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Abstract 

Introduction: Familial hypercholesterolemia is a common genetic disease mainly 

caused by the mutation of LDLR, APOB, and PCSK9. A fourth gene, STAP1, 

classically known to be expressed in immune cells, has been suggested to be one 

of the causative genes. However, the involvement of STAP1 in familial 

hypercholesterolemia is still controversial, as recent studies have also indicated 

otherwise. Despite the fact that STAP1 is mainly expressed in the spleen but 

dramatically increased in the liver of high-fat diet (HFD) fed mice, the 

pathophysiological function of STAP1 remains not known. In this study, I have 

systematically examined the role of STAP1 in B cell immune responses and its 

potential moonlighting function in immunometabolism by both loss of function 

and gain of function mouse models.   

 

Methods: STAP1 global knockout (KO) mice and a recombinant adeno-associated 

virus (rAAV) mediated gene delivery system specifically overexpression of 

STAP1 in B cells were used to study the relationship between STAP1 and 

immunometabolism. For the immunization assay, mice were immunized with 
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ovalbumin as a model antigen. Antigen-specific antibody levels were assessed 

using ELISA. A siRNA system was employed for suppressing STAP1 in vitro. A 

Seahorse extracellular flux analyzer was used to measure mitochondrial respiration 

to determine the main function of mitochondrial-related ATP production. Flow 

cytometry, RT-qPCR, and Western blot analysis were performed to determine the 

number of mitochondria, mitochondrial function, and the expression levels of 

mitochondrial complexed mRNAs or proteins.  

 

Results: Deletion of STAP1 resulted in a lower antigen-specific antibody 

production at mucosal sites following intranasal immunization adjuvanted with 

facilitated with cholera toxin in mice. Consistently, knock-down STAP1 

expression in hybridoma B cells by specific siRNAs decreased the secretion of the 

IgG1 antibody. Mechanistically, suppression or deletion of STAP1 resulted in 

weaker mitochondrial respiration and glycolysis by downregulating the expression 

of mitochondrial biogenesis genes. In contrast, enhancing mitochondrial 

respiration and glycolysis were observed in primary B cells from mice with 

overexpressing of STAP1. In addition, increased serum cholesterol and triglyceride 

levels after fasting under standard chow feeding were observed in STAP1 KO mice 
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as compared with their wild-type littermates. While overexpressing STAP1 in B 

cell of HFD fed mice improved the lipid profiles. 

 

Conclusion: In this study, I provided compelling evidence demonstrating an 

important role of STAP1 in immunometabolism. STAP1 is required for optimal 

humoral immune responses, and hence the lipid metabolism, by maintaining 

mitochondrial respiratory capacity in B cells. Collectively, my work has shed initial 

light on the elucidation of a possible link between immunity and metabolism 

through the expression of STAP1 in B cells. STAP1 is a novel diagnostic and 

therapeutic target for B cell related immunometabolic diseases.  
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1 Introduction 

1.1 Immunology 

The immune system is a complex network depending on cells and proteins, 

protecting the body from infections, such as germs, fungi, and viruses. The main 

components of the immune system in our body are white blood cells, antibodies, 

complement system, lymphatic system, spleen, bone marrow, and thymus. The 

immune system divides into innate immunity and adaptive immunity. The natural 

immune system provides immediate protection against some known infections 1-2. 

In contrast, the adaptive immune system creates immune cells, B and T 

lymphocytes, to construct a more complex defence system for resisting imprecise 

defences. Furthermore, the dendritic cell (DC) processes and presents microbial 

antigens to lymphocytes and provides them with signals to link the innate immune 

system and the adaptive immune system. Ensuring the interaction of these two 

immune systems can protect our body from all kinds of infections well3. 

Cellular immunity and humoral immunity compose human adaptive immunity. T 

cells in cellular immunity can activate the B cell of humoral immunity for 

proliferation and differentiation. And antibodies will be produced in plasma cells 

finally. The vaccination, vaccine acts as an antigen to activate our immune 



3 

 

response in our body. Briefly, when the antigen, for example, bacteria, gets into 

our bodies, they will first encounter the antigen-presenting cell (APC), especially 

the dendritic cell (DC). Next, they will be phagocytosed into small fragments and 

presented to the Naïve T cell by DC. Currently, antigen fragments act as 

stimulatory to activate naïve T cell differentiation. The Naïve T cell will 

differentiate into two different T helper (Th) cells based on the different antigens. 

Th1 and Th2 cells. Finally, the Th cell activates B cell differentiation and plasma 

B cell to secrete antibodies. 

During the vaccination process, the antigen is primarily captured by DC and 

presented to a naïve T cell by DC. Various Th cells activation were induced by the 

diverse source of antigen, and the polarization of Th1 and Th2 cells is proposed to 

be built on cytokines selection. Th1 cell identifies the endogenous antigen, for 

example, bacteria, protozoa, and fungi producing interferon-gamma (IFN-γ), then 

promotes the B cell class-switch in the germinal centre to secrete IgG2a or iGg2c. 

However, the Th2 cell recognizes exogenous antigens, like helminths, secreting 

interleukin (IL)-4, IL-12, and IL-5, which motivate class-switch production of 

IgG14-6.  
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After Th cell activation, it induces B cell differentiation and migration to the B cell 

zone in secondary immune tissue to form a germinal centre. In the germinal centre, 

B cell improves their antibody affinity after somatic hypermutation (SHM). B cell 

with high affinity-antibodies production capacity is selected to develop into plasma 

cell or memory cell. At the same time, another B cell with low or no power is 

abolished7. Intriguingly, related to metabolism, germinal centre B cells rely on fatty 

acid oxidation to provide energy for proliferation8.  Moreover, it is reported that 

hypercholesterolemia impairs immunity in Tuberculosis9 and Atherosclerosis10. 

 

1.2 Vaccination 

Vaccination is a highly effective and sustainable strategy for preventing and 

combating disease-causing pathogens such as bacteria and viruses that affect 

human health 11. Vaccines work by priming our immune system to recognize these 

pathogens in advance by simulating an infection. This type of "infection" can 

induce our immune system to produce T-lymphocytes and antibodies. When our 

body is attacked by similar pathogens in the future, our immune system can 

recognize the invading pathogens and launch efficient adaptive immune responses 

to remove them. 
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However, the performance of vaccines can vary significantly between individuals 

in terms of both safety and efficacy. Some individuals may experience a strong 

reaction from the vaccine; for example, around 0.2% of individuals who receive 

full COVID-19 vaccination may experience allergic reactions or anaphylaxis 12. 

Additionally, approximately 2-10% of healthy people fail to produce expected 

levels of antibodies in response to routine vaccines within a reasonable timeframe 

13. This heterogeneity in immunogenicity is often not considered when assessing 

disease control measures. As a result, it is crucial to address basic questions about 

vaccination, such as identifying individuals at risk for poor immunogenicity and/or 

serious adverse events after vaccination, determining the appropriate dosage and 

frequency of vaccine doses needed to fully protect an individual, and exploring any 

immunogenetic factors associated with host responses to vaccination. 

The literature reports that various factors, including age and gender, can be 

associated with differences in immune responses to vaccines. For instance, females 

and younger participants appear to have an increased capacity to mount humoral 

immune responses to the SARS-CoV-2 BNT162b2 vaccine 14. There is growing 

interest in understanding the genetic influence of predetermined factors, such as 
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gene expression levels and polymorphisms, on vaccine effects at both the 

individual and population levels. 

 

1.3 Immunometabolism 

Energy and metabolism building are needed for all living cells or organisms. The 

booming research of immunometabolism provides more information to understand 

how metabolic resources maintain adaptive and innate immune responses. More 

and more evidence prove that the interaction between metabolism and immune 

responses regulates cells’ function. Primary studies indicate that inflammatory 

cytokines, which increase in obese adipose tissue, cause metabolic disease15. 

Moreover, activated germinal centre B cells that requires fatty acid oxidation and 

glycolysis to generate energy to support their antibodies-producing function16-17. 

That is to say, the dysfunction of metabolic processes in immune cells may trigger 

many human diseases such as diabetes, obesity, and sepsis 18. 

In the immune system, B cells play a crucial role in the immune response through 

their ability to produce antibodies. As mentioned above, it is reported that energy 

generation was vital for germinal centre B cells to secrete antibodies, 

immunoglobulin class switching, and their normal function maintenance.  
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I reviewed the literature as well as various databases and found that the 

expression of an immune cell-specific gene called Signal Transducing Adaptor 

Family Member 1 (STAP1; also known as BCR downstream signalling 1 

[BRDG1]) is highly associated with pre-existing immunity towards various 

vaccines’ performance. The evidence includes: (1) after various infections, such 

as COVID-19 and influenza, the expression level of STAP1 mRNA in peripheral 

blood increased dramatically 19-21; (2) according to a five-year study analysing the 

correlation of antibody and B cell responses to the influenza vaccine in younger 

and aged  individuals 22, the expression of many B cell signalling genes 

(including STAP1) are higher in younger but not aged subjects; and (3) In 

general, females induce stronger immune functions and higher antibody levels, 

composed of more functional antibodies, but also experience more adverse 

reactions to vaccination 23. Based on a study of sex differences in immune 

responses to the seasonal influenza vaccination 24, females have higher levels of 

influenza A-specific memory B cells than males after vaccination. The authors 

found that, STAP1 is one of the sex-differential expressed gene are more highly 

expressed in females relative to males, indicating the heightened activity of 

females’ B cells after vaccination relative to those of males.  
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Interestingly, STAP1 was reported to be one of genes associated with familial 

hypercholesterolemia (FH) since 2014 25-27. Although the hypercholesterolemia 

phenotype of STAP1 mutation carriers is milder than those well-known FH 

causative genes such as LDLR, APOB, and PCSK9. STAP1 mutation carriers 

showed significantly higher levels of plasma total cholesterol and LDL compared 

with non-affected relatives and have a very slightly but significantly higher 

triglyceride levels 25-27.  

 

1.4 Familial Hypercholesterolemia (FH) 

Familiar hypercholesterolemia is a common genetic disease with an estimated 

prevalence range between 1:500 to 1:250. Elevated plasma low-density lipoprotein 

cholesterol (LDL-C) is the clinical diagnosis of hypercholesterolemia. Classic FH 

is caused by a defect in the LDLR, while a functionally similar effect is caused by 

mutations in APOB or PCSK9 28-30. Proteins produced from these three genes are 

essential for the normal function of LDLR. Mutations in any of these three genes 

prevent cells from making functional receptors or changing the receptors' function. 

The LDLR gene provides signals for making a protein, a low-density lipoprotein 

receptor (LDLR). This type of receptor binds to low-density lipoprotein (LDLs) 
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particles, the primary carriers of cholesterol in the blood. By removing LDLs from 

the bloodstream, these receptors play a vital role in regulating cholesterol levels. 

Some LDLR gene mutations reduce producing the amount of LDLR protein, 

decreasing the binding to LDL particles, which prevents it removing excessive 

LDLs from blood. Other mutations disrupt the LDL receptor's ability to remove 

LDLs from the bloodstream. For example, mutation of the APOB gene will 

increase a higher expression level of APOB protein, which stops LDLR binging to 

LDL particle, resulting from APOB protein acts as a ligand for LDL. The principle 

of PCSK9 gene mutation is the same as the APOB gene. PCSK9 protein degrades 

the LDL receptors. As a result, people with mutations in these three genes have 

very high blood cholesterol levels, and it is deposited abnormally in tissue29, 31-32. 

To understand this genetic mechanism in more thorough detail, researchers found 

more and more genes by sequencing analysis. But the relationship between FH and 

these genes still needs time to be investigated. Among these newly discovered 

genes, STAP1 was classified as the fourth gene in30 26 FH. But it is still subject to 

controversy.  
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1.5 Role of B lymphocytes in non-alcoholic fatty liver disease 

Non-alcoholic fatty liver disease (NAFLD) and its associated complications are 

developing into one of the most important health problems internationally. The 

liver served as both a metabolic and an immune organ. The crosstalk between 

hepatocytes and intrahepatic immune cells acts a key role in coordinating a dual 

function of the liver in terms of the defence of the host from antigenic overload 

because of getting nutrients and gut microbiota antigenic stimulation through 

facilitating immunologic tolerance. B cells are the most abundant lymphocytes in 

the liver. The essential role of intrahepatic B cells in energy metabolism under 

different immune conditions is now emerging. The accumulating evidence has 

demonstrated that the antibodies and cytokines produced by B cells in the 

microenvironment play key and distinct roles in the pathogenesis of NAFLD. For 

example, the cytokines produced by B cells may play an important role in the 

production of different phenotypes. The studies conclude that NAFLD is 

aggravated by pathogenic antibodies but alleviated by cytokines secreted by B cells 

33. 
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Figure 1.3.1 B cells have both detrimental and protective effects in diet-induced NAFLD. 

 

 

 

Figure 1.3.2 The proposed mechanism of activation of intrahepatic B cells during the 

disease progression of NASH.  
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1.6 Signalling transducing adaptor protein 1 (STAP1) 

Signalling transducing adaptor protein 1 (STAP1), also known as B-cell antigen 

receptor downstream signalling 1 protein (BRDG1), is expressed highly in immune 

tissues, including bone marrow, thymus, spleen, appendix, and lymph nodes34-36, 

and particularity expresses in B cells refers to the Human atlas database37. STAP1 

is located on chromosomal region 4q13.2 with 10 exons, composed of a Pleckstrin 

homology domain, the Src homology 2 (SH2) domain, and several tyrosine 

phosphorylation sites38. Recently, STAP1 is investigated as the fourth causative 

gene of hypercholesterolemia from 2014. Fouchier and colleagues found that 

STAP1 variant carriers (n=40) had significantly higher plasma total cholesterol and 

LDL-C levels compared with non-variants carriers (n=91)26. He first connected 

STAP1 with FH and named it as familiar hypercholesterolemia fourth (FH4). Three 

main STAP1 variants were found in STAP1 carriers, p. Leu69Ser, p. Il271Thr, and 

p. Glu97Asp in their study. Besides, other STAP1 variants were implicated in FH 

by the PolyPhen-1 prediction model or genetic test25, 27, 39-40. On the contrary, more 

and more researchers point out that STAP1 variants has no association with FH by 

clinical data analysis and lipid trait41-43. 
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Except for the variant’s analysis, Loaiza and colleagues validated whether STAP1 

was involved in FH using global STAP1 knockout (KO) mice and their wildtype 

(WT) littermates 44. In this study, they postulated that the STAP1 expressed in 

immune cells-controlled LDL homeostasis to affect hepatic function. They 

measured the general lipid parameter of 39 STAP1 variants (proposed by Fouchier 

26) and 71 family control in a clinal study. They monitored the plasma lipid level 

and general characteristics before and after the western diet (42% kcal) for 2 weeks 

and 4 weeks, using a whole body STAP1-KO mouse model, compared with their 

corresponding wild type littermates. HepG2 cells were coculture with peripheral 

blood myonuclear cells isolated from patients with STAP1 variants and control. 

mRNA and protein level of LDLR and LDL uptake was measured after coculture. 

