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Abstract

Background/Objectives: Ribosome-inactivating proteins (RIPs) are plant-derived enzymes
with potent cytotoxic activity, widely studied as anticancer agents, particularly as toxic
payloads in immunoconjugates. Despite numerous encouraging results reported, their
clinical application has been limited by their immunogenicity. RIPs from edible plants have
been proposed as potentially more suitable candidates due to their possible improved toler-
ability. However, this aspect still requires validation in vivo in animal models. This study
investigated the cytotoxic activity, mechanisms of action and translational potential of sodin
5 (a recently characterized type 1 RIP derived from the edible plant Salsola soda L.) in human
colon cancer models, comparing it to the well-known type 1 RIP saporin-S6. Methods:
The effects of sodin 5 and saporin-S6 on cell viability, cell death mechanisms and epithelial
barrier integrity were assessed on HT29 and Caco-2 cell lines. Sodin 5 cross-reactivity with
other anti-type 1 RIP sera was evaluated by ELISA. Finally, its structural characteristics
were analyzed. Results: Sodin 5 showed a cytotoxic effect comparable to that of saporin-S6
in HT29 and Caco-2 colon cancer cells, with time- and concentration-dependent reductions
in viability. Both type 1 RIPs disrupted the integrity of the intestinal epithelial barrier in
mono- and co-culture models and predominantly activated the apoptotic pathway, with-

out inducing necrosis. Sodin 5 exhibited limited immunological cross-reactivity and a
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1. Introduction

Since ancient times, plant derivatives have played a primary role in traditional and folk
medicine throughout the world for the treatment of several pathological conditions, mainly
infectious diseases, inflammation and cancer [1-3]. Modern phytochemical and pharma-
cological studies have increasingly validated the therapeutic potential of these natural
compounds [3-6]. Several plants used in traditional remedies have been found to contain
ribosome-inactivating proteins (RIPs), a class of enzymes with rRNA N-glycosylase activity
(EC 3.2.2.22) [7,8]. RIPs can remove a specific adenine in the 285 rRNA, thus irreversibly
blocking protein translation. Besides rRNA, RIPs possess N-glycosylase activity also on
other substrates; for this reason, RIP activity was also termed polynucleotide:adenosine
glycosylase [9]. By acting on different substrates, RIPs can trigger various cell death path-
ways and eliminate even cells with altered proliferative or apoptotic mechanisms, thereby
preventing the selection of RIP-resistant mutants [10]. These enzymes, which include both
single-chain (type 1) and double-chain (type 2) RIPs, have been isolated and characterized
in both medicinal [8,11] and edible plants [12,13]. Nowadays, the most promising phar-
macological use of RIPs lies in the development of immunoconjugates, designed for the
selective elimination of cells responsible for different pathological conditions [9,14,15]. Sev-
eral type 1 RIPs, such as saporin-S6 from Saponaria officinalis L. seeds, have been thoroughly
investigated as components of immunoconjugates for targeted cancer therapy [16,17]. The
use of RIPs as toxic payloads in conjugates offers several advantages over conventional
antineoplastic drugs, because toxins exert their action catalytically, do not induce multi-
drug resistance and can eliminate cells in both proliferative and quiescent states. The main
side effect reported in clinical trials with RIP-containing conjugates is immunogenicity.
The generation of anti-RIP antibodies can represent a serious obstacle, which may limit
repeated administration and reduce efficacy [18]. In this regard, edible plant-derived RIPs
might potentially exhibit low immunogenicity and improved tolerability, although in vivo
studies are so far lacking. Salsola soda L. is an edible plant well known for its potential
as a source of bioactive compounds in addition to its nutritional value [19-21]. Among
such bioactive compounds, type 1 RIPs called sodins have been found in various tissues
of S. soda, including seeds, leaves and roots [22]. In previous studies, the major isoform
sodin 5, isolated from seeds, has demonstrated promising biological properties [23].

The aim of the present study was to evaluate the cytotoxic activity and mechanism of
action of sodin 5, assessing its translational potential relative to saporin-56, one of the most
widely characterized RIPs in oncological research. Specifically, we investigated the effects
of sodin 5 on cell viability, evaluating triggered cell death pathways and epithelial barrier
integrity in two human colon cancer-derived cell lines. In addition, the immunological
properties of sodin 5 were assessed by determining its cross-reactivity with other anti-type
1 RIP sera. Finally, structural related features were analyzed to provide further insight into
the biological behavior and therapeutic relevance of sodin 5 as a natural compound with
potential application in intestinal cancer treatment.

