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Abstract

Background Type | interferons (IFN-I)—a group of cytokines with immunomodulatory, antiproliferative, and anti-
viral properties—are widely used as therapeutics for various cancers and viral diseases. Since IFNs are proteins, they
are highly susceptible to degradation by proteases and by hydrolysis in the strong acid environment of the stom-
ach, and they are therefore administered parenterally. In this study, we examined whether the intestinal bacterium,
enteropathogenic Escherichia coli (EPEC), can be exploited for oral delivery of IFN-Is. EPEC survives the harsh condi-
tions of the stomach and, upon reaching the small intestine, expresses a type Il secretion system (T3SS) that is used
to translocate effector proteins across the bacterial envelope into the eukaryotic host cells.

Results In this study, we developed an attenuated EPEC strain that cannot colonize the host but can secrete func-
tional human IFNa2 variant through the T3SS. We found that this bacteria-secreted IFN exhibited antiproliferative
and antiviral activities similar to commercially available IFN.

Conclusion These findings present a potential novel approach for the oral delivery of IFN via secreting bacteria.
Keywords Antiviral, Antiproliferation, Interferon, Oral drug delivery, Protein secretion, Type Il secretion system

Background

Type I interferons (IFNs) are cytokines with immunoreg-
ulatory roles associated mainly with antiviral responses,
adaptive immunity, and antiproliferative effects on
immune and non-immune cells [1]. In humans, the vari-
ous type I IFNs induce their biological effects through
a common receptor known as the type I IFN receptor
(IFNAR), a heterodimer composed of two membrane
proteins, designated IFNAR1 and IFNAR2. Upon binding
of the type I IFN to the IFNAR heterodimer, the associ-
ated tyrosine kinases, Janus-activated kinase 1 (Jakl)
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and tyrosine kinase 2 (Tyk2), are activated, and they, in
turn, phosphorylate the signal transducer and activa-
tor of transcription 1 (STAT1) and 2 (STAT?2) proteins.
The phosphorylated STAT1-STAT2 heterodimer inter-
acts with IFN-regulatory factor 9 (IRF9), which is then
translocated into the nucleus to initiate the transcrip-
tion of IFN-stimulated genes (ISGs). Expression of ISGs
primes both immune and non-immune cells toward the
successful resolution of infection or stress. Some ISGs
are considered robust genes that can be induced by small
amounts of low-binding IFNs, while others require high
concentrations of high-affinity IFNs and high concentra-
tions of cell surface receptors [2—4]. The former group
includes many antiviral response genes, while the lat-
ter comprises immunomodulatory and antiproliferation
response genes.

Although type I IFNs share high sequence homol-
ogy and have a common receptor, they induce different
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cellular activities at various intensities, affecting diverse
cell types. For example, IEN elicits a significantly higher
antiproliferative response than IFNa in cancerous cells,
and it is also the only type I IEN that has been used suc-
cessfully for treating multiple sclerosis [5—8]. Similarly
to IFNp, other IFNs have become attractive targets for
drug development due to their antiviral and immune-
modulation activities. Their clinical effectiveness has
been successfully established for various human diseases,
including hepatitis C, relapsing forms of multiple sclero-
sis, and certain types of cancer [9-12]. In addition, IFN
therapy has recently entered clinical trials for COVID-19
[13, 14]. However, as type I IFNs are proteins, their oral
administration is challenging due to their susceptibility to
degradation by the strong acid environment and the pro-
teolytic enzymes in the stomach. Therefore, IFN-based
drugs are currently administrated parenterally, mostly
subcutaneously, but also intravenously. Since IFN admin-
istered by these routes has a short circulation half-life,
multiple injections per week for prolonged periods may
be required. Patient compliance with this regimen may
be poor due to side effects reported for this treatment,
such as erythema and induration at the injection site, as
well as rash, pruritus, alopecia, and lichen planus [15, 16].

In this work, we explored the concept of delivering IFN
orally by generating IFN-secreting bacteria. We used a
mutant version of IFNa2 termed IFNy,, which contains
the mutations H57Y, E58N, and Q61S. This recombi-
nant IFN was shown to have enhanced binding affinity
to IFNAR, similar to IENP, and hence increased biologi-
cal potency manifested in enhanced antiproliferative
and antiviral activities [2]. To facilitate oral delivery of
IFNyys we exploited the type III secretion system (T3SS)
of enteropathogenic Escherichia coli (EPEC). We chose
this particular bacterial secretion system since EPEC
survives the harsh conditions of the stomach and, upon
reaching the small intestine, expresses the T3SS, which is
then used to translocate effector proteins across the bac-
terial envelope and into eukaryotic host cells [17]. This
translocation is achieved by passing through the T3SS
apparatus, a syringe-like structure, anchored within the
bacterial membranes, with a long extracellular needle
that extends toward the host cell membrane. It was pre-
viously demonstrated that EPEC, like other T3SS-con-
taining bacteria, can deliver heterologous proteins into
diverse cell types [18—22] or secrete them to the culture
medium [23-27]. Most of these proteins were reporter
proteins, facilitating the study of bacterial translocation
mechanisms.

To exploit the T3SS for delivering a heterologous sub-
strate, such as IFNy,, the target protein should be fused
to a T3S-like signal peptide at its N-terminus. Although
a conserved T3S signal peptide has not been identified
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[18, 20, 28], it has been shown that fusing reporter pro-
teins, such as TEM-1 beta-lactamase, to the 50 N-ter-
minal amino acid sequence of EspB, a T3SS translocator
of EPEC, enables the translocation of the fused proteins
from EPEC into the host cells [28]. Therefore, we used
this amino acid sequence to facilitate the delivery of
IFNyys via the EPEC T3SS. To promote the secretion of
IFNyys into the extracellular environment upon arriv-
ing in the small intestine and not its injection into host
cells, we utilized an EPEC AsepD mutant strain, which
has dysregulated type III secretion [28, 29]. This strain
is deficient in translocating T3SS proteins into host cells
and exhibits an hypersecretion activity of T3SS cargo to
the extracellular medium [29]. This mutant strain was
reported to be severely attenuated in its ability to infect
HeLa cells [30], and its corresponding mutant of the
related murine pathogen, Citrobacter rodentium, is avir-
ulent in a mouse model [31]. Thus, it can be used as an
attenuated bacterium with functional T3SS that imposes
a low risk for host colonization and infection.

