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A B S T R A C T

Coinfection of pathogenic bacteria and viruses is associated with multiple diseases. During the
COVID-19 pandemic, the co-infection of other pathogens with SARS-CoV-2 was one of the
important determinants of the severity. Although primarily a respiratory virus gastric manifes-
tation of the SARS-CoV-2 infection was widely reported. This study highlights the possible con-
sequences of SARS-CoV-2 -Helicobacter pylori coinfection in the gastrointestinal cells. We utilized
the transfection and infection model for SARS-CoV-2 spike Delta (δ) and H. pylori respectively in
colon carcinoma cell line HT-29 to develop the coinfection model to study inflammation, mito-
chondrial function, and cell death. The results demonstrate increased transcript levels of in-
flammatory markers like TLR2 (p < 0.01), IL10 (p < 0.05), TNFα (p < 0.05) and CXCL1 (p <

0.05) in pre-H. pylori infected cells as compared to the control. The protein levels of the β-Catenin
(p < 0.01) and c-Myc (p < 0.01) were also significantly elevated in pre-H. pylori infected group in
case of co-infection. Further investigation of apoptotic and necrotic markers (Caspase-3, Caspase-
8, and RIP-1) reveals a necroptotic cell death in the coinfected cells. The infection and coinfection
also damage the mitochondria in HT-29 cells, further implicating mitochondrial dysfunction in
the necrotic cell death process. Our study also highlights the detrimental effect of pre-H. pylori
exposure in the coinfection model compared to post-exposure and lone infection of H. pylori and
SARS-CoV-2. This knowledge could aid in developing targeted interventions and therapeutic
strategies to mitigate the severity of COVID-19 and improve patient outcomes.
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1. Introduction

The enduring consequences of SARS-CoV-2 infection remain a subject of profound concern for both the scientific community and
individuals worldwide [1]. The global outbreak of SARS-CoV-2 has brought increased awareness to the issue of bacterial co-infection
and their intricate involvement in the pathology of coronavirus disease 2019 (COVID-19) [2]. SARS-CoV-2 is a positive-sense ssRNA
virus of genome size ~30 kb [3]. This virus releases its viral genome into human host cells by attaching its spike protein to the host
cell’s membrane protein ACE2 (Angiotensin-converting enzyme 2) [4]. Further fusion of viral and host membrane facilitates the entry
of its viral RNA into the host cell. This process is crucial for the virus to infect cells and initiate the synthesis of proteins essential for the
production of new viral particles [5]. Despite being a respiratory virus, multiple evidences substantiate the virus’s ability to infect
other organs [6]. The ACE2 receptors are ubiquitous within the human body, particularly overexpressed on intestinal epithelial cells of
the gut [7,8]. The prevalence of ACE 2 receptors in lung epithelial and gastroenteric cells indicates that the respiratory and gastro-
intestinal systems serve as primary entry points for the virus [7]. The clinical spectrum of COVID-19 ranges from asymptomatic or mild
respiratory infection to fulminant pneumonia with acute respiratory distress syndrome or multi-organ failure resulting in a fatal
outcome [9]. During COVID-19, hospitalized patients also reported GI-related symptoms like abdominal pain, diarrhoea, nausea,
vomiting, anorexia, etc [10]. Previous studies have demonstrated that multiple coronaviruses could transit and thrive within the
gastrointestinal system [11]. Several clinical studies found that SARS-CoV-2 RNA is detectable in the stool samples of COVID-19
patients. Strong evidence emerged when samples from the patient’s gastrointestinal tissues, collected through endoscopy, tested
positive for SARS-CoV-2 RNA [12]. Exploring viral fusion and entry mechanisms in gastrointestinal cells is essential for elucidating the
pathogenesis underlying primary manifestations of the disease in the digestive system [13]. Studies suggest that such GI-related
symptoms might be related to gut dysbiosis caused by SARS-CoV-2 infection in the GI tract [14].

In nature, viruses undergo persistent genetic transformations, marked by the ongoing assimilation of changes in their genetic code
through processes like genetic mutations or viral recombination during the replication of their genomes. Similarly, SARS-CoV-2 is
prone to persistent mutational changes, resulting in variations that differ from those observed in the wild-type strain of nCoV-2 [15].
During the pandemic, many variants of n-CoV2 were identified worldwide. WHO labeled a variant as VOC (variant of concern) based
on specific attributes, including increased transmissibility, severe disease, increased hospitalizations, and reduced effectiveness of
vaccines or prevailing treatments. The 5 VOCs that were first entitled with this status were – Alpha (B.1.1.7), Beta (B.1.351), Gamma
(P.1), Delta (B.1.617.2), and Omicron (B.1.1.529) [15]. SARS-CoV-2 spike is one of the virus’s essential structural proteins, and
mutation in this alters the dynamics of infection and pathogenesis [16]. The primary determinant for the emergence of VOCs are the
mutations associated with spike protein. Studies have used the spike protein of different VOCs to understand the inflammatory
response associated with each variant of concern [17]. In India, the delta wave (2nd wave) had devastating consequences with high
hospitalization and fatality compared to the 1st wave (WT, alpha, beta, and gamma) and 3rd wave (omicron). Delta is also known to be
associated with higher hospitalization due to digestive complications [18].

