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Synthetic mRNA delivered to human cells leads
to expression of Cpl-1 bacteriophage-endolysin
with activity against Streptococcus pneumoniae
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Endolysins are bacteriophage-encoded hydrolases that show
high antibacterial activity and a narrow substrate spectrum.
We hypothesize that an mRNA-based approach to endolysin
therapy can overcome some challenges of conventional endoly-
sin therapy, namely organ targeting and bioavailability. We
show that synthetic mRNA applied to three human cell lines
(HEK293T, A549, HepG2 cells) leads to expression and cyto-
solic accumulation of the Cpl-1 endolysin with activity against
Streptococcus pneumoniae. Addition of a human lysozyme
signal peptide sequence translocates the Cpl-1 to the endo-
plasmic reticulum leading to secretion (hlySP-sCpl-1). The
pneumococcal killing effect of hlySP-sCpl-1 was enhanced
by introduction of a point mutation to avoid N-linked-
glycosylation. hlySP-sCpl-1N215D, collected from the culture
supernatant of A549 cells 6 h post-transfection showed a signif-
icant killing effect and was active against nine pneumococcal
strains. mRNA-based cytosolic Cpl-1 and secretory hlySP-
sCpl-1N215D show potential for innovative treatment strate-
gies against pneumococcal disease and, to our best knowledge,
represent the first approach tomRNA-based endolysin therapy.
We assume that many other bacterial pathogens could be tar-
geted with this novel approach.
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INTRODUCTION
Bacteriophage-encoded proteins such as endolysins could offer a so-
lution to the antibiotic resistance crisis. Endolysins are peptidoglycan
hydrolases translated at the end of the bacteriophage lytic cycle that
destruct the bacterial cell wall inside their host organisms in an act
termed “lysis from within.” Gram-positives can readily be lysed
“from without” due to their exposed peptidoglycan layer.1 Encourag-
ingly, no resistance mechanisms or bacteria losing sensitivity to endo-
lysins have been reported.2

Over recent years, research on endoylsins has led to an improved un-
derstanding of their applicability to treat specific forms of bacterial
diseases such as endocarditis or pneumonia and human trials are
ongoing.3 Despite recent improvements to almost all aspects of endo-
lysin therapy, organ-specific targeting and bioavailability are among
Molecular
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the remaining challenges in the current approach of exogenous
administration of recombinantly produced endolysins to an infected
organism.1 Given their proteinaceous nature, transporting endolysins
to the site of infection is not straightforward due to numerous barriers
in the human body. For most endolysins, targeting intracellular com-
partments is only feasible after modifications such as fusion to cell-
penetrating peptides.3 Intravenous applications are often limited by
short serum half-life ranging fromminutes to several hours due to tis-
sue distribution, degradation by proteases, inactivation by antibodies,
and renal excretion.4,5

Since the discovery of mRNA molecules in the 1960s, a deeper under-
standing of their functioning has led to an ongoing revolution in med-
ical fields ranging from vaccinology to cancer research.6 While several
mRNA-based antiviral therapies are under investigation,7–13 the
concept of mRNA-based antibacterial therapies seems to be compara-
tively underexplored. In a pioneering study dating more than 20 years
ago, Kisich et al. demonstrated that human b-defensinmRNA, which is
normally not expressed in alveolar macrophages, was capable of re-
stricting intracellular growth of Mycobacterium tuberculosis.14 More
recently, Hou et al. used adoptive transfer of macrophages that had
been transfected ex vivo with mRNA encoding antimicrobial peptide
IB367 to treat sepsis caused by multiple drug-resistant strains of
E. coli and Staphylcoccus aureus in mice with immunosuppression.15

To the best of the authors’ knowledge, mRNA-based endolysin thera-
pies have not been described. With respect to endolysin therapy, an
mRNA-based therapy approach encompasses the administration of en-
dolysin-encodingmRNAmolecules to enable the recipient organism to
endogenously produce the endolysin in question.

mRNA delivery vehicles can specifically reach organs such as the liver,
vascular endothelium, the spleen, or the lungs.6,16–23 Notably, the
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Figure 1. Investigation of lysates of cells

transfected with Cpl-1-encoding mRNA

(A) cell lysates of HEK293T (2) A549 (4) and HepG2 (6)

cells harvested 24 h after transfection with Cpl-1-

encoding mRNA were subjected to SDS-PAGE. Each

sample is followed by a control (3, 5, 7); 1 and 8:

recombinant Cpl-1 (1.75 mg, ca. 37 kDa). (B)

Assessment of lysis zones on blood agar plate. The

plate was inoculated with pneumococcal suspension

(Mc Farland 0.5). Ten microliters of lysate from

HEK293T, A549, HepG2 cells harvested 24 h after

transfection with Cpl-1-encoding mRNA was spotted on

plate 16 h before readout. NC, negative controls were

applied within area of the white circle; PC, 10 mL of

recombinant Cpl-1 (10 mg/mL) was dropped in center of

each plate as positive control.
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mRNA platform is highly adaptable and could be used for delivery of
mRNA constructs encoding suitable endolysins independent of their
proteinaceous characteristics.24

Following cytosolic delivery of in vitro-transcribed (IVT) mRNA,
translation and thus protein production begins and continues for a
time frame that depends on the stability of the mRNA. Elements add-
ing to cytosolic stability of mRNA comprise modifications of the 50

cap, 50 and 30 untranslated regions (UTRs), 30 poly(A) tail, and nucle-
otide substitutions such as replacing uridine with N1-methylpseu-
douridine (m1c).6,25 Depending on the choice of these elements,
protein translation can last hours to days.26,27 Therefore, an
mRNA-based approach to endolysin therapy might reduce or even
eliminate the need of repetitive dosing. Furthermore, translation
and consecutive protein production inside cells might facilitate intra-
cellular targeting of pathogens. Finally, there are other more general
advantages of mRNA therapies comprising rapid and cost-effective
production compared with their protein-based equivalents and
adaptability to evolving pathogens.24

The aim of the present study was to investigate the feasibility of an
mRNA-based approach to endolysin production in human cells. To
this end, the Cpl-1 endolysin, a 37-kDa lysozyme derived from
Cp-1, a small virulent bacteriophage infecting Streptococcus pneumo-
niae, was chosen as a model endolysin.28 Following the first descrip-
tion of Cpl-1 in 1987, its various properties as a therapeutic
agent against pneumococcal disease have been extensively investi-
gated both on a molecular and animal infection model basis. For
instance, it showed promising results when used for treatment of
pneumococcal carriage, non-invasive and invasive disease.5,28–32

S. pneumoniae, a gram-positive encapsulated pathogen, is a leading
cause of upper and lower respiratory disease such as sinusitis, otitis
media, and pneumonia. It is estimated that S. pneumoniae caused
829,000 (682,000–1,010,000) deaths among all age groups in 2019
and was the pathogen associated with the most deaths among chil-
dren younger than 5 years.33 Due to considerable antibiotic resistance
in some regions,34 S. pneumoniae has been placed on the World
2 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
Health Organization 2017 list of bacteria for which new antibiotics
are urgently needed.35