2. Materials and Methods
2.1. Ribosome-Inactivating Proteins

Saporin-S6 was purified from the seeds of S. officinalis as previously described [24].
Sodin 5 was purified from S. soda seeds according to the procedure previously reported [22].

2.2. Cells

The human colon adenocarcinoma cell lines HT29 (lot number 300215-921) and Caco-2
(lot number 300137-220424) were obtained from Cytion (Eppelheim, Germany). The murine
fibroblast 3T3 cell line was obtained from the departmental cell collection of the University
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of Bologna. Cells were cultured in Eagle’s minimum essential medium (Sigma Aldrich,
Saint Louis, Dorset, MO, USA), supplemented as already described in [10]. Cells were
maintained at 37 °C in a humidified atmosphere of 5% CO; [10].

2.3. Cell Viability

Cell viability was determined using the CellTiter 96® Aqueous One Solution Cell
Proliferation Assay (Promega Corporation, Madison, WI, USA). HT29 and Caco-2 cells
(3 x 103/well) were seeded in 96-well microtiter plates (Falcon, Mexico City, Mexico).
After 24 h, cells were incubated with scalar concentrations of sodin 5 or saporin-Sé (from
10719 to 107> M). After 24, 48 and 72 h of incubation at 37 °C, the medium was removed
and replaced with 100 uL/well of complete medium and 20 uL/well of kit. Following
2 h of incubation at 37 °C, absorbance was measured at 492 nm using the microtiter plate
reader Multiskan EX (ThermoLab systems, Waltham, MA, USA). Each experiment was
performed in triplicate. In order to obtain a comparative evaluation of cytotoxic effects of
sodin 5 and saporin-S6, the effective concentration of RIP reducing 50% of viability (ECsp)
in both cell lines was calculated by linear regression analysis, applied to the quasi-linear
portion of the dose-response curves.

2.4. Morphological Evaluation of RIP-Exposed Intestinal Cells

Intestinal cells treated with sodin 5 or saporin-56 (10’6 M) for 24, 48 and 72 h were
examined for morphological changes. Observations were carried out in 96-well plates
using a phase-contrast microscope equipped with a digital camera (Nikon, Tokyo, Japan).
Image acquisition was performed using X-Elit software, version 18.01.02 (Alexasoft, Flo-
rence, Italy).

2.5. Measurement of Transepithelial Electrical Resistance

Transepithelial electrical resistance (TEER) was evaluated on Caco-2 cell monoculture
and on Caco-2/HT29 and Caco-2/3T3/collagen co-culture models. Cells (6.25 x 10* Caco-
2 cells/cm? for monoculture experiments, 6.25 x 10% Caco-2/HT?29 cells/cm? in a 9:1 ratio
for co-culture experiments) were seeded in 24-well Transwell inserts (Corning, New York,
NY, USA) with a 0.4 um transparent polyester membrane. In the Caco-2/3T3/collagen
co-culture model, 3T3 cells (0.78 x 10* cells/cm?) were seeded on the apical compartment
with 0.1 pg/mL of type 1 collagen (Corning) in complete medium. After 1 h at 37 °C,
Caco-2 cells (6.25 x 10*/cm?) were seeded. In all experiments, complete medium (900 uL)
was added to the basolateral compartment.

Once TEER values reached >500 Q x cm?, cells were exposed to sodin 5 or saporin-S6
at a concentration of 10~® M. TEER measurements were then recorded at 0, 8, 24, 32, 48 and
72 h using the voltohmmeter Millicel® ERS 3.0 (Merck, Rahway, NJ, USA). A cell-free
Transwell insert was used as the blank control. TEER values (Q x cm?) were calculated
using Equation (1):

TEER = (R — Rplanck) X A )

where R is the resistance across the cell layer(s), Rpjank corresponds to the resistance of the
blank insert and A indicates the surface area of a Transwell membrane.