Here, we report the successful expression of IFNy\ in
EPEC and its secretion into the growth medium of the
bacteria grown under T3SS-inducing conditions (simu-
lating the small intestine environment). More impor-
tantly, we explored the ability of the EPEC-secreted
IFNyys to function correctly (upregulate the transcrip-
tion of ISGs and promote antiviral and antiproliferation
activities in target cells). Our results suggest that our
platform produces functional IFN protein that can be
further developed as an oral delivery system of IFN.

Methods

Bacterial cultivation

WT EPEC O127:H6 strain E2348/69 [streptomycin-
resistant] [32], the EPEC null AescN mutant, which is
T3SS deficient, and the EPEC null AsepD mutant, which
hyper-secretes effectors [29, 33] were used to determine
IFNyys secretion through the T3SS of EPEC (Table 1).
Citrobacter rodentium DBS100 was used to determine
IFNyys secretion via the T3SS of the murine pathogen
(Table 1). The bacteria were grown at 37°C in a Luria—
Bertani (LB) broth or Dulbecco’s Modified Eagle Medium
(DMEM, Gibco) supplemented with carbenicillin (100
pg/mL) and streptomycin (50 pg/mL), with or without
isopropyl B-p-1-thiogalactopyranoside (IPTG).

Construction of the IFN expressing vector

To promote the secretion of IFNyyg via the T3SS, we
constructed a vector that expresses a fusion protein
consisting of the 50 N-terminal amino acid sequence of
EspB and human IFNa2 (with the YNS mutations). To
do so, we amplified the espB region of EPEC genomic
DNA using the EspB_F/EspB_R primer pair (Table 2) and
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Table 1 Strains and plasmids used in this study
Strain/plasmid Description Refs.
Strain WT EPEC EPEC strain E2348/69, streptomycin resistant [32]
EPEC AescN Nonpolar deletion of escN [33]
EPEC AsepD Nonpolar deletion of sepD [29]
Citrobacter rodentium WT DBS100 [76]
Plasmid plFN (pSA10) 50 N-terminal amino acid sequence of EspB fused to human inter-  This study
feron (IFNa2) with YNS mutations
pT77318U Cloned human IFNa2 gene with YNS mutations 2]
pHR-CMV-GFP GFP-expressing lentivirus [40]

Table 2 Sequences of the primers used in this study

Construct/Gene Primer Primer sequence
plFN in pSA10
EspB_F CAATTTCACACAGGAAACAGATGAATACTATCGATAATAACAATGCGG
EspB_R GACCGGTGGATCCCACAGAAGTTTAGAAATATCCACTCTGCC
IFN_F TGGGATCCACCGGTCATGTGTGATCTGCCGCAG
IFN_R CGGATCCCCGGGAATTCATTCCTTACTTCTTAAACTTTCTTGC
pSAT0_F AATTCCCGGGGATCCGTCG
pSAT0_R CTGTTTCCTGTGTGAAATTGTTATCCG
Gene Ref.
actin Actin_F TCCATCATGAAGTGTGACGT [50]
Actin_R CTCAGGAGGAGGAATGATCT [50]
cxcl-10 CXCL-10_F CCTGCAAGCCAATTTTGTCCA This study
CXCL-10_R TGTGTGGTCCATCCTTGGAA This study
mx2 MX2_F TTTTAACCCTCTGGGGACGC This study
MX2_R TAGCGGTCTCACTCTGCTCT This study
oas-2 OAS-2_F AAGTCAGCTTTGAGCCTCCC This study
OAS-2_R CCAGAACTCAGCTGACCCAG This study

the IFN gene from the vector pT7T318U [2], using the
IFN_F/IEN_R primer pair (Table 2). Amplified PCR frag-
ments were fused by PCR to form an espBg,-IEN frag-
ment. The pSA10 plasmid was amplified using the primer
pair pSA10_F/pSA10_R (Table 2). The open plasmid and
the fused PCR product were treated with Dpnul, puri-
fied, and assembled using the Gibson assembly method
[34, 35]. The resulting plasmid, termed pIEN, expressed
IFNy\ targeted for secretion via the T3SS.

In vitro T3S assay

T3S assays were performed as previously described
[36—38]. Briefly, EPEC strains were grown overnight in
LB, supplemented with the appropriate antibiotics, in a
shaker at 37°C. To promote EPEC T3SS expression and
assembly, the cultures were diluted 1:20 into pre-heated
DMEM supplemented with the appropriate antibiotics
and grown statically for 6 h in a tissue culture incuba-
tor (with 5% CO,) to an optical density of 0.7 at 600 nm
(ODgqp)- To induce protein expression, 0.25 mM IPTG

was added to the bacterial cultures. The cultures were
then centrifuged at 20,000xg for 5 min; the bacterial
pellets were dissolved in SDS-PAGE sample buffer; and
the supernatants that contained the secreted proteins
were collected and filtered through a 0.22-pm filter
(Millipore). The supernatants were normalized accord-
ing to the bacterial ODy, values and precipitated with
10% (v/v) trichloroacetic acid (TCA) overnight at 4°C to
concentrate the proteins. The samples were then centri-
fuged at 18,000 x ¢ for 30 min at 4°C; the precipitates of
the secreted proteins were dissolved in SDS-PAGE sam-
ple buffer, and the residual TCA was neutralized with
saturated Tris. Proteins were analyzed by SDS-PAGE and
western blotting.