RESULTS
Cpl-1-encoding mRNA was translated into Cpl-1 endolysin in

human cell lines

mRNA constructs were stabilized using the 50 and 30 UTR regions of
the human alpha globin gene, a cap-1 structure and a poly(A) tail of
120 bases was used as previously described.25,26 Uridine was
completely substituted with N1-methylpseudouridine to improve
translation efficiency and reduce mRNA immunogenicity.36

HEK293T cells were used as they represent a human cell line that
can be easily transfected. As the pneumococcus is a common cause
of lower respiratory disease A549 cells were used as a model of alve-
olar epithelium of the human lung.33 HepG2 cells were used to model
hepatocytes. Since the liver is a metabolically active organ that can be
efficiently transfected, it could be employed for the synthesis and sys-
temic secretion of mRNA-based endolysins.22 HEK293T, A549, and
HepG2 cells, respectively, were transfected with Cpl-1-encoding
mRNA. The nucleotide sequence of the Cpl-1-encoding mRNA is
presented in Table S1. Twenty-four hours post-transfection, cells
were lysed and lysates of Cpl-1 mRNA-transfected and non-trans-
fected cells were subjected to SDS-PAGE. A distinct band with a com-
parable molecular weight to recombinantly expressed Cpl-1 was
observed exclusively in lysate samples of mRNA-transfected cells
(Figure 1A). Similarly, western blot analysis of the lysate samples
from Cpl-1 mRNA-transfected cells showed prominent bands with
a comparable molecular weight to recombinantly expressed Cpl-1
and some less prominent bands with lowermolecular weight. As these
bands were only present in Cpl-1 mRNA-transfected cells and tar-
geted by the polyclonal Cpl-1 antibody, the bands were considered
to represent the Cpl-1 endolysin and its degradation products (Fig-
ure S1). Lysates were applied to blood agar plates inoculated with
S. pneumoniae suspension (McFarland Standard of 0.5). Cell lysates
from all three cell lines caused a lysis zone, whereas no lysis zone
was observed from cell lysates derived from non-transfected controls
(Figure 1B).
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Twenty-two microliters of the respective lysates was added to 200 mL
of pneumococcal suspension. OD600 was measured for 60 min, fol-
lowed by determination of the bacterial counts (Figure 2). Bacterial
suspensions treated with lysates from mRNA-transfected cells
showed a pronounced OD600 reduction over time (Figures 2A, 2C,
and 2E). After 60 min, the colony counts of bacterial suspensions
treated with lysates of mRNA-transfected cells were significantly
lower when compared with samples treated with control lysates,
showing a log reduction of 1.89 for HEK293T (p < 0.001, t = 4.87,
df = 12), 2.72 for A549 (p < 0.01, t = 4.04, df = 13), and 1.62 for
HepG2 (p < 0.01, t = 3.91, df = 8) cells (Figures 2B, 2D, and 2F). In
contrast, pneumococcal suspensions treated with supernatants of
Cpl-1 mRNA-transfected cells showed a less pronounced reduction
of OD600 and colony counts compared with samples treated with
cell lysates. The respective log reduction in comparison with samples
treated with supernatants of non-transfected control cells was 0.41 for
HEK293T (p = 0.16, t = 1.54, df = 8), 0.07 for A549 (p = 0.76, t = 0.32,
df = 11), and 0.53 for HepG2 (p = 0.08, t = 1.94, df = 9) cells. To
exclude the possibility of an unspecific pneumococcal killing effect
as a response to externally added Cpl-1 mRNA to the cell lines, trans-
fection experiments were repeated using Cypridina Luciferase-encod-
ing mRNA instead of Cpl-1 encoding mRNA. No killing effect could
be observed from lysate or supernatant samples in turbidity reduction
experiments. The results of these negative control experiments are
shown in Figure S2.

Three independent lysate samples of Cpl-1 mRNA-transfected cells
from each cell line were subjected to mass spectrometry. Cpl-1 was
the most abundant protein in cell lines HEK293T and A549 and the
second most abundant protein after glyceraldehyde-3-phosphate de-
hydrogenase in HepG2 cells. On average, the Cpl-1 endolysin ac-
counted for 2.5%, 4.5%, and 1.9% of the total protein mass in
HEK293T, A549, and HepG2 cells, respectively. Peptide mapping
analysis revealed N-terminal methionine excision and the complete
C terminus of Cpl-1. The lack of coverage of some internal sequence
regions can be largely explained by unfavorable arrangement of
trypsin cleavage sites (Figure S3). Immunocytochemistry analysis
(ICC) of A549 cells using a polyclonal Cpl-1 primary antibody
was performed to characterize the localization of the Cpl-1 endoly-
sin. The staining pattern suggested cytosolic presence of Cpl-1
(Figure 3).

The results suggest that the Cpl-1 endolysin-encoding mRNA was
translated in all three human cells lines, resulting in a biologically
active form of Cpl-1 primarily residing within the cytosol.

Signal peptides led to secretion of the Cpl-1 endolysin into the

culture medium

Most secretory proteins are equipped with a short N-terminal amino
acid sequence called signal peptide (SP). SPs target nascent proteins to
the secretory pathway via the endoplasmic reticulum in eukaryotes
and facilitate translocation across the plasma membrane in prokary-
otes.37 Although SP sequences are highly diverse both in length and in
amino acid composition, they share a conserved structure. In
numerous studies, native SPs have been replaced with the aim of opti-
mizing secretion levels in mammalian expression systems.38–41 SPs
previously used for heterologous expression of secretory proteins
were employed to convert the Cpl-1 endolysin into a secretory protein
(from here on denoted as sCpl-1). mRNA constructs were created
that included one of the following seven SPs between the start codon
and the 50 end of the Cpl-1 endolysin open reading frame: an artifi-
cially created SP termed secrecon42 (secSP-sCpl-1) and its variant
with two additional alanine residues38 (secAASP-sCpl-1), and SPs
derived from human serum albumin (halSP-sCpl-1), azurocidin
(hazSP-sCpl-1), lysozyme (hlySP-sCpl-1), immunoglobulin heavy
chain (hIgHCSP-sCpl-1),39 and the SARS-CoV-2 spike protein
(SARSspSP-sCpl-1) (Table S2). To screen for activity, turbidity reduc-
tion experiments were conducted as described using concentrated su-
pernatants collected 24 h post-transfection. Supernatants collected
from all samples transfected with any of the seven mRNA constructs
caused reduction of turbidity. The extent of reduction was dependent
on the SP fused to the Cpl-1 sequence (Figure S4). In all supernatant
samples of sCpl-1 mRNA-transfected cells subjected to SDS-PAGE, a
distinct band could be detected migrating more slowly than the re-
combinantly expressed Cpl-1, indicating an increased molecular
weight of the sCpl-1 endolysin (Figures 4A–4C). Slightly below, a
less prominent band with comparable size to recombinant Cpl-1
was visible in supernatants from HEK293T and A549 cells but absent
in supernatants from HEPG2 cells. Other protein bands visible on the
gels were present both in supernatants of mRNA-transfected cells as
well as the non-transfected controls and were considered to represent
physiologically secreted proteins.