They also checked the B cells population in peripheral blood myonuclear cells from 

patients with STAP1 variants, compared with the control. Surprisedly, there is no 

change on the frequencies of B cell among the patients and healthy individuals26. 

Interestingly, they could not find any difference in all assays between STAP1 

variants and control groups, even the B cells population. They concluded that 

STAP1 should be excluded from the targeted sequencing panel of FH. Followed 

by Kanuri and colleagues, also recruited global STAP1-KO mice, feeding with a 
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16-week western diet, a longer time than Loaiza45, as they considered a 16-week 

western diet was sufficient according to previous publishes. They performed a 

similar experiment as Loaiza did, and similarity their results also presented no 

changes between STAP1-WT and STAP1-KO groups. Unlike Loaiza, they 

investigated the population of the subtype of B cells and IgG in STAP1-KO mice 

but still found no difference. 

Kanuri indicated that these two experiments focused on using STAP1-KO mice, 

which were regarded as a loss of function model, and could not get any hints from 

a gain of function variants in STAP1. That means the missense mutation on STAP1 

might translate into another potential functional protein to break the balance in 

hepatic homeostasis. Therefore, I propose to confirm whether STAP1 is needed for 

maintaining hepatic homeostasis. 

To further explore the connection between STAP1 and FH, in this study, the 

phenotype of STAP-KO mice under standard chow (STC) feeding was measured, 

and the role of STAP1 in FH would be clarified using overexpression in wild type 

STAP1 model via Adeni-associated viruses (AAV) system with B cell specific 

promoter, which differs from other models used previously.  
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It is worth noting that STAP1 is mainly observed in immune cells. As mentioned 

before, some researchers check the population of immune cells, primarily B cells, 

to find some clues for better understanding. But they discover that STAP1 

deficiency does not affect the population of B cells, the subtype of B cell, and 

IgG44-45.STAP1 is known as the direct substrate of Tec, which is related to the 

intracellular signaling mechanism of cytokine receptors, lymphocytes surface 

antigens, and integrin molecules, playing significant roles in the immune system 

by regulating immune functions35-36, 46. Also, researchers are shifting from 

metabolism to immunity. Lately, studies release that STAP1 does not impact the 

phosphorylation levels of marker protein involved in pre-BCR signaling and CREB 

or other pathways, PI3K, Ras, JNK, p38, NFĸB, which primarily mediated 

proliferation and survival of cells 47. Recently, it is reported that STAP1 acts a key 

role in mediating chronic myeloid leukemia (CML) stem cell survival by increasing 

the anti-apoptotic gene expression via improving the activity of STAT5,  

suggesting the direct collaboration between STAP1, STAT5, and BCR—ABL in 

CML cells48-49. 

Table 1.1 The Summary of Human STAP1 Variants Found in Different Studies 

This table provides a list of STAP1 SNPs with information about the respective changes and 

association with FH. 
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SNPs Nucleotide 
Amino acid 
change 

Domain 
(position) 

Associated 
with FH 

References 

rs141647540 c.35G> A p.Arg12His 

 

No 41
 

No 50
 

No 51
 

rs201996284 c.-60A > G NA 

No 52
 

No 50
 

No 51
 

rs79388522 c.139A> G p. Thr47Ala 

Pleckstrin 
homology 
domain 

(25-121) 

Yes 53
 

rs938523789 c.206T > C p. Leu69Ser Yes 26
 

rs141647940 c.212T > C p. Ile71Thr Yes 26
 

rs199787258 
c.291G > 
C 

p. Glu97Asp 

Yes 26
 

Yes 51
 

No 50
 

rs14983575 c.414G> C No changes 

 

No 41
 

rs199787258 c.526C > T 
p. 
Pro176Ser 

Yes 54
 

No 41
 

No 50
 

rs146545610 
c.619G > 
A 

p. 
Asp207Asn Src 

homology 2 
domain 

(177-280) 

Yes 26
 

No 41
 

No 52
 

rs12948217 c.693C> T No changes No 51
 

- c.803T > C p. Ile268Thr No 52
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Furthermore, STAP1 regulates chronic myeloid leukemic stem cells by 

suppressing apoptosis through the adjustment of STAT548. In invariant natural 

killer T (iNKT) cells, STAP1 is proposed to regulate Con A-induced signals, which 

is still needed to be clarified in molecular mechanism55.  In studies published last 

year, STAP1 is indicated to interact with mast cells resting and naïve B cells by 

database analysis48. Moreover, STAP1 is listed as one of the ten top differentially 

expressed genes in COVID-19 patients’ lungs relying on sequencing data, 

compared with healthy people56. Together, the function of STAP1 in immunity is 

also important to clarify. 

Based on the above observations, we hypothesized the B cell STAP1 may plays an 

important role in linking inflammation and lipid metabolism. In this study, we used 

both loss- and gain-of-function experiments in mouse and cell models to explore 

the role of STAP1 in B cell in vaccination and metabolism reprogramming. As 

mouse and human STAP1 proteins share 83% identity and 90% similarity and the 

regions for key domains are almost the same, we believe the function and role of 

STAP1 in antibody production by our mouse model could be extrapolated humans.  
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2 Materials and methods 

2.1 Materials 

2.1.1 Chemical and reagents 

Reagents Provider Catalog number 

Direct PCR lysis reagent 

(Tail) 
Viagen, USA 102-T 

Dulbecco’s modified 

eagle medium, powder, 

high glucose, pyruvate 

Thermofisher, USA 12800082 

Fetal Bovine Serum, 

qualified, Brazil 
Thermofisher, USA 10270106 

Penicillin-Streptomycin 

(10,000 U/mL) 
Thermofisher, USA 15140163 

Hanks’ Balanced Salt 

Solution, calcium, 

magnesium 

Thermofisher, USA 14025076 

TRIzolTM Reagent Thermofisher, USA 15596018 

PageRulerTM Plus 

Prestained Protein 

Ladder, 10 to 250kDa 

Thermofisher, USA 26620 
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TEMED Thermofisher, USA 17919 

Collagenase, Type II, 

powder 
Thermofisher, USA 17101015 

Ethidium Bromide 

Solution 
Thermofisher, USA 17898 

SYBR™ Safe DNA Gel 

Stain 
Thermofisher, USA S33102 

Pierce™ TMB Substrate 

Kit 
Thermofisher, USA 34021 

Richard-Allan 

Scientific™ Neutral 

Buffered Formalin (10%) 

Thermofisher, USA 5705 

Richard-Allan 

Scientific™ Histoplast 

Paraffin 

Thermofisher, USA 8330 

Lipofectamine™ 2000 

Transfection Reagent 
Thermofisher, USA L3000001 

Trypan Blue Stain (0.4%) Thermofisher, USA T10282 

2×Es Taq MasterMix 
CoWin Biosciences, 

China 
CW0690 
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ChamQ SYBR Color 

qPCR Master Mix 
Vazyme,China Q41-02 

RevertAid RT Reverse 

Transcription Kit 
Thermofisher, USA K1691 

Insulin, Human 

Recombinant 
Sigma-Aldrich, USA 91077C 

Bovine serum albumin Sigma-Aldrich, USA 05470 

Proteinase K from 

Tritirachium album 
Sigma-Aldrich, USA P2308 

D-(+)-Glucose Sigma-Aldrich, USA 346351 

Sodium pyruvate Sigma-Aldrich, USA P3662 

Sodium chloride Sigma-Aldrich, USA S9888 

Sodium bicarbonate Sigma-Aldrich, USA S5761 

30% Acrylamide/Bis 

Solution, 37.5:1 
Bio-Rad, USA 1610158 

Immun-Blot PVDF 

Membrane 
Bio-Rad, USA 1620177 

Medical X-ray film Fuji, Japan Super HRU30 

Protease Inhibitor 

Cocktail 
MedChemExpress, USA HY-K0010 
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2-Mercaptoethanol Bio-Rad, USA 1610710 

Clarity Western ECL 

Substrate 
Bio-Rad, USA 1705061 

Clarity Max Western ECL 

Substrate 
Bio-Rad, USA 1705062 

Concanavalin A Sigma-Aldrich, USA  

LPS Sigma-Aldrich, USA L2654 

Flt3-L PeproTech 250-31L 

human TGF-β R&D System 240-B-002/CF 

IL-5 R&D System 405-ML-005/CF 

oligomycin Cayman Chemical 11341-10MG 

FCCP Cayman Chemical 15218-50MG 

2-DG Sigma-Aldrich, USA SMB00932 

Rotenone Cayman Chemical 13995-5G 

Antimycin Sigma-Aldrich, USA A8674-50MG 

Cholera toxin 
List Biological Labs, 

USA 
100B 

S100A4 
Gentaur Molecular 

Products, Belgium 
01-2081A4M 
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2.1.2 Biochemical assay 

Assay Provider Catalog number 

Pierce™ BCA Protein 

Assay Kit 
Thermofisher, USA 23225 

Mito Green Tracker Thermofisher, USA M46750 

Mito Red Tracker Thermofisher, USA M46752 

Mito Sox Thermofisher, USA M36008 

Cholesterol measurement 

kit 
Solarbio, China BC0625 

Triglyceride measurement 

kit 
Solarbio, China BC1980 

LDL-C measurement kit Sino, China  

HDL-C measurement kit Sino, China CN107449748B 

EasySepTM  Mouse 

CD11c positive selection 

kit  

STEMCELL, Canada #18780 

EasySepTM Mouse F4/80 

positive selection kit 
STEMCELL, Canada #100-0659 

EasySepTM Mouse CD19 

negative selection kit 
STEMCELL, Canada #19814 



24 

 

EasySepTM Mouse CD3 

negative selection kit 
STEMCELL, Canada #19851 

Mouse anti-IgA Thermofisher, USA 88-50450-88 
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2.1.3 Primer sequence 

Primer name Forward (5’-3’) Reverse (5’-3’) 

Mouse-HPRT 
CCCCAAAATGGTTAAGGT

TGC 

AACAAAGTCTGGCCT

GTATCC 

Mouse-GAPDH 
AGGTCGGTGTGAACGGAT

TTG 

TGTAGACCATGTAGTT

GAGGTCA 

Mouse-β-actin 
ACCTTCTACAATGAGCTG

CG 

CTGGATGGCTACGTAC

ATGG 

Mouse-STAP1 
GAGAAAGAGAAGGAGCC

AGTAC 

GCCTCAGGATCATATT

TCCCC 

Mouse-CD19 
GAGAAGGAAAAGGAAGC

GAATG 

AGAGGTAGATGTAGG

AAGGGAG 

Mouse-CD3 
TGGAGCAAGAATAGGAA

GGC 

CATAGTCTGGGTTGGG

AACAG 

Mouse-CD11c 
TTCAAGGAGACAAAGAC

CCG 

AGAGAAAAGTTGAGG

CGAAGAG 

Mouse-F4/80 
ACCACAATACCTACATGC

ACC 

AAGCAGGCGAGGAAA

AGATAG 

Mouse-goblin 
GAAGCGATTCTAGGGAGC

AG 

GGAGCAGCGATTCTG

AGTAGA 



26 

 

Mouse-COXⅢ 
CGTGAAGGAACCTACCAA

GG 

ATTCCTGTTGGAGGTC

AGCA 

Mouse-TFAM 
CCTTCGATTTTCCACAGA

ACA 

GCTCACAGCTTCTTTG

TATGCTT 

Mouse-CYTB 
CCCTAGCAATCGTTCACC

TC 

TCTGGGTCTCCTAGTA

TGTCTGG 

Mouse-

STAP1(genotyping) 

GAGAACAACGAAACTAA

CATGAAGAGC 

TGTGAGCTAAGTAGC

AACCAATCT 

  
TCGTGGTATCGTTATG

CGCC 

Mouse-MTND5 
ACCAGCATTCCAGTCCTC

AC 

ATGGGTGTAATGCGG

TGAAT 

Mouse-NRF1 
GCACCTTTGGAGAATGTG

GT 

GGGTCATTTTGTCCAC

AGAGA 

Mouse-COXⅡ 
TTTTCAGGCTTCACCCTA

GATGA 

GAAGAATGTTATGTTT

ACTCCTACGA ATATG 

Human-HPRT 
TGCTGAGGATTTGGAAAG

GG 

ACAGAGGGCTACAAT

GTGATG 

Human-STAP1-1 
GTAGACCTCACATGCCTT

ACTG 

CTCTCCATTCTTCCCC

ACTTTC 
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Human-STAP1-2 
AATTCACCCTTGTTTTGCC

G 

AGGTAGGAGTGACAC

GTTTTG 

Human-STAP1-3 
ACCTGTAACACTCCCAAA

CC 

CTTCAACTTTTCACTT

CTCCCTTC 
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2.1.4 Buffers 

Medium and buffer Recipe 

Complete growth DMEM 

DMEM supplemented with 10% fetal 

bovine serum (FBS) and 1% penicillin 

and streptomycin (PS) 

Phosphate buffered saline (PBS) 
137 mM NaCl, 2.7 mM KCl, 4.3 mM 

Na2HPO4, 1.4 KH2PO4 (pH 7.4) 

Radioimmunoprecipitation (RIPA) 

buffer 

150 mM NaCl, 50 mM Tris HCl, 2 mM 

EDTA, 0.1% SDS, 1% NP-40 (pH 7.4) 

Sodium citrate buffer 
0.1 mol/L sodium citrate, 0.1% Tween 

20, pH 6.0 

Tris-Acetate EDTA (TAE) 
40 mM Tris-acetate, 2 mM EDTA, pH 

8.0 

SDS-PAGE running buffer 
25 mM Tris, 192 mM glycine, 0.1% 

SDS (pH 8.3) 

Transfer buffer 25 mM Tris, 192 mM glycine (pH 8.3) 

Tris-buffered saline, 0.1% Tween 20 

(TBST) 
20 mM Tris, 150 mM NaCl, (pH 7.6) 
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5X SDS loading dye 

250 mM Tris-Cl (pH 6.8), 0.05% 

Bromophenol blue, 50% Glycerol, 10% 

SDS, 5% 2-Mercaptoethanol 

Stripping buffer 
62.5 mM Tris-Cl (pH 6.7), 2 % SDS, 

100 mM βmercaptoethanol 

ELISA washing buffer PBS with 0.01% Tween 20 

ELISA reagent diluent 1% BSA in 1x PBS (0.22 μm filtered) 

Phosphate-buffered saline, 0.1% Tween 

20 (PBST) 
PBS with 0.1% Tween 20 

FACS  5 mM EDTA, 50 Mm HEPS, 1% BSA 
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2.1.5 Antibodies 

Antibodies 
Provider and catalog 

number 

Usage and Dilution 

factor 

Anti-STAP1 Abcam; ab103646 WB (1:1000) 