Western blot analysis

Samples were subjected to SDS-PAGE and then trans-
ferred to nitrocellulose (pore size: 0.45 pm; Amer-
sham Protran) or PVDF (pore size: 0.45 pm; Amersham
Hybond) membranes. The blots were blocked for 1 h
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with 5% (w/v) skim milk-PBST (0.1% Tween in phos-
phate-buffered saline), incubated with the primary anti-
body (diluted in 5% skim milk-PBST, for 1 h, at room
temperature), washed, and then incubated with the
secondary antibody (diluted in 5% skim milk-PBST, for
1 h, at room temperature). Chemiluminescence was
detected with Westar Antares ECL reagents (Cyana-
gen). The following primary antibodies were used: rab-
bit anti-phosphorylated STAT2 (Abcam Inc.), diluted
1:600; rabbit anti-IFNa2 (Abcam), diluted 1:1000; rabbit
anti-JNK1 + JNK2 +JNK3 antibody (Abcam Inc.), diluted
1:1000; mouse anti-DnaK (Abcam, Inc.), diluted 1:5,000,
and mouse anti-Tir, which is a generous gift from Prof.
B. Brett Finlay (University of British Columbia, Canada).
Horseradish peroxidase-conjugated (HRP)-goat anti-
mouse and HRP-goat anti-rabbit (Abcam Inc.), diluted
1:10,000, were used as the secondary antibodies. Rep-
resentative western blots of at least three independent
experiments are presented in the Results section.

Quantification of IFN levels by ELISA

Filtered supernatants of EPEC AsepD and EPEC
AsepD+pIFN cultures, grown under T3SS-inducing
conditions, were analyzed in triplicates by ELISA to
determine the IFNyyg concentration using a commercial
kit (Human Interferon alpha2 ELISA kit — Abcam Inc.)
according to the manufacturer’s protocol. Recombinant
human IFNa2 was used as a protein standard.

Antibody neutralization assay

The supernatant sample of EPEC AsepD+pIFN and a
sample of recombinant IFNa (Abcam Inc.), which con-
tain IFNa concentration of 0.5 nM, were left untreated
or mixed with the neutralizing anti-human IFNa2 anti-
body (R&D Systems) at a tenfold excess (5 nM) and incu-
bated for 1 h at room temperature. The samples were
then added to Caco-2 cells (at 70% confluence) for 1 h
at 37 °C. The cells were then washed and lysed, and their
protein extracts were subjected to SDS-PAGE and west-
ern blot analysis using antibodies against phosphorylated
STAT2 and actin (loading control). A recombinant IFN(
(0.5 nM) or human IFNa2 (0.5 nM) were used as positive
controls, while untreated cells and cells incubated with
supernatant from a culture of EPEC AsepD were used as
negative controls.

RNA extraction and cDNA preparation

HeLa cells were incubated for 8 h with the superna-
tants of EPEC AsepD or EPEC AsepD that expresses [FN
(AsepD+pIFN). Untreated HeLa cells and HeLa cells
incubated with commercial IFNB (2 nM; Pepro-Tech)
were used as negative and positive controls, respectively.
Following incubation, 1x10° cells were collected and
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subjected to RNA extraction using the TRIzol reagent
according to the manufacturer’s guidelines (Invitrogen).
Total RNA was resuspended in 30 pL of diethyl-pyro-car-
bonate (DEPC)-treated RNase-free water, and its quality
was assessed by agarose gel electrophoresis. One micro-
gram of RNA was taken from each sample for cDNA syn-
thesis using Protoscript II First Strand cDNA Synthesis
Kit (NEB) with the oligo (dT)18 primer according to the
manufacturer’s protocol. Samples were stored at -20°C.

Quantitative PCR (qPCR) analysis

Transcript-specific PCR primer pairs were designed
using the primer BLAST tool (NCBI). Forward and
reverse primers were chosen in different exons to mini-
mize noise from DNA contamination, and melting curve
analysis was used to ensure the specificity of each primer
pair. The sequences of the primers are presented in
Table 2. RT-qPCR reactions with the cDNA of the exam-
ined samples, gene-specific primers, and SYBR Green I
mix (Roche) were analyzed in triplicate in a QuantStudio
cycler (Applied Biotechnologies, Thermo). A standard
curve was constructed in each experiment by using five-
fold serial dilutions of the purified template. The reaction
conditions for amplification were: initial denaturation at
95 °C for 2 min and 35 cycles of 95 °C for 20 s, cooling to
60 °C for 20 s, followed by 72 °C for 20 s while monitor-
ing fluorescence. Post-amplification melting-curve analy-
ses were performed to confirm reaction specificity. The
expression levels of the target genes of the different treat-
ments were normalized to the actin housekeeping gene
and compared using a relative quantification method
[39]. Real-time data are presented as the fold change in
expression levels.

Anti-proliferation assay

HeLa cells (2.5x 10° cells per well) were grown overnight
in flat-bottomed microtiter plates and then incubated
with serial dilutions of the extracted supernatants. The
supernatants were prepared as described above in the “In
vitro T3S assay” section without antibiotic supplemen-
tation of the bacterial growth medium. The TCA-pre-
cipitated proteins were resuspended in 1 mL of DMEM.
After the addition of the supernatant extracts (or com-
mercial IFNP as the control), antiproliferation activity
was monitored after 96 h. Cell viability was determined
by crystal violet staining, as described previously [40], or
by MTT assay [41].

Antiviral assay

For evaluating antiviral activity induced by IFNyys
1.5x10* HeLa cells were grown overnight in a 24-well
plate. Cells were then incubated for 4 h with serial dilu-
tions of supernatant extracts collected from either EPEC
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AsepD or EPEC AsepD + pIEN. Thereafter, the cells were
transduced with a GFP-expressing lentivirus (VSV-G
pseudotyped lentivirus with a pHR-CMV-GEFP vector) at
an MOI of 1 [42]. Cells were harvested 48 h post-trans-
duction and subjected to FACS analysis of the GFP sig-
nal. The percentage of GFP-expressing cells in the treated
samples was calculated relative to the number of GFP-
expressing cells in the untreated HeLa sample. Commer-
cial IFNp was used as a positive control.

Statistical analysis

For statistical analysis, the IBM SPSS Statistics 27.0
package was used. An independent 2-tailed t-test with
assumed equal variances was performed for anti-pro-
liferation and anti-viral assays. To evaluate differences
in gene induction levels detected by RT-PCR, ANOVA
tests with post-hoc testing for multiple comparisons were
used. STD was used for error bars.