Based on the results of turbidity reduction experiments and SDS-
PAGE, the sCpl-1-encoding mRNA construct employing the human
lysozyme SP was chosen for further analysis (hlySP-sCpl-1).

Mass spectrometric peptide mapping of secreted hlySP-sCpl-1 re-
vealed N-terminal amino acid coverage starting at the putative cleav-
age site of the human lysozyme SP (Figure S3B). Therefore, it was
considered unlikely that the mass increase observed in SDS-PAGE
had been caused by an uncleaved SP.

The hlySP-sCpl-1 endolysin was modified by N-linked

glycosylation

Post-translational modifications (PTMs) in the secretory pathway of
eukaryotic cells were considered as a possible explanation for the
increased molecular weight of sCpl-1. A PTM common to secretory
proteins in eukaryotic cells is the addition of oligosaccharides to
the nitrogen atom of an asparagine residue in a process termed
N-linked glycosylation.43 Attachment of oligosaccharides to the
asparagine residue is mediated by the consensus sequence Asn–X–
Ser/Thr, where X is permitted to be any amino acid except proline.44

As the amino acid sequence of the Cpl-1 endolysin contains a recog-
nition site for N-linked glycan attachment in amino acid positions
215–217 (Asn-Gly-Ser), glycosylation of the sCpl-1 was investigated.
In a first step, PNGase F, an enzyme capable of removing N-linked
glycans, was applied to hlySP-sCpl-1-containing concentrated
Molecular Therapy: Nucleic Acids Vol. 35 March 2024 3
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Figure 2. Bacteriolytic effect of lysates and concentrated supernatant samples from HEK293T/A549/HepG2 cells transfected with Cpl-1-encoding mRNA

against S. pneumoniae

(A, C, E) Turbidity reduction experiments. Twenty-twomicroliters of lysate, concentrated supernatant, or control samples was applied to 200 mL of pneumococcal suspension

in PBS (pH 7.0). Data from representative experiments are shown. (B, D, F) After turbidity measurements, samples were plated on blood agar and CFUs were counted after

16 h. Data are based on at least three independent experiments. Boxplots represent minimum, maximum, and median values, and the interquartile range. The mean is

represented by a crossed circle, p values <0.05 are indicated (*p < 0.05–0.01; **p < 0.01–0.001; ***p < 0.001).
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Figure 3. Immunofluorescent staining of Cpl-1

mRNA-transfected A549 cells

The cells were stained using an anti-Cpl-1 rabbit-derived

antibody and conjugated goat anti-rabbit secondary anti-

body, DAPI was used for staining of cell nuclei. The panels

show DAPI (A and B), DAPI + Anti-Cpl-1 (C and D), and

Anti-Cpl-1 (E and F) -stained cells of Cpl-1 mRNA-

transfected and non-transfected cells, respectively.

Pictures were taken at �200 magnification.
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supernatants from all three cell lines under denaturing conditions.
Following PNGase F treatment, the hlySP-sCpl-1 band showed
comparable molecular weight to recombinant Cpl-1 in SDS-PAGE
(Figure 4D). To further investigate the effect of PNGase F treatment
on enzymatic activity of hlySP-sCpl-1, PNGase F digestion was
conducted under non-denaturing conditions and equal volumes of
PNGase F-treated and -untreated samples were subjected to
turbidity reduction assays. After PNGase F treatment, hlySP-sCpl-
1 showed an increased pneumococcal killing effect compared with
PNGase F non-treated hlySP-sCpl-1 (p = 0.06, t = 2.60, df = 4)
(Figure S5).

N-linked glycosylation of the hlySP-sCpl-1 endolysin could be

prevented by removal of the glycosylation site and was found to

affect biological activity

Next, the amino acid sequence of hlySP-sCpl-1 was modified by
introduction of point mutations at the consensus sequence for
N-linked glycosylation. Two mRNA constructs were synthesized,
the first comprising the mutation r.694A>G to code for aspartate
in position 215 instead of asparagine (hlySP-sCpl-1N215D), the sec-
Molecula
ond comprising the mutations r.700A>G and
r.701G>C to code for alanine in position 217
instead of serine (hlySP-sCpl-1S217A) (amino
acid positions are indicated as for the Cpl-1
wild-type sequence, not accounting for the 17
additional amino acids of the human lysozyme
SP of hlySP-sCpl-1). Both amino acid exchanges
resulted in hlySP-sCpl-1 proteins whose molecu-
lar weight matched the recombinant Cpl-1 endo-
lysin, indicating that no glycosylation occurred
when the mutant proteins were expressed in hu-
man cells (Figure 5A).

Screening of concentrated supernatants of
cells that had been transfected with hlySP-sCpl-
1/hlySP-sCpl-1N215D/hlySP-sCpl-1S217A-en-
coding mRNA by assessment of pneumococcal
lysis zones on blood agar plates showed pneumo-
coccal clearing in a construct-dependent fashion
(Figures 5B–5D). hlySP-sCpl-1 and hlySP-sCpl-
1S217A derived from HEK293T and HepG2 su-
pernatants caused no or incomplete bacterial
clearing, while both variants collected from A549 cells caused a clear
lysis zone (Figure 5C).

Concentrated supernatant from all three cell lines resulted in a prom-
inent clearing zone after hlySP-sCpl-1N215D-encoding mRNA trans-
fection. Turbidity reduction assays conducted with consecutive deter-
mination of colony-forming unit (CFU) reduction confirmed a more
pronounced pneumococcal killing effect of samples containing
hlySP-sCpl-1N215D compared with hlySP-sCpl-1 and hlySP-sCpl-
1S217A. The effect was more evident in supernatants from HEK293T
(log reductions: 2.58 [p < 0.01] vs. 1.92 [p = 0.01] and 1.76 [p =
0.01], respectively) and HepG2 cells (log reductions: 2.25 [p < 0.001]
vs. 1.54 [p< 0.01] and1.36 [p< 0.01], respectively) than fromA549 cells
(log reductions: 2.63 [p< 0.001] vs. 2.37 [p< 0.001] and 2.32 [p< 0.001],
respectively) (Figure 6). ThehlySP-sCpl-1N215Dmutantwas therefore
used in all further analysis. The nucleotide sequence of the hlySP-sCpl-
1N215D-encoding mRNA is presented in Table S1.