Anti-PHB Abcam; ab224635 WB (1:1000) 

Anti-β-actin #sc-47778, Santa Cruz WB (1:5000) 

Total OXPHOS Rodent 

WB antibody cocktail 
Abcam; ab110413 WB (1:2000) 

Anti-CD19 BD Biosciences; 561743 Flow cytometry 

Anti-CD45 

Life Technologies-

eBioscience™; 11-0452-

85 

Flow cytometry  

Anti-B220 BD Biosciences; 558108 Flow cytometry  

Anti-CD138 BD Biosciences; 563192 Flow cytometry  

Anti-IgA 
Southern Biotech; 1040-

05 
ELISA (1:2000) 

Anti-IgG 
Southern Biotech; 1030-

05 
ELISA (1:4000) 



31 

 

Anti-IgG2c 
Southern Biotech; 1079-

05 
ELISA (1:4000) 

Anti-IgG1 
Southern Biotech; 1070-

05 
ELISA (1:4000) 

Anti-CD3 Bio-gene; 564008 Flow cytometry  

Anti-MHC-Ⅱ 

Life Technologies-

eBioscience™; 17-5320-

82 

Flow cytometry  

Anti-CD11c 

Life Technologies-

eBioscience™; 12-0114-

83 

Flow cytometry  

Anti-CD80 BD iosciences; 560526 Flow cytometry  

Anti-CD86 

Life Technologies-

eBioscience™; 11-0862-

85 

Flow cytometry  
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2.1.6 Diets 

Diets Provider Catalog number 

Rodent Diet With 45 

kcal% Fat 
Research Diets D14251 
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2.2 Method 

2.2.1 Global STAP1 knockout mice and diet 

The STAP1-KO mice were given by Professor Xu’s group at Hong Kong 

University. Briefly, STAP1-KO mice on C57BL/6N background were generated 

by a refined strategy for conditional gene inactivation, developed that relies on the 

DNA recombinase Cre and its recognition (loxP) sites. For conditional 

mutagenesis, the target gene STAP1 is modified by inserting two loxP sites that 

enable the excise of the flanked (floxed) STAP1 exon 5 through Cre-mediated 

recombination. Conditional mutant mice are obtained by crossing the floxed strain 

with a Cre transgenic line such that the target gene becomes inactivated in vivo 

within the expression domain of Cre. Heterozygous STAP1 (STAP1+/-) C57BL/6N 

mice were used for brother-sister mating and generated homozygous wildtype 

(STAP1+/+) mice and corresponding knockout (STAP1-/-) littermates. To assess the 

genotype of every mouse before engaging in experiments, ear snip genotyping was 

conducted and PCR products of 252bp and 136bp correspond STAP1+/+ and 

STAP1-/- respectively. Mice were fed with a standard chow diet (STC) with 12 

hours of light and dark cycles. 8-week-old male and female mice were applied for 

lipid and glucose metabolism measurement.  
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2.2.2 STAP1 overexpressed mice  

The AAV-mB19-mSTAP1 plasmid was purchased from the company. For the 

AAV virus purification, the plasmid was co-transfected with AAV-MCS (targeted 

explicitly to the B cell), and AAV-Pxx6 (helper gene but lacking adeno structural 

and replication) and AAV-DJ at a ratio of 1:1:1 in HEK293 cells, and the medium 

was collected after two-day transfection. AAV-MSC plasmid was used by the 

corresponding control. Purification was performed, followed by a previously 

published reference. 8 weeks after intraperitoneal injection, mice could be recruited 

into experiments. 

 

2.2.3 Glucose metabolism 

Feeding glucose was measured randomly while fasting glucose was measured after 

16 hours of fasting. After baseline serum glucose measurement, various drug was 

injected for several tolerance tests. For the glucose tolerance test (GTT), blood 

glucose was measured at time point 15, 30, 45, 60, 90, and 120 minutes after 

intraperitoneal 2g/kg glucose injection. For the insulin tolerance test (ITT) and 

pyruvate tolerance (PTT), 0.5U /kg insulin and 2g/kg pyruvate intraperitoneal 
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injection were administered, respectively, and blood glucose levels were detected 

at the same time point. 

 

2.2.4 Lipid measurement 

Serum total cholesterol was estimated using a Total cholesterol level measurement 

kit (Solarbio, BC0625), and serum triglyceride was measured using a Total 

cholesterol level measurement kit (Solarbio, BC1980) following manufacturer 

instructions. LDL-C and HDL-C were determined by the LDL-C measurement kit 

(BIOSINO BIO-TECHNOLOGY AND SCIENCE INC, YS73-76) and HDL-C 

measurement kit (BIOSINO BIO-TECHNOLOGY AND SCIENCE INC, YS69-

72), separately.  

 

2.2.5 Cell preparation 

For single cell isolation from spleen and bone marrow, STAP1-WT and STAP1-

KO mice were sacrificed after anesthetizing by isoflurane. Spleen, Tibia, and femur 

were collected for isolation. To harvest single cells from the spleen, crushing the 

total spleen above the cell strainer, followed by flushing the filter with RPMI-1640 
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medium containing 10%FBS to collect the cells. Seed the with the density of 

106/ml after red blood cell lysis. For single cells from bone marrow, Tibia and 

femur were cut by the end of the bone, flushing the cavity with a culture medium. 

Cells could be harvested after red blood cell lysis. 

 

2.2.6 Flow cytometry 

After cell preparation, cells were washed with FACS twice and resuspended with 

the antibodies diluted in FACS (5 mM EDTA, 50 Mm HEPS, 1% BSA). For cell 

surface markers staining, corresponding antibodies were diluted in the FACS 

buffer, and incubated with the cells for 30 minutes on ice, protected from light. For 

intracellular markers, Foxp3/Transcription Factor staining buffer was used refer to 

the information sheet (Thermo; 00-5523). 
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2.2.7 RNA extraction, reverse transcription, and Quantitative reverse 

transcription PCR (RT- qPCR) 

Total RNA was extracted from cells or tissue collected from mice according to the 

guanidinium thiocyanate-phenol-chloroform method. 1 g RNA was used to 

transcript into cDNA using a Reverse Transcriptase M-MLV kit (Takara, 2640A). 

qPCR was performed using ChamQ SYBR Color qPCR Master Mix (Vazyme, 

Q41-02). 

 

2.2.8 Western blot 

The total cell lysate was harvested after cell collection by trypsinized and 

centrifuged after 13000g, 15 minutes from the supernatant. The lysate was 

normalized at the same protein concentration by BCA protein concentration assay 

before western blot. The total cell lysate was resolved on SDS-PAGE and 

transferred to a polyvinylidene difluoride transfer membrane (Bio-Rad, USA). The 

filters were then immunoblotted with each Ab. Immunoreactive proteins were 

visualized using an ECL detection system (Bio-Rad, USA) and captured by a Bio-

Rad Chemidoc Imaging System.  
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2.2.9 Immunization 

STAP1-WT and STAP1-KO mice were divided into four groups respectively in 

this immunization assay, naïve, Ovalbumin (OVA) (Sigma-Aldrich, A5503), and 

OVA with adjuvant. OVA is generally used as an experimental vaccine antigen in 

immunization. In the OVA group, the mouse was intranasally immunized with 

10g OVA each. In this study, S100A4 and Cholera Toxin (CT) were used as the 

adjuvants promoting the immune response and mixed with OVA for intranasal 

injection at a dose of 10g and 1g per mouse. Besides, no treatment was presented 

in the naïve group.  

For immunization, mice were anesthetized with isoflurane and getting immunized 

with antigen with or without adjuvant by pipetting the liquid into the mice's nasal 

cavity via their natural breathing. Generally, the mice have recruited immunization 

every 10 days, totally immunized three times. 10 days after the final immunization, 

the mice were sacrificed for further experiments. Blood and bronchoalveolar 

lavage fluid (BALF) were collected. 

For further experiments, to prepare the sample, serum was harvested from the 

blood after centrifuging at 4500rpm, 15 minutes, 4℃. And the BALF was collected 

from the supernatant.  
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2.2.10  Anti-OVA ELISA (IgA, IgG) 

An Enzyme-linked immunosorbent assay (ELISA) was performed with the 

different subtypes of antibodies to measure the anti-OVA antibodies level in 

tissues after immunization. One day before the experiment, a 96-well ELISA 

plate (Thermo Fisher Scientific; 467320) was coated with 100l OVA 

(200g/ml in PBS), incubating at 4℃ overnight. Wash the plate twice after 

incubation with washing buffer PBS containing 0.01% tween-20, and block the 

plate with blocking buffer- PBS containing 1%FBS at 37 ℃ for one hour. Wash 

twice, and the sample (serum or BALF) was added at 10l each well after a two-

fold serial dilution with PBS. After 2-hour 37℃ incubation, 5 times washing was 

performed, and HRP-conjugated secondary antibodies were added with a dilution 

of 1:3000, incubating for another 1 hour, 37℃. Next, O phenylenediamine 

dihydrochloride (OPD) solution (Thermo Scientific; 34006 and 34062) was 

added 100l per well at room temperature after 5-time washing. When the color 

developed well, 100l 2.5 M H2SO4   was added to stop the reaction, and 

absorbance was measured at 490 mm by spectrophotometer (BMG SPECTRO 

Star Nano microplate reader). 
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2.2.11  IgA secretion stimulation  

Single cells were isolated from the spleen of either 8-week-old STAP1-WT or 

STAP1-KO mice and seed at the density of 5X106 cells per well in a 24-well plate, 

culturing RPMI1640 with 20mg/mL LPS, 1ng/mL TGF-β, 5ng/mL IL-5 as IgA 

stimulation group, while control group cultured with PBS. Cells were collected 

after 5 days of stimulation57. 

 

2.2.12  Seahorse XF Cell Mito stress assay 

After primary cell isolation and red blood cell lysis, cells were seeded at the 

density of 107 per well and Poly-L-lysine (Sigma, P4832) was coated on each 

well one hour before cell seeding. Cells were rested in a non-CO2, 37oC 

incubator for at least 45 minutes before running the seahorse assay. Oligomycin 

(final concentration 1M) (Cayman, 11341), FCCP (final concentration 1 M) 

(Cayman, 15218) and a mixture of Rotenone (Cayman, 13995) and Antimycin A 

(Sigma, A8674)(final concentration 0.5 M each) were injected in sequence. 

Basel respiratory was recorded for 3 cycles with 30 seconds of the mix, 4 minutes 

of wait, and 3 minutes of measurement of each cycle. Oxygen consumption rate 

(OCR) was continuously recorded for 12 cycles, consisting of 30 seconds of the 
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mix, 4 minutes of wait, and 3 minutes of measurement in each cycle. Protein 

concentration in each well measured by BCA assay was used to normalize each 

well after the seahorse assay run. 

 

2.2.13  Seahorse XF Cell Glycolysis stress assay 

Primary cells were seeded at the density of 107 per well and Poly-L-lysine (Sigma, 

P4832) was coated on each well one hour before cell seeding. Cells were rested 

in a non-CO2, 37oC incubator for at least 45 minutes before running the seahorse 

assay. Glucose (final concentration 10mM) (Sigma, G8270), Oligomycin (final 

concentration 1M) (Cayman, 11341), and 2-DG (final concentration 50mM) 

(Sigma, D8375) were injected in the ports in order. Extracellular acidification rate 

(ECAR) was continuously recorded for 12 cycles, consisting of 30 seconds of the 

mix, 4 minutes of wait, and 3 minutes of measurement in each cycle. BCA assay 

was used to determine the protein concentration for normalization of each well 

after the seahorse assay run. 
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2.2.14 LPS and con A stimulation  

To investigate the relationship between STAP1 and the proliferation of B cells and 

T cells, stimulated single cells from the spleen with 1 g/ml LPS, 5 g/ml conA, 

and PBS (control) for 3 hours, respectively. Cells were collected for flow 

cytometry after 3 hours of stimulation. 

 

2.2.15 Bone marrow-derived dendritic cell (BMDC) differentiation 

200 ng/ml FMS-like tyrosine kinase 3 (Flt3-L) ligand (PeproTech; 250-31L) was 

added in single cells from bone marrow to differentiate into dendritic cells for 9 

days. Flow cytometry was used to check the purity of BMDCs staining with surface 

markers PE-CD11c and APC-MHC class Ⅱ. Besides, to detect the activation of 

BMDCs by LPS, 1 g/ml LPS and PBS (control) was added to the cells after 9-day 

differentiation incubating at 37oC, at least 15 hours. Cell activated surface markers 

CD80 and CD86 were stained after incubation. To confirm the intracellular 

expression of IL-1β and IL-6, Foxp3/Transcription Factor staining buffer was used 

refer to the information sheet (Thermo; 00-5523). 
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2.2.16 MitoTracker staining 

After the surface marker staining, the staining cells were washed with FACS buffer.  

Discard the supernatant after centrifuge, and resuspend the cells pellet with the pre-

warmed MitoTracker probes, including MitoTracker Green, MitoTracker Red, or 

MitoSox. Incubate for 15 minutes at 37℃. Once the staining time was over, FACS 

was added to wash the cells, and cells would be got after centrifuge. Finally, the 

cells were resuspended with FACS, which were ready to use for flow cytometry. 

 

2.2.17 Statistical analysis 

GraphPad Prism 7 was used to analyze the data, and all data were shown as mean 

± SEM. Statistical significance was determined with an unpaired Student's t-test.  

A P-value lower than 0.05 was considered statistically significant and labeled 

with *, while a lower than 0.01 was label with **. 
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Chapter 3- STAP1 is essential for 

maintaining the immune response 
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3 STAP1 is essential for the immune response regulation 

3.1 Introduction 

In the last decades, STAP1 is primarily studied as the fourth causative gene of 

hypercholesterolemia, which make it be ignored that STAP1 is mainly expressed 

in immune cells, including B cells, T cell, dendritic cell, and macrophage. It is 

worth noting that, the immune cell-expressing STAP1 might generally function in 

immune response regulation. 