2.6. Assessment of Cell Death Pathways

The contribution of apoptosis, necroptosis and/or necrosis was investigated by
flow cytometry analysis using the Annexin V-Enhanced Green Fluorescent Protein
(EGFP)/Propidium Iodide (PI) detection kit (Biovision, Milpitas, CA, USA). This method
allows for the discrimination between cells in necrosis (PI-positive and Annexin V-EGFP-
negative), in late apoptosis/necroptosis (PI-positive and Annexin V-EGFP-positive) and
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in early apoptosis (PI-negative and Annexin V-EGFP-positive) [25]. Cells (4 x 10%) were
seeded in 6-well plates (Corning), and after incubation with RIPs at 10~® M concentration
for 24 h, the cells were collected in cytofluorimeter tubes, pelleted at 400x g for 5 min,
washed twice in cold 5 mM sodium phosphate buffer, pH 7.4, containing 0.14 M NaCl
(PBS), pelleted and resuspended in 300 uL of binding buffer, containing Annexin V-EGFP
(3 uL) and PI (3 puL). After 10 min of incubation in the dark at room temperature, cells were
analyzed by flow cytometry CytoFLEX S (Beckman Coulter, Brea, CA, USA), using the
CytExpert software (version 2.4.0.28, 2013).

The involvement of apoptosis and necroptosis was also indirectly evaluated using
two death inhibitors, the pan-caspase inhibitor Z-VAD and the necroptosis inhibitor
necrostatin-1 (NEC). The cytotoxic effects of sodin 5 and saporin-S6 were evaluated on
HT29 and Caco-2 cells (3 x 10®/well in 96-well microtiter plates) pre-treated for 3 h with
100 uM Z-VAD or NEC, as previously reported [10]. The 3 h pre-treatment was carried out
to ensure that any observed increase in cell survival could be attributed to the modulation
of intracellular death mechanisms, rather than to potential extracellular interactions be-
tween the inhibitors and the RIPs that might directly affect toxin activity. The selected cell
death inhibitor concentrations are the highest concentrations that were not toxic for HT29
and Caco-2 cells in preliminary assays. Following the 3 h incubation, the inhibitors were
eliminated, and the cells were treated with sodin 5 or saporin-S6 (10-¢ M) for 2 h. After
washing with 100 pL/well of PBS, cells were maintained for a further 24 h in complete
medium, and cell viability was then determined as mentioned above.

2.7. Sodin 5 Immunological Properties

ELISA assay was performed in a 96-well plate (Sarstedt, Niimbrecht, Germany), coated
with 2 pg per well of sodin 5 in 100 uL of 50 mM carbonate buffer pH 9.0, with 15 mM
sodium carbonate and 35 mM sodium bicarbonate. After overnight incubation at 4 °C to
allow RIP adhesion, each well was washed 5 times with 200 uL. PBS/Tween (137 mM NaCl,
1.5 mM KH,POy4, 8 mM NapyHPOy, 0.05% (v/v) Tween 20), and 200 puL/well of 0.5 mg/mL
bovine serum albumin was added to saturate well charges. After 1 h of incubation at 37 °C
and a further 5 washes with PBS/Tween, reciprocal serum dilutions (from 1:400 to 1:409,600)
in PBS/Tween were added. After incubation at 37 °C for 3 h and 5 washes with PBS/Tween,
an anti-rabbit secondary antibody conjugated to alkaline phosphatase (Merck, Burlington,
MA, USA) was added in 100 uL/well at 1:7000 dilution, and the plate was incubated at
37 °C for 1 h. After further 5 washes with PBS/Tween, 100 uL of 1 mg/mL 4-nitrophenyl
phosphate disodium (Merck), dissolved in a buffer containing 1 M diethanolamine, 0.5 M
MgCl, x 6H,0, and 3 mM NaNj3, was added. Absorbance was measured at 405 nm with
the Multiskan EX microtiter plate reader (ThermoLabsystem, Helsinki, Finland). Results
are expressed as mean =+ standard deviations of three independent experiments, each
carried out in triplicate.

2.8. Amino Acid Analysis of Sodin 5

Amino acid analyses were performed as previously reported [26] by using a
Biochrom30+ amino acid analyzer (Biochrom, Cambridge, UK), equipped with a post-
column ninhydrin derivatization system. In addition, to detect cysteine, sodin 5 was
subjected to oxidation with performic acid. Briefly, 100 pg of protein was hydrolyzed in a
glass tube and 400 pL of performic acid was added. After incubation at 0 °C for 60 min,
200 pL of cold HBr was added. Samples were dried in a desiccator, rinsed with water, and
then the hydrolyzed samples were analyzed.
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2.9. Statistical Analysis