Three biologically independent samples of hlySP-sCpl-1N215D
mRNA-transfected cells from each cell line were subjected to mass
r Therapy: Nucleic Acids Vol. 35 March 2024 5
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Figure 4. SDS-PAGE of concentrated serum-free culture supernatant samples of cells transfected with sCpl-1 encoding mRNA

HEK293T (A), A549 (B), and HepG2 (C) cells were transfected with mRNA encoding sCpl-1 and different signal peptides as designated in the corresponding lane. The

prominent band of the sCpl-1 protein running a few kDa above the 37-kDa band of recombinant Cpl-1 in samples from HEK293T and A549 cells is considered to be caused

by glycosylation of the majority of sCpl-1 (A and B), while all of sCpl-1 seems to be glycosylated in samples fromHEPG-2 cells (C). (D) HEK293T, A549, and HepG2 cells were

transfected with mRNA encoding hlySP-sCpl-1 and treated with PNGase F. Lanes 1 and 2 represent supernatant containing hlySP-sCpl-1 derived from HEK293T cells, 3

and 4 from A549 cells, 5 and 6 from HepG2 cells before and after PNGase F digestion (labeled either PNGase� or PNGase+, respectively); (/: rightwards arrows mark

PNGase F digested Cpl-1 bands; ): leftwards arrows mark PNGase F undigested Cpl-1 bands; recombinant Cpl-1 (7) (1.75 mg, ca. 37 kDa).
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spectrometry. Figure S3B shows the amino acid coverage of the
hlySP-sCpl-1N215D sequence. On average, the hlySP-sCpl-1N215D
endolysin represented 46.8%, 47.6%, and 8.1% of human protein
identified in the supernatant of HEK293T, A549, and HepG2 cells,
respectively (Table S3). To estimate the hlySP-sCpl-1N215D concen-
tration in supernatants, total protein concentrations in the samples
were quantified using the Qubit protein assay and multiplied with
the respective percentage of hlySP-sCpl-1N215D (Table S3). The con-
centration of hlySP-sCpl-1N215D in unconcentrated supernatants
(equal to the final concentration in turbidity reduction assays) was
estimated to be 3.9 mg/mL for HEK293T, 3.6 mg/mL for A549, and
3.0 mg/mL for HepG2 cells.
There was no evidence of self-killing of S. pneumoniae by hlySP-

sCpl-1N215D-encoding mRNA

The possibility of residual IVT-mRNA potentially present in the
samples leading to translation by S. pneumoniae and consecutive
6 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
self-destruction was taken into consideration. To test this hypothe-
sis, turbidity reduction experiments were conducted with 500 ng of
hlySP-sCpl-1N215D-encoding mRNA prepared with Lipofectamine
MessengerMAX (Thermo Fisher Scientific) in 50 mL Opti-MEM
reduced serum medium (Thermo Fisher Scientific) as described
for transfection of cell lines. Relative to controls, no reduction in
turbidity was observed (Figure S6) and there was no significant dif-
ference between log mean colony counts (0.09, p = 0.63, t = �0.51,
df = 4).
mRNA dose affected hlySP-sCpl-1N215D expression in a cell-

dependent fashion

Transfection experiments were repeated for all three cell lines using
different doses of hlySP-sCpl-1N215D-encoding mRNA (250 ng,
500 ng, 1,000 ng). Culture supernatant was collected 24 h after trans-
fection and processed as described. Turbidity reduction experiments
(Figures S7A–S7C) and subsequent determination of CFU were
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performed. Transfection with 250 ng of mRNA resulted in a less pro-
nounced killing effect from concentrated supernatants compared
with the higher doses in all three cell lines; however, the difference
was noticeably less pronounced for A549 cells (log reductions: 1.25
for HEK293T [p < 0.001], 2.24 for A549 [p < 0.01], and 0.75 for
HepG2 cells [p < 0.001]). The killing effect after transfection with
500 ng and 1,000 ng of mRNA appeared to be very similar in all three
cell lines (difference between log CFU reductions: 0.02 for HEK293T,
0.24 for A549, and 0.02 for HepG2 cells) (Figures 7A–7C). Based on
these observations, the use of 500 ng was continued in the following
transfection experiments.
Cpl-1N215D in A549 culture supernatants led to a noticeable

killing effect after 6 h and increased incrementally until 24 h

post-transfection

The influence of time after transfection on the expression of hlySP-
sCpl-1N215D was determined by testing the pneumococcal killing ef-
fect in supernatant of A549 cells collected at the following time points:
6 h, 12 h, 24 h, 48 h, 72 h. Samples were used for turbidity reduction
experiments (Figure S7D) and subsequent determination of CFU. Six
hours post-transfection, a killing effect was noticeable (Figure 7D)
that incrementally increased over later time points (log reductions af-
ter 6 h: 0.65 [p = 0.01]). However, after 24 h the increase became
Molecular Therapy: Nucleic Acids Vol. 35 March 2024 7
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Figure 6. Bacteriolytic effect of concentrated supernatant samples from HEK293T/A549/HepG2 cells transfected with hlySP-sCpl-1/hlySP-sCpl-1N215D/

hlySP-sCpl-1S217A encoding mRNA against S. pneumoniae

(A, C, E) Turbidity reduction experiments. Twenty-two microliters of concentrated supernatant or control were applied to 200 mL of pneumococcal suspension in PBS (pH

7.0). Data from representative experiments are shown. (B, D, F) After turbidity measurements, samples were plated on blood agar and colonies were counted after 16 h. Data

are based on at least three independent experiments. Boxplots represent minimum, maximum, median values, and the interquartile range. The mean is represented by a

crossed circle, p values <0.05 are indicated (*p <0.05–0.01, **p < 0.01–0.001, ***p < 0.001).
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Figure 7. Bacteriolytic effect of concentrated supernatant samples from HEK293T/A549/HepG2 cells that have been transfected with hlySP-sCpl-1N215D

encoding mRNA against S. pneumoniae

Twenty-two microliters of concentrated supernatant or control were applied to 200 mL of pneumococcal suspension in PBS. After 60 min of incubation, samples were plated

on blood agar and colonies were counted after 16 h. First row: Three different doses (250, 500, and 1,000 ng) of mRNA were administered to HEK293T cells (A), A549 cells

(B), and HepG2 (C). (D) Effect of time after mRNA transfection (6, 12, 24, 48, 72 h). (E) Effect of pH on the killing effect of hlySP-sCpl-1N215D was investigated for three pH

levels (6.5, 7.0, 7,4). Results are based on at least three independent experiments. Boxplots represent minimum, maximum, and median values, and the interquartile range.