STAP1 is initially identified as the substrate of Tec, which was related to the 

intracellular signalling mechanism of cytokine receptors, acting a vital role in the 

immune system by controlling immune functions35-36.  Also, in Romas cells, it is  

proved that STAP1 activateS c-AMP-response element binding protein activity 

after B cell receptor (BCR) accumulation49. With the epidemic of COVID-19, more 

and more researchers focuse on studying epidemiology. STAP1 is listed as one of 

the ten top differentially expressed genes in COVID-19 patients’ lungs relying on 

sequencing analysis, compared with healthy lungs 56. More and more evidences 

point out that STAP1 functions on immune system management, which is still 

unclear to clarify. s 



46 

 

Thus, in this chapter, I designed the nasal immunization assay using STAP1-WT 

and STAP1-KO mice to explain whether STAP1 controlled the immune response. 
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3.2 Result 

3.2.1 STAP1 is mainly expressed in B cells 

To validate the STAP1 gene deletion on the C57BL/6J mice, primers were 

designed according to the global knockout mice generation targeting strategy 

(Figure 3.2.1 A). The forward primer was located on exon 2, while the reverse 

primer was placed on exon 5. Therefore, the genotyping primers were designed 

across the exon 5 to identify the STAP1-WT and STAP1-KO mice, which small 

size band of 236bp represented STAP1-KO mice, 266bp band represented STAP1-

WT mice and double bands with 236bp and 266bp represented heterogeneous mice 

(Figure 3.2.1 B). Splenic single cells were isolated from STAP1-WT or STAP1-

KO mice, and a Microbeads B cell negative isolation kit was used to purify B cells 

for further verification. Total RNA from purified B cells was extracted for RT-

qPCR analysis. It was undetectable in B cells from STAP1-KO mice (Figure 3.2.1 

C). Besides, the lysis of purified B cells was for immunoblotting analysis. There 

was no product to show the presence of STAP1 protein expression (Figure 3.2.1 

D). Double confirmation with RT-qPCR and immunoblotting analysis 

demonstrated the successful deletion of STAP1 in the STAP1-KO mice. 

 



48 

 

 

STAP1-
W

T

STAP1-
KO

m
R

N
A

 e
xp

re
ss

io
n 

le
ve

l o
f

ST
A

P
1

(f
ol

d-
ch

an
ge

)

 

Figure 3.2.1 STAP1 knockout validation. STAP1 knockout (KO) mice were generated 

using the knockout-first strategy (A). The validity of the KO genotype was confirmed by 

PCR analyzing the ear tissue (B), real-time RT qPCR analyzing the spleen sample (C), and 

western blot analyzing the spleen (D). Data are expressed as mean ± SEM, *indicated a 

significant difference, *p < 0.05; **p < 0.01; ***p < 0.001 (n=3). Each dot represents the 

measurement of an individual mouse, and the column indicates the average. 

 

Referring to the database, STAP1is mainly expressed in immune tissues, including 

bone marrow, thymus, spleen, appendix, and lymph node. Therefore, which type 

of immune cells had the highest expression level of STAP1 was vital for further 

study. The population of main immune cells in the spleen was checked by flow 

cytometry after single cell isolation of STAP1-WT mice. Based on the gating 

strategy (Figure 3.2.2 A) to distinguish B cells, T cells, dendritic cells, and 

macrophages, the biggest population of B cell was detected in the spleen (Figure 

3.2.2 B). Followed by the RT-qPCR analysis to measure the STAP1 mRNA 
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expression level, the result indicates that, STAP1 was mainly expressed in B cells 

in the spleen (Figure 3.2.2 D). RT-qPCR was also conducted with the markers of 

B cell (CD19), T cell (CD3), dendritic cell (CD11c), and macrophage (F4/80) 

markers to verify the purity of different isolated immune cells (Figure 3.2.2 C). 

The STAP1 mRNA expression levels among the major types of sphenic B cells, 

namely naive B cells (IgM+ IgD+ ), active B cells (IgM-IgD- ) and plasmablasts 

(B220lowCD138+), were similar as determined by RT-qPCR (Figure 3.2.3 A and 

B). 
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Figure 3.2.2 STAP1 is mainly expressed in marine B cells. Mouse spleens were collected 

from 8-week-old mice on STC for single cell preparation, followed by flow cytometry for 

immune cell profiling. (A-B) CD45+ B cells (B220+CD19+), T cells (CD3+), dendritic cells 

(CD11c+MHC-Ⅱ+) and macrophages (B220-F4/80+) in the spleen were gated as indicated (A). 

Quantification of the frequencies of various immune cell types in the spleen (B). (C-D) 

Individual immune cell types were purified by microbeads using CD19 as a marker for B cells, 

CD3 for T cells, CD11c and MHC-Ⅱ for dendritic cells, and F4/80 for macrophage, and their 

purities were confirmed using RT-qPCR (C). mRNA expression levels of STAP1 in immune 

cells were assessed using RT-qPCR (D). Data are expressed as mean ± SEM, *indicated a 

significant difference, *p < 0.05; **p < 0.01; ***p < 0.001 (n=3). The column indicates the 

average. 
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Figure 3.2.3 STAP1 expresses similar level in various subsets of B cell. Splenocytes were 

initially gated as in Figure3.2.4 (A) for identifying relevant cell populations, which were sorted 

for obtaining B cell subsets including naïve B cells (CD45+B220+CD19+IgD+IgM+), activated 

B cells (CD45+B220+CD19+IgD-IgM-) and plasmablasts CD45+B220midCD138+) (A). 

Expression levels of STAP1 in these B cell subsets was determined by RT-qPCR (B). Data are 

expressed as mean ± SEM. *indicated a significant difference, *p < 0.05; **p < 0.01; ***p 

< 0.001 (n=3).  Each dot represents the measurement of an individual mouse, and the column 

indicates the average. 
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3.2.2 Lack of STAP1 reduces IgG and IgA secretion after immunization 

According to the study from Saxena group, STAP1 is listed as the top gene that 

significantly increased in COVID-19 patients’ lungs, compared with healthy 

individuals. Besides, STAP1 is mainly expressed in B cells, which largely function 

in antibody production. I hypothesized that STAP1 acted as an important role in 

the regulation antibodies secretion. Therefore, I checked the population of the B 

cell subtype in the blood, spleen, and liver of STAP1-KO mice and its wildtype 

littermates and conducted the immunization experiment with STAP1 WT and KO 

mice, using OVA and different adjuvants, to confirm whether STAP1 was required 

for immune response maintenance. 

The population of the antibody-secreting-related B cell subtype, including naïve B 

cells, activated B cells and plasmablasts were measured by flow cytometry. There 

was no significant change in the population of these three cells in the blood,  spleen, 

and liver of STAP1-WT and STAP1-KO mice (Figure 3.2.4).  

S100A4 was used for mucosal immunization in my experiment, which was because 

S100A4 had been involved as crucial for mucosal immunization58, and it is proven 

that it works to boost the antibodies production as an adjuvant59. In addition, 

cholera toxin was also used as the strong adjuvant in this immunization, and it is 
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the most well-known immunostimulatory. Cholera toxin is an exotoxin generated 

by Vibrio cholerae and in charge of inducing cholera diarrhoea, which has been 

declared to be a gold standard mucosal adjuvant for research use60-61. In my 

immunization experiment, 8-week-old STAP1-WT and KO mice were immunized 

with OVA or OVA with S100A4 (10 mg) or cholera toxin(CT, 1 mg). Referring to 

my preliminary experiment, similar results could be got after the first immunization 

and the second immunization. Hence, to grab the right endpoint to measure the 

capacity of antibody production, mice were sacrificed 3 days or 10 days after the 

first immunization or the third immunization. Serum and bronchoalveolar lavage 

fluid (BALF) was collected for the enzyme-linked immunosorbent assay (ELISA). 

To harvest the serum from mice, whole blood was collected from the orbit and 

centrifuged at 4500rpm, for 15 minutes. The supernatant was transferred to another 

tube as serum. For BALF collection, mice bronchus was cut and 1mL PBS was 

injected from the small incision using a 1mL syringe. The liquid was withdrawn 

after at least 1 minute, which was regarded as BALF after centrifuging 1000rpm, 

and 5 minutes to discard the cells in the bottom. 
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Figure 3.2.4 There is no significant change in the population of the B cell subtype in both 

STAP1-WT and STAP1-KO mice. Tissues as indicated were collected from 8-week-old 

STAP1-WT or STAP1-KO mice on STC followed by flow cytometric analysis to 

determine the frequencies of various B cell subset. Quantification of the frequencies of 

naïve B cells, activated B cells and plasmablasts is shown based on the gating strategy in 

Figure 3.2.5 A. Data are expressed as mean ± SEM (n = 3). Each dot represents the 

measurement of an individual mouse, and the column indicates the average.  

 

 

 

For the immunization assay, mice were immunized with OVA, the major protein 

component in chicken egg white, intranasally. OVA was used as the experimental 

vaccine in the whole study. Firstly, I sacrificed the immunized mice 10 days after 

the first immunization with S100A4 or CT (Figure 3.2.5 A), and serum and BALF 

were collected for anti-OVA titer ELISA. The ELISA data showed that, after 

immunization, in the STAP1-WT group, the BALF IgA, serum IgG and IgG2c 
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increased after being immunized with S100A4 or CT, compared with immunized 

only with OVA (Figure 3.2.5 B-D). That was to say, the immunization assay 

successfully boosted the immune response after adjuvant activation. And when it 

came back to comparing the STAP1-WT and STAP1-KO groups, the column 

revealed that no matter in the S100A4 group or CT group, mice lacking STAP1 

secreted fewer antibodies, including BALF IgA (Figure 3.2.5 B), serum IgG 

(Figure 3.2.5 C),and IgG2c (Figure 3.2.5 D). 
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Figure 3.2.5 Lack of STAP1 reduces antigen-specific antibody production after mucosal 

immunization. 8-week-old STAP1-WT or STAP1-KO mice were intranasally immunized 

with ovalbumin (OVA) in the presence or absence of S100A4 or cholera toxin (CT) as an 

adjuvant. Mice were scarified 10 days after the immunization (A), and the bronchoalveolar 

fluid (BALF) and serum were collected for determining the anti-OVA IgA in BALF (B), 

total IgG (C) and IgG2c (D) in serum using ELISA. Data are expressed as mean ± SEM (n 

= 6). Each dot represents the measurement of an individual mouse, and the column 

indicates the average. 
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To further confirm whether STAP1 was essential for immune response, mice were 

sacrificed 3 days after the third immunization assay to check whether STAP1 

expression was necessary for germinal centre B cells generating antibodies  (Figure 

3.2.6 A). A lower level of BALF IgA (Figure 3.2.6 B), serum IgG (Figure 3.2.6 

C),and IgG2c (Figure 3.2.6 D) were found in the STAP1-KO group after S100A4 

or CT immunization, which indicated that deficiency of STAP1 impaired the 

function of germinal centre B cells on antibodies production.  

To better investigate the relationship between STAP1 and immune response, mice 

were sacrificed 10 days after the third immunization. Interestingly, the lesser 

antibody level could be also detected in BALF IgA (Figure 3.2.7 B), serum IgG 

(Figure 3.2.7 C),and IgG2c (Figure 3.2.7 D) of the STAP1-KO group after S100A4 

or CT immunization, compared with the STAP1-WT group.  
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Figure 3.2.6 STAP1 deficiency reduces antigen-specific antibody production after mucosal 

immunization.  8-week-old STAP1-WT or STAP1-KO mice were intranasally immunized 

with ovalbumin (OVA) in the presence or absence of S100A4 or cholera toxin (CT) as an 

adjuvant. Mice were intranasally immunized as described above for three times and tissues 

were harvested 3 days after the last immunization (A), and BALF and serum were collected 

for determining the anti-OVA IgA in BALF (B), total IgG (C) and IgG2c (D) in serum using 

ELISA. Data are expressed as mean ± SEM (n = 6). Each dot represents the measurement of 

an individual mouse, and the column indicates the average.  
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Figure 3.2.7 Absence of STAP1 reduces antigen-specific antibody production after mucosal 

immunization.  8-week-old STAP1-WT or STAP1-KO mice were intranasally immunized 

with ovalbumin (OVA) in the presence or absence of S100A4 or cholera toxin (CT) as an 

adjuvant. Mice were intranasally immunized as described above for three times and tissues 

were harvested 10 days after the last immunization (A), and BALF and serum were collected 

for determining the anti-OVA IgA in BALF (B), total IgG (C) and IgG2c (D) in serum using 

ELISA. Data are expressed as mean ± SEM (n = 6). Each dot represents the measurement of 

an individual mouse, and the column indicates the average.  
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3.2.3 Deletion of STAP1 decreases the population of the bone marrow-derived 

dendritic cells but does not affect its activation after stimulation 

Based on the pathway after antigens get into our bodies, they first meet with the 

antigen-presenting cells, for example, the dendritic cell (DC). Secondly, they will 

be phagocytosed into small fragments and presented to the Naïve T cell by DC. 

Meanwhile, antigen fragments act as stimulators to trigger naïve T cell 

differentiation. The Naïve T cell will differentiate into two different T helper (Th) 

cells based on the different antigens, Th1 and Th2 cells, which can activate B cell 

differentiation and plasma B cell to secrete antibodies ultimately. To further know 

how STAP1 maintain the immune response, I stimulated the splenic single cells 

and single cells from bone marrow of either STAP1-WT or STAP1-KO mice with 

different stimulators to measure whether there was any change in the activation of 

dendritic cell, T cell, and B cell.  

For dendritic cell activation, single cells were harvested by blushing the bone 

marrow and differentiated by adding 200 ng/ml FMS-like tyrosine kinase 3 ligand 

(Flt3-L). The bone marrow-derived dendritic cell (BMDC) could be collected after 

9 days of differentiation, followed by flow cytometry to check the population of 

differentiated BMDCs (Figure 3.2.8 A). In the STAP1-WT group, the population 
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of BMDC raised from 34.3% to 95% after 9-day differentiation, which indicated 

the single cell from bone marrow differentiated effectively into the dendritic cell. 

Compared with the STAP1-WT group, single cells from the bone marrow of 

STAP1-KO mice had a lower efficiency of differentiating into the dendritic cell 

(Figure 3.2.8 B). Next, 1g/mL LPS was added in the BMDC of STAP1-WT or 

STAP1-KO group to measure the activation capability, and PBS was added as the 

control. Flow cytometry was applied for BMDCs activation assessment (Figure 

3.2.9 A). In both the STAP1-WT and STAP1-KO group, the elevated number of 

CD80 and CD86 could be found after stimulation, which suggested the effective 

stimulation assay. Remarkably, there was no change in surface markers CD80 and 

CD86 after stimulation between the two groups (Figure 3.2.9 B). 
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Figure 3.2.8 Deletion of STAP1 decreases the population of the bone marrow-derived 

dendritic cell. 8-week-old STAP1 KO and WT mice were sacrificed and bone marrow were 

collected for single cells isolation by blushing with PBS. 200 ng/ml FMS-like tyrosine kinase 

3 ligand (Flt3-L) was added to differentiate. 9-days after differentiation, cells were collected 

for flow cytometry with surface marker MHC-Ⅱand CD11c to determine the bone marrow-

derived dendritic cells (BMDCs) (A). The population of the bone marrow-derived dendritic 

cell Quantification of the frequencies of BMDCs in of STAP1-WT or STAP1-KO mice are 

shown (B). Data are expressed as mean ± SEM (n = 3-4). Each dot represents the measurement 

of an individual mouse and the column indicates the average. 
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Figure 3.2.9 STAP1 deficiency does not impact on proliferation and activation of dendritic 

cells. Single cells isolated from the bone marrow of STAP1-WT or STAP1-KO mice were 

cultured in the presence of Flt3-L for dendritic cell differentiation. After 9 days of culture, 

bone marrow-derived dendritic cells (BMDC) were collected and stimulated with 1 mg/ml 

lipopolysaccharide (LPS). Cells were analyzed for activation using flow cytometry by first 

gating on CD11c+MHC class II+ population (not shown), followed by assessing the activation 

markers CD80 and CD86 (A). (B) Quantification of the frequencies of CD80+ (B) or CD86+ 

(C) BMDCs is shown. Quantification of the frequencies of CD3+ T cells is shown. Data are 

expressed as mean ± SEM (n = 3). Each dot represents the measurement of an individual mouse 

and the column indicates the average. 

