different cargos (Figure 2i).

To assess the anticancer potential of dox-loaded Lm®, we
performed a kill rate assay on A37S cells. As shown in Figure
2j, we found that infection with both dox-Lm* and dox-VC-
Lm* causes a significant reduction in cell number, compared to
flu-Lm™. We also noticed that such a decrease is associated
with a decrease in cell proliferation rather than an increase in
dead cells. Therefore, we explored the replication state of
infected cells by investigating the MCM?7 protein. This well-
known marker is recruited in the DNA replication machinery
during active proliferation, and thus its localization switches
from cytoplasmic to nuclear only in cells that are actively
replicating.”' As shown by microscope images (Figure 2k) and
related quantitation (Figure 21), A375 cells infected with both
dox-Lm* and dox-VC-Lm* show a significantly lower
percentage of replicating, MCM?7-positive cells compared to
the ones infected with flu-Lm®.

We speculate that dox-Lm* and dox-VC-Lm* block
melanoma cell proliferation at the same rate, despite the
distinct strengths and weaknesses of the linkers. The small
azidoacetic linker strongly favors Lm* PG functionalization
(Figure 2c) but lacks a release system for the native drug,
leaving the fate of the drug attached to Lm™ surface to
nonspecific mechanisms of drug release such as bacterial PG
remodeling and host degradative enzymes.*” As a consequence,
doxorubicin conjugated to Lm* via the azidoacetic linker is
likely released in a 3’-N-modified form that cannot accumulate
in cell nuclei (Figure S11b), hence its diminished toxic
potential (Figures S11c and S1le). Conversely, the size of az-
VC linker decreases conjugation efficiency (Figure 2c), but on
the other hand ensures that the drug released inside melanoma
cells is in its native form and can accumulate inside the nuclei
(Figure S11b) and fully exert its cytotoxic potential (Figures
Sllc and Slle).

The anticancer potential of dox-loaded Lm™ was assessed in
vivo as well, using a xenograft model in zebrafish. A375 cells
previously infected with flu-Lm* or dox-Lm* at MOI 1000
were injected into the yolk sac of 48 hpf zebrafish embryos.
[Note: hpf = hours post-fertilization.] Then, 48 h later, the
tumor area was measured and, consistently with in vitro results,
we found that dox-Lm* is a stronger inhibitor of tumor growth,
compared to flu-Lm* (Figures 2m and 2n).

B CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

The use of bacteria as immunotherapeutic agents has gained
momentum in recent decades, mainly because these organisms
can accumulate selectively in the cancer microenvironment but
also because they are straightforward to manipulate and

inexpensive. Therefore, immunotherapeutic bacteria are a
sustainable option, especially for low-medium income
countries.*” With the aim to further increase their anticancer
activity, bacteria have also been exploited as delivery
platforms.*** Many strategies have been developed that
enable bacteria to express genetically encoded, therapeutically
useful oligonucleotides, peptides, or proteins. Here, we develop
a generalizable approach for functionalizing the surface of an
immunotherapeutic bacterium with small molecules.

The Lm* life cycle makes the organism a particularly
attractive candidate for small-molecule functionalization. After
host-cell-receptor-mediated endocytosis, the ability of Lm* to
escape the phagosome gives a great advantage to surface-
attached small molecules, as they are delivered directly to the
cytoplasm. Furthermore, cell-to-cell spreading allows the
molecules not only to be selectively carried into the cancer
microenvironment, but also to overcome the major barriers
represented by the highly impermeable tumor mass, without
relying on tumor vascularization, which is poor, and passive
diffusion from one cell to another, which is slow and
inefficient.” Finally, selective tropism for tumor sites is due
to the fact that they are immunosuppressed, while it is
independent of their genetic makeup. In other words, Lm*
does not need to be customized to reach a specific cancer
type 750

The metabolic labeling/click chemistry protocol that we
have refined here consists of two steps, which were both
optimized, so that loading is maximized and, at the same time,
viability and proliferation of loaded Lm* are fully preserved:
(i) the incorporation of alkDADA in peptidoglycan stem
peptide; (ii) the covalent attachment of an azide-bearing cargo
through CuAAC reaction. The two-step protocol enables
robust cell wall incorporation (the alkyne reactive handle is
compact and well-tolerated), as well as modular conjugation of
any azide-bearing, small molecule with therapeutic potential.
Furthermore, we showed that drug release in the cancer
microenvironment can be enhanced by including a release
system.

In 1'§ht of the results obtained with noncovalently coated
Lm*”"" we expect that drug-loaded Lm* is well-tolerated
when systemically administered in vivo. Based on the fact that
(i) in vitro, intracellular Lm* shows persistent labeling and (i)
in vivo, it is carried by myeloid-derived suppressor cells
(MDSCs),*"* reaching the tumor microenvironment within a
few hours from injection,””’ we also assume that Lm® will still
be loaded with the drug when it gets to its intended
destination. There, on-site drug release mechanisms (the
physiological bacterial clearance and/or the action of intra-
cellular as well as extracellular proteases) should enable specific
and effective cancer cell targeting.”” Since Lm* does not trigger
a strong humoral reaction (the small amount of antibody
produced is not sufficient to protect against a reinfection53),
we also speculate that the loaded bacterium is suitable for
repeated injections that ensure steady drug delivery to the
tumor microenvironment. Finally, the in vivo setting will allow
us to appreciate the immunogenicity of loaded Lm*, which is
crucial to assess whether our approach indeed combines
chemotherapy (doxorubicin) with immunotherapy (Lm™).
Interestingly, Lm™ itself is cytotoxic for cancer cells by causing
ROS production,””* while doxorubicin itself displays
immunogenic properties.55 Therefore, the cell-autonomous
and noncell autonomous anticancer effects of dox-loaded Lm*
are expected to be highly pleiotropic and, hence, powerful.
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In conclusion, our work describes a new approach for
chemical engineering of the Lm* surface and opens new
possibilities for combination therapies in cancer treatment.
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Details regarding the setup of click reactions, the
biological properties of loaded listeria, and the chemical
and biological features of doxorubicin as cargo
(Supplementary Figures 1—13). It also contains the
description of all experimental protocols (Supplemen-
tary Methods). (PDF)
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