The mean is represented by a crossed circle, p values <0.05 were indicated (*p < 0.05–0.01, **p < 0.01–0.001, ***p < 0.001).
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clearly less pronounced (difference in log CFU reduction between 24
and 72 h: 0.25). Cell viability of hlySP-sCpl-1N215D mRNA-trans-
fected cells and controls was monitored by trypan blue uptake45

and showed estimated cell viability of 87.3 vs. 88.0% after 24 h (p =
0.87, t = 0.17, df = 4), 74.7 vs. 72.3% after 48 h (p = 0.71, t = 0.39,
df = 4), and 68.5 vs. 68.5% after 72 h (p = 0.99, t < 0.01, df = 4).

hlySP-sCpl-1N215D led to a comparable pneumococcal killing

effect within pH range of 6.5–7.4

To evaluate the pH sensitivity of hlySP-sCpl-1N215D expressed in
A549 cells at pH 6.5, 7.0, and 7.4., turbidity reduction experiments
with consecutive determination of bacterial counts were conducted
as described. OD600 reductions occurred faster over 60 min of incu-
bation for lower pH values (Figure S7E). Bacterial counts showed
log reductions of 3.01 (p < 0.01, t = 3.23, df = 11) at pH 6.5, 2.67
(p < 0.01, t = 3.48, df = 16) at pH 7.0, and 2.57 (p < 0.01, t = 4.16,
df = 10) at pH 7.4 (Figure 7E).

hlySP-sCpl-1N215D collected 24 h post-transfection from A549

cellswas effective against nine clinically relevant pneumococcal

serotypes

hlySP-sCpl-1N215D was tested against nine strains of clinically rele-
vant capsule serotypes of S. pneumoniae. A549 cells were transfected
with 500 ng of hlySP-sCpl-1N215D-encoding mRNA per well. Cul-
ture supernatants were collected 24 h post-transfection and prepared
as described. As mentioned above, the average concentration of
hlySP-sCpl-1N215D present in supernatants of A549 cells 24 h
post-transfection has been estimated to be 3.6 mg/mL. Turbidity
reduction experiments (Figure S8) and successive determination of
CFUs were conducted for each strain as described; 5 mg/mL of recom-
binantly expressed Cpl-1 served as a positive control. Pneumococcal
strains exposed to concentrated supernatant of A549 cells showed
CFU reductions between 1.78 and 4.21 log (RKI692 [serotype 4]:
2.63, TIGR4 [serotype 4]: 2.91, RKI720 [serotype 6B]: 2.04, RKI693
[serotype 9V]: 2.09, RKI756 [serotype 14]: 1.81, RKI687 [serotype
18C]: 4.21, ATCC 49619 [serotype 19F]: 2.64, RKI467 [serotype
23F]: 1.78, D39 [serotype 2]: 3.94 log), which were comparable to
the CFU reductions observed when exposed to the 5 mg/mL of recom-
binantly expressed Cpl-1 (Figure 8). Serotype 23F showed the highest
discrepancy in CFU reductions between hlySP-sCpl-1N215D and re-
combinant Cpl-1 (1.78 vs. log 2.63 log reductions, based on four in-
dependent experiments).

DISCUSSION
The Cpl-1 endolysin was detectable from lysates of all three human cell
lines that had been transfected with Cpl-1-encoding mRNA and was
shown to be active against pneumococci. Immunofluorescence staining
Figure 8. Bacteriolytic effect of concentrated supernatant samples from A549

against nine different strains of S. pneumoniae compared with 5 mg/mL recom

Twenty-two microliters of samples were applied to 200 mL of pneumococcal suspension

were counted after 16 h. Results from culture supernatant are represented by blue b

controls are red. Results are based on at least three independent experiments, log CFU

and median values, and the interquartile range. The mean is represented by a crossed
of transfected cells suggested the cytosolic presence of Cpl-1. These
findings support the idea that mRNA-encoded Cpl-1 might be a suit-
able agent for targeting S. pneumoniae inside human cells. Long
believed to be exclusively extracellular, recent evidence suggests that
splenic macrophages provide a reservoir for S. pneumoniae. It was
concluded that the spleen, and not the lungs, is the major source of
bacteremia calling for targeted treatment strategies to prevent pneumo-
coccal sepsis.46,47 IVT-mRNA delivery to the spleen to target antigen-
presenting cells (APCs) has recently gained interest mainly for the
development of cancer therapies.16–18 Among other splenic APCs,
transfection of splenic macrophages using ionizable lipid nanoparticles
has been demonstrated.16,22,23 mRNA-based Cpl-1 delivered to splenic
macrophages could potentially clear intracellular S. pneumoniae to pre-
vent fulminant forms of pneumococcal sepsis and represents a prime
research field for mRNA-based Cpl-1. However, no proof of intracel-
lular killing has been provided in this study and the feasibility of target-
ing intracellular pneumococci needs further investigation. The effi-
ciency of intracellular Cpl-1 could be influenced by factors related to
the intracellular lifestyle of the pneumococcus such as residence within
vacuoles, which is assumed for cardiac myocytes.48 Depending on
pathogen- and host-specific features, themRNA-based approach to en-
dolysin therapy could prove useful to treat various diseases caused
by intracellular pathogens such as S. pyogenes or mycobacterial
species.49,50

Respiratory tract infections are the most common form of pneumo-
coccal disease, often preceded by pneumococcal colonization.51

Considered to be an extracellular pathogen in respiratory
tract disease, secretion of mRNA-based Cpl-1 for targeting of
S. pneumoniae seems essential for these forms of pneumococcal dis-
ease.52 Supernatants of cells transfected with Cpl-1-encoding mRNA
showed a slight lytic effect most prominent in HepG2 cells, suggestive
of the presence of comparatively small amounts of Cpl-1. The reasons
for the presence of the non-secretory Cpl-1 in culture supernatant
have not been further investigated in this study. Possible explanations
include Cpl-1 leakage through degraded cell membranes or secretion
through unconventional protein secretion pathways.53 A more prom-
inent pneumococcal killing effect by samples from the culture super-
natant could be achieved after fusion of a choice of SP-encoding nu-
cleotides to the 50 end of Cpl-1-encoding mRNA. Effective delivery of
hlySP-sCpl-1N215D-encoding mRNA to the respiratory tract is a
prerequisite to target extracellular S. pneumoniae for epithelial decol-
onization or to treat respiratory tract infections. mRNA transfection
of the lungs has recently made considerable progress, for example the
use of polymer-based transfection reagents such as hyperbranched
poly(beta amino esters) (hPBAEs) in aerosolized form has been
described to be effective for mRNA delivery in multiple animal
cells that have been transfected with hlySP-sCpl-1N215D-encoding mRNA

binant Cpl-1

in PBS. After 60 min of incubation, samples were plated on blood agar and colonies

oxes, results from recombinant Cpl-1 are represented by green boxes, respective

reductions are indicated for comparison. Boxplots represent minimum, maximum,

circle.
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models.20,21 The accumulation of mRNA-based endolysins in cell cul-
ture supernatant as shown in this study provides a base to further
investigate the targeting of extracellular pathogens.