Bacterial co-infection is a common complication of viral infections with increasing morbidity and mortality in conjunction with
more burden on healthcare resources [19–21]. Serious bacterial infections may be missed when all attention is focused on COVID-19.
Therefore, recognition of co-infection in patients with COVID-19 is of utmost importance. It enables stewardship for the proper use and
effective delivery of anti-microbial agents [19]. Helicobacter pylori, a gut bacterial pathogen, is notoriously known for its widespread
infection, affecting over 50 % of the global population [22]. This bacterium is primarily associated with gastritis, gastric adenocar-
cinoma, MALT (mucosa-associated lymphoid tissue), and other gut-associated diseases [23]. Post infection it prompts cellular changes
that hinder cell motility, impedes cellular proliferation, and influences apoptosis [24]. Naturally, it does not harm the gut, but external
factors like viral infection, bacterial infection, or other stimulants manifest a disbalance in the colony of gut-residing H. pylori [25].
Often, this microbial pathogen is known to interact with different viruses such as Epstein-Barr virus (EBV), Human Immunodeficiency
virus (HIV), and SARS-CoV-2 [26,27]. H. pylori-EBV coinfections are known to enhance the severity of inflammatory reactions causing
chronic gastritis and gastric cancer while H. pylori-HIV coinfection causes an enhanced systemic immune activation by increasing
CD4+ T cell count elucidating a high co-endemic setting [26,27]. This leads to an imbalance in the gut microbiota, potentially
exacerbating the detrimental impact of external pathogenic agents, such as SARS-CoV-2, within the human gastrointestinal system.
Studies have also suggested the possible entry of SARS-CoV-2 into gastric epithelial cells, leading to a disruption in the equilibrium of
the gut microenvironment [28]. In this aspect, understanding the pathogenesis associated with SARS-CoV-2-H. pylori coinfection in the
gastrointestinal system is important.

In the current study, we assessed the impact of concurrent H. pylori infection on the pathogenesis of COVID-19. The work aims to
decipher the molecular mechanism involved in the severity posed by the co-infection of the gut pathogen and SARS-CoV-2. We
explored the in-vitro effects of co-infection with H. pylori and the delta variant of SARS-CoV-2 on the HT-29 colon carcinoma cell line.
As both pathogens are known to infect intestinal epithelial cells, we chose colon epithelial cells for our study. The findings suggest that
coinfection with H. pylori exacerbates inflammation in colon cells. Further, the investigation of cell death type, reveals the necroptotic
cell death in the coinfected HT-29 cells. Additionally, we found mitochondrial damage in the lone as well as coinfected model, further
implicating mitochondrial dysfunction in the necrotic cell death process.
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2. Methodology

2.1. Mammalian cell culture, plasmid construct, and transfection

Colon epithelial (HT-29) cells were obtained from the National Centre for Cell Science (NCCS), Pune, India, within 1 year of the
study. As per standard procedure, the NCCS provides STR analysis and mycoplasma contamination -free report with the cell. The cells
were cultured in Dulbecco’s Modified Eagle’s medium (DMEM; Thermo Scientific, USA) supplemented with 10 % Fetal Bovine Serum
(FBS; Thermo Scientific, USA) along with 50 U/ml penicillin and 100 μg/ml streptomycin (Himedia, Mumbai, India), in a humidified
atmosphere with 5 % CO2 at 37 ◦C (Forma, Steri-cycle i160, Thermo Scientific, Waltham, USA). The cells were tested frequently for
mycoplasma contamination throughout the study period. The study used two plasmid types: pcDNA3.1 Myc-tag (PA3M, vector
control) and pcDNA3.3-SARS-2-B.1.617.2 (Spike Delta strain) (Addgene, Watertown, Massachusetts). Transfections were given in a
range of increasing concentrations of pcDNA3.3-SARS-2-B.1.617.2 plasmid DNA (0–3 μg) and the dose for further experiments was
identified at 3 μg concentration (Suppl. Fig. 1) in a 60 mm culture dish using Invitrogen Lipofectamine™ 3000 Transfection Reagent at
a confluency of 70 % [29].

2.2. Helicobacter pylori culture and infection

Previously described H. pylori was used for this study, we used two clinical strains of H. pylori: HB1, obtained from the biopsy
sample, and HJ9, obtained from the patient’s juice sample [30]. H. pylori was incubated in a microaerophilic chamber (Whitley DG
250) containing specific growth conditions (i.e., 85 % N2, 10 % CO2, and 5 % O2) at 37 ◦C. The growth media of H. pylori is complete
brain heart infusion media (BHI, Cat. No. 237500- BD Brain Heart Infusion broth), containing 10 % Fetal Bovine Serum (FBS Hi-media,
Cat. No. RM-10432) with 3× H. pylori selective antibiotics (5 mg/L cefsulodin, 10 mg/L vancomycin, 5 mg/L amphotericin B, 5 mg/L
trimethoprim) as described previously [31]. For infection, MOI-100 was used.