 

 

 

 

 



63 

 

3.2.4 Obliteration of STAP1 does not affect the population of T cells after 

stimulation 

After encountering the antigen-presenting cell, the antigen should be phagocytosed 

into small fragments and presented to the Naïve T cell by DC. Hence, I planned to 

stimulate the single splenic cells from STAP1-WT or STAP1-KO mice with 

5g/mL conA or PBS for 2 hours to verify the link between STAP1 and T cell 

activation. Followed by collecting cells for flow cytometry (Figure 3.2.10 A). 

Surprisingly, there was no difference in the T cell population between the two 

groups after stimulation (Figure 3.2.10 B).  

 

22.6 29.3 25.3 31.8

CD3

S
SC

 

Figure 3.2.10 STAP1 deficiency does not impact on proliferation and activation of T cells. 

Splenocytes from STAP1 WT or KO mice were stimulated with conA (5g/ml) for 2 hours, 

followed by T cell frequency analysis using flow cytometry by gating on CD3+ cells (D). 

Quantification of the frequencies of CD3+ T cells is shown. Data are expressed as mean ± 

SEM (n = 4). Each dot represents the measurement of an individual mouse and the column 

indicates the average. 
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3.2.5 Absence of STAP1 moderates B cells IgA-class switching and IgA secretion 

after stimulation ex vivo. 

Excluding the impact of STAP1 impairing the activation of dendritic cells or T 

cells, I further focused on the activation of B cells, including the antibodies 

production and immunoglobulin class switching. Based on the in vivo assay result, 

STAP1 mostly altered the mucosal antibody secretion, which was primarily made 

up of IgA, I intended to stimulate the single splenic cells with 20mg/mL LPS, 

1ng/mL human TGF-β and 100U/mL IL-5 for 6 days to validate the B cell 

activation. Flow cytometry using surface markers B220, CD138, and intracellular 

marker IgA were performed to confirm the immunoglobulin class switching. Anti-

IgA ELISA was conducted to measure antibody production. Higher IgA-class 

switching B cells (B220highIgA+ or B220midIgA+) and plasma B cells observed in 

the IgA stimulation group of WT mice implied that the IgA was stimulated 

effectively. Consistent with the in vivo experimental results, a lesser concentration 

of IgA secretion was detected from isolated single splenic cells from STAP1-KO 

after stimulation (Figure 3.2.11 E). Similarly, single splenic cells from STAP1-KO 

mice had a smaller amount of IgA-class switching B cells (B200highIgA+ or 

B220midIgA+) and plasmablasts compared with the stimulation group of STAP1-
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WT mice (Figure 3.2.11 B-D). To further validate this finding, we measured IgA 

antibody production in the cell culture supernatant by ELISA. In agreement with 

those observations, lower levels of IgA antibodies were detected in the culture 

supernatants of stimulated splenic B cells derived from STAP1-KO mice than B 

cells from their WT littermates (Figure 3.2.11 E). 
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Figure 3.2.11 STAP1 deficiency suppresses IgA-class switching and IgA secretion by B cells 

after stimulation ex vivo. Spleen single cell suspensions were prepared from either 8-week-

old STAP1-WT or STAP1-KO mice, followed by culture in medium containing 20 mg/mL 

lipopolysaccharide (LPS), 1 ng/mL TGF-β, 5 ng/mL IL-5 for promoting class switch to IgA, 

while the control (Ctrl) cells were cultured with medium supplemented with PBS. Cells were 

collected after 5 days of culture. (A-D) Cells were analyzed by flow cytometry for identifying 

various B cell subsets as indicated (A). The population frequencies of various B cell subsets 

with IgA expression (B and C), plasmablasts (D). (E) Cell culture supernatants were examined 

for the concentration of secreted IgA using ELISA. Data are expressed as mean ± SEM (n = 

4-6). Each dot represents the measurement of an individual mouse and the column indicates 

the average. 
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3.2.6 Knockdown STAP1 in hybridoma B cells reduces the antibody secretion. 

STAP1 KO mice were demonstrated to induce fewer antibodies after stimulation, 

compared with the WT mice in vivo or ex vivo. To study more about this phenotype, 

I also investigated whether there would get the same result from other models. 

Hybridoma B cell with the antibody-generating ability of B cell and long life and 

reproductivity of the myeloma was used for further study 62-63. For the hybridoma 

B cell I used in this study, IgG1 is mainly secreting antibody subclass. To knock 

down the STAP1 expression in the hybridoma B cell, siRNA and lipofect2000 were 

used. Two different siRNA-STAP1were applied for this assay at a concentration 

of 10M. The mRNA expression level and STAP1 protein expression level of 

STAP1 was measured to confirm the efficiency of siRNA knockdown. Declined 

mRNA expression level (Figure 3.2.12 A) and protein expression level (Figure 

3.2.12 B and C) of STAP1 in siRNA-STAP1 groups implies the effective 

knockdown STAP1 model using hybridoma B cells. Again, the diminishing titer 

of IgG1 was measured in the siRNA-STAP1 knockdown group by ELISA, 

compared with its controls (Figure 3.2.12 D). 
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Figure 3.2.12  Knockdown STAP1 diminishes the titer of IgG1.  Hybridoma B cells were 

transfected with 10M siRNA-Ctrl and 10M siRNA-STAP1. Cells were collected 24 hours 

after transfection for RNA extraction, and RT-qPCR was conducted to determine the mRNA 

expression level of (A) STAP1 and protein expression level of STAP1 (B and C). ELISA was 

performed 48 hours after transfection. The titer of IgG1 in the culture medium was measured 

(D). Data are expressed as mean ± SEM (n = 4). Each dot represents the measurement of an 

individual mouse, and the column indicates the average. 
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4.3 Summary 

STAP1 is supposed to function in immune system regulation. Especially with the 

development of the COVID-19 epidemic, STAP1 is listed in the first place of 

related genes56, which makes us pay more attention to how STAP1 mediates the 

immune response. That may be a clue to better understanding the mechanism of 

COVID.  

As COVID mainly affected lung damage, I chose the nasal immunization method 

to investigate the link between STAP1 and immune response. 10-days after the first 

immunization or 3-days after the third immunization, the lower level of antibodies, 

including serum IgG, BALF IgG, and IgA were measured in STAP1-KO mice 

under both two adjuvants, compared with its corresponding wild type controls. 

Interestingly, 10-days after the third immunization, only serum IgG2c and BALF 

IgA were discovered fewer production in STAP1-KO mice under the standard 

adjuvant cholera toxin, and it showed no significant change in serum IgG. Under 

the novel adjuvant S100A4, the absence of STAP1 displayed a weak reaction to 

the immune response in both serum and BALF antibodies.  To further confirm the 

phenotype of STAP1 deficiency that harmed the ability of antibody secretion and 

which part of the immune response activation pathway dysfunction, ex vivo assay 
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using splenic single cells or single cells from the bone marrow of STAP1-WT and 

STAP1-KO mice. After stimulation, the differentiation ability of bone marrow-

derived dendritic cells dropped in STAP1-KO mice, but it did not alter the 

activation capability of the bone marrow-derived dendritic cell. Besides, the 

absence of STAP1 did not have an effect on T cell activation after stimulation. To 

double-check the ability of antibody generation, after culture with the stimulators, 

splenic single cells from STAP1-KO mice produced less IgA in the culture medium 

and the ability of moderating the B cell class-switching weakened. Based on these 

findings, I also examined the capacity of antibody production using hybridoma B 

cells transfected with siRNA-STAP1. The data showed that knockdown of the 

expression of STAP1 diminished the secretion of IgG1 antibody, which was 

consistent with the result from in vivo or ex vivo.  

In this chapter, I demonstrated that deficiency of STAP1 showed a weaker reaction 

to immune response no matter under a strong adjuvant cholera toxin or a weak 

adjuvant S100A4. A similar result could be found ex vivo and in vitro using knock 

down the expression of STAP1. And the ex vivo assays also suggested that the 

reason why the deletion of STAP1 damaged the ability of antibody production, was 

due to the abnormal B cell activity instead of the activation of dendritic cells or T 
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cells. Interestingly, the ability of antibody production displayed differently at 

various time points after immunization under distinct adjuvants with distinct 

functional pathways. That might be some hints to clarify how STAP1 functions in 

controlling the immune response.  
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Chapter 4- Deletion of STAP1 impairs 

immune response via mitochondrial 

dysfunction 
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4 Deletion of STAP1 impairs immune response via mitochondrial 

dysfunction 

4.1 Introduction 

To further learn more about the mechanism of how STAP1 impairs the function of 

antibody production, cell-based influenced by STAP1 should be noted. Based on 

the previous chapter suggests that STAP1 may regulate glucose homeostasis, 

which implies STAP1 is necessary for normalizing the generation of ATP as well 

64. Besides, it is demonstrated that to support their antibodies-producing function, 

activated germinal centre B cells need fatty acid oxidation and glycolysis to 

produce energy 16-17. It is a rising topic in immunometabolism, which is described 

by combining the words of immunology and metabolism. That is to say, abnormal 

cell-based metabolic progress in immune cells may cause metabolic diseases or 

immune diseases 18. 

In this chapter, STAP1-KO mice and their controls were used for cell-based 

metabolic change investigation, mainly included the mitochondrial number and 

function. Seahorse Extracellular Flux Analyzer was the main tool to measure 

mitochondrial respiration to determine the main function of mitochondrial- ATP 

production. Additionally, the glycolysis ability of B cells was also measured using 
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the Seahorse Extracellular Flux Analyzer. In addition, MitoTracker staining was 

applied to further confirm the function of mitochondria. Moreover, the complex of 

mitochondria was quantified by western blot. Co-immunoprecipitate was also 

applied to check the interaction protein of STAP1 to clarify the STAP1 affected 

the immune response via impacting the mitochondrial function. 
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4.2 Result 

4.2.1 Knockdown STAP1 impairs mitochondrial respiration and glycolysis 

In chapter 3, hybridoma B cells transfected with siRNA-STAP1 were applied to 

confirm that fewer antibodies were generated after knockdown STAP1 expression. 

To further verify the hypothesis of the absence of STAP1 harmed the cell-based 

mitochondrial function to induce the weaker immune response, hybridoma B cells 

transfected with siRNA-STAP1 were applied for the Seahorse Extracellular Flux 

Analyzer with different chemicals to determine the capability of ATP production 

from mitochondrial respiration and glycolysis.  

For the mitochondrial stress test to measure mitochondrial respiration after basal 

respiration measurement, oligomycin was added to inhibit ATP synthase (complex 

V), damaging the electron flow through the electron transport chain. The area 

decreasing after oligomycin was regarded as ATP-link respiration. Followed by the 

injection of FCCP, an uncoupling agent to ruin the proton gradient and interrupt 

the mitochondrial membrane potential, which allowed electron flow through the 

electron transport chain to oxygen utilization via complexⅣ achieved maximum 

respiration. The final injection of a mixture of rotenone and antimycin A, the 

complexⅠ and complex Ⅲ respectively. This mixture interrupted mitochondrial 
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respiration and permitted the calculation of nonmitochondrial respiration triggered 

by activities outside the mitochondria.  

For glycolysis stress test to measure glycolytic function. Glucose was the first 

injection for utilization and catabolization by the glycolytic pathway to turn into 

pyruvate, producing ATP, NADH, water, and proton in the end. In the second step, 

oligomycin was added as an inhibitor to shift the energy generation to glycolysis, 

which implied the following raising in extracellular acidification rate  (ECAR) was 

the cellular maximum glycolytic ability. The final step was the injection of 2-DG, 

a glucose analogy, hindered glycolysis through a competitive tie to glucose 

hexokinase, the first enzyme in the glycolysis pathway. The subsequent decline in 

ECAR validated that the ECAR was created in the experiment because of 

glycolysis. The distinction between glycolytic capacity and glycolysis rate was 

described as glycolytic reserve. 

After 48 hours of siRNA-STAP1 transfection, hybridoma B cells transfected with 

siRNA-STAP1 displayed a sustained reduction in oxygen consumption rate (OCR) 

after oligomycin and FCCP injection, compared with their controls (Figure 4.2.1 

A). Besides, there was no significant change in the basal respiration measurement 

between the three groups (Figure 4.2.1 A). Consistently, after analysis, lower levels 
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of maximal respiration (Figure 4.2.1 B) and spare respiration capacity(Figure 4.2.1 

C) were shown in the hybridoma B cells transfected with the siRNA-STAP1 group. 

In the glycolysis stress test, the hybridoma B cell transfected with siRNA-STAP1 

showed a reduction in ECAR (Figure 4.2.2 A), glycolysis, and glycolysis capability 

(Figure 4.2.2 B, C) after glucose and oligomycin injection.  