Statistical analyses were executed using XLSTAT-Pro Software, version 6.1.9, 2003 (Ad-
disoft, Inc., Brooklyn, NY, USA). The results are presented as means =+ S.D. of two (flow
cytometry experiments) or three (cell viability, TEER and ELISA experiments) independent
experiments, each carried out in triplicate. For comparisons involving multiple groups
(e.g., different concentrations or treatments at a given timepoint), one-way ANOVA fol-
lowed by Bonferroni post hoc test or Dunnett’s test (when comparing multiple treatments
to a single control) were used. For comparisons between two groups, the Mann-Whitney
U test was applied. Time-course experiments were analyzed by comparing each timepoint
to the corresponding control condition.

3. Results
3.1. Sodin 5 and Saporin-S6 Show Similar Cytotoxicity on Colon Cancer-Derived Cells

The cytotoxic effect of type 1 RIPs was evaluated by their ability to reduce cell viability
on two colon cancer-derived cell lines, HT29 and Caco-2, in concentration- and time-
response experiments. Cell viability was assessed after 24, 48 and 72 h of incubation with
scalar concentrations of RIPs, comparing sodin 5 cytotoxicity with that of saporin-S6.

In HT29 and Caco-2 cells, a significant reduction in cell viability (Figure 1a,b) was
observed for both sodin 5 (red line) and saporin-S6 (blue line) starting from 108 M
concentration, after 24 and 48 h. At 72 h, a highly significant reduction in cell viability
(p < 0.0001) for both RIPs was already evident at 10~ M. The comparison of ECsgs
demonstrates that sodin 5 and saporin-S6 share a very similar cytotoxic profile on both cell
lines. Although saporin-S6 exhibited greater efficacy than sodin 5 after 24 h of exposure,
with a difference of approximately one order of magnitude, the EC5y values obtained
in both cellular models after 72 h of treatment were of the same order of magnitude
(107 M), indicating that the long-term effects of the two RIPs are fully comparable (Table 1).
Moreover, within the time frame considered in our experimental design (24-72 h), the
decline in cell viability curves was highly comparable in both cell lines, suggesting that
the majority of the cytotoxic effect is already achieved within the first 24 h of RIP exposure.
Consistent with the viability data, both sodin 5 and saporin-S6 induced morphological
changes, mainly characterized by cell shrinkage, as shown in Figure 1c,d.

Table 1. Effective concentrations of sodin 5 and saporin-S6 reducing 50% of viability (ECsg) in
HT29 and Caco-2 cell lines at 24, 48 and 72 h of intoxication. ECsy values were calculated by linear
regression analysis of concentration—effect curves.

Cell Line RIP EC50 (M)
24h 48 h 72 h
Sodin 5 3.02 x 107 4.49 x 1077 3.49 x 107
HT29 . _7 _7 _7
Saporin-S6 7.32 x 10 8.32 x 10 3.28 x 10
Caco? Sodin 5 2.33 x 107° 6.66 x 107 2.26 x 1077
aco Saporin-56 6.54 x 1077 2.32 x 1077 1.25 x 107

3.2. Epithelial Barrier Integrity Is Compromised by Sodin 5 and Saporin-56 in Both Monoculture
and Co-Culture Models

The impact of sodin 5 and saporin-S6 on the integrity of the epithelial barrier was
evaluated by measuring changes in TEER at different timepoints across three in vitro
models: Caco-2 monoculture, Caco-2/HT29 and Caco-2/3T3/collagen co-cultures.
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Cell viability (% ctrl)

Our data, reported in Figure 2, demonstrate that sodin 5 and saporin-S6 impair the
epithelial barrier integrity in a time-dependent manner. Moreover, in the three different
in vitro models, the TEER values were similarly affected by sodin 5 and saporin-Sé.
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Figure 1. Effect of sodin 5 and saporin-S6 on cell viability in HT29 and Caco-2 cells. HT29
(a) and Caco-2 (b) cell viabilities were evaluated at 24, 48 and 72 h after exposure to the indicated
concentrations of sodin 5 (red lines) and saporin-S6 (blue lines). Cell viability was measured using
a colorimetric assay based on MTS reduction. The mean results & S.D. are reported, representing
the percentage of control values. Data were analyzed by ANOVA /Bonferroni test, followed by a
comparison with Dunnett’s test (confidence range 95%; ** p < 0.01, *** p < 0.001, **** p < 0.0001,
versus untreated controls). Asterisks indicate the first concentration at which a statistically significant
reduction in cell viability is observed compared to controls. The morphology of HT29 (c) and Caco-2
(d) cells was evaluated at the indicated times for control (Ctrl) and for treated cells (sodin 5 or
saporin-S6 at 107® M concentration). Images were taken using phase-contrast microscopy (total
magnification 100 x).