Translocation assays

Translocation assays were performed as previously
described [43]. Briefly, HeLa cells (8x10° cells per
well) were infected for 3 h with EPEC strains that had
been pre-induced for 3 h for T3SS activity (pre-heated
DMEM, statically, in a CO, tissue culture incubator).
Cells were then washed with cold PBS, collected, and
lysed with RIPA buffer. Thereafter, samples were centri-
fuged at 18,000 x g for 5 min to remove non-lysed cells,
and supernatants were collected, mixed with SDS-PAGE
sample buffer, and subjected to western blot analysis
with anti-JNK and anti-actin (loading control) antibod-
ies. Untreated samples, samples infected with non-trans-
formed EPEC strains, and a sample infected with the
AescN mutant strain transformed with pIFN were used as
negative controls.

Results

EPEC can secrete human IFNyyg through the T3SS

To promote IFNyyg secretion via the T3SS, we fused
the sequence of the first 50 residues of EspB, a T3SS
translocator protein, to the N-terminal of the IFNyy
protein (Fig. 1). This short EspB sequence can effi-
ciently direct fused proteins to T3SS-dependent secre-
tion [28]. To investigate whether the fused IFNy,g (25
kDa) is secreted through the T3SS, we transformed
the IFNyyg expression vector, pIFN, into wild-type
(WT) EPEC and the AescN and AsepD (see below) null
strains. The strains were cultured under T3SS-inducing
conditions and then centrifuged to separate between
the bacterial pellets (expression) and their supernatants
(secretion). The samples were subjected to SDS-PAGE
followed by Coomassie staining or western blot analy-
sis using anti-IFN, anti-Tir, and anti-DnaK antibodies.
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Fig. 1 IFNy\s can be secreted by the T3SS of EPEC. WT EPEC, AescN
(@T3SS ATPase mutant), and AsepD (a hypersecreting mutant)
strains and WT, AescN, and AsepD strains that express IFNyys
(+plFN) were grown under T35S-inducing conditions, and their
supernatants and pellets were separated and normalized according
to bacterial ODg, values. The proteins from the secreted fractions
were concentrated from the supernatants of bacterial cultures
and analyzed by SDS-PAGE and Coomassie staining or western
blot with anti-IFNa2 and anti-Tir antibodies. The bacterial pellets
were analyzed by SDS-PAGE and western blot with anti-IFNa2
and anti-DnaK antibodies

IFNyng was detected in the bacterial pellet and the
supernatant samples of WT EPEC expressing IFNyyg
(Fig. 1). To confirm that this secretion of IFNy,¢ was
indeed dependent on the T3SS, we examined the secre-
tion of IFNyyg in the AescN mutant strain, which has
a nonfunctional T3SS complex due to deletion of the
T3SS ATPase gene [33]. Our results show that IFNy,
was detected in the pellet of the AescN mutant strain
but not in the secreted supernatant fraction (Fig. 1),
thus indicating that the secretion of IFNyyg was
dependent on the T3SS. Additionally, we found that
the secretion of IFNyyg was enhanced in the AsepD
strain, as expected. This strain is characterized by an
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upregulated release of T3SS effectors, as shown in the
Coomassie staining and anti-Tir blot (Fig. 1), resulting
from the deletion of a substrate secretion regulator [20,
28]. Overall, our results indicate that human IFNyyg
can be produced by EPEC and secreted into the growth
medium under T3SS-inducing conditions.
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Fig. 2 Bacterially secreted IFNy,s induces activation of the IFN-1
pathway. Cells were incubated with supernatants of bacterial cultures,
washed, lysed, and their protein extracts were subjected to SDS-PAGE
and western blot analysis using antibodies against phosphorylated
STAT2 (phospho-STAT) and actin (loading control). Cells incubated
with commercial IFNB or IFNa (2 nM) were used as positive

controls, while a sample of untreated cells was used as a negative
control. A Hel a cells were incubated with supernatants collected
from cultures of WT EPEC, AescN, and AsepD strains in the presence
or absence of a plasmid encoding for IFNys (pIFN) that were grown
aerobically or B anaerobically. C HT-29 (left) and Caco-2 (right)

cells were incubated with supernatants from cultures of EPEC

AsepD and EPEC AsepD that express and secrete IFNyys (pIFN).

D Caco-2 cells were incubated with supernatants from a culture

of EPEC AsepD + plFN and with commercial IFNa2 (0.5 nM), alone

or following pre-incubation with an anti-IFNa2 antibody (5 nM) for 1
h. IFNB (0.5 nM) was used as a positive control, and untreated cells
and cells incubated with supernatant from a culture of EPEC AsepD
were used as negative controls

Bacterially produced IFN is biologically active

To examine whether EPEC-secreted IFN is biologically
active, we studied the ability of EPEC strains secret-
ing IEN to activate IFN signaling pathways. Since it is
known that the binding of IEN to its receptor (IFNAR)
initiates an intracellular response that leads to the phos-
phorylation of the cellular STAT2 protein [1], we fol-
lowed the levels of phosphorylated STAT2 in HeLa cells
grown in media supplemented with filtered supernatants
from EPEC cultures grown under T3SS-inducing condi-
tions (to promote IFN secretion through the T3SS). The
addition of the supernatant of WT EPEC that expresses
IFNyys (WT+pIEN) led to phosphorylation of STAT2,
with the levels being similar to those obtained with com-
mercial IFNB or IFNa (2 nM) (Fig. 2A). These results
indicate that EPEC-secreted IEN is biologically active.
To exclude the possibility that the activation of the IFN
pathway was due to bacterial components in the super-
natants and not specifically to the secreted IFN, we added
the supernatants of EPEC strains that do not express
IFNyys (WT, AescN, and AsepD) to HelLa cells and did
not detect phosphorylated STAT2 in these samples.
We, therefore, concluded that the activation of the IFN
pathway by the WT +pIFN supernatant was explicitly
induced by the presence of IFNyyg (Fig. 2A). We also
observed that STAT2 phosphorylation in HeLa cells
incubated with the supernatant of the hyper-secreteing
strain AsepD+ pIFN culture was similar to that of cells
incubated with the supernatant of WT EPEC express-
ing IFNyyg (WT+pIFN) and with commercial IFNB or
IFNa. However, the addition of the supernatant of T3SS-
deficient mutant strain, AescN EPEC, that expresses [FN
(AescN+pIFN) but does not secrete it, resulted in only
a minimal level of phosphorylated STAT2 (Fig. 2A).
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These results confirm that the IFN pathway is primarily
activated by T3SS-secreted IFN and not by IFN released
from lysed IFN-expressing bacteria.

