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Abstract  

Introduction: Inflammation and joint stiffening are common symptoms of rheumatoid arthritis (RA), an autoimmune 

inflammatory disease. Previous treatments of RA have focused on decreasing symptomatic effects but have limited effects on 

disease progression. In RA, an influx of pro-inflammatory cytokines occurs at the synovium, which is the soft tissue 

surrounding the joints. The production of pro-inflammatory cytokines is controlled by regulatory T-cells, which have a deficit 

in function in RA patients. Regulatory T-cell development and function is regulated by the forkhead box P3 (FOXP3). The 

FOXP3 gene is a viable therapeutic target to restore regulatory T-cell functionality because FOXP3 is underexpressed in RA 

patients. Therefore, this study ventures to treat RA regulatory T-cell functionality by increasing FOXP3 gene expression 

through FOXP3 recombinant Lactobacillus plantarum bactofection. We hypothesize that bactofection will lead to a decrease 

in RA progression by restoring normal function in regulatory T-cells, thus decreasing inflammation.  

Methods: We propose a study using severe combined immunodeficient mouse models engrafted with human RA synovium. 

The mice will be given either no treatment (control group) or a 2×109 CFU/g dose of recombinant Lactobacillus plantarum 

strain. The mice will be sacrificed after 0 days, 10 days, 20 days, and 30 days (control group and treatment groups 

respectively). Synovial tissue samples will be obtained from the hip joints. Through immunofluorescence and western 

blotting, the prevalence of FOXP3, regulatory T-cells and pro-inflammatory cytokines such as tumor necrosis factor-alpha, 

Interleukin-1 and Interleukin-6 will be compared between the control and treatment groups. For statistical analysis, a one-

way MANOVA test, Levene’s test, and a Shapiro-Wilk test will be performed using GraphPad Prism. 

Results: As a result of bactofection, there will be an increase in FOXP3 and regulatory T-cells, resulting in a decrease of pro-

inflammatory cytokines.  

Discussion: Analysis of mice treated with recombinant Lactobacillus plantarum compared to mice with no treatment will set 

a correlation between FOXP3, regulatory T-cells, and pro-inflammatory cytokines prevalence and RA progression after 

treatment.    

Conclusion: The findings of this study will provide evidence that bactofection is a viable treatment for RA, and may be more 

effective than conventional treatments. 
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Introduction 

Rheumatoid arthritis (RA) is a chronic inflammatory 

autoimmune disease, reportedly affecting approximately 

0.5–1% of the adult population in developed nations [1]. 

Hallmarks of RA include pain and joint swelling due to 

inflammation, eventually leading to complete impairment 

of joint function [2-4]. Synovitis, inflammation in the 

synovium, is one of the initial symptoms of damage due to 

RA [1,3]. The synovium is the soft tissue surrounding the 

joints [1]. Synovitis is caused by an overproduction of  

pro-inflammatory cytokines and other immune cells, 

including T-cells and B-cells, alongside angiogenesis [3,5]. 

Pro-inflammatory cytokines, such as tumor necrosis factor-

alpha (TNF-α), Interleukin-1 (IL-1) and Interleukin-6  

(IL-6) have particularly significant roles in promoting 

inflammation during RA [2]. 
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Inflammation begins with activation of the innate 

immune response [3]. Antigen-presenting cells such as 

macrophages and dendritic cells, present antigens linked 

with RA to T-cells [3]. This allows CD4+ T-cells to pass 

through the synovial membrane and secrete pro-

inflammatory cytokines [3]. B-cells are also activated, thus 

producing cytokines and antibodies, as well as presenting 

antigens [3,6]. T-cell and B-cell activation triggers the 

release of a cascade of cytokines and chemokines to occur 

[3,5,6]. Eventually, degradation of cartilage occurs when 

cytokines TNF-α, IL-1, and IL-6 activate synoviocytes. 

Synoviocyte activation results in the secretion of matrix 

metalloproteinases, causing degradation of the extracellular 

matrix [3,5,6]. 

One of the key players associated with inflammation in 

the body are regulatory T-cells (Tregs). Tregs have an 

important role in regulating or suppressing cells in the 

immune system [7]. These cells help to prevent 

autoimmune diseases and manage the immune response to 

antigens [8]. Based on previous studies, it has been 

determined that Treg cells can influence tissue repair by 

entering the muscle and suppressing inflammation [9]. 