In the Caco-2 monoculture model, both sodin 5 and saporin-56 significantly reduced
TEER values (p < 0.001) after 8 h at 107® M concentration, with values about 1.2-fold
lower than controls (Figure 2a). This reduction became more pronounced at 24, 48 and
72 h, reaching TEER values about 1.4-, 2.2- and 4.0-fold lower than controls, respectively.
A similar trend of TEER reduction was observed in the Caco-2/HT29 co-culture model.
However, the difference in TEER values between treated and control cells was slightly less
evident compared to the monoculture model (Figure 2b). The results obtained in the more
complex co-culture model of Caco-2/3T3/collagen further confirm the barrier-disrupting
effect of both RIPs that caused a significant reduction in TEER values over time (Figure 2c).
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Figure 2. Time-dependent TEER changes across Caco-2 monoculture, Caco-2/HT29 and
Caco-2/3T3/collagen co-culture models. Caco-2 monoculture (a), Caco-2/HT29 (b) and Caco-
2/3T3/collagen (c) co-culture models were established by seeding cells (6.25 x 10* Caco-2 cells/cm?
for monoculture experiments, 6.25 x 10* Caco-2/HT29 cells/cm?, in a 9:1 ratio, for co-culture
experiments) on 24-well Transwell inserts with 0.4 um transparent polyester membrane. In the
Caco-2/3T3/collagen co-culture model, 3T3 cells (0.78 x 10* cells/cm?) were seeded on the apical
compartment with 0.1 pg/mL of type 1 collagen in complete medium. After 1 h at 37 °C, Caco-2
cells (6.25 x 10*/cm?) were seeded. In all experiments, complete medium (900 uL) was added to the
basolateral compartment. All cultures were maintained about 10 days, replacing culture medium
every 2-3 days. When TEER reached values > 500 Q) x cm? (about 10 days), cell monolayers were
treated with sodin 5 or saporin-56 at 10~® M concentration. TEER values were recorded at 0, 8, 24, 32,
48 and 72 h after sodin 5 or saporin-S6 intoxication. Results are expressed as mean & SD of three inde-
pendent experiments, each conducted in triplicate. Data were analyzed by ANOVA /Bonferroni test,
followed by a comparison with Dunnett’s test (confidence range 95%; ** p < 0.01, *** p < 0.001 versus
untreated controls). Asterisks indicate the first timepoint at which a statistically significant reduction
in TEER is observed compared to controls.

3.3. Sodin 5 Induces Apoptosis and Necroptosis but Not Necrosis, Exhibiting Cytotoxic Potency
Comparable to That of Saporin-S6