To investigate whether IFNyy secretion would occur
under conditions that better simulate the gut environ-
ment, we grew the bacteria anaerobically and then
added the bacterial supernatants to HeLa cells. We
observed that only the WT +pIFN supernatant and the
AsepD+pIFN supernatant triggered phosphorylation
of STAT?2, similar to commercial IFNP (2 nM) (Fig. 2B).
In contrast, there was no phosphorylated STAT2 sig-
nal in samples supplemented with the supernatants
of AescN+pIFN or of bacterial strains that do not
express IFN (Fig. 2B). Following our observation that
IEN secreted from EPEC grown under aerobic/anaero-
bic conditions can activate the IFN pathway in HeLa
cells, we expended our examination to cell lines derived
from human epithelial cells originated in large intestine
and colon. Given that the AsepD+ pIEN strain exhibits
hyper-secretion of IEN through the T3SS, coupled with
its reduced ability to infect host cells, we prioritized the
investigation of this strain to explore the ability of bac-
terial-secreted IFN to induce an IFN response. Bacterial
supernatants were added to HT-29 and Caco-2 cells to
follow the phosphorylated STAT2 signal. We observed
that the AsepD+ pIEN supernatant triggered phospho-
rylation of STAT?2, similarly to commercial IFNf (2 nM),
while no phosphorylation was observed with the super-
natant of EPEC AsepD (Fig. 2C). To validate that the acti-
vation of the STAT pathway was explicitly induced by the
IEN secreted to the extracellular medium of EPEC cul-
tures, we examined the ability of anti-IFNa2 antibody to
neutralize the effect of IFN found in the supernatant of
EPEC AsepD + pIEN culture. Using the human Interferon
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alpha 2 ELISA kit, we determined the concentration of
IEN in the bacterial supernatant to be approximately 0.5
nM. Subsequently, recombinant IFNa2 and IFNB were
introduced at a similar concentration. As expected, we
observed that addition of recombinant IFNa2 and IFNf
(0.5 nM) induces robust STAT2 phosphorylation, while
very low levels of phosphorylated STAT2 were observed
in untreated cells or cells incubated with the superna-
tant of EPEC AsepD culture (Fig. 2D). Treatment with
the supernatant of EPEC AsepD + pIEN culture triggered
a robust STAT2 phosphorylation in Caco-2 cells, which
was substantially reduced when the supernatant was
pre-incubated with the anti-IFNa2 antibody (Fig. 2D). A
similar neutralizing effect was observed for recombinant
IFNa2 that was preincubated with anti-IFNa2 antibody
(Fig. 2D). These findings suggest that EPEC can effi-
ciently secrete biologically active IFN in anaerobic gut-
simulating conditions, eliciting a subsequent response
in gut-derived cells. Consequently, it implies that bacte-
ria secreting IFN are likely to generate biologically active
IFN when orally administered and cultivated in vivo.

EPEC-secreted IFN upregulates ISG transcription

To evaluate the effect of EPEC-secreted IFN on the regu-
lation of ISGs, we examined the changes at the transcrip-
tional levels of two “antiviral” ISGs, namely oas2 and
mx2, and one "immunomodulatory and antiproliferation"
ISG, namely, cxcl10. We, therefore, incubated HeLa cells
with purified supernatants from either AsepD EPEC alone
(AsepD) or AsepD expressing IFN (AsepD + pIEN). Sam-
ples of untreated HeLa cells or HeLa cells treated with
commercial IFNP (2 nM) served as negative and positive
controls, respectively. Our results showed that exposure
of HeLa cells to EPEC-secreted IFN induced a significant
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Fig. 3 Bacterially secreted IFNy\s upregulates interferon-stimulated genes. Hela cells were incubated with bacterial supernatants of AsepD EPEC,
AsepD expressing IFNyys (AsepD+ plFN), or commercial IFNB. Transcription levels of three interferon-stimulated genes (mx2, oas2, and cxc/10)
were determined by gRT-PCR and are presented as fold induction relative to untreated cells. A representative experiment (n=3) is presented. Bars

represent the standard error, *P <0.05
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upregulation of ISG transcription, similar to the upregu-
lation induced by commercial IFNp (Fig. 3). In contrast,
incubation of HeLa cells with the supernatant of AsepD
EPEC did not induce upregulation of ISG transcription
and resulted in a similar transcription level to that of the
untreated control (Fig. 3). These results confirm that the
ISG upregulation observed in HeLa cells incubated with
the AsepD+ pIFN supernatant was specific to the ability
of the strain to express and secrete IFN and did not result
from a cellular response to general bacterial components
in the supernatants.

EPEC-secreted IFNyys induces antiproliferation of HeLa
cells in vitro

Type I IFNs inhibit cell proliferation and are therefore
used in treating human malignancies [44—51]. To evalu-
ate the effect of EPEC-secreted IFNyys on cell prolif-
eration, we used HeLa cells, which multiply rapidly and
were previously reported to activate apoptotic response
following IFNa treatment [50]. For that purpose, cells
were incubated with various concentrations of puri-
fied supernatants collected from either AsepD EPEC or
AsepD EPEC expressing IFN (AsepD+pIFN) for 96 h
and cell viability was quantified by crystal violet staining.
We observed that incubation of HeLa cells with EPEC-
secreted IFNy\s significantly inhibited cell growth in a
dose-dependent manner (Fig. 4A). The addition of the
maximal volume (100 pL/well; of~250 pM concentra-
tion) of the supernatant of AsepD+pIEN resulted in a
dramatic and statistically significant reduction in cell
viability (~50%). In contrast, the addition of the same
volume of AsepD supernatant induced a much milder
reduction in cell viability (20%) that probably resulted
from small amounts of bacterial components, such as
lipopolysaccharides, which are found in the supernatant
(Fig. 4A). Similar results were observed when HeLa cells
viability was evaluated, using the MTT method (data
not shown). To assess the results in comparison to com-
mercial IFNP, we plotted the percentage of live cells as
a function of IFN concentration found in the bacterial
culture or the recombinant IFNP (Fig. 4B). These results
suggest that bacteria-secreted IFNyyg can trigger a simi-
lar antiproliferation response as recombinant IENf.