Tregs have been shown to have decreased function in RA 

patients. This Treg functionality deficit results in the 

overproduction of pro-inflammatory cytokines such TNF-α, 

IL-1 and IL-6 [2,8]. Furthermore, Tregs expresses the 

transcription factor forkhead box protein (FOXP3) [8]. 

FOXP3 regulates the development and function of Treg 

cells, and therefore, has an important role in tissue repair 

and enforcing immune tolerance to autoimmune diseases. 

FOXP3 specifically oversees the development of Tregs in 

the thymus. Regular FOXP3 expression is required to 

ensure the proper development of Tregs in order to 

maintain their suppressive activity. The underexpression of 

FOXP3 in RA patients, is the reason for the decrease in 

function of Tregs in RAs patients [9]. 

Current common treatment options for RA are 

glucocorticoids, non-steroidal anti-inflammatory drugs 

(NSAIDs), and disease-modifying antirheumatic drugs 

(DMARDs) [5,6]. Although glucocorticoids are effective in 

reducing inflammation, they can be toxic at high dosages. 

As such, glucocorticoids are often used in combination with 

DMARDS [10]. NSAIDS and DMARDS serve to decrease 

pain and inflammation, allowing patients a higher quality of 

life; however, they are only symptomatic treatments, which 

must be continually administered [5]. In terms of slowing 

down RA disease progression, better therapies need to be 

developed, tested, and approved. 

Bactofection is bacteria-mediated delivery of plasmid-

borne mammalian genes into target cells in order to induce 

target gene expression [11,12]. Previous studies involving 

cancer [13,14] and cystic fibrosis [15,16] have successfully 

employed bactofection to induce desired results. After the 

bacteria undergoes endocytosis and endosomal release, 

there are two different ways the transgene product is 

expressed in the target cell. Firstly, the transgene product 

can be produced and secreted directly by the bacteria. Only 

bacteria can use this method of transgene expression 

because they have the necessary components to produce 

mRNA, RNAi, and proteins, in contrast to other gene 

delivery systems [17]. Secondly, the transgene product can 

be expressed via host cell-mediated expression of a genetic 

cassette released by bacteria [17]. Genetic cassettes 

generally have no space for transcription signals due to 

their small size. Consequently, the cassettes require host 

integrons to provide a promoter to enable their gene 

expression [18]. Bacteria-mediated transgene expression 

has the capability to evade host cell defenses  

against exogenous DNA because the DNA is confined 

within the bacteria [17]. Through a previous study 

conducted by Birmingham et al. it was discovered that 

bacteria-mediated transgene expression can evade 

exogenous DNA host cell defences, due to the DNA being 

enclosed within the bacteria. Thus, bacteria-mediated 

transgene expression enabled long-term expression of the 

transgene [19]. As such, bactofection may provide long-

term expression of FOXP3, providing a long-term treatment 

option for RA. 

Lactobacillus species include various probiotic strains 

of Lactobacillus acidophilus, Lactobacillus reuteri, 

Lactobacillus rhamnosus, Lactobacillus johnsonii, and 

Lactobacillus plantarum. Lactobacillus plantarum  

(L. plantarum) is one of the most well studied species in 

terms of oral consumption [20]. Plasmid-borne 

Lactobacillus plantarum (L. plantarum) are facultatively 

anaerobic, gram-positive, non-spore-forming, rod shaped 

members of the family Lactobacillaceae. Furthermore, 

these microbes are a normal component of the 

gastrointestinal and vaginal flora in humans [21] and can 

survive ingestion because they can tolerate stomach acids. 

L. plantarum is classified as “generally recognized as safe” 

(GRAS) and as qualified presumption of safety (QPS) [20]. 

As such, L. plantarum is an ideal candidate for mediating 

gene delivery [21]. This study aims to explore feasibility of 

treating RA inflammation through FOXP3 recombinant L. 

plantarum bactofection, thus increasing FOXP3 gene 

expression and decreasing proinflammatory cytokine levels 

in severe combined immunodeficient mice engrafted with 

human RA synovium (SCID-HuRAg) mice models. 