The involvement of apoptosis, necroptosis and /or necrosis in sodin 5- and saporin-
S6-treated cells was evaluated through Annexin V-EGFP/PI double staining, followed by
cytofluorimetric analysis. After 24 h of intoxication with RIPs at 10~® M concentration,
more than 67% of HT29 cells were in early-stage apoptosis, whereas about 45% and 33%
of Caco-2 cells were in early-stage apoptosis after treatment with sodin 5 and saporin-56,
respectively. Only a small fraction of cells was found to undergo late apoptosis and/or
necroptosis, accounting for approximately 5% and 6% of HT29 cells treated with sodin 5
and saporin-5S6, respectively, and about 4% of Caco-2 cells treated with sodin 5. In contrast,
in Caco-2 cells exposed to saporin-5S6, the proportion of cells in late apoptosis and/or
necroptosis increased markedly, reaching approximately 27%. Notably, both RIPs did not
significantly induce necrosis in treated intestinal cells (Figure 3a—d).
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Figure 3. Evaluation of cell death mechanisms triggered by sodin 5 and saporin-S6. HT29 (a) and
Caco-2 (b) cells (4 x 10°/well) were seeded in 6-well plates and cultured for 24 h in the absence
or presence of sodin 5 or saporin-S6 at 10~® M concentration. Apoptosis, necroptosis and necrosis
were evaluated through flow cytometry analysis. Representative plots of Annexin V-EGFP (FITC
channel)/PI (PE channel) staining of HT29 and Caco-2 cells are shown. Cell populations were
characterized based on staining: necrotic cells (PI-positive and EGFP-negative) are in the upper left
quadrant; late apoptotic and/or necroptotic cells (PI-positive and EGFP-positive) are in the upper
right quadrant; early apoptotic cells (PI-negative and EGFP-positive) are in the lower right quadrant.
The plots are representative of two independent experiments, each conducted in triplicate. The tables
report the percentages of live, early apoptotic, late apoptotic and/or necroptotic and necrotic HT29
(c) and Caco-2 (d) cells after sodin 5 or saporin-S6 treatment. The protective effect of cell death
inhibitors was evaluated on HT29 (e) and Caco-2 (f) cells (3 x 10% /well), treated with 10~¢ M sodin 5
or saporin-S6. The inhibitors Z-VAD (apoptosis) or necrostatin-1 (NEC, necroptosis) were added at
100 uM concentration 3 h before the RIP treatment. Cells were then treated for 2 h with sodin 5 or
saporin-S6 and further incubated for 24 h in complete medium. Cell viability was evaluated using
a colorimetric assay based on MTS reduction. The results are expressed as means + S.D. of three
independent experiments, each conducted in triplicate. Data were analyzed by the Mann-Whitney U
test (confidence range 95%; ** p < 0.01, *** p < 0.001 versus RIP-treated samples).

Further experiments were conducted to elucidate the involvement of apoptosis and
necroptosis in the RIP-induced cytotoxicity. Cells were pre-treated for 3 h with the pan-
caspase inhibitor Z-VAD and the necroptosis inhibitor NEC. As shown in Figure 3ef, the
addition of cell death inhibitors significantly increased the cell viability of sodin 5- and
saporin-S6-treated cells. This protective effect was observed in both cell lines, confirming
that apoptosis and necroptosis are involved in cytotoxic mechanisms triggered by both RIPs.
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3.4. Sodin 5 Does Not Cross-React with Anti-Saporin-S6 and Other Anti-Type 1 RIP Sera

Sodin 5 cross-reactivity with other type 1 RIPs, i.e., saporin-56, momordin (from
Momordica charantia L. seeds), PAP-R (from Phytolacca americana L. roots) and dianthin 32
(from Dianthus caryophyllus L. leaves), was investigated by the specific anti-RIP sera. Sodin 5
showed no significant cross-reactivity with anti-saporin-56, anti-momordin or anti-PAP-R
sera, and only very low reactivity was observed with anti-dianthin serum. These results
suggest that sodin 5 possesses surface epitopes distinct from those of such well-known
RIPs (Figure 4).

anti-saporin-Sé anti-momordin anti-PAP-R anti-dianthin 32
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E 10 + 10 + 1.0 10 +
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Figure 4. Immunological cross-reactivity of sodin 5 with anti-type 1 RIP sera evaluated through
enzyme-linked immunosorbent assay (ELISA). The panels show the cross-reactivity curves of sodin
5 (red lines) and the specific RIP (saporin-S6, blue line; momordin, green line; PAP-R, purple line
and dianthin 32, orange line) towards each anti-RIP serum. Reactivity is expressed as absorbance at
405 nm as a function of the reciprocal dilutions of the antiserum. Results are expressed as mean £ SD
of three independent experiments, each conducted in triplicate.