 

Spare respiratory capacity

 
Figure 4.2.1 knockdown of STAP1 reduces mitochondrial respiration. Hybridoma B cells 

were transfected with 10nM siRNA-STAP1, 10nM siRNA-Ctrl. The Aligent Seahorse XF Cell 

Mito Stress test was performed to measure the oxygen consumption rate (OCR) (A) in 

hybridoma B cells after 48 hours of transfection with siRNAs. Extracellular flux analysis of 

mitochondrial OCR was quantified (B and C). Data are expressed as mean ± SEM. # indicates 

a significant difference between negative control and siRNA-STAP1#1, # p < 0.05; ## p< 0.01 

(n   =5). * indicates a significant difference between negative control and siRNA-STAP1#2, * 

p < 0.05; ** p < 0.01;*** p < 0.001 (n = 5). Each dot represents the measurement of an 

individual mouse and the column indicates the average. 
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Figure 4.2.2 knockdown of STAP1 diminishes the ability of glycolysis. Hybridoma B cells 

were transfected with 10nM siRNA-STAP1, 10nM siRNA-Ctrl. Seahorse analysis of the 

Extracellular acidification rate (ECAR) (A) in hybridoma B cells after 48 hours of transfection 

with siRNAs. Extracellular flux analysis of ECAR was quantified (B and C). Data are 

expressed as mean ± SEM. # indicates a significant difference between negative control and 

siRNA-STAP1#1, # p < 0.05; ## p< 0.01 (n   =5). * indicates a significant difference between 

negative control and siRNA-STAP1#2, * p < 0.05; ** p < 0.01;*** p < 0.001 (n = 5). Each dot 

represents the measurement of an individual mouse and the column indicates the average. 
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4.2.2 Deletion of STAP1 declines mitochondrial respiration and glycolysis 

Except for the studies on the knockdown STAP1 cell model, I examined the 

mitochondrial function using the Seahorse Extracellular Flux Analyzer with 

primary splenic B cells from STAP1-KO mice. Interestingly, lower basal 

mitochondrial respiration OCR was found in STAP1 deficiency B cells, compared 

with its controls. Similar to the knockdown model, the lack of STAP1 presented a 

sustained reduction in OCR after oligomycin and FCCP injection, compared with 

their controls(Figure 4.2.3 A). Again, drop levels of basal respiration (Figure 4.2.3 

B), maximal respiration (Figure 4.2.3 C), and ATP production (Figure 4.2.3 D) 

were shown in the primary splenic B cell from STAP1-KO mice. In the glycolysis 

stress test, the primary splenic B cell from STAP1-KO mice revealed a lessening 

in ECAR (Figure 4.2.4 A), glycolysis (Figure 4.2.4 B), and glycolysis capability 

(Figure 4.2.4 C) after glucose and oligomycin injection. It was worth to noted that, 

the primary splenic B cell from STAP1-KO mice had poorer basal glycolysis, 

compared with their controls.  
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Figure 4.2.3 Loss of  STAP1 leads to mitochondrial dysfunction and damage. CD19+ B cells 

were sorted from splenic cells of either STAP1-WT or STAP1-KO mice using anti-CD19 

MicroBeads. The oxygen consumption rates (OCR) were measured using the Aligent Seahorse 

XF Cell Mito Stress test (A), and the basal respiration (B), maximal respiration (C) and ATP 

production (D) of mitochondrial OCR were assessed. Data are expressed as mean ± SEM (n = 

9-10). * p < 0.05; ** p < 0.01;*** p < 0.001. Each dot represents the measurement of an 

individual mouse and the column indicates the average. 
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Figure 4.2.4 Loss of  STAP1 leads to mitochondrial glycolysis dysfunction. CD19+ B cells 

were sorted from splenic cells of either STAP1-WT or STAP1-KO mice using anti-CD19 

MicroBeads. The extracellular acidification rates (ECAR) were measured using the Seahorse 

analysis (A), and glycolysis (B), glycolytic capacity (C) and glycolytic reserve (D) were 

quantified. Data are expressed as mean ± SEM (n = 9-10). * p < 0.05; ** p < 0.01;*** p < 

0.001. Each dot represents the measurement of an individual mouse and the column indicates 

the average. 
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4.2.3 Knockdown STAP1 drops the gene expression of mitochondrial complexes 

but does not affect the mitochondrial number  

As I found the dysfunctional mitochondria in hybridoma B cell transfected with 

siRNA-STAP1, to explore whether this abnormal phenotype was related to the 

number of mitochondria or the biogenesis of mitochondria, I checked the amount 

of mitochondrial DNA by RT-qPCR first. There was no significant change in the 

number of mitochondrial DNA between the three groups (Figure 4.2.5 A). Next, I 

also checked the biogenesis of mitochondria, including mitochondrial transcription 

factor A (TFAM), NADH-ubiquinone oxidoreductase chain five protein (mtND5) 

(complex Ⅰ), cytochrome b (CYTB) complex Ⅲ), and cytochrome oxidase Ⅲ 

(COXⅢ) （complex Ⅳ). Except for TFAM, decreasing mRNA expression levels 

of mtND5 (Figure 4.2.5 C), CYTB (Figure 4.2.5 D), and COXⅢ (Figure 4.2.5 E) 

were discovered in hybridoma B cells transfected with siRNA-STAP1, compared 

with their controls. There was no significant change in the mRNA expression levels 

of TFAM between the three groups (Figure 4.2.5 B). 
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Figure 4.2.5 knockdown STAP1 decreases the mRNA expression of mitochondrial 

biogenesis. Hybridoma B cells were transfected with 10nM siRNA-STAP1, 10nM siRNA-Ctrl, 

or its negative control. Cells were collected 24 hours after transfection for RNA extraction, and 

RT-qPCR was conducted to determine the mRNA expression level of mitochondrial DNA 

(mtDNA) normalized with genomic DNA (gDNA) (A) and determined the mRNA expression 

level of mitochondrial biogenesis genes, Mitochondrial transcription factor A (TFAM) (B), 

NADH-ubiquinone oxidoreductase chain five protein (mtND5) (complex Ⅰ) (C), cytochrome b 

(CYTB) (complex Ⅲ) (D), and  cytochrome oxidase Ⅲ (COXⅢ) （complex Ⅳ) (E). Data are 

expressed as mean ± SEM (n = 9-10). * p < 0.05; ** p < 0.01;*** p < 0.001. Each dot represents 

the measurement of an individual mouse and the column indicates the average. 
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4.2.4 Obliteration of STAP1 diminishes the gene expression of mitochondrial 

complexes but does not affect the mitochondrial number  

MitoTracker Green is a mitochondrial-specific probe that attaches covalently to 

mitochondrial proteins by responding with cysteine residues and gathers within the 

mitochondrial matrix 65. This reaction depends on mitochondrial membrane 

potential and is used to characterize mitochondrial mass 66. 

MitoTracker Red is a probe taken up by polarized mitochondria that are negatively 

charged 67. Hence, it is regarded to rely on mitochondrial membrane potential 68. 

This probe can be also used to measure the gain or loss of mitochondrial 

functionality, while the loss is linked with the metabolic move from OXPHOS to 

glycolysis 69. 

Staining with the mixture of these two probes, the mitochondrial function can be 

determined according to the mitochondrial mass and membrane potential. After 

staining with two trackers, primary splenic B cells from STAP1-KO mice 

presented loss of mitochondria, compared with its corresponding wildtype controls 

(Figure 4.2.6 D), and there was no significant change in the mitochondrial mass 

between the two groups (Figure 4.2.6 B). Moreover, more dysfunctional 
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mitochondria were detected in primary splenic B cells from STAP1-KO mice 

(Figure 4.2.7 B). 
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Figure 4.2.6 Ablation of STAP1 decreases mitochondria potential. CD19+ B cells were 

sorted from splenic cells of either STAP1-WT or STAP1-KO mice using anti-CD19 

MicroBeads. Sorted B cells were stained with Mito Tracker Green and Mito Tracker Red, 

followed by flow cytometric analysis. The mitochondrial mass was assessed by Mito Tracker 

Green levels (A), which was quantified based on the mean fluorescence intensity (MFI) levels 

(B). The mitochondrial menbrane potential was assessed by Mito Tracker Red levels (C) with 

quantification (D). Data are expressed as mean ± SEM (n = 2-3). * p < 0.05; ** p < 0.01;*** 

p < 0.001. Each dot represents the measurement of an individual mouse and the column 

indicates the average. 
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Figure 4.2.7 Lack of STAP1 leads to mitochondria dysfunction. CD19+ B cells were sorted 

from splenic cells of either STAP1-WT or STAP1-KO mice using anti-CD19 MicroBeads. 

Sorted B cells were stained with Mito Tracker Green and Mito Tracker Red, followed by flow 

cytometric analysis. Cells with dysfuncitonal mitochondria were revealed as Mito Tracker 

GreenhighMito Tracker Redlow (A) with quntification (B). Data are expressed as mean ± SEM 

(n = 2-3). * p < 0.05; ** p < 0.01;*** p < 0.001. Each dot represents the measurement of an 

individual mouse and the column indicates the average. 

 

 

 

To explore why primary splenic B cells from STAP1-KO mice had more 

dysfunctional mitochondria, these cells were checked by the number of 

mitochondria or the biogenesis of mitochondria by RT-qPCR. Similar to the data 

with knockdown STAP1 in the hybridoma B cell model, there was no significant 

change in the number of mitochondrial DNA between the three groups (Figure 

4.2.8 A). Next, I also checked the biogenesis of mitochondria, including 

mitochondrial transcription factor A (TFAM), NADH-ubiquinone oxidoreductase 
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chain five protein (mtND5) (complex Ⅰ), cytochrome b (CYTB) (complex Ⅲ), and 

cytochrome oxidase Ⅲ (COXⅢ) （complex Ⅳ). Decreasing mRNA expression 

levels of TFAM, mtND5, CYTB, and COXⅢ were discovered in sorted B cells of 

STAP1-KO mice, compared with their controls (Figure 4.2.8 B-E).  Except for the 

mRNA expression level, the protein level of mitochondrial complexes in these cells 

was also quantified by western blotting. The protein expression of complex Ⅰ and 

complex Ⅳ in mitochondria of primary splenic B cells from STAP1-KO mice 

revealed lower protein expression levels, compared with their controls (Figure 

4.2.9 A and B).   
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Figure 4.2.8 Deletion of STAP1 reduces the mRNA expression of mitochondrial biogenesis. 

CD19+ B cells were isolated from splenic single cells of either STAP1-WT or STAP1-KO mice 

using anti-CD19 MicroBeads. Cells were collected for RNA extraction, and qPCR was 

conducted to determine the mRNA expression level of  mitochondrial DNA (mtDNA) 

normalized with genomic DNA (gDNA) (A) and determined the mRNA expression level of 

mitochondrial biogenesis genes, Mitochondrial transcription factor A (TFAM) (B), NADH-

ubiquinone oxidoreductase chain five protein (mtND5) (complex Ⅰ) (C), cytochrome b (CYTB) 

(complex Ⅲ) (D), and  cytochrome oxidase Ⅲ (COXⅢ) （complex Ⅳ) (E). Data are 

expressed as mean ± SEM (n = 7 - 8). * p < 0.05; ** p < 0.01;*** p < 0.001. Each dot represents 

the measurement of an individual mouse and the column indicates the average. 
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Figure 4.2.9. Mitochondrial damage in the ablation of STAP1 causes decreasing 

mitochondrial complex. CD19+ B cells were sorted from splenic cells of either STAP1-WT or 

STAP1-KO mice using anti-CD19 MicroBeads. The protein expression levels of mitochondrial 

complexes in sorted B cells were determined using western blot (A) with quantification (B). 

Data are expressed as mean ± SEM (n =3). * p < 0.05; ** p < 0.01;*** p < 0.001. Each dot 

represents the measurement of an individual mouse and the column indicates the average. 
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4.2.5 Elimination of STAP1 generates more superoxide 

MitoSox is a permeant probe for alive cells with the cationic triphenylphosphonium 

substituent, the positive amount of this molecule allows the utilization of the probe 

by aggressively respiring mitochondria. Once the probe gets inside the 

mitochondria, another element of MitoSOX, dihydroethidium, can be oxidized by 

superoxide creating the 2-hydroxyethidium, which reveals a fluorescence 

excitation, representing the mitochondrial reactive oxygen species (ROS) 

production. ROS production emphasizes oxidative damage and can induce 

mitochondrial dysfunction70-71. 

The higher mean fluorescence intensity (MFI) of MitoSox was detected among 

primary splenic B cells from STAP1-KO mice, compared with their controls 

(Figure 4.2.10 B). That implicated primary splenic B cells from STAP1-KO mice 

had a larger number of dysfunctional mitochondria, which was reliable with the 

data of staining with MitoTracker Red.  
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Figure 4.2.10 Elimination of STAP1 generates more superoxide. CD19+ B cells were sorted 

from splenic cells of either STAP1-WT or STAP1-KO mice using anti-CD19 MicroBeads. 

Sorted B cells were staied with Mito Sox for assessing mitochondrial superoxide production 

using flow cytometry (A) with quantification (B). Data are expressed as mean ± SEM (n = 2-

3). * p < 0.05; ** p < 0.01;*** p < 0.001. Each dot represents the measurement of an individual 

mouse and the column indicates the average. 
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4.2.6 Overexpressing STAP1 improves mitochondrial respiration and glycolysis 

Except for the studies on the knockdown STAP1 cell model, I examined the 

mitochondrial function using the Seahorse Extracellular Flux Analyzer with 

primary splenic B cells from B cell specific overexpressing STAP1 mice. In 

contrast to the knockdown model, the B cell specific overexpressing STAP1 

showed a sustained improvement in OCR after FCCP injection, compared with 

their controls (Figure 4.2.11 A). Increasing levels of maximal respiration (Figure 

4.2.11 B), ATP production (Figure 4.2.11 C), and spare respiration capacity (Figure 

4.2.11 D) were shown in the primary splenic B cells from B cell specific over 

expressing STAP1 mice. In the glycolysis stress test, the primary splenic B cells 

from B cell specific over expressing STAP1 mice revealed a raising in ECAR 

(Figure 4.2.12 A), glycolysis (Figure 4.2.12 B), glycolysis capability (Figure 4.2.12 

C) after glucose and oligomycin injection and glycolysis reserve (Figure 4.2.12 D).  
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Figure 4.2.11 Specific B cell over expressing STAP1 improves mitochondrial respiration. 8-

wee -old mice were intraperitoneally injected with AAV-mB29-STAP1 or its corresponding 

controls AAV-MSC. CD19+ B cells were isolated from splenic single cells of either AAV-

mB29-STAP1 or AAV-MSC mice using anti-CD19 MicroBeads. The oxygen consumption 

rates (OCR) were measured using the Aligent Seahorse XF Cell Mito Stress test (A), and the 

maximal respiration (B), ATP production (C) and spare respiratory capacity (D) of 

mitochondrial OCR were assessed. Data are expressed as mean ± SEM (n = 9-10). * p < 0.05; 

** p < 0.01;*** p < 0.001. Each dot represents the measurement of an individual mouse and 

the column indicates the average. 
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Figure 4.2.12 Specific B cell over expressing STAP1 enhances the ability of glycolysis. 8-

week-old mice were intraperitoneally injected with AAV-mB29-STAP1 or its corresponding 

controls AAV-MSC. CD19+ B cells were isolated from splenic single cells of either AAV-

mB29-STAP1 or AAV-MSC mice using anti-CD19 MicroBeads. The extracellular 

acidification rates (ECAR) were measured using the Seahorse analysis (A), and glycolysis (B), 

glycolytic capacity (C) and glycolytic reserve (D) were quantified. Data are expressed as mean 

± SEM (n = 9-10). * p < 0.05; ** p < 0.01;*** p < 0.001. Each dot represents the measurement 

of an individual mouse and the column indicates the average. 
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4.2.7 STAP1 binds to prohibitins 

Previous studies demonstrated that STAP1 is positive regulation of BCR signalling 

pathway and BCR signalling is essential for B cell antibody production72 , but 

molecular mechanisms by which STAP1 regulating the B cell primary antibody 

production remain to be fully elucidated. I performed TAP-tag pull down to explore 

the function of STAP1 via its binding proteins by mass spectrometry. In brief, 

many mitochondrial proteins were pulled down by TAP-tag STAP1 but not control 

(Table 4.2.1). Interestingly, various databases suggested that STAP1 protein can 

be detected in mitochondria. Amount the mitochondrial proteins, we are interested 

in the interaction of STAP1 and prohibitin 1 (PHB) and 2 (PHB2). prohibitins 

(PHBs) are ubiquitously expressed protein that play an important role on 

mitochondrial functions including mitochondrial biogenesis and oxidative 

phosphorylation73. Therefore, we performed co-immunoprecipitation to verify the 

binding between STAP1 and PHB (Figure 4.2.13 A). Interestingly, we found that 

the expression level of PHB proteins in the B cells of STAP1 KO mice were 

significantly lower than their WT controls (Figure 4.2.13 B and C). 
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Table 4.2.1  List of mitochondrial proteins pulled down by TAP-tagged STAP1. The 

matching results of purified protein from HEK293 transfected with TAP-tagged STAP1 or 

negative control cell were compared. Only those that were presented in matching results of 

HEK293 transfected with TAP-tagged STAP1 protein are listed. The matched proteins are 

presented in descending order of confidence level. 