2.3. Coinfection methodology

In the current study, we devised a model incorporating a single SARS-CoV-2 and H. pylori infection and the coinfection of both
pathogens. As discovered by dose optimization experiments, we kept the time-point for incubating Delta-transfected cells to 48 h post-
transfection (hpt). This time point was kept constant for coinfected samples as well. For H. pylori infection, 24 hpi was the time-point
for incubation of alone infection samples, i.e., HB1 and HJ9, as the bacteria require a minimum of 12 h to establish their infection in the
cells. As represented in Fig. 1, for infection in samples III, IV, and V, HB1 and HJ9 were used to infect the HT-29 cells at MOI = 100.
After 24 h of incubation, sample III, i.e., HB1-infected HT-29 cells and HJ9-infected HT-29 cells, were collected for further experi-
ments. For sample IV, i.e., transfection with Delta plasmid followed by infection with HB1 and transfection with Delta plasmid fol-
lowed by infection with HJ9, samples were collected after 48 hpi. For sample V, i.e., infection with HB1 followed by transfection with
Delta plasmid and infection with HJ9 followed by transfection with Delta plasmid, the samples were collected after 54 hpi.

2.4. Transcript level expression analysis through real-time polymerase chain reaction (qRT-PCR)

The real-time PCR (qRT-PCR) was performed to analyze transcript profiles for inflammatory, apoptotic, and mitochondrial markers
in colon cells. The treated cells were collected and washed with 1× phosphate buffer saline (PBS) for RNA extraction through the
TRIzol (Sigma-Aldrich, St. Louis, USA) method. The cDNA synthesis was performed using Takara PrimeScript (Takara, Shiga, Japan)
according to the manufacturer’s protocol. Further, qRT-PCR was performed using SYBR green real-time master mix (Applied Bio-
systems, Waltham, USA) using Agilent AiraMX qRT-PCR system (Agilent Technologies, Santa Clara, USA). The cycle was programmed
at 10 min, 95 ◦C followed by 40 cycles of 15 s at 95 ◦C, 20 s at 58 ◦C, 20 s at 72 ◦C steps. The relative expression of SARS-CoV-2 Spike
Delta, inflammatory (IL6, IL10, IL1β, IFN β2, IFN β3, CXCL1, CXCL2, IFN-γ, TNFα), apoptotic (BAK, FADD, BIDD, Bcl2, Bax, Caspase9,
Apaf-1), and mitochondrial (CytC, ABAD, PDH, AKGDH, SDH, MDH, ANT, ATP synthase, MFN1, MFN2, OPA1, DRP1, MFF, MiD49,
MiD51, Fis1, MAVS) markers were analyzed using specific primers alongside human glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) as the reference gene. The analysis was performed using the del Ct method to compare the fold change values.

2.5. Western blot

The Western blot was performed as described previously [32]. In brief, the harvested cells were washed with PBS and lysed using
radioimmunoprecipitation assay (RIPA) buffer (VWR, Radnor, USA) along with protease and phosphatase inhibitors. Protein quan-
tification was done using Bradford reagent (Himedia, Mumbai, India) followed by separation of proteins with SDS-PAGE and trans-
ferred using 0.45 μm nitrocellulose membrane (Bio-Rad, Hercules, USA). The blocking was performed using 4.5 % BSA followed by
incubation with primary antibody with washing. Further, HRP-conjugated secondary antibodies were incubated for 1 h, and the blot
was visualized using chemiluminescent detection based on ECL western blotting substrate (Bio-Rad, ChemiDoc™ XRS + System with
Image Lab™ Software, Bio-Rad, Hercules, USA). The analysis was performed using ImageJ software (National Institutes of Health,
USA). Primary antibodies against NFkB p65 (#8242, 1:1000), β-catenin (#14903, 1:1000), cleaved caspase 3 (#9664, 1:1000), and
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RIPK1 (#3493, 1:1000) were purchased from Cell Signaling Technology, Danvers, USA. Antibody for Caspase-8 (Product
code:10-1019, 4 μg/ml) was purchased from Abgenex, Bhubaneswar, India. c-Myc (#MA1-980, 1:1000) and Anti-GAPDH
(#MA5-15738, 1:2000) were purchased from Invitrogen, Waltham, USA.

2.6. Immunofluorescence assay

The cells were seeded onto coverslips, and after infection and transfection, they were fixed with 4 % paraformaldehyde for 30 min.
Permeabilization was done using 0.2 % Triton-X100 for 30 min. Further, blocking was performed using 1 % BSA (Himedia, Mumbai,
India) followed by incubation with primary antibodies (RIPK1, c-Myc, b-catenin) for 2 h at room temperature. The cells were further
washed and incubated with secondary antibodies (1:1000 dilution) with different fluorophores along with counterstaining of cell
nuclei by 4′, 6′-diamidino-2-phenylindole (DAPI). The coverslips were transferred onto the slides with an antifade mounting medium
and observed under a confocal microscope (FluoView 1000, Olympus, Tokyo, Japan). The protocol has been discussed in detail
previously [29]. The image analysis was performed using ImageJ software (National Institutes of Health, USA), and fluorescent in-
tensities were calculated and plotted compared to vector control.