 

Methods 

Animal Models 

We will be using eleven-week-old male and female 

SCID-HuRAgs as mice models. Eight mice will be used in 

each group, with fourteen groups in total (seven consisting 

of male mice and seven consisting of female mice). SCID-

HuRAg mice have a defect in their V(D)J recombinase 

system. Consequently, the SCID mice are unable to reject 

xenogenic grafts due to their failure to develop mature T 

and B lymphocytes. The mice display histological 

characteristics closely similar to human RA. Since the 

transplanted tissue in this animal model originates from 
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humans, it serves as an effective model for studies on the 

effect of treatment on RA pathogenesis [22]. The mice will 

be bred under specific pathogen-free conditions of the 

Charles River Laboratories [23]. The experimental groups 

and subsequent investigative steps and tests are outlined in 

Figure 1. 

 

 

Figure 1. An experimental overview of the proposed study. N=8 mice for each treatment and control, thus, a total of 

112 mice will be used. SCID-HuRAg = Severe combined immunodeficient mouse model engrafted with human RA 

synovium; L. plantarum = Lactobacillus plantarum, CFU = Colony Forming Unit, C = Control Group, T = Treatment 
Group. Figure made using Goodnotes 5. 
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Recombinant Bacteria 

In this study, we aim to construct a recombinant 

FOXP3 lactobacillus species using the L. plantarum strain 

WCFS1 by in vivo recombination [24]. L. plantarum 

WCFS1 will be obtained from the appropriate manufacturer 

and will be maintained in De Man, Rogosa and Sharpe 

(MRS) media at 37°C in a 5% CO2  atmosphere. The 

fragments (Forward Sequence: GGCACAATGTCTCC 

TCCAGAGA; Reverse Sequence: CAGATGAAGCC 

TTGGTCAGTGC) containing Foxp3 will be amplified 

using polymerase chain reaction (PCR) with a Q5 hot start 

high-fidelity DNA polymerase [24] and subcloned into 

modified pET-11d plasmids. These modified pET-11d 

plasmids will be used as templates for cloning into L. 

plantarum WCFS1 plasmid allowing amplification of the 

FOXP3 gene. The amplified fragments will be digested 

using Apal/Hpal and ligated using T4 DNA ligase into L. 

plantarum WCFS1 plasmid to obtain WCFS1-FOXP3 

plasmids. 

 

Electroporation 

L. plantarum WCFS1 cells will be placed on ice prior 

to electroporation into competent L. plantarum WCFS1-

FOXP3. The WCFS1-FOXP3 plasmids will be combined 

with electrocompetent cells and incubated on ice for 5 

minutes. Incubation will be followed by 1 kV mm-1 for 5 ms 

pulsing and immediate recovery with 1 mL MRS 

supplemented with MgCl2. These cells will be grown for 24 

hours in a recovery media and plated on MRS agar with 

erythromycin in an anaerobic chamber [25,26].  

 

Administration/Bactofection 

We will orally administer a dose of recombinant L. 

plantarum strain by gavage to all SCID-HuRAg mice 

treatment groups. Dosage concentration of 2×109 CFU/g 

was determined using other studies as references 

[27,28,29]. The administration will be done at one time  

(zero time). L. plantarum will act as carriers in order to 

transport the plasmids and deliver the transgene into mice 

cells [11,30]. 

 

Tissue Samples 

Synovial tissue samples for immunostaining, western 

blot and flow cytometry will be isolated from the hip joints 

of the mice in both the control and treatment groups. There 

will be eight control groups and six treatment groups. The 

mice in the controls and treatment groups will be sacrificed 

through cervical dislocation and the synovial tissue 

surrounding their hip joints will be aspirated by syringe 

[31]. Control groups one and five will be sacrificed after 

zero days. Control groups two and six and treatment groups 

one and four will be sacrificed after 10 days. Control 

groups three and seven and treatment groups two and five 

will be sacrificed after 20 days. Finally, control groups four 

and eight and treatment groups three and six will be 

sacrificed after 30 days. The extracted tissue samples will 

be used to conduct secondary immunofluorescence, to 

extract proteins for western blotting and to produce 

synovial cell suspensions for flow cytometry. All the 

surgical procedures performed will be conducted under 

sterile conditions. 

 

Immunostaining  

Primary antibodies will be used to tag and bind 

FOXP3, TNF-α, IL-6 and IL-1 in each tissue sample, using 

separate slides for tagging each protein of interest. 