Accession Description 
Mascot 
Protein 
Score 

Protein 
Molecular 

Mass 

Total 
significant 
sequence 
matched 

Significant 
unique 

sequence 
matched 

Sequence 
coverage 

(%) 

STAP1 

Signal-
transducing 

adaptor 
protein 1 

205 34498 8 8 51 

PHB Prohibitin 324 29843 7 7 38 

VDAC1 

Voltage-
dependent 

anion-
selective 
channel 
protein 1 

286 30868 7 7 34 

VDAC2 

Voltage-
dependent 

anion-
selective 
channel 
protein 2 

194 32060 5 5 32 

NDUA4 

Cytochrome 
c oxidase 
subunit 

NDUFA4 

50 9421 2 2 27 

HS71A 
Heat shock 

70 kDa 
protein 1A 

207 70294 7 5 17 

PYC 

Pyruvate 
carboxylase

, 
mitochondri

al 

715 130293 12 12 16 
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SFXN1 
Sideroflexin

-1 
60 35881 2 2 15 

RAP1A 
Ras-related 

protein 
Rap-1A 

57 21316 2 2 15 

ADT2 
ADP/ATP 
translocase 

2 
213 33059 4 1 14 

ADT3 
ADP/ATP 
translocase 

3 
208 33073 4 1 14 

CH60 

60 kDa heat 
shock 

protein, 
mitochondri

al 

193 61187 4 4 12 

PHB2 Prohibitin-2 170 33276 2 2 11 
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Figure 4.2.13 STAP1 binds to prohibitin. (A) Cell lysates were prepared from the 293T cell 

line which overexpressed STAP1 followed by co-immunoprecipitaion using anti-FLAG to 

confirm the protein interaction between STAP1 and PHB. (B-C) B cells were sorted from the 

spleen of 8-week-old STAP1-WT or STAP1-KO mice using anti-CD19 MicroBeads. Cell-

associated PHB was measured by western blot (B) and the bands were quantified (C). Data are 

expressed as mean ± SEM (n = 3). * p < 0.05; ** p < 0.01;*** p < 0.001. Each dot represents 

the measurement of an individual mouse and the column indicates the average. 
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4.3 Summary 

Recently, researchers who are mainly focused on immunology started to transfer 

their concern on how the cell-based metabolism of immune cells influence immune 

response. High energy is needed for immune cells to activate their immune 

response. Moreover, germinal centre B cells generats antibodies, supported by the 

energy from mitochondrial respiration and glycolysis 16-17. Therefore, studying the 

metabolism of B cells with or without STAP1 expression may justify how STAP1 

regulated immune response. 

In this chapter, I designed the experiment mainly employing Seahorse Extracellular 

Flux Analyzer and MitoTracker staining to determine the function of mitochondria 

in different models, including primary B cells from STAP1-KO mice or B cell 

specific over expressing STAP1 mice, and hybridoma B cells transfected with 

siRNA-STAP1. The results were consistent. In knockdown or knockout of STAP1 

models, weaker mitochondrial respiration and glycolysis were detected. While 

improved mitochondrial respiration and glycolysis were exhibited in primary B 

cells from B cell specific over expressing STAP1 mice. In Mitotracker staining, 

primary B cells from STAP1-KO mice had more dysfunctional mitochondria but 

did not change the number of mitochondria, compared with their controls. Likewise, 
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in primary B cells from STAP1-KO mice or hybridoma B cells transfected with si-

RNA-STAP1, there was less mRNA expression of mitochondrial biogenesis and 

no change in the number of mitochondria. As previous studies demonstrated that 

PHBs physically interact with mitochondrial complex I in human cells and might 

play a role in the assembly or degradation of mitochondrial complex I74-75. By 

immunoblotting for molecular markers of the mitochondrial respiratory chain 

complexes, downregulations of complex I in STAP1-KO splenic B cells was 

confirmed. Additional, the binding between STAP1 and PHB was verified by co-

immunoprecipitation and lower expression level of PHB proteins in the B cells of 

STAP1-KO mice were found. Together, these data indicate that STAP1 is required 

in the maintenance of mitochondrial function in B cells. 
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Chapter 5- Hepatic homeostasis 

required expression of STAP1 
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5 Hepatic homeostasis requires expression of STAP1 

5.1 Introduction 

STAP1 was widely reported as the fourth causative gene of hypercholesterolemia 

in the past decades26-27, 39-40, 53. The reason behind this was that many research 

groups revealed lots of variants of STAP1 in hypercholesterolemia patients or 

patients' families, compared with healthy individuals, via scanning genomic DNA 

sequencing. With more and more studies on this topic published, inconsistent 

reports were released indicating that there might be no association between STAP1 

mutation and hypercholesterolemia. It was reported that individuals carrying the 

STAP1 variants were stable at a healthy level of serum cholesterol level41. Besides, 

the variants which were supposed to be damaged might not affect the serum 

cholesterol change by different methods of analysis 43, 50. In addition, two research 

groups mainly paid attention to the metabolism change using the STAP1 global 

knockout mouse model. Based on their result, there was no difference in metabolic 

parameters, including blood random or fasting glucose, serum cholesterol level, 

and serum triglyceride level44-45. The global STAP1-KO mouse model they used 

was the same knockout strategy as mine.  Consequently, to summarize the results 

of all these studies, STAP1 was first supposed as the fourth causative gene of 
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hypercholesterolemia in the clinical report by finding STAP1 variants in 

hypercholesterolemia patients. Secondly, with increasing studies on the different 

STAP1 variants, researchers found that not all the variants were linked with 

inducing hypercholesterolemia. The reason might owe that there were large 

numbers of STAP1 variants located on different positions of the STAP1 gene. 

Moreover, the experimental assay using a knockout mouse model mainly 

measured the phenotype without gene STAP1 expression, which was studying the 

change in the loss of STAP1 function under the hypothesis that STAP1 variants 

impaired the STAP1 protein function. But gene mutation did not only mean losing 

the protein function that its codes. Against this, there might encode a new protein 

by STAP1 variants to regulate other functions, inducing hypercholesterolemia.  

Therefore, in this chapter, I planned to check the phenotype related to 

hypercholesterolemia using a B cell specific overexpressing STAP1 mouse model 

via an adeno-associated virus system, which was a different model from the 

STAP1 global knockout mouse model. Meanwhile, I noticed the research group 

that was using the same knockout mice as mine, feeding mice with a western diet 

(42%kcal) but got no significant difference in metabolic change. Hence, I also 

proposed to feed the STAP1-KO mice with a high-fat diet (62%kcal), which with 
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higher calories than before to further confirm the relationship between deficiency 

of STAP1 and hypercholesterolemia. 
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5.2 Result 

5.2.1 STAP1 greatly induces in the liver of high-fat diet feeding 

To study the connection between STAP1 and familial hypercholesterolemia, 8-

week-old mice were fed a high-fat diet (HFD) to construct the non-alcoholic fatty 

liver disease model, and mice were fed with a standard chow diet (STC) as a control. 

After 12 weeks of feeding, the HFD mice and their corresponding control 

littermates were sacrificed and their spleens were collected for RT-qPCR and 

western blot. Intriguingly, STAP1 greatly induces in the liver after high-fat diet 

feeding (Figure 5.2.1 A). Single cells were isolated from the liver and purified by 

the CD19+ Microbeads to get the hepatic B cells. The data shows that the induction 

of STAP1 after HFD feeding occurred in the hepatic B cells instead of hepatocytes 

(Figure 5.2.1 B). To further understand whether the frequenccy of B cells change 

or not after HFD treatment, single cells isolated from these three tissues was stained 

with anti-CD19, followed by flow cytometry (Figure 5.2.2 A). The result indicates 

that there is no significant change between STC and HFD (Figure 5.2.2 B). 
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Figure 5.2.1 STAP1 greatly induces in the liver of high-fat diet feeding.  Wildtype mice 

upon standard chow feeding or after 12-week high-fat diet feeding were sacrificed for liver 

collection. RT-qPCR and western blot were performed to quantify the m RNA and protein 

expression level of STAP1. Protein (A) and mRNA (B) expression levels in the liver under 

STC and HFD feeding were quantified. Data are expressed as mean ± SEM, * indicated a 

significant difference, *p < 0.05; **p < 0.01; ***p < 0.001 (n=3). Each dot represents the 

measurement of an individual mouse, and the column indicates the average. 
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Figure 5.2.2 STAP1 does not affect the population of B cells after high-fat diet feeding.  

Wildtype mice upon standard chow feeding or after 12-week high-fat diet feeding were 

sacrificed for bone marrow, spleen, and liver collection. Followed by flow cytometry to 

measure the B cell population (A). Quantification of the frequencies of B cells in various 

tissue after high-fat diet feeding, compared with standard chow feeding (B). Data are 

expressed as mean ± SEM, * indicated a significant difference, *p < 0.05; **p < 0.01; 

***p < 0.001 (n=4). Each dot represents the measurement of an individual mouse, and the 

column indicates the average. 
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5.2.3 STAP1 deficiency increases serum triglyceride and total cholesterol after 

fasting under STC feeding 

For investigating how STAP1 regulated hepatic function, baseline characteristics 

on the STC diet were assessed at the age of 8 weeks randomly or after fasting for 

16 hours. Similar body weight (Figure 5.2.3 A), blood glucose (Figure 5.2.3 B), 

triglyceride (Figure 5.2.3 C), serum total cholesterol (Figure 5.2.3 D) between 

STAP1-WT and STAP1-KO mice were found randomly. And there were no 

differences in body weight (Figure 5.2.3 A), blood glucose (Figure 5.2.3 B) 

between STAP1-WT and STAP1-KO mice after fasting. Interestingly, higher 

triglyceride (Figure 3.2.3 C), serum total cholesterol (Figure 3.2.3 D)  levels were 

observed after 16 hours of fasting in STAP1-KO mice, compared with their 

STAP1-WT littermates. We checked whether deletion of STAP1 would also reduce 

their cytokine production. Then, we checked the production of cytokines from their 

splenic B cells. Notably, the anti-inflammatory cytokine IL-10 produced by the 

splenic B cells dramatically was decreased that isolated from STAP1-KO mice as 

compared to their STAP1-WT controls (Figure 3.2.4). 
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Figure 5.2.3 STAP1 deficiency increases serum triglyceride and total cholesterol after 16 

hours of fasting under STC feeding. Basic metabolic parameters of STAP1 KO and their WT 

littermates were measured randomly or after 16 hours of fasting, including body weight (A), 

blood glucose (B), serum triglyceride (C), serum total cholesterol(D). Data are expressed as 

mean ± SEM. *indicated a significant difference, *p < 0.05; **p < 0.01; ***p < 0.001 

(n=10-12).  Each dot represents the measurement of an individual mouse, and the column 

indicates the average. 
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Figure 5.2.4 STAP1 deficiency decreases Il-10 mRNA expression. Sorted splenic B cells were 

used for RT-qPCR to quantify the expression level of IL-10 and TNFα. Data are expressed as 

mean ± SEM. *indicated a significant difference, *p < 0.05; **p < 0.01; ***p < 0.001 (n=7-

8).  Each dot represents the measurement of an individual mouse, and the column indicates the 

average. 
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5.2.4 Specific B cells overexpressed STAP1 improves glucose homeostasis after 

HFD feeding 

To study the relationship between STAP1 and hepatic function, a B cell specific 

expressed STAP1 mouse model was applied for the experiment. The reason why 

not learned more about STAP1-KO mice was that researchers who used the same 

knockout mouse model, had already reported there were no changes in the baseline 

measurements of metabolism no matter under the STC diet or western diet even 

after 16 weeks. As Kanuri indicated, all these experiments, based on the same 

STAP1-KO mice, were generally regarded as a loss of function model, and could 

not get any clues about the connection between STAP1 expression and hepatic 

homeostasis. In another word, if the relation of STAP1 to hypercholesterolemia 

was owing to lacking STAP1 but obtaining a new function, that meant the missense 

mutation on STAP1 may translate into another potential functional protein to break 

the balance in hepatic homeostasis. 

Hence, 8-week-old STAP1-WT mice were injected intraperitoneally with AAV-

mB29-STAP1 and its corresponding control AAV-MCS separately. mB29 is a B 

cell specific promoter that drives STAP1 expressing particularly in B cells. 