2.7. EB/AO to analyze cell death

To study apoptotic, necrotic, and living cells in the samples, EB/AO dual staining was performed using ethidium bromide and
acridine orange (100 μg/mL each) for 5 min at 37 ◦C followed by washing with PBS. The images were taken using a fluorescence
microscope (Olympus IX83, Olympus, Tokyo, Japan) at 20× objective magnification. Manual analysis was performed to count the cell
stages using color characteristics. A total of 1000 cells were counted to determine the percentage of live, necrotic, and apoptotic cells
[29].

Fig. 1. Model to study the coinfection of SARS-CoV-2 and Helicobacter pylori. Colon carcinoma cell line HT-29 was used in the study. The cells were
transfected with pcDNA3.1 Myc-tag and pcDNA3.3 SARS-CoV-2-spike delta for 48 h in the control/pA3M and Delta/S-protein group respectively.
For the pre-transfection model pcDNA3.1 SARS-CoV-2-spike delta was transfected to HT-29 cells and 24 h post-transfection H. pylori strain (HB1/
HJ9) was added with MOI 100 for 24 h. For the post-transfection model H. pylori (HB1/HJ9) was infected for 24 h followed by transfection of
pcDNA3.1 SARS-CoV-2-spike delta for 48 h. After completion of incubation period samples were subjected to analysis of inflammatory and apoptotic
markers by qRT-PCR and Western blot. EB/AO and mito-tracker staining were also performed post- incubation period.
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Fig. 2. Coinfection of H. pylori and SARS-CoV-2 Delta modulates inflammation markers at transcript and protein levels. To determine the level of
inflammatory markers and its regulators in the pcDNA 3.3 SARS-CoV-2 spike Delta transfected, H. pylori infected and their coinfection model qRT
PCR (a) and Western blot (bi) of selected markers was performed. Relative transcript expression of TLR2 (a i), CXCL1 (a ii), IL10 (a iii) and TNFα (a
iv) in HT29 cells. Relative protein expression of β-catenin (b ii), NF-κB (b iii) and c-Myc (b iv). The experiment was performed in triplicates, and the
results are shown as the mean ± SD of three data points. Unpaired T-tests were applied to determine the statistical significance. p values of <0.05,
<0.01 and < 0.001 were considered statistically significant and represented with #/*, ##/** and ###/***, denoting downregulation/upregulation
respectively. VC- Vector control (pcDNA3.1 Myc-tag).
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2.8. Mitotracker red and green assay to analyze mitochondrial functioning

After the infection or transfection period was completed, according to the coinfection model, cells were treated with MitoTracker
Red (200 nM) in 500 μL of plain DMEM incubated for 40 min at 37 ◦C. After incubation, cells were washed with PBS, followed by
MitoTracker Green (100 nM) treatment in 500 μL of DMEM for 40 min. After completion of the incubation period, cells were rewashed
with PBS, and images were taken under Olympus IX83 fluorescent microscope aided with CellSens imaging software at 20 × objective
magnification [33].

Fig. 3. Inflammation in the SARS-CoV-2- H. pylori coinfection model is mediated by β-catenin and c-Myc. Immunofluorescence of NF-κB, β-catenin
and c-Myc was performed with pcDNA3.3 SARS-CoV-2 spike Delta transfected, H. pylori infected and their coinfection model in HT-29 cells.
Representative immunofluorescence image and graphical representation of NF-κB (a i and ii), β-catenin (b i and ii), c-Myc (c i and ii) level.
Quantification was performed using Image J software. The experiment was performed in triplicates, and the results are shown as the mean ± SD of
three data points. Unpaired T-tests were applied to determine the statistical significance. p values of <0.05, <0.01 and < 0.001 were considered
statistically significant and represented with #/*, ##/** and ###/***, denoting downregulation/upregulation respectively. Scale bar 10 μM. VC-
Vector control (pcDNA3.1 Myc-tag), Delta-pcDNA3.3 SARS-CoV-2-spike delta.