PTMs, such as N-linked glycosylation uncommon in bacteria but
common in mammalian cells,43 might lead to unwanted changes of
protein properties in heterologous expression. N-linked glycosylation
of the hlySP-sCpl-1 at position N215 on the endolysin’s cell wall bind-
ing domain led to a reduced pneumococcal killing effect, suggesting
that the glycan might have interfered with the enzyme’s choline bind-
ing sites crucial for pneumococcal cell wall binding.29 N-linked glyco-
sylation was prevented by introduction of point mutations in the
glycosylation site. However, PTMs affecting other parts of the amino
acid sequence such as O-linked glycosylation, which are more difficult
to predict, cannot be ruled out and need to be studied in the future.
Suitability of other endolysins for the mRNA-based approach might
depend on glycosylation patterns and other PTMs. While glycans
attached to critical regions of the amino acid sequence can hamper
with enzymatic activity on the one hand, glycans attached to other re-
gions could confer favorable side effects. Glycosylation increases the
solubility of secretory proteins and is used by viral proteins as a strat-
egy to evade immune detection.54 Deliberate introduction of N-linked
glycosylation sites has been used to increase serum half-life of human
growth hormone.55 Introducing glycosylation sites at suitable regions
of the amino acid sequence could thus be used to increase endolysin
solubility and serum half-life and reduce immunogenicity. Crucially,
site-directed introduction of glycosylation sites might prove superior
to previous attempts to stabilize the protein. For instance, PEGylation
resulted in an almost complete loss of Cpl-1 enzymatic activity.56 This
aspect highlights a possible advantage of an mRNA-based approach
to endolysin therapy since amino acid changes can easily be intro-
duced in the mRNA constructs prior to target cell transfection.

The capability of effective cell wall lysis with species or genus speci-
ficity and the lack of reported resistance counts among the most
important characteristics of bacteriophage-encoded endolysins.1,2

The latter is a significant advantage over bacteriophage therapy,
which is regularly limited by resistance of the bacterial host.57

The Cpl-1 endolysin has been found to be effective against various
pneumococcal serotypes.30While prominent serotype-dependent dif-
ferences in the killing efficiencies were observed in this study, the dif-
ferences of the killing effect of recombinantly produced Cpl-1 and
human cell line produced hlySP-sCpl-1N215D was within 1 log
reduction for each serotype when applied at similar concentrations.
This comparison suggests that the mRNA-encoded hlySP-sCpl-
1N215D has retained the pneumococcal killing effect of recombi-
nantly produced Cpl-1. However, direct comparison of the activity
is limited by the fact that the concentration of the hlySP-sCpl-
1N215D in the supernatant was only estimated following mass spec-
trometry. Furthermore, the influence of the N-terminal histidine tag
of the recombinant Cpl-1 on protein activity is not known.

Results from our study suggest that endolysin-encoding mRNA
applied in a sufficient dose to target cells can result in a meaningful
12 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
bacteriolytic effect within a few hours. However, our study is limited
to cell culture experiments not reflective of mRNA transfection of
specific organs in vivo. In the human body, the killing effect of endo-
lysins will be strongly influenced by the volume of distribution and
other factors such as proteases or immunologic effects that are known
to adversely affect concentrations and/or enzymatic activity.1,4,5 To
minimize the concentrations required to kill a pathogen, mRNA-
based endolysins could target organs/tissue compartments in which
the physiological environment approaches the endolysin’s optimal re-
action conditions. The Cpl-1 endolysin has been reported to have a
pH optimum around 4–5 with enzymatic activity dropping sharply
in alkaline conditions.30 While physiological pH in blood is around
7.4, pH of airway surface liquid seems to be slightly acidic under phys-
iological conditions with pH values ranging between 5.6 and 6.7 in the
nasal mucosa and around 7.0 in the bronchia.58 Experiments in this
study have been conducted at pH 7.0 as a default, the effect of slightly
lower (6.0) and higher (7.4) pH values within physiological bound-
aries were additionally assessed for the hlySP-sCpl-1N215D. OD600

reductions occurred faster over 60 min of incubation at lower pH
values but resulted in comparable CFU reductions. It is therefore
assumed that the hlySP-sCpl-1N215D could be effective within
body compartments of differing pH ranges, if its presence over a suf-
ficient period of time can be ensured.

The human lysozyme SP was selected as the presumably most potent
SP based on the differences in pneumococcal killing effect of sCpl-1 in
supernatant samples. However, differences between mRNA con-
structs carrying the various SPs used in this study might not solely
reflect the secretion efficiency. As expression levels of IVT-mRNA
have been shown to be dependent on mRNA design choices, the
observed differences could be a result of different expression levels
of the distinct mRNA constructs.25,26 More generally, the influence
on variations of parameters such as the 50 and 30 UTR regions, SP,
nucleotide modifications, and length of poly(A) tail on mRNA
expression should be further investigated.

While the observed pneumococcal killing efficiencies of supernatant
samples containing hlySP-sCpl-1N215D seemed relatively compara-
ble between cell lines, lysate samples of HEPG2 cells containing Cpl-1
showed a less prominent effect (>1 log less than HEK293T or A549
cells). Possible reasons for these cell-specific differences comprise
varying transfection efficiencies, mRNA expression levels, or cytosolic
stability. Cell-specific optimization of these parameters will be crucial
to enable efficient endolysin production of target cells in future
studies.

Supernatant concentrations of hlySP-sCpl-1N215D did not increase
significantly after 24 h in A549 cells. Decreased viability of cells in cul-
ture beyond 24 h post-transfection as indicated by trypan blue staining
might have affected translation efficiencies but the role of cytosolic sta-
bility of the used mRNA constructs needs further investigation.

No meaningful difference in cell viabilities between transfected and
non-transfected cells was observed in this study. Mass spectrometric
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analyses that were primarily performed for the detection of Cpl-1
showed no evidence of differential expression of other proteins be-
tween transfected and non-transfected cells in all cell lines. However,
this finding is limited by a low number of controls (n = 2 per cell line)
and the effect of Cpl-1/hlySP-sCpl-1N215D-encoding mRNA on cells
should be further investigated.

The success of future endolysin therapies depends on innovative
methods to administer proteins at the sites of infection in the hu-
man body. To the best knowledge of the authors, the results of this
study show for the first time that human cells are in principle
capable of mRNA-based endolysin production as demonstrated
using the Cpl-1 endolysin. mRNA-based expression of the cyto-
solic Cpl-1 endolysin and its secretory variant hlySP-sCpl-
1N215D allow selection between intracellular and extracellular
Cpl-1 localization. Coupled with recently described mRNA deliv-
ery vehicles, the mRNA constructs are potential candidates for
the treatment of non-invasive and invasive forms of pneumococcal
disease. As innovative solutions are urgently needed to tackle the
global antibiotics resistance crisis, the mRNA-based approach to
antibiotic therapy described in this study should be further
investigated.