EPEC-secreted IFNyys exhibits an antiviral effect in vitro

The induction of the IFN response is one of the first
lines of defense against viral infection. Our transcrip-
tion analysis reflected this antiviral response in the
upregulation of the antiviral genes, oas2 and mx2
(Fig. 3). To examine whether bacterially produced
IFNyys could enhance the antiviral response in vitro, we
used HeLa cells infected with a GFP-expressing pseu-
dovirus as a model. Engineered viruses of this type are
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VSV-G pseudotyped viruses that can efficiently trans-
duce target cells, but cannot produce progeny particles,
allowing only a single infection cycle. HeLa cells were
pre-treated with supernatants of either AsepD + pIFN
or AsepD cultures for 4 h prior to the viral transduc-
tion at a multiplicity of infection (MOI) of 1 [42]. Cells
were then washed and incubated with the pseudovirus
for 48 h, harvested, and subjected to FACS analysis to
determine GFP expression as a measure of viral infec-
tion. The percentage of GFP-expressing cells of the pre-
treated samples relative to the level of GFP-expressing
cells of an untreated sample that was infected with the
lentivirus is shown in Fig. 5. We found that incubation
of HeLa cells with the supernatant of a AsepD + pIFN
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The results are presented as a percentage of GFP-positive cells
relative to GFP-positive cells of the untreated control sample, which
was not pre-incubated with bacterial supernatant. The antiviral
activity is presented as a function of the volume of the bacterial
extracts (A) or IFN concentration (B). The antiviral activity

of recombinant IFN3 is also depicted in (B), serving as a comparative
reference for the activity of bacteria-secreted IFNyy. Bars represent
the standard deviation; *P <0.05

culture before viral infection reduced viral entry into
the cells in a dose-dependent manner (Fig. 5A). The
most pronounced effect was observed for the HeLa cell
culture that was supplemented with the maximal vol-
ume of AsepD+ pIFN supernatant, namely, where we
observed a 50% reduction of lentiviral expression com-
pared to cells that were incubated with similar volume
of control AsepD supernatant (Fig. 5A). Representative
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immunofluorescence images demonstrated that unin-
fected cells lack GFP signal, whereas cells infected with
viral particles without pre-treatment exhibit a high
number of GFP-positive cells (Additional file 1: Fig.
S1). Furthermore, the viral infection of cells incubated
with the AsepD supernatant resulted in a comparable
number of GFP-positive cells as the untreated cells,
whereas cells exposed to AsepD+ pIFN supernatant
show a noticeable reduction in the number of GFP-
positive cells (Additional file 1: Fig. S1). To ensure that
the antiviral response was unaffected by the antipro-
liferation response, we specifically measured the GFP
signal in viable cells (Additional file 1: Fig. S2). Addi-
tionally, given the rapid nature of the IFN-activated
antiviral response, the cells were exposed to IFN for
only a short period (4 h) before the viral infection. Such
exposure was not expected to trigger the slower IFN-
induced antiproliferation response (measured after 96
h of incubation with the supernatants). These results
confirmed that EPEC-secreted IFNyys could indeed
promote an antiviral response. To assess the results in
comparison to commercial IFN, we plotted our results
as a function of IFN concentration found in the bacte-
rial culture along with the percentage of GFP-positive
cells after treatment with recombinant IFNp (Fig. 5B).
These results suggest that the bacteria-secreted IFNyy¢
trigger an enhanced antiviral response compared to
the IFNP. To investigate whether additional bacterial
components, apart from IFNyyg, are released from the
AsepD +pIFN strain to induce a synergistic antiviral
effect, we assessed the antiviral effect of IFNf alone and
when combined with the supernatant sample of AsepD.
Our finding revealed that IFN triggered a comparable
antiviral response regardless of the medium in which it
was introduced (Additional file 1: Fig. S3). We, there-
fore, hypothesize that the higher antiviral response
we observed for IFNyyg a mutant version of IFNa2,
compared to IFNB may stem from either its enhanced
affinity to the IFNAR found on HeLa cells or its ability
to elicit a more potent response against the lentivirus
employed in our experimental system [52, 53].

IFNyys-secreting EPEC bacteria can directly activate the IFN
signaling pathway

To examine whether incubation with secreting bacteria,
and not the purified supernatant, could directly induce
activation of the IFN signaling pathway, we incubated
various EPEC strains directly with HeLa cells. The cells
were then washed and lysed, and samples were sub-
jected to western blot analyses using anti-phosphorylated
STAT?2 and anti-actin antibodies. Our results showed that
incubation of HeLa cells with EPEC strains that actively
secrete IFNyyg (i.e, WT+pIEN and AsepD+pIFN)
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Fig. 6 The addition of IFNys-secreting bacteria to host cells induces
IFN-1 pathway activation. WT EPEC, AescN, and AsepD strains

in the presence or absence of a plasmid-encoding human IFN (pIFN)
were added to the Hela cells and co-cultured for 3 h. The cells were
then washed and lysed, and their protein extracts were subjected

to SDS-PAGE and western blot analysis using anti-phosphorylated
STAT2 (phospho-STAT) (A) or anti-JNK (B) and anti-actin antibodies
(loading control). JNK and its degradation fragments are indicated
on the right of the gel