Fig. 4. Altered mitochondrial mass and potential observed in colon cells upon coinfection of H. pylori and Spike Delta. Mitotracker Red and Green
Assay representing the mitochondrial membrane potential and mass respectively in coinfection model (a i). Quantitative representation of Mito-
tracker stained HT-29 cells was performed using Image J software (a ii). Relative transcript expression of mitochondrial markers with pcDNA 3.3
SARS-CoV-2 spike Delta transfected, H. pylori infected and their coinfection model in HT-29 cells (b). Quantification was performed using Image J
software. The experiment was performed in triplicates, and the results are shown as the mean ± SD of three data points. Unpaired t-tests were
applied to determine the statistical significance. p values of <0.05, <0.01 and < 0.001 were considered statistically significant and represented with
#/*, ##/** and ###/***, denoting downregulation/upregulation respectively. Scale bar 50 μM. VC- Vector control (pcDNA3.1 Myc-tag), Delta-
pcDNA3.3 SARS-CoV-2-spike delta. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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2.9. Statistical analysis and graphical representation

All the in vitro experiments were performed in triplicates. Data were presented as means ± standard deviation (SD) of three data
points. The statistical analyses were performed, and the graphs were plotted using GraphPad Prism 8 software. The statistical sig-
nificance was assessed by performing unpaired t-tests. The level of significance (α) was considered to be 5 % at the 95 % confidence
interval. p-values of <0.05, <0.01 and < 0.0001 were considered statistically significant and represented as *, **, and *** for higher
expression and #, ## and ### for down-regulation respectively.

3. Results

3.1. Augmented inflammatory response against coinfection scenario in colon cells

H. pylori has several virulence factors that assist the colonization of the pathogen and evade the host’s immune response [34]. These
virulence factors activate the host’s immune system, causing elevated levels of several inflammatory molecules, and resulting in acute
and chronic inflammation. Likewise, SARS-CoV-2 S protein is also a potent viral PAMP that upon sensing by TLR2, activates the NF-κB
pathway, leading to the expression of inflammatory mediators in innate immune and epithelial cells. To confirm the infection of
H. pylori and successful transfection of SARS-CoV-2 spike delta qRT-PCR of 16s rRNA and Spike was performed using gene specific
primers (Suppl. Fig. 1 a i and ii). Additionally, immunostaining of H. pylori flagellin and Spike was performed post completion of the
incubation period (Suppl Figure 1 bi). The results depict successful infection and transfection in the respective samples, in the coin-
fectionmodel, co-expression of both the proteins was observed (Suppl Figure 1 b i, ii and iii). To understand the profile of inflammatory
genes’ transcripts in colon (HT-29) cells after exposure to H. pylori, SARS-CoV-2 delta alone, and coinfection scenario, we performed
qRT-PCR for some crucial inflammatory genes (IL6, IL10, IL1β, IFN β2, IFN β3, CXCL1, CXCL2, IFN-γ, TNFα). Interestingly, the relative
transcript expression of pro-inflammatory molecules such as TNFα (p< 0.05), CXCL1 (p< 0.05), IL10 (p< 0.05), and Toll-like receptor
TLR2 (p < 0.01) was found to be significantly enhanced in H. pylori and SARS-CoV-2 delta co-infected colon cells compared to control
and alone infected cells (Fig. 2 a i-iv). However, the most robust inflammatory responses were observed in cells exposed to HJ9+Delta
(p < 0.01), where spike expression was also significantly higher (p < 0.0001) (Fig. 2 a i-iv and Suppl. Fig. 1 a i). This suggests that

Fig. 5. SARS-CoV-2 Spike Delta and H. pylori coinfection induces cell death in colon cells. To understand the effect of SARS-CoV-2-H. pylori co-
infection on cell death, dual acridine orange and ethidium bromide staining of HT-29 cells was performed. (a i) Representative image of EB/AO-
stained HT-29 cells. (a ii) Quantitative representation of EB/AO stained HT29 cells. The experiment was performed in triplicate and total 1000
cells were counted in each set for determination of live, apoptotic and necrotic cells, the results are shown as the mean ± SD of three data sets.
Unpaired T-tests were applied to determine the statistical significance. p values of <0.05, <0.01 and < 0.001 were considered statistically sig-
nificant and represented with #/*, ##/** and ###/***, denoting downregulation/upregulation respectively. The scale bar 50 μM. VC- Vector
control (pcDNA3.1 Myc-tag), Delta-pcDNA3.3 SARS-CoV-2-spike delta. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)
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Fig. 6. Coinfection of H. pylori and Spike Delta in colon cells induces necrotic cell death. To decipher the molecular mechanism underlying cell
death induced by SARS-CoV-2- H. pylori coinfection model we determined the transcript level of apoptosis related markers, protein level of apoptotic
and necroptotic markers in HT-29 cells. Relative transcript level of apoptosis marker FADD (ai), BAX (a ii), BAK (a iii), BID (a iv), BCL2 (a v), APAF-1
(a vi) and caspase-9 (a vii). Representative Western blot image of Caspase8, cleaved Caspase 3, RIPK1 and GAPDH in HT-29 cells (b i). Graphical
representation of protein level of Caspase8 (b ii), cleaved Caspase 3 (b iii) and RIPK1 (b iv). Representative immunofluorescence image (c i) and
graphical representation (c ii) of RIPK1. The experiment was performed in triplicates, and the results are shown as the mean ± SD of three data
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pre-existing H. pylori bacterial infection in colon cells could potentially create a favorable environment for the subsequent infection of
the SARS-CoV-2 virus.