Secondary antibodies (anti-FOXP3 antibody, anti-IL-6 

monoclonal antibody, anti-IL-1 antibody, and anti-TNF-α 

antibody) will be labeled with fluorescein isothiocyanate. 

Anti-FOXP3 antibodies will be used to tag FOXP3 and 

anti-IL-6 monoclonal antibodies will be used to tag IL-6. 

Anti-IL-1 antibodies will be used to tag IL-1 and anti-TNF-

α antibodies will be used to tag TNF-α. Fluorescence 

microscopy will be conducted at an excitation wavelength 

of 495 nm and emission wavelength of 520 nm with an 

exposure time of 160ms [32,33]. The resulting images will 

be analyzed to determine the prevalence of the proteins of 

interest in each sample. 

 

Protein Extraction 

The previously isolated synovial tissue samples will be 

frozen and then crushed in a cryotube using a sterile steel 

ball. A protein extraction will be performed and the 

extracted protein will be solubilized in 2% sodium dodecyl 

sulphate (SDS) for ten minutes, at 70°C by shaking [34]. 

These proteins will be used for western blotting. 

 

Western Blotting 

Western blotting for FOXP3, Treg, TNF-α, IL-6 and 

IL-1 proteins will be used to validate immunofluorescence 

results as explained before. The previously extracted 

proteins will be used to prepare samples to be loaded onto a 

gel electrophorator. The electrophorator will run at 60V for 

approximately one hour. The gel will then be moved to a 

transfer apparatus for 90 minutes where it will be 

sandwiched in between a polyvinylidene fluoride (PVDF) 

membrane. The membrane will then be blocked for one 

hour with 5% skim milk in Tris Buffered Saline with 

Tween (TBST), and primary antibodies will then be added 

and incubated overnight. After incubation, the membrane 

will be washed three-times with TBST for five minutes, 

allowing for the unbound antibodies to be washed off, 

leaving the bound antibodies to the proteins of interest. The 

secondary antibodies will then be added and incubated for 

one hour. Once again, after incubation, the membrane will 

be washed three-times with TBST for five minutes. The 

enhanced chemiluminescence (ECL) mixture will then 

cover the top and bottom of the membrane. In a dark room, 

the blot will be visualized. The thickness of the bands will 

indicate the amount of each protein present in the sample 

[35]. This process will be conducted for all of the control 

and experimental samples separately. 
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Synovial Cell Suspension 

Using a scalpel, previously isolated synovial tissue 

samples will be minced into approximately 1mm3 small 

fragments. At 37°C, these small tissue fragments will then be 

enzymatically digested by hyaluronidase and collagenase for 

two hours. During enzymatic digestion of the tissues, the 

samples will also be continuously stirred [36]. At the end of 

the two hours, the cells will be centrifuged for ten minutes at 

room temperature. The supernatant will be discarded. The 

pellet will be resuspended in phosphate-buffered saline 

(PBS) and centrifuged again for ten minutes. Once again, the 

supernatant will be discarded and the pellet will now be 

suspended in a suitable volume of flow cytometry staining 

(FACS) buffer [37]. 

 

Flow Cytometry 

Antibodies conjugated with fluorophores will be used 

to quantify FOXP3, TNF-α, IL-6 and IL-1 levels. Anti-

FOXP3-fluoro-isothiocyanate will be used to tag FOXP3 

and anti-TNF-α-phycoerythrin will be used to tag TNF-α. 

Anti-IL-6-allophycocyanin will be used to tag IL-6 and 

anti-IL-1-R-phycoerythrin will be used to tag IL-1. The 

samples will be incubated for an hour on ice, in the dark. 

Then, the samples will be washed and resuspended in a 2ml 

volume of FACS. The samples will then be centrifuged for 

five minutes. The supernatant will be discarded and the 

sample will then be resuspended in 2ml of FACS. Finally, 

the samples will proceed to be run on the flow cytometer 

and data will be recorded and analysed [38].  

 

Statistical Analysis 

The western blot and flow cytometry will be analyzed 

using ImageJ software. Results from flow cytometry will be 

used to determine statistical significance between groups 

one-way ANOVA (analysis of variance) tests will be 

performed. Before conducting the one-way ANOVA tests, a 

Shapiro-Wilk test will be used to test for normality. We will 

also test to eliminate univariate or multivariate outliers. 