enhanced STAT2 phosphorylation, similar to the activa-
tion with commercial IFNf (Fig. 6A). In contrast, incu-
bation of HeLa cells with the EPEC AescN+ pIEN strain
(not secreting IFNy,s) showed minimal phosphoryla-
tion of STAT2 (Fig. 6A), and HeLa cells incubated with
EPEC strains that had not been manipulated to express
IFNyyns (WT, AescN, or AsepD) did not produce a phos-
phorylated-STAT?2 signal (Fig. 6A). Overall, these results
suggest that the IFN pathway was activated in the HeLa
cells due to the active secretion of IFNyy into the extra-
cellular environment and not due to exposure of the cells
to general bacterial components. Since WT EPEC is vir-
ulent and infects host cells, it cannot be used to deliver
IFNyyg orally. However, EPEC AsepD is expected to be
an attenuated strain, as its substrate regulation is defec-
tive (it does not secrete essential components needed for
host infection), and it may, therefore, be used as a safe
vehicle for oral IFNyyg delivery. To confirm this prem-
ise, we examined the infectivity of various EPEC strains
(WT, AescN, AsepD, WT+pIEN, AescN+plFN, and
AsepD+pIEN) by assessing their ability to translocate
effectors into host cells. For this purpose, we infected
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HeLa cells with bacteria, washed them, and collected cell
samples. The samples were examined for the cleavage
pattern of JNK, a host protein that is cleaved by a trans-
located EPEC effector known as NleD [43]. As expected,
regardless of IFNyys expression, WT EPEC induced
extensive degradation of JNK relative to the untreated
sample and the sample infected with the AescN mutant
strain (Fig. 6B). Importantly, infection of HeLa cells with
AsepD and AsepD+ pIFN caused very mild degradation
of JNK, relative to WT EPEC (Fig. 6B), thus confirming
that the AsepD EPEC strain has a significantly reduced
ability to infect host cells. These results are in keeping
with a previous report showing that the corresponding
deletion of the sepD gene in the EPEC-related mouse
pathogen, C. rodentium, is non-virulent in mice [31].

To examine whether a non-human pathogen can
induce a similar IFN response as EPEC, we transformed
the IFNyys expression vector into C. rodentium, the natu-
ral murine intestinal pathogen, which is considered non-
pathogenic to humans [54]. Cultures of C. rodentium in
the presence or absence of IFNy,g (4 pIEN) were grown
under T3SS-inducing conditions, and their supernatants
and pellets were separated. The secreted fractions were
concentrated from the supernatants of the bacterial cul-
tures and analyzed by SDS-PAGE and western blot with
an anti-IFNa2 antibody. IFN«a was detected in the super-
natant sample of C. rodentium expressing IFN« but not
in the wildtype C. rodentium strain (Fig. 7A). To confirm
that the IFNa secreted from C. rodentium is functional,
we incubated HeLa cells with filtered supernatants from
cultures of EPEC and C. rodentium that express and
secrete IFNyyg (pIFN). We observed that the addition
of supernatants of EPEC and C. rodentium cultures that
express IFNy,g showed a significant phospho-STAT2
signal, comparable to the one obtained by commercial
IENB (2 nM) (Fig. 7B). Incubation of the supernatants
of the parental strains (EPEC AsepD and C. rodentium)
with HeLa cells did not result in phosphorylated-STAT
(Fig. 7B). To ensure that HeLa cell viability was not sig-
nificantly impacted by incubation with supernatants
from EPEC and C. rodentium, we evaluated cell viability
at the end of the incubation period using the MTT assay.
Our results revealed comparable ODg;, .., values across
all treatments, suggesting that the addition of superna-
tants from both EPEC and C. rodentium did not alter
cell viability (Fig. 7C). Overall, these results demonstrate
that the ability to secrete IFN via the T3SS is not species-
specific and can be easily adjusted to other related bac-
teria. We showed that IFNa secreted from C. rodentium
induces a similar IFN response as [FNa secreted from
EPEC. Since C. rodentium is considered a non-human
pathogen, it might provide a safer way to deliver IFNa in
future clinical studies.



Rostovsky et al. Microbial Cell Factories (2024) 23:163

A &
& ¢
& &
35 |
25 — —
a-IFNa
&
\© Q
B & 9 9 &
& o 9& R <<‘&
‘\0& %(’ & 4\'\ ®\
F & & & & L
140 =
L —

a-phospho-STAT

451—--——-
35

a-actin
Cio
0.8
£
0.6
04
0.2
e Q Q =Y
°
g & 8= & ‘E,_ z
" z 2™ -
[ Qa o o+
g ¥y v+ Y E 2
o o E'.' = ~N
w w o
U

Fig. 7 IFNy\ secreted from C. rodentium induces IFN-1 pathway
activation. A Cultures of C. rodentium (CR) in the presence

or absence of IFNy,s encoding plasmid (+ pIFN) were grown

under T3SS-inducing conditions, and their supernatants and pellets
were separated and normalized according to bacterial ODg, values.
The secreted fractions were concentrated from the supernatants

of the bacterial cultures and analyzed by SDS-PAGE and western

blot with an anti-IFNa2 antibody. B Hel a cells were incubated

with supernatants from cultures of EPEC AsepD, EPEC AsepD

that express and secrete IFNyys (pIFN), C. rodentium, and C. rodentium
that express and secrete IFNyys (pIFN). Commercial-available IFN (2
nM) and untreated cells were used as positive and negative controls,
respectively. C Hela cells incubated with EPEC or C. rodentium
bacterial supernatants were assessed for cell viability using MTT assay.
Mean ODyy,m, Values are presented

Discussion

Many proteins are attractive therapeutic molecules, but
their susceptibility to degradation in the digestive system
precludes their oral administration; therefore, they are
currently given parenterally [55-57]. In the past few dec-
ades, significant research has thus been invested in devel-
oping effective oral delivery strategies for protein-based
drugs, such as microencapsulation in various polymers
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or vesicles. While this research has produced encourag-
ing results, many challenges remain, including protein
stability during production, long-term storage, regulated
in vivo release, and the cost of producing encapsulated
drugs.