MATERIALS AND METHODS
Recombinant Cpl-1 production

The gene of the Cpl-1 endolysin of the Streptococcus phage Cp-1
(Genebank accession number: NC_001825.1) was codon-opti-
mized using the Azenta codon optimization tool (Azenta, Chelms-
ford, USA) and appended with a C-terminal histidine tag (6xHis).
Gene synthesis and cloning into a pET-21(+) expression vector
was done by Twist Bioscience (South San Francisco, California).
E. coli BL21(DE3) was transformed with the resulting plasmid
pET-21(+)_Cpl-1. A clone was selected and incubated in 500 mL
LB medium with ampicillin (100 mg/L) at 37�C until OD600

reached 0.5. Expression was induced using 0.5 mM IPTG,
culturing was continued on a shaker at 20�C overnight. Aliquots
of 250 mL were centrifuged at 4,000 � g for 15 min and pellets
were frozen at �20�C. Pellets were thawed, suspended in 5 mL
lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole,
pH 8.0) before lysis on a tissue homogenizer (Precellys 24, bertin
technologies) (2 cycles at 6,500 rpm for 30 s, samples were placed
on ice for 5 min between cycles). Samples were then centrifuged at
13,000 � g for 15 min. The supernatant was transferred in a
15-mL tube with 1 mL Ni-NTA Agarose (Invitrogen, Carlsbad,
CA, USA) and moved on a Stuart SB3 Rotator at 4�C for
90 min (Cole Parmer, Wertheim, Germany). The sludge was
placed on a 10-mL filter column with 35-mm pore size
(MoBiTec, Goettingen, Germany). Washing and elution were car-
ried out using the respective buffers (wash buffer: 50 mM
NaH2PO4, 300 mM NaCl, 20 mM imidazole, pH 8.0; elution
buffer: 50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, pH
8.0), the fractions were analyzed using SDS-PAGE (12%). Elution
fractions were combined, dialyzed against PBS, and quantified us-
ing a Qubit 4 fluorometer (Invitrogen).
mRNA preparation

The Cpl-1 nucleotide sequence was codon-optimized for the purpose
of heterologous expression in human cells using the Azenta Codon
Optimization tool (Azenta). DNA templates containing the 50 UTR
of the human alpha globin gene, the Cpl-1 gene, and the 30 UTR of
the human alpha globin gene were synthesized by Twist Bioscience
(South San Francisco, CA) and cloned into a vector (pTwist Amp
High Copy). To facilitate secretion of the Cpl-1 endolysin, constructs
were modified to contain an SP-encoding nucleotide sequence at the
50 end of the open reading frame (Table S2). Prior to IVT, vector DNA
containing the templates was PCR amplified using Phusion High-
Fidelity DNA-Polymerase (Thermo Fisher Scientific) according to
the manufacturer’s protocol. A reverse primer with a poly(T)-tail of
120 bp was attached to the 50 end, which was translated into a
poly(A)tail on the leading strand (forward primer: 50-CAATCAC
CACGAGACATTAATACGACTCAC-30, reverse primer: 5’-(120xT)
GCTGCCCACTCAGACTTTATTCAAAGAC-30); Reaction proto-
col: 98�C for 30 s, 30 cycles at 98�C for 10 s, 68�C for 30 s, and
72�C for 25 s, and final extension at 72�C for 10 min dsDNA tem-
plates were purified using QIAquick PCR Purification Kit (Qiagen)
and subjected to IVT reactions using the HiScribe T7 mRNA Kit
with CleanCap Reagent AG (New England Biolabs, Ipswich, MA,
USA), which co-transcriptionally adds a natural Cap-1 structure
(meaning that the first base of the mRNA is methylated at the 20 po-
sition) to the 50 end. Briefly, 800 ng of PCR template was added to a
20-mL reaction volume prepared according to the manufacturer’s rec-
ommendations. Uridine nucleotides were completely substituted by
N1-methylpseudouridine (TriLink BioTechnologies, San Diego, CA,
USA) in an equimolar fashion. IVTs were conducted at 37�C over-
night. After IVT, DNA templates were cleaved using DNase I
(NEB) according to the manufacturer’s recommendations. The
RNA product was purified using the Monarch RNA Cleanup Kit
(NEB) and eluted in nuclease-free water (NEB). mRNA was quanti-
fied using Qubit dsDNA HS Assay-Kit (Thermo Fisher Scientific)
and adjusted to a concentration of 100 ng/mL. mRNA was quality-
checked using mRNA gel electrophoresis. Aliquots were stored
at �80�C.

Human cell lines

HEK293T cells (ACC 635) derived from the kidney of a human em-
bryo and A549 cells (ACC 107) derived from human adenocarcinoma
alveolar epithelial cells were purchased from DSMZ and grown in
DMEM (high glucose, GlutaMAX supplement and pyruvate)
(Thermo Fisher Scientific) supplemented with 10% fetal bovine
serum (FBS). HepG2 cells (ACC 180) derived from a hepatocellular
carcinoma were purchased from DSMZ and grown in Eagle’s Mini-
mum Essential Medium (CLS, Eppenheim, Germany) supplemented
with 10% FBS. Cells were cultured in 75 cm2 culture flasks with
adherent cell culture surface (Greiner Bio-One, Frickenhausen,
Germany).

Transfection of cell lines

Transfection experiments were conducted in a 24-well plate format
(Greiner Bio-One) in duplicate, i.e., cells of two wells were transfected
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with the samemRNA construct, samples were combined at collection.
Cells were dissociated from culture flasks using trypsin-EDTA
(0.25%) (Thermo Fisher Scientific), transferred to 24-well plates,
and cultured in 500 mL medium per well for 24 h to reach 70%–
100% confluency prior to transfection. Varying amounts of mRNA
(250/500/1,000 ng per well) were combined with Lipofectamine
MessengerMAX (Thermo Fisher Scientific) (1.5 mL per well) in
Opti-MEM reduced serum medium (Thermo Fisher Scientific) to
form mRNA-lipid complexes according to the manufacturer’s in-
structions. mRNA-lipid complexes contained in reduced serum me-
dium were then added to the culture medium of cells in the plates.
Controls were treated in the same way but instead of mRNA an equal
volume of PBS was used. Success of mRNA transfection was ascer-
tained by running a positive control using CleanCap EGFP mRNA
(TriLink BioTechnologies).

Processing of transfected cells

At a defined period (6/12/24/48/72 h) post-transfection, culture su-
pernatants were removed from well plates and processed as described
in the next paragraph. Cells were harvested using 200 mL trypsin-
EDTA (0.25%) (Thermo Fisher Scientific) per well, duplicates were
combined in 1.5-mL tubes. Wells were then washed using 200 mL
PBS. The cell suspension was centrifuged at 2,000 � g for 5 min at
10�C. The supernatant was discarded and cells were subjected to os-
molysis using 81 mL of distilled water and three subsequent freeze-
thaw cycles. Lysis was stopped by addition of 9 mL 10-fold concen-
trated PBS followed by centrifugation at 16,000 � g for 15 min
(4�C). The cell lysate (�100 mL) was transferred to 1.5-mL tubes
and used for subsequent analysis.