Further, we investigated selected inflammatory markers such as NF-κB and its downstream effector molecules such as β-catenin and
c-Myc through Western blot and immunofluorescence analysis (Figs. 2 b and 3). Findings demonstrated a significantly enhanced
expression of NF-κB (p < 0.05) in SARS-CoV-2 spike transfected and delta + HJ9 and HB1+delta samples, compared to vector control
(Fig. 2 b i and iii). However, we found a downregulation of NF-κB (p< 0.05) in HJ9+delta panel. In the immunofluorescence study NF-
κB expression was significantly elevated in the spike, delta+HJ9 and HB1+ delta samples (p< 0.05) (Fig. 3 a i and ii). Further, similar
to the Western blot result a significant upregulation of β-catenin and c-Myc was observed in post transfection model (p< 0.01) (Fig. 3b
and c). This interesting finding substantiates our hypothesis that the co-infection of SARS-CoV-2 and H. pylori induces the activation of
NF-κB-mediated inflammation in colon cells which is further carried out by β-catenin and c-Myc.

3.2. Attenuation in the mitochondrial potential and mass post-exposure of H. pylori and SARS-CoV-2 delta

Along with the inflammatory responses, mitochondrial damage is a characteristic feature of viral infection [35]. Mitochondria are
closely involved in SARS-CoV-2 replication and mitochondrial homeostasis is disrupted by SARS-CoV-2 in the virus-cell confrontation.
We assessed the mitochondrial functionality to investigate the possibility of similar pathology in alone and coinfected colon cells. As a
result, we found a significant reduction in mitochondrial potential and mass (p < 0.05) in infected and co-infected cells compared to
the control cells (Fig. 4 a i and ii). Additionally, we checked the transcript expression of several mitochondrial markers, including
fission and fusion genes. As a result, we found a significant upregulation of mitochondrial fission markers such as MiD49 and Fis1 (p<

0.001) in cells exposed to HJ9+Delta compared to other panels. On the contrary, we observed reduced expression of the fusion marker,
MFN1 (p < 0.05) in HB1+Delta infected cells (Fig. 4 b).

3.3. H. pylori and spike delta coinfection induce cell death in colon cells

As SARS-CoV-2 immensely displays characteristic cytokine storms, it also induces cell death in specific cells, causing tissue
degradation and spreading the virus [36]. To understand the association of cell death in our coinfection model, we performed EB/AO
dual staining. When compared to alone infection samples, coinfected cells showed reduced viability. In the pre transfection group
(Delta + HB1 and Delta + HJ9) samples, the necrotic cells increase to 14 % and 10 %, respectively. Meanwhile, post-transfection
models (HB1+Delta and HJ9+Delta), display an even higher necrotic cell percentage, reaching up to 24 % and 34 %, respectively
(Fig. 5). Previously, studies have shown the correlation between apoptosis and COVID-19 infection. However, the mechanism of cell
death in the SARS-CoV-2 and H. pylori coinfection is yet to be elucidated. In addition to EB/AO staining, we performed transcript and
protein analysis to decipher this mechanism. At transcript levels, we observed an enhanced level of pro-apoptotic genes (bid, bak, and
caspase 9) and anti-apoptotic genes (bcl-2) (p < 0.01) (Fig. 6 a i-vii). The necroptotic marker, RIPK1, was significantly enhanced in
Delta+HB1 and Delta+HJ9 (p< 0.05 and p< 0.01) and HB1+Delta and HJ9+Delta (p< 0.01 and p< 0.001) at protein levels (Fig. 6
b i and iv). Similar modulation is observed at Caspase 8 and 9 downregulation (Fig. 6 b i-iii). Similarly, we observed significant changes
in RIPK1 expression in immunofluorescence images wherein prior infection of H. pylori (HB1 and HJ9) and then Delta transfection
resulted in higher RIPK1 expression (p < 0.01 and p < 0.05) when compared to Delta transfection and then H. pylori infection to colon
epithelial cells (p < 0.01) (Fig. 6 c i and ii). As we observed enhanced mitochondrial fission machinery in post transfected panels
evidenced by elevated expression of mitochondrial fission genes (mid 49 and fis1) specially in HJ9+Delta experimental panel. On the
contrary, reduced expression of mitochondrial fusion marker (MFN1) were observed. Interestingly, we found the significant upre-
gulated expression of pro-apoptotic markers associated with intrinsic pathway of apoptosis mediated by mitochondria (bid, bak, and
caspase 9) in the same set of post-transfected sample. These finding supports the previous literature that mitochondrial fission is an
early and critical event in apoptosis, occurring prior to caspase activation and membrane blebbing. This process is closely associated
with, and may even precede, the release of cytochrome c, as fragmented mitochondria are frequently observed retaining cytochrome c.
Several key proteins involved in the mitochondrial fission machinery, including Drp1, Fis1, and Endophilin B1, have been implicated
in the regulation of apoptosis, underscoring their role in programmed cell death progression (10.1101/gad.1658508;
10.3390/ijms22084260) Additionally, we observed the elevated expression of FADD, a marker associated with extrinsic pathway of
apoptosis in the same set of sample. These findings provide substantial evidence for the theory that mitochondrial dysfunction
particularly the excessive fission of mitochondria, plays a pivotal role in mediating cellular apoptosis.