3.5. Sodin 5 Shares a Conserved Catalytic Core with Saporin-S6

Moreover, in order to verify other possible structural similarities/differences between
sodin 5 and saporin-S6 (Uniprot accession number: P20656), the amino acid composition
of sodin 5 was determined and compared with that of saporin-56, taking into account
the difficulties in obtaining information on the primary structure of sodin 5, which has
the N-terminal amino acid residue blocked [23]. The data reported in Figure 5a show
several differences in the content of amino acids per mole of protein. In addition, the
analysis revealed the presence of four cysteines that are not present in saporin-S6. On
the other hand, the content of Arg and Lys, as well as Phe and Tyr per mole of protein
determined in sodin 5 was 34 (17 Arg + 17 Lys) and 27 (14 Phe + 13 Tyr), similar to
that of saporin-S6 (35 (12 Arg + 23 Lys) and 25 (13 Phe + 12 Tyr)). Finally, the amino
acid sequences of some tryptic peptides previously obtained by high-resolution nano-LC-
tandem mass spectrometry [23] were overlapped with the amino acid sequence of saporin-
56 (Figure 5b). It is evident that the five tryptic peptide sequences of sodin 5 showed a high
identity /similarity with some amino acid regions of saporin-56. In particular, the analysis
highlights the high similarity of the catalytic region (position 165-181), where most of the
amino acids, involved in the catalytic activity (i.e., Glul76, Argl79) or in the interaction
with the ribosomal target adenine (i.e., Tyr72, Trp208, Ser212), are conserved [16].
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Figure 5. Structural analysis of sodin 5 compared to saporin-S6. (a) Amino acid composition of
sodin 5 and saporin-S6. The histograms show the comparison of the amino acid content for sodin 5
(red bars) and saporin-S6 (blue bars), expressed as the number of residues per mole of protein. The
three-letter amino acid code is used. (b) Amino acid sequence alignment of sodin 5 with saporin-S6.
The panel shows the alignment of selected sodin 5 tryptic peptides against the amino acid sequence
of saporin-S6 (Uniprot accession number: P20656). Conserved amino acid residues found in the
active site of RIPs are indicated in bold and red boxes. Similarity is denoted by identical residues (x),
conserved substitutions (:) and semi-conserved substitutions (.).

4. Discussion

A crucial and continuous challenge in the development of highly effective immunother-
apeutic strategies is the identification of new compounds that can specifically target patho-
logical or aberrant cells to achieve therapeutic efficacy while minimizing collateral damage
and adverse effects [27-29]. In fact, the main adverse effect reported in clinical trials involv-
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ing RIP-containing conjugates is immunogenicity, as the induction of anti-RIP antibodies
may constitute a significant limitation by hindering repeated administrations and poten-
tially reducing therapeutic efficacy through immune-mediated neutralization or accelerated
clearance of the toxin component [30,31].

In this work, we investigated the cytotoxic effect of two type 1 RIPs, sodin 5 from the
edible plant S. soda and saporin-S6 from S. officinalis, on two human colon cancer-derived
cell lines. RIPs derived from edible plant species may represent promising therapeutic
agents for the treatment of intestinal cancers. Furthermore, their derivation from edible
plant sources may have implications for tolerability, given that dietary proteins are typically
linked to mechanisms of immune tolerance and, in certain contexts, they can actively
influence immune responses. Nevertheless, it remains to be established whether these
properties result in decreased immunogenicity in therapeutic applications [32].

Sodin 5 efficiently reduced cell viability in concentration- and time-response exper-
iments on both tested intestinal cell lines. The comparable EC5) values demonstrate
cytotoxic effects similar to those of saporin-56, the most widely utilized type 1 RIP in
immunoconjugate development. The overall strong cytotoxic effect of sodin 5 on HT29 and
Caco-2 intestinal cancer cell lines is highly encouraging.

Sodin 5 and saporin-56 affected the integrity of the epithelial barrier in Caco-2 mono-
culture and Caco-2/HT29 co-culture models. Both RIPs markedly decreased TEER values,
suggesting that sodin 5 may weaken the epithelial barrier tight junctions by increasing
paracellular permeability. Reduction in TEER values was observed even in the more com-
plex Caco-2/3T3/collagen model, which better mimics the in vivo environment. From
a pathophysiological perspective, compounds capable of altering intestinal barrier in-
tegrity may raise safety concerns, given the importance of intact mucosa for maintaining
intestinal homeostasis and preventing the translocation of microorganisms, toxins and
pro-inflammatory mediators [33-35]. However, within a controlled therapeutic framework,
especially for oncological treatments, such barrier modulation may also represent a favor-
able aspect, provided that it is targeted, reversible and temporally limited. In fact, when
applied in an anticancer setting, this effect on barrier integrity could facilitate the access of
cytotoxic agents within the poorly reachable tumor mass, thus affecting the therapeutic
efficacy [36,37].

The combined use of Annexin V /PI staining in cytofluorimetric experiments is widely
and commonly adopted as a first-level approach to distinguish between apoptotic and
necrotic cell death pathways [38-40]. Our experiments on cell death mechanisms revealed
a predominant role for apoptosis in HT29 and Caco-2 cells intoxicated with the two type
1 RIPs, with a significant percentage of cells undergoing apoptosis without necrosis in-
volvement. However, the concomitant involvement of necroptosis alongside apoptosis was
demonstrated through experiments employing inhibitors of apoptosis (Z-VAD) and necrop-
tosis (NEC). In both cell lines, pre-treatment with these inhibitors significantly rescued cells
from death induced by saporin-S6/sodin 5. Notably, our study provides the first evidence
of necroptosis participation in intestinal cells exposed to type 1 RIPs.