Processing of cell culture supernatants

Culture supernatants of transfected cells and non-transfected controls
were transferred to Amicon Ultra-4 filter tubes (Merck Millipore,
MA, USA) with 30-kDa cutoff and centrifuged at 4,000 � g for
10 min. The concentrate was washed twice by adding an equal volume
of PBS (pH 7.0) to the filter units followed by centrifugation until vol-
ume corresponded to a 10-fold concentration of the original volume,
referred to in this article as “concentrated supernatants” (i.e., the
combined original 1,000 mL volume from two 24-well plates resulted
in 100 mL of concentrated supernatant).

Immunocytochemistry analysis

A549 cells were transferred to 24-well plates with plastic cover slips
(Nunc Thermanox, Thermo Fisher Scientific) placed at the bottom
and cultured in 500 mL medium per well for 24 h to reach 70%–
100% confluency prior to transfection. mRNA transfection was con-
ducted as described above. Twenty-four hours after transfection the
medium was removed, and cells were washed with PBS and fixed us-
ing 4% paraformaldehyde. Cells were then permeabilized using 0.5%
PBST for 10 min, followed by blocking using PBS with 5% FBS. Cells
were incubated with a polyclonal anti-Cpl-1 antibody (Davids Bio-
technologie GmbH, Regensburg, Germany) for 2–3 h. After washing
thoroughly with PBS, a conjugated secondary antibody was applied
for 2–3 h (Goat anti-Rabbit IgG [H + L], DyLight 594, Thermo Fisher
14 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
Scientific). After washing with PBS, DAPI (300 nM, Thermo Fisher
Scientific) was applied for 5min. Coverslips were then placed on ami-
croscope slide with mounting medium (ROTIMount FluorCare, Carl
Roth GmbH, Karlsruhe, Germany). The samples were analyzed using
a fluorescence microscope (Olympus BX60, Olympus, Tokyo, Japan),
and pictures were taken using an RT Color CCD Camera (Diagnostic
Instruments Inc, Sterling Heights, USA).

Pneumococcal capsule serotypes used in the study

S. pneumoniae strain ATCC 49619 (serotype 19F) was used as a refer-
ence strain, which was used for all experiments. Other strains tested in
this study were RKI692 (serotype 4), TIGR4 (serotype 4), D39 (sero-
type 2), RKI720 (serotype 6B), RKI467 (serotype 23F), RKI756 (14),
RKI693 (serotype 9V) and RKI687 (serotype 18C), which were kindly
provided by the German reference laboratory for streptococci, Insti-
tute of Medical Microbiology Uniklinik RWTH Aachen.

Bacteriolytic activity against S. pneumoniae

Assessment of pneumococcal lysis zones on blood agar plates

For screening of bacteriolytic activity, blood agar plates were coated
with a 0.9% NaCl suspension of S. pneumoniae (ATCC 49619)
(McFarland Standard 0.5). After drying of the bacterial suspension,
10 mL of cell lysate/concentrated cell supernatant was spotted on
the plates followed by overnight incubation at 37�C in a 5% CO2 at-
mosphere. Plates were checked for the presence of lysis zones the
following day.

Turbidity reduction assay

As a frequently used method to assess endolysin activity, turbidity
reduction measurements were conducted with cell lysates or superna-
tants of transfected cells in a 96-well format using a Spectramax M2
microplate reader device (Molecular Devices, San Jose, CA, USA).59

Twenty-two microliters of cell lysate or concentrated supernatant
samples were added to 96-well plates in triplicate. S. pneumoniae
(ATCC 49619) was grown in THY medium to logarithmic phase at
an OD600 of about 0.4 and then centrifuged at 2,300 � g for
10 min. The supernatant was discarded, and bacteria were washed,
centrifuged again, and resuspended in PBS (pH: 7.45/7.00/6.50) to
an OD600 of 0.9 using a spectrophotometer (DeNovix, Wilmington,
USA). Two hundred microliters of S. pneumoniae in PBS were then
added to lysate or concentrated supernatants in 96-well plates (corre-
sponding to a 10-fold dilution of previously 10-fold concentrated cul-
ture supernatant) resulting in an initial OD600 of between 0.35 and
0.4. Pneumococcal solution was also combined with recombinantly
expressed Cpl-1 endolysin (final concentration of 5 mg/mL) as a pos-
itive control. Turbidity at OD600 was measured at 37�C once per min-
ute for 60 min. After the experiment, samples and controls were
plated on blood agar following 10-fold serial dilutions. Colonies
were counted after overnight incubation at 37�C in a 5% CO2

atmosphere.

Removal of N-linked glycans using PNGase F

To assess N-linked glycosylation of secretory Cpl-1 (sCpl-1), A549,
HEK293T, and HepG2 cells were prepared for transfection as
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described. Before transfection, the culture medium was replaced with
serum-free medium (not supplemented with FBS). Twenty-four
hours post-transfection, culture supernatant was collected, processed
as described, and successively heated at 90�C for 10 min. Per PNGase
F reaction, 10 mL of concentrated supernatant was used under non-
denaturing conditions and 9 mL was used under denaturing condi-
tions according to the manufacturer’s recommendations. Following
the reaction, samples with and without PNGase F treatment were sub-
jected to SDS-PAGE for comparison.

SDS-PAGE

For SDS-PAGE analysis of supernatant samples, cell culture medium
was replaced with serum-free medium prior to mRNA transfection.
Cell lysates and culture supernatant samples were then prepared as
described above. Cell lysates and concentrated supernatants were
separated on 12% polyacrylamide gels. Gels were stained using Coo-
massie Brilliant blue G 250 (Merck Millipore).

Proteomics methods

Cell lysates and concentrated serum-free culture supernatants of three
biological replicates of mRNA-transfected cells from each cell line
were digested with trypsin and applied to mass spectrometry. Liquid
chromatography-mass spectrometry analyses were carried out using a
nanoAcquity UPLC system (Waters, Manchester, UK) coupled to a
Waters Synapt G2-S mass spectrometer. Label-free protein quantifi-
cation was performed using Progenesis QI for Proteomics (Nonlinear
Dynamics, Newcastle upon Tyne, UK). A detailed description of the
experimental procedures is provided in the supplemental material.

Data analysis and statistics

Data were analyzed and visualized using R (version 4.2.2). Differences
between two groups were calculated using two-tailed t test, for com-
parison of multiple groups against one control Dunnett’s test was
used. Results are based on at least three independent experiments.
p values <0.05 were considered significant. For t test results, t values
and degrees of freedom (df) are provided in brackets.
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