4. Discussion

Besides the lung, virus can infect multiple organs, including the gastrointestinal tract [37]. As the GI tract is home to a colossal
microbiome, gut dysbiosis can alter SARS-CoV-2 pathogenesis [38]. One of the potent pathogens that causes gut dysbiosis is H. pylori,
which can interfere with viral infection [39]. H. pylori enters the gastric cells through type IV secretion system further releasing its
secretory proteins such as CagA, VacA, etc. As the infection is enhanced, gut microbial diversity gets altered due to numerous factors

points. Unpaired T-tests were applied to determine the statistical significance. p < 0.05 was considered significant in all the cases. p-values of <0.05,
<0.01 and < 0.0001 were represented with *, ** and *** respectively for significant upregulation and #, ##, and ### for significant down-
regulation. The scale bar 10 μM. VC- Vector control (pcDNA3.1 Myc-tag), Delta-pcDNA3.3 SARS-CoV-2-spike delta.

A. Tandon et al. Heliyon 10 (2024) e37585 

10 



including changes in pH, metabolites, and host pathways ultimately causing leaky gut. This gut barrier disruption gives opportunity to
several other pathogens to infect the intestine including viruses such as SARS-CoV-2. Furthermore, it potentially induces favorable
circumstances wherein the coinfection of both pathogens can harm the host immensely [40]. However, the molecular mechanism of
this coinfection pathogenesis is yet to be elucidated. Our study uses colon cells (HT-29) to explain the pathogenesis of H. pylori and
SARS-CoV-2 Spike Delta-mediated inflammation and cell death.

One of the most pronounced effects of COVID-19 infection is cytokine storm and associated multi-organ failure [41]. The NF-κB
pathway serves as a common inflammatory conduit in the pathogenesis of bothH. pylori and SARS-CoV-2 infections [42]. In the case of
SARS-CoV-2, the interaction between the Spike protein and ACE2 receptors triggers a signaling cascade involving TLR2, ultimately
leading to an NF-κB-mediated inflammatory response [43]. Likewise, H. pylori induces inflammation by binding to TLR2 receptors and
activating the NF-κB pathway [44].

In our findings, when colon cells are co-infected with H. pylori and SARS-CoV-2, there is a synergistic effect, resulting in an
escalated inflammatory response. This heightened immune activation could contribute to the observed gastrointestinal symptoms in
individuals with COVID-19. The concurrent activation of the NF-κB pathway by both pathogens in co-infected cells highlights a po-
tential molecular interplay that may exacerbate inflammatory processes and shed light on the underlying mechanisms of gastroin-
testinal manifestations in COVID-19 patients with co-infections. In the co-infection model involving HB1+Delta and HJ9+Delta,
characterized by a significant elevation in spike expression, there was a concurrent upregulation of transcripts for IL-10, TNFα, CXCL1,
and TLR2 in comparison to other samples. This observation suggests that the preceding H. pylori infection in colon cells may create a
permissive environment for SARS-CoV-2 infection. Moreover, this model mimics the natural scenario wherein bacteria pre-colonize
the colon cells, and further, a foreign pathogen like SARS-CoV-2 invades and establishes its infectious cycle. In our study, we
observed an upregulation of NF-κB in the sample transfected with the SARS-CoV-2 spike compared to the vector control. On the
contrary, co-infected samples exhibited a reduced expression of NF-κB except for the HB1 coinfected group. This finding is consistent
with previously reported results indicating a reduction in NF-κB expression after 12 h ofH. pylori infection except for HB1 [45]. Besides
NF-κB we have determined elevated expression of β-catenin and c-Myc in the pre-H. pylori exposed co-infected samples. Study by
Melano et al. showed β-catenin expression is stronger in Spike Vpp-infected cells at 24 h post infection (hpi) compared tomock-infected
cells [46]. In H. pylori infected cells, β-catenin expression and nuclear localization increase significantly compared to control [45]. The
higher expression of β-catenin in pre-H. pylori exposed co-infected samples, suggests that it might facilitate the viral entry in the H.
pylori exposed cells. Previous studies have also suggested the role of β-catenin in virus entry and establishment of infection [46,47].
c-Myc mediated effect of SARS-CoV-2 is not well described. Yet Deshpande et al. have shown the Orf7b induces lung injury via c-Myc
mediated cell death [48]. The increased level of c-Myc in coinfection scenario and its further association with the severity needs to be
studied in detail.