The predominant involvement of apoptosis could represent a significant advantage
in the future clinical application of sodin 5-containing immunotoxins, as the induction of
regulated apoptotic cell death pathways, rather than necrosis, would attenuate the onset of
pro-inflammatory responses [41]. However, the concomitant involvement of necroptosis
observed in this study introduces an additional layer of complexity. Although necroptosis
is a regulated form of cell death, it is intrinsically pro-inflammatory due to the release of
molecular patterns associated with intracellular damage. In the context of intestinal tissues,
this aspect is particularly relevant, as necroptosis has been implicated in the pathogenesis of
chronic inflammatory conditions of the intestine. In particular, its activation may contribute
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to the development and exacerbation of chronic inflammatory bowel diseases, as well as to
the compromised integrity of the intestinal barrier [42].

Taken together, these considerations highlight the dual nature of the cell death mecha-
nisms triggered by sodin 5 and saporin-56, underlining the need for further investigations to
better define the balance between therapeutic efficacy and potential pro-inflammatory effects.

The main issue limiting the effectiveness of RIP-containing immunoconjugates is rep-
resented by immunogenicity [17]. Although the use of humanized carriers has substantially
reduced anti-carrier immune responses, immune recognition of the toxin component con-
tinues to represent a critical issue in immunotoxin-based approaches. A potential strategy
to mitigate anti-toxin antibody formation relies on the sequential use of immunotoxins con-
taining distinct and non-cross-reactive RIPs. Thus, the evaluation of sodin 5 cross-reactivity
with other type 1 RIPs represents a key aspect of the present study. The immunological anal-
ysis revealed low cross-reactivity between sodin 5 and sera against saporin-56 and some
other type 1 RIPs. These findings support the hypothesis that sodin 5-based immunotoxins
may be suitable for use in alternating treatment regimens with immunotoxins contain-
ing different type 1 RIPs, potentially minimizing the risk of hypersensitivity reactions
associated with the toxic moiety.

The similarities between sodin 5 and saporin-S6 were further clarified by structural
analysis. Although the N-terminal amino acid residue of sodin 5 is blocked [23], making it
difficult to determine its primary structure, the amino acid composition analysis showed
variations in the number of amino acids of the two RIPs, most notably the presence of four
cysteine residues in sodin 5 that are not present in saporin-56 and some other type 1 RIPs.
However, high similarity was revealed by aligning the tryptic peptides of sodin 5 with
the sequence of saporin-S6, especially in the catalytic region (positions 165-181). Sodin 5
cytotoxic potential depends on the conservation of active site residues (Glul76 and Argl79)
and of those involved in ribosomal adenine interaction (Tyr72, Trp208 and Ser212).

5. Conclusions

In conclusion, sodin 5, a type 1 RIP isolated from the edible plant S. soda, exhibits
significant cytotoxic activity against human colon cancer-derived cell lines, mainly by acti-
vating apoptosis. These results highlight that sodin 5 is a naturally occurring compound
with promising characteristics for anticancer applications, particularly in the treatment
of intestinal malignancies, where local exposure and repeated administration are often
required. The potential of sodin 5 as a candidate for immunotherapeutic development is
further strengthened by its low immunological cross-reactivity with saporin-S6 and other
type 1 RIPs. Our findings support the utility of edible plant-derived RIPs as promising
therapeutic agents for immunotoxin construction. However, further preclinical evalua-
tion is required, evaluating the absence of specific toxicity towards non-target cells and
in vivo immunogenicity.
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Abbreviations

The following abbreviations are used in this manuscript:

ECsg Effective concentration reducing cell viability by 50%
EGFP Enhanced Green Fluorescent Protein

ELISA Enzyme-linked immunosorbent assay

NEC Necrostatin-1

PBS Phosphate-buffered saline

PI Propidium iodide

RIP Ribosome-inactivating protein

SDS-PAGE  Sodium dodecyl sulfate polyacrylamide gel electrophoresis
TEER Transepithelial electrical resistance
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