These tests will be run using GraphPad Prism. Tukey’s 

post-hoc test will be performed on the results to determine 

which specific dependent variables are different when 

compared to each other. p-values < 0.05 will be considered 

significant. 

 

Results  

We will use SCID mouse models engrafted with 

human RA synovium. The mice will be given either no 

treatment (control groups) or a 2×109 CFU/g dose of 

recombinant Lactobacillus plantarum strain. Two male and 

female control groups will be sacrificed after 0 days. The 

remaining mice will be sacrificed after 10, 20, and 30 days, 

each time point including both male and female control and 

treatment groups. If orally administering 2×109 CFU/g of 

recombinant L. plantarum strain is effective, it can be 

expected that there will be an increase in FOXP3, resulting 

in an increase in quantity and function of Treg cells. 

Restoration of Treg functionality is expected to 

subsequently lead to a reduction in pro-inflammatory 

cytokines (TNF-α, IL-6 and IL-1). We expect that upon 

analyzing the immunofluorescence test results, there will be 

brighter areas representing FOXP3 and Treg cells and 

darker areas representing the pro-inflammatory cytokines in 

the experimental groups in contrast to the control group. 

This similar pattern of increase and decrease is expected to 

be consistent over the 10 day, 20 day, and 30 day 

experimental groups, with the largest difference seen 

between the 30 day treatment and control. These results 

will be confirmed using the western blot, in which the same 

pattern of increase in FOXP3 and Tregs and decrease in 

pro-inflammatory cytokines is expected to  be seen between 

the experimental and control groups. 

 

Discussion 

The results will be used to compare mice treated with 

recombinant L. plantarum to mice with no treatment, and is 

expected to set a correlation between FOXP3, Treg, and 

pro-inflammatory cytokines prevalence and RA progression 

after treatment. Since RA is currently an incurable disease, 

better treatments than already available are needed.  

When testing new therapeutic techniques using mouse 

models, it can be difficult to draw reliable conclusions due to 

immune system differences between humans and mice. 

However, using humanized models provides the ability to 

mimic the human immune system in mice [38]. As a result, 

humanized mice models are used to study a variety of human 

diseases such as HIV, Sepsis, Zika and Influenza [40-45]. 

L. plantarum was chosen as a model organism as it is a 

natural component of the gastrointestinal microbiome and 

for its acid-resistant properties that allow it to survive 

ingestion [21]. The mass production of the recombinant L. 

plantarum is expected to be economical due to the high 

reproductive rate of bacteria.  

A possible limitation of this study is due to 

photobleaching in immunofluorescence, which would cause 

a decrease in fluorescence intensity and skew results [46]. 

To limit photobleaching, the immunofluorescence samples 

will be imaged promptly after staining and be kept in the 

dark when not in use, thereby limiting light exposure. When 

the fluorescent imaging will be conducted, the LED 

intensity will be set at an optimal level, thus also limiting 

photobleaching due to high levels of LED intensity. Another 

possible limitation of this study is due to only one 

concentration (2×109 CFU/g) of recombinant L. plantarum 

being tested. It is possible that this dose is not effective, and 

a higher dose will be needed to see an effect. Further studies 

will be conducted to investigate dosage and how efficacy 

compares to standard pharmaceutical treatments of RA. 
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Conclusions 

Through proposing this experiment, our goal is to 

introduce L. plantarum as mediators of FOXP3 gene 

delivery while observing the effects on FOXP3, Treg and 

pro-inflammatory cytokine numbers in SCID-HuRAg mice, 

providing a possible novel therapy for RA patients. Through 

bactofection, we expect to provide a more effective therapy 

for patients with RA by increasing expression of FOXP3, 

ultimately resulting in a decrease of disease progression 

through restoration of Treg functionality. The findings of 

this study will provide evidence that bactofection is a viable 

treatment for RA. However, further investigations of the 

complex interaction of the L. plantarum bactofection and the 

immune system of the humanized mice is required. Further 

studies will also be conducted to investigate the ideal dosage 

for recombinant L. plantarum administration and to compare 

the efficacy of bactofection treatment with standard 

pharmaceutical treatments. 
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