For various applications, exploitation of the bacterial
T3SS has been suggested as a potential tool for the secre-
tion and delivery of proteins, including reporter proteins,
enzymes, and antigens for vaccine development [27,
58-62]. However, since the secreted proteins must unfold
during their translocation through the T3SS conduit, it
is critical to determine, for each therapeutic protein, its
ability to refold in the extracellular space and regain its
biological activity [63]. Furthermore, while the poten-
tial of this system is thought to be enormous, only a few
studies have actually employed it to deliver potentially
therapeutic proteins [58, 64, 65]. In this study, we pre-
sent promising results that IFN, which belongs to a large
family of immune-modulatory proteins, can be secreted
by the T3SS of EPEC while remaining functional, open-
ing up new avenues for oral delivery of IFN by secret-
ing bacteria. We believe that this system will have many
advantages as an oral administration platform, including
cheap and efficient production, protein stability, release
at desired sites (the T3SS is activated after reaching the
small intestine), a transient effect that will be better con-
trolled (by bacterial inoculation and the frequency of
administration), and straightforward repurposing for
various types of IFN proteins.

Among the most widely prescribed protein-based
drugs are IFNa and IFNP cytokines, which are currently
administered parenterally in high doses and at short
intervals [66—68]. This administration regime is associ-
ated with pain and allergic reactions that reduce patient
compliance and limit the use of these drugs. To overcome
these drawbacks, we examined a novel delivery method
for recombinant IFNy,g in which the vehicle is a spe-
cies of bacterium that survives the acidic conditions of
the upper gastrointestinal tract to secrete IFNyyg in the
small intestine. To provide proof of concept, we utilized
a biologically active mutant IFNa2 protein—designated
IFNyy\s—fused to a T3SS signal sequence to promote its
secretion via the T3SS. We found that IFNy,g was effi-
ciently expressed and secreted, as demonstrated in Fig. 1.
Furthermore, the secreted IFNyy correctly refolded and
maintained its ability to activate an IFN response (Figs. 2
and 3). Moreover, the bacterially secreted IFN exhibited
antiproliferative and antiviral activities similar to those
of a commercially produced IEN (Figs. 4 and 5), thus
suggesting that utilization of the IFN-secreting bacte-
ria as a delivery method for oral administration of IFN
is an attractive platform. Genetically modified bacteria
(such as AsepD) or non-human pathogens (for example,
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C. rodentium) that secrete IFN along the GI tract offer a
potentially safer alternative as it does not rely on perma-
nent colonization. By avoiding bacterial infection while
still providing the beneficial effects of IEN secretion, this
approach may have significant clinical implications for
treating various immune-related disorders.

Additionally, understanding the expected residence
time of these bacteria within the gastrointestinal tract is
essential for optimizing their efficacy and ensuring their
safe use in clinical settings. Further studies are needed
to evaluate the therapeutic potential of this approach
entirely. Still, developing non-colonizing IFN-secreting
bacteria is a promising step toward safer and more effec-
tive immunomodulation.

The proposed delivery method offers two main advan-
tages: (i) the convenience of oral administration of IFN;
and (ii) direct drug delivery to the small intestine. None-
theless, before suggesting that oral administration can
replace parenteral administration of IEN, it remains nec-
essary to show that the drug is indeed adsorbed from the
small intestine into the blood circulation. In this context,
encouraging results from a recent pharmacokinetic study
demonstrated that oral delivery of nanoencapsulated
IFNa can produce detectable levels of IFN in the plasma
[69]. Currently, IEN is administered subcutaneously, gen-
erating a high serum level of IFN, which declines rap-
idly with an elimination half-life of a few hours [70]. By
altering the mode of administration, we envisage that
the use of IFN could be broadened to treat various gas-
trointestinal diseases, such as enteric viral infections.
This notion is based on the involvement of IFN in the
antiviral defense in the gut and in the maintenance of
mucosal barrier homeostasis [71, 72]. Therefore, a deliv-
ery method that generates high levels of IFN, specifically
in the gut and not in the serum, might be particularly
suitable for treating gastrointestinal disorders. For exam-
ple, the IEN response is crucial for fighting norovirus
infections, which are the leading cause of acute gastro-
enteritis in humans and for which there are currently no
available vaccines or approved antiviral treatments [73,
74]. Indeed, the advantage of direct drug delivery to the
gastrointestinal tract could be leveraged to treat various
enteric diseases.

To further develop our technology, we plan to exam-
ine the oral administration of IFN in an animal model.
Since the protein sequences of human and mouse IFNs
and their corresponding receptors share only~50%
sequence identity [75], the first steps will be cloning
mouse IFN and transforming the IFN-encoding plasmid
into the murine-related bacterium, C. rodentium. This
bacterium is adjusted to the mouse digestive system and
contains, similarly to EPEC, a T3SS. Such a mouse model
will allow us to determine IFN levels in the blood and
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fecal homogenates following the administration of IFN-
producing bacteria and optimize the bacterial inoculum
required to give the optimal plasma IFN concentration.
In addition, this model system will allow us to study the
immunological consequences of oral administration of
IFN-producing bacteria.

Conclusions

In the reported study, we examined, for the first time, the
ability of bacteria to produce and secrete functional IFN
as a potential method for oral delivery of IEN as a model
protein-based drug. Our results show that this method
has enormous potential for further development, particu-
larly since it can be easily tailored to other IFN proteins.
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Additional file 1: Figure S1. Representative immunofluorescent images
of infected and uninfected Hela cells. Hela cells were treated with
Hoechst 33,342 dye, a DNA-specific stain of live cells, and subjected

to immunofluorescent imaging to visualize virus-infected cells (these
expressing GFP) among the total cell population. Figure S2. Representa-
tive flow cytometry plots of infected and uninfected Hela cells. Hela cells
were stained with propidium iodide and subjected to FACS analysis to
assess cell viability. The gated region corresponds to viable cells, with the
percentages of viable cells provided for each condition (A). Histograms

of GFP expression of uninfected and infected samples are presented (B).
Figure S3. The bacterial supernatant of AsepD does not enhance IFN(
antiviral activity. Hel a cells were incubated with commercial IFN{ alone
or IFNR in the bacterial supernatant of AsepD EPEC for 4 h before being
transduced with a GFP-expressing pseudovirus at an MOI of 1. Cells were
harvested 48 h post-transduction and subjected to FACS analysis to
monitor GFP expression. The results are presented as a percentage of GFP-
positive cells relative to GFP-positive cells of the untreated control sample,
which was not pre-incubated with bacterial supernatant. No difference
between the samples was observed.
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