In addition, viruses also cause changes in mitochondrial function to promote viral translation and assembly [49]. One theory is that
virus–mitochondria interactions hamper mitochondria-associated antiviral signalling mechanisms [49]. SARS-CoV-2 needs host cells
to generate molecules for viral replication and propagation [50]. SARS-CoV-2 can block the expression of both nuclear-encoded and
mitochondrial-encoded mitochondrial genes, resulting in impaired host mitochondrial function [51]. Viral infections affect the
function of mitochondria in cells to impact the cell’s metabolism [52]. SARS-CoV-2 infection has been reported to cause mitochondrial
damage through fragmentation and leaky membrane [53]. Our findings corroborate existing literature by revealing observed mito-
chondrial stress in colon cells when exposed to infection, particularly in cases of bothH. pylori and SARS-CoV-2 co-infection. Consistent
with antecedent literature, our study elucidates a noteworthy attenuation in mitochondrial membrane potential and mass within cells
subjected to coinfection. This reduction serves as a signal for bioenergetic stress within the cell, potentially initiating the release of
apoptotic factors and, consequently, leading to cell death. This observation suggests the possible activation of apoptotic pathways in
the context of the co-infection model.

Bacterial and viral co-infections can perturb the dynamic balance of mitochondria, inducing mitochondrial autophagy, which in
turn promotes pathogen replication and persistence (10.1128/mbio.02096-21). These pathogens can disrupt the equilibrium between
mitochondrial fusion and fission, resulting in mitophagy and mitochondrial-dependent apoptotic cell death. The excessive fragmen-
tation of mitochondria is essential for the efficient execution of the intrinsic apoptotic pathway, particularly for the proper timing of
cytochrome c release and subsequent caspase activation.

Mitochondria play a crucial role in regulating cell death via the intrinsic apoptotic pathway. Upon apoptotic stimulation, the
activation of mitochondrial membrane proteins using the Bcl-2 family protein channels triggers mitochondrial outer membrane
permeability and releases apoptosis proteins (such as Cyt c, Smac, etc.) into the cytoplasm. Cyt c and apoptotic protease activating
factor 1 (APAF1) interact, forming apoptosomes and activating procaspase-9, which cracks caspase-3 and caspase-7, thus inducing cell
apoptosis [54]. Cell death in the form of apoptosis is considered as a preventive mechanism up to certain levels, as the host elicits an
intrinsic immune response that possibly reduces the viral replication and further spread [55]. However, at higher levels, cell death
induces an immune response known as cytokine storm, which causes tissue degradation, viral spread, and ultimately death. Different
components of SARS-CoV-2 are known to initiate cell death [41]. Cell death induced by SARS-CoV has been observed in various tissues
of infected individuals, and distinct components of the virus have been identified as instigators of this cellular demise process [56]. As a
result of apoptosis, cytochrome c released from damagedmitochondria leads to activation of caspases. This marks the cell for apoptosis
or programmed cell death [57]. In our co-infection model, a notable rise in the percentage of necrotic cells was observed as we
transitioned from a single infection to co-infection. Based on our findings, the combined evidence from EB/AO staining and the
transcriptional expression of apoptotic genes strongly suggests a predilection towards necroptotic cell death. Notably, we assessed the
expression of RIPK1, an essential adaptor kinase intricately involved in both necrosis and apoptosis pathways. Consistent with previous
experimental results, we observed an elevated expression of RIPK1 in samples undergoing co-infection with H. pylori and SARS-CoV-2.
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Previous studies have reported that RIPK1 kinase undergoes autophosphorylation during TNFα-induced necroptosis. This phosphor-
ylation event activates RIPK1, enabling it to recruit RIP3 and form a necrosome complex. In our study, we identified a substantial
upregulation of TNFα at the transcript level in H. pylori + SARS-CoV-2 co-infected samples. This finding strongly implies that
TNFα-induced necrosis could be a prominent pathway during the co-infection. The EB/AO staining patterns strongly suggest that,
during co-infection, a substantial proportion of cells undergo necrosis. This occurrence is likely attributed to an increased pathogen
burden in co-infected cells, as compared to individuals infected or transfected. Consequently, our interpretation aligns with the
previous indications derived from the expression profiles of apoptotic and anti-apoptotic markers, supporting the notion that
co-infection involving SARS-CoV-2 and H. pylori in colon cells leans towards necrosis rather than apoptosis.

Conclusively, our study provided a mechanistic understanding of theH. pylori and SARS-CoV-2 coinfection induced necroptosis and
inflammation. It highlights the involvement of inflammatory mediators NF-κB and its associated molecules like β-catenin and c-Myc in
inducing inflammation. Furthermore, alterations in mitochondrial functions were also induced. Our study for cell death analysis
revealed the prominence of necroptosis over apoptosis in the co-infection model marked by elevated expression of RIPK1 (Fig. 7). The
present study also highlights the detrimental effect of pre-exposure of H. pylori in the coinfection model, as compared to post exposure
of H. pylori and lone infections.

More than half of the global population is infected with H. pylori [53], emphasizing the need to explore the effects of viral in-
terventions, such as SARS-CoV-2, in relation to the gastrointestinal symptoms observed during the COVID-19 pandemic. Our research
uncovers a potential mechanistic pathway that may drive inflammation during co-infection. Further studies utilizing in vivo models
could provide a deeper understanding of the inflammatory processes triggered by these infections. Such investigations hold promise in
identifying therapeutic targets to alleviate GI symptoms in patients infected with COVID-19.
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