Verifying whether the associated-adeno virus worked or not, after 8-week injection, 



109 

 

purified B cells and non-B cells using CD19+ Microbeads isolation kit from the 

spleen of overexpressed mice and their corresponding controls were applied for 

total RNA extraction and protein lysate. RT-qPCR was performed to quantify the 

mRNA expression level of B cells and non-B cells from the spleen, and western 

blotting was conducted to measure the protein expression. Compared with the 

controls, higher STAP1 mRNA expression (Figure 5.2.5 A) and protein expression 

level (Figure 5.2.5 B) were found in splenic B cells from AAV-mB29-STAP1 mice, 

while there were no different changes in non-B cells between the two groups. That 

was suggesting the STAP1 overexpressed mouse model targeting B cells was 

successfully constructed. However, no noticeable changes were observed after 

injection under STC feeding, including body weight (Figure 5.2.5 C), random 

feeding blood glucose or glucose fasting after 16 hours (Figure 5.2.5 D), serum 

triglyceride (Figure 5.2.5 E) and total cholesterol (Figure 5.2.5 F).  
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Figure 5.2.5 STAP1 B cell specific overexpressing mice has no change in the metabolism 

upon STC feeding. 8-week-old wildtype mice were injected intraretinally with AAV-mB29–

STAP1 and their corresponding control AAV-MCS separately. Splenic isolated B cells were 

measured the m RNA expression (A) and protein expression (B and C) of STAP1 by RT-qPCR 

and western blotting. Followed by basal metabolic parameters were measured randomly upon 

feeding or after 16 hours of fasting, including  body weight (D), blood glucose (E), serum 

triglyceride (F), serum total cholesterol (G). Data are expressed as mean ± SEM. *indicated a 

significant difference, *p < 0.05; **p < 0.01; ***p < 0.001 (n=6).  Each dot represents the 

measurement of an individual mouse, and the column indicates the average. 
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Therefore, we fed the overexpressed mice with HFD, to learn more about the 

connection between STAP1 and hypercholesterolemia. We checked the basic 

metabolic parameters every four weeks after HFD treatment. Nevertheless, there 

was no significant change in body weight (Figure 5.2.6 A), random feeding blood 

glucose (Figure 5.2.6 C), fasting and feeding serum triglyceride (Figure 5.2.6 D, 

E). Interestingly, fasting glucose significantly decreased discovered on weeks 4, 8, 

and 12 after HFD treatment (Figure 5.2.7 B). Besides, B cells specific 

overexpressed STAP1 mice resulted in reducing fasting and feeding serum total 

cholesterol at weeks 4, 8, and 12 after HFD treatment (Figure 5.2.7 A and B) and 

lessened the fasting serum LDL-C levels at the 4th, 8th, and 12th week (Figure 5.2.7 

C), feeding serum LDL-C level at the week of 4 (Figure 5.2.7 D). In addition, no 

change was found in the fasting and feeding serum HDL-C (Figure 5.2.7 E and F). 
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Figure 5.2.6 STAP1 B cell specific overexpressing mice has no change in body weight, 

random or fasting glucose, and serum triglyceride under HFD feeding. 8-week-old wildtype 

mice were injected intraretinally with AAV-mB29–STAP1 and their corresponding control 

AAV-MCS separately. High-fat diet was treated after 8 weeks of injection, basal metabolic 

parameters were measured every 4 weeks randomly upon feeding or after 16 hours of fasting, 

including  body weight (A), blood glucose (B and C), serum triglyceride (D and E). Data are 

expressed as mean ± SEM. *indicated a significant difference, *p < 0.05; **p < 0.01; ***p 

< 0.001 (n=6).  Each dot represents the measurement of an individual mouse, and the column 

indicates the average. 
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Figure 5.2.7 STAP1 B cell specific overexpressing mice show lower serum total cholesterol 

and LDL-C under HFD feeding. 8-week-old wildtype mice were injected intraretinally with 

AAV-mB29–STAP1 and their corresponding control AAV-MCS separately. High-fat diet was 

treated after 8 weeks of injection, basal metabolic parameters were measured every 4 weeks 

randomly upon feeding or after 16 hours of fasting, including  serum total cholesterol (A and 

B), serum LDL-C (C and D), serum HDL-C (E and F). Data are expressed as mean ± SEM. 

*indicated a significant difference, *p < 0.05; **p < 0.01; ***p < 0.001 (n=6).  Each dot 

represents the measurement of an individual mouse, and the column indicates the average. 
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Owing to the multiple phenotypes of the STAP1 overexpressed mouse model, a 

glucose tolerance test was performed to further assess glucose homeostasis in mice. 

Glucose was injected intraperitoneally with a dosage of 1.5g/kg after 16 hours of 

fasting for the glucose tolerance test. The result showed that glucose clearance 

significantly increases as evidenced by a downregulation of AUC (Figure 5.2.8 A 

and B). On the other hand, blood glucose was measured after insulin injection at 

the dose of 0.75 IU/kg for the insulin tolerance test. Mice were fasted 6 hours 

before an insulin injection. The data indicated that insulin sensitivity slightly 

enhanced in B cells specific overexpressed STAP1 mice (Figure 5.2.8 C and D). In 

addition, 2g/kg pyruvate was intraperitoneally injected after 16 hours of fasting. 

Surprisingly, gluconeogenesis diminished in AAV-mB19-STAP1 mice as 

demonstrating by the decline in the AUC (Figure 5.2.8 E and F). 
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Figure 5.2.8 STAP1 B cell specific expressing affected glucose homeostasis in mice. 8-week-

old wildtype mice were injected intraretinally with AAV-mB29–STAP1 and their 

corresponding control AAV-MCS separately. High-fat diet was treated after 8 weeks of 

injection. Followed by glucose tolerance test (GTT) (A), insulin tolerance test (ITT) (C), and  

pyruvate tolerance test (PTT) (E) was conducted 4 weeks after HFD feeding. The area under 

the curve (AUC) of  GTT (B), ITT (D), and PTT (F) are calculated. Data are expressed as mean 

± SEM. *indicated a significant difference, *p < 0.05; **p < 0.01; ***p < 0.001 (n=6).  

Each dot represents the measurement of an individual mouse, and the column indicates the 

average. 
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5.3 Summary 

Familial hypercholesterolemia is a common genetic disease mainly caused by the 

mutation of LDLR, APOB, and PCSK9. STAP1, expressed in the immune cell, is 

supposed to be the fourth causative gene. But it is highly controversial, recent 

studies indicate that STAP1 has no connection with FH. It is well known that 

STAP1 is mainly expressed in the spleen, but its function is remained to be 

explored. Refer to the inconsistent studies, except for confirming again the 

metabolic parameters change using the STAP1-KO mice model. I constructed a B 

cell specific over expressing STAP1  mouse model to make it clear whether STAP1 

expression was required to maintain glucose homeostasis. 

In this chapter, I found that lack of STAP1 increased serum cholesterol and 

triglyceride after fasting. Additionally, in the B cell specific over expressing 

STAP1 mouse model, glucose homeostasis had been enhanced after high-fat diet 

feeding, including the capability of glucose clearance, insulin sensitivity, and 

hepatic gluconeogenesis, which proved that STAP1 was required for sustaining 

glucose homeostasis. 
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Interestingly, the results I found in the STAP1-KO mice were different from the 

published studies. Compared with the mouse model used in the former studies, in 

the Loaiza group, their STAP1-KO mice are constructed based on the deletion of 

5bp on the exon 344, while my STAP1-KO mouse model is designed on the 

obliteration of exon 5 with loxP site. The different locations of these two knockout 

mouse models may cause these different consequences. Therefore, more 

experiments need to be done to know more about the mechanism of how STAP1 

exactly functions on glucose homeostasis maintenance.  

Besides, to answer the question of why there are so many STAP1 variants that have 

different effects on inducing hypercholesterolemia, I hypothesized that maybe the 

variants did not cause the gain of function of STAP1 instead of loss of function. 

Which meant the mutant of STAP1 translated into a new functional protein, in 

which impaired glucose homeostasis. In another word, the stable expression of 

STAP1 was required for providing glucose homeostasis, which could prevent 

missense translation. Thus, in this study, I changed the mouse model from a 

STAP1-KO mouse into a B cell specific overexpressing STAP1 mouse model, 

using the adeno-associated virus system, to better know the relationship between 

STAP1 and glucose homeostasis. In this mouse model, I chose to over expressed 
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STAP1 specifically in B cell, due to B cell was the most expression location of 

STAP1. After getting the basic metabolic parameters under standard chow feeding, 

I also fed the mice with a high-fat diet as a stimulator to induce non-alcohol fatty 

liver in mice. The results demonstrated that STAP1 was required for glucose 

homeostasis maintenance. 
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Chapter 6- Discussion 
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6 Discussion 

6.1 STAP1 presents an immune regulation function 

In a study of mRNA sequencing using the lungs of COVID-19 patients, STAP1 is 

listed in the first place of related genes56, which shifts our attention to how STAP1 

mediated the immune response. STAP1 is initially supposed to be an immune 

system regulator as the substrate of TEC, controlling the immune system by 

regulating the intracellular signaling mechanism.  

To measure the ability to react to the immune response is to quantify the antibody 

subclass, including IgG, and IgA, which suggests the polarization of immune 

response caused by adjuvant. The two adjuvants I used in the immunization are 

efficient to improve the antibody subclass secretion, indicating the activation of B 

cells by the support under T helper cells76.  

One of my findings was that STAP1 deficiency showed a weaker response to 

immunity not via the activation of dendritic cells or T cells. The limitation of the 

design of the ex vivo assay was examined widely using splenic single cells, which 

were a mixture of immune cells, instead of specific to one cell subset to check the 

association between the weaker response with the activation of dendritic cells of T 

cells. Dendritic cells are accountable for starting antigen-induced immune 
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responses77. Moreover, single cells from STAP1-KO mice presented less 

population after bone marrow differentiation into dendritic cells, which implied the 

weaker immune response might be caused by the smaller number of dendritic cells 

capturing the antigens. And to detect the activation of T cells, only CD3 was used 

as the surface marker to check the proliferation after stimulation, which meant only 

the total T cells population was detected. One of the reasons why there was no 

change in the proliferation of T cells was that change happens in the amount of 

functional T cell subtypes instead of the total number of T cells, for example, Th1, 

and Th2. 

Notably, the obliteration of STAP1 showed different reactions to immune 

responses at distinct timepoint after immunization. Especially at the timepoint of 

the  10th day after the third immunization, there was no change in the serum IgG in 

STAP1-KO mice, but a significant decline in the serum IgG2c and BALF IgA. 

IgG2c subclass antibody is crucial to the proper explanation of the Th1 immune 

response 78, and Th1 cells are necessary for the host defence against intracellular 

pathogens 5, 79. My finding showed that STAP1 deficiency always decreased the 

serum IgG2c secretion, indicating that STAP1 is more needed in the Th1 immune 

response, compared with the Th2 immune response. Thus, to better understand how 
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STAP1 regulates immune response, apart from studying the association between B 

cells and STAP1, the relationship among STAP1, dendritic cells, and T cells can 

also be one of the parts for investigation. 
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6.2 STAP1 regulates immune response via B cell cell-based mitochondrial 

metabolism 

B lymphocytes have a high demand for energy to constitutively secrete antibodies 

after activation 80. In this study, we used STAP1-deficient mice and hybridoma 

cells to gain insight into the biological role of STAP1 and explore the importance 

of the immune cell-specific gene STAP1 in B cell antibody production and energy 

metabolism. We found that STAP1 is highly expressed in B lymphocytes, and its 

deficiency does not change the B lymphocyte population in mice. Our findings are 

in agreement with recent publications showing that B lymphocyte populations are 

not altered in mice deficient in STAP1 45 and carriers of STAP1 gene variants 44. 

However, deletion of B lymphocyte STAP1 in mice results in the production of 

fewer antibodies, particularly upon first exposure to weak antigens. The antibody 

level of STAP1 KO mice is compatible with their WT littermates unless repeat 

exposures to strong antigens occur. We also found that STAP1 is required for 

optimal energy production in B lymphocytes during B cell activation. 

BCR signalling is essential for B lymphocyte survival, development, and antibody 

production 81. Previous studies have reported that STAP1 functions as a docking 

protein acting downstream of Tec (tyrosine kinase expressed in hepatocellular 
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carcinoma) tyrosine kinase in BCR signalling 36. STAP1 is phosphorylated by Tec 

and participates in a positive feedback loop, increasing Tec activity 36. Although 

tyrosine kinase plays an important role in B-cell development 82, Tec-deficient B 

lymphocytes isolated from Tec KO mice behave like wild-type cells in both in vitro 

proliferation assays and in vivo immunization experiments 83. This lack of a major 

phenotypic alteration of the immune system is explained by the compensation 

effect of another tyrosine kinase, Bruton's tyrosine kinase (Btk), in murine B cells 

83. However, a follow-up study in 2017 demonstrated that Tec kinase limits the 

activating capacity of Btk, as supported by enhanced Tec-deficient B cell responses 

to model antigen and humoral immunity upon influenza infection 84. Nevertheless, 

the phenotype of antibody production in Tec-deficient B cells is opposite to that of 

STAP1-deficient B cells. Therefore, we believe that B lymphocyte STAP1 

regulates antibody production after vaccination via a Tec-independent pathway. 

Previous studies have suggested that BCR signalling activates a B cell metabolic 

program 85. Upon engaging antigen, B cells rapidly increase their metabolic activity, 

including both oxidative phosphorylation and glycolysis 85, but the detailed 

mechanism remains unclear. Previous studies have reported that cytokines 

stimulate the mitochondrial localization of tyrosine-phosphorylated signal 
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transducer and activator of transcription 5 (STAT5) in T cells 86, and mitochondrial 

STAT5 promotes the Warburg effect by inactivating the pyruvate dehydrogenase 

complex in cancer cells under hypoxic conditions 87. Interestingly, STAP1 has been 

shown to interact with STAT5 by co-immunoprecipitation in HEK293T cells, and 

its ablation leads to the downregulation of antiapoptotic genes by impairing the 

phosphorylation status of STAT5 in chronic myeloid leukemia (CML) stem cells 

48. The interaction between STAP1 and STAT5 might explain the decrease in 

OCRs, but not the decrease in ECARs, in STAP1-deficient B cells and STAP1-

knockdown hybridoma cells. Therefore, we believe that STAP1 regulates energy 

metabolism via other pathways. 

 

Consequently, we performed an unbiased TAP-tagged pull-down assay to explore 

the function of STAP1 in antibody production and energy metabolism through its 

binding proteins. Interestingly, several mitochondrial proteins were pulled down, 

and we were particularly interested in the interaction between STAP1 and 

prohibitins (PHBs). PHBs are involved in many cellular processes such as cell-

cycle progression, senescence, apoptosis, and particularly in the maintenance of 

mitochondrial function 88. There are two PHB subunits named prohibitin 1 (PHB1) 
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and prohibitin 2 (PHB2). Both are ubiquitously expressed in many types of cells 

and are highly expressed in cells that heavily depend on mitochondrial function 89. 

The interaction between STAP1 and PHBs provides an explanation for the 

phenotypes of B cells defective in STAP1, including disruption of complex I 

assembly, increased ROS production, and most importantly, a reduction in 

oxidative metabolism 90. 

 

Membrane lipid rafts play important roles in B cell activation at multiple stages by 

controlling the local concentration of various receptors and regulatory molecules 

45. For example, lipid rafts serve as platforms for BCR signal transduction by 

regulating antigen presentation by membrane immunoglobulin M (mIgM) during 

B cell maturation 91-92. Remarkably, PHBs can be found in most organelles 88. 

Previous studies have reported the specific association of prohibitin with lipid rafts 

93 and the IgM antigen receptor 94 of B cells. It would be interesting to further 

explore how STAP1 regulates the level of PHBs in cells by redistribution of PHBs 

at lipid rafts following by the activation of BCR signalling. 
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STAP1 has been suggested to be involved in leukemogenesis. High expression of 

STAP1 has been identified in B-cell acute lymphoblastic leukemia (B-ALL) 47. 

However, high STAP1 expression levels were not found to be associated with poor 

five-year event-free survival, high measurable residual disease levels, or ex vivo 

resistance to chemotherapeutic drugs commonly used in B-ALL treatment 47. 

Interestingly, a previous study found that STAP1 functions as an adaptor molecule 

downstream of c-kit in hematopoietic stem cells 38. STAP1 expression is also 

aberrantly upregulated in chronic myeloid leukemia (CML) stem cells in patients' 

bone marrow, leading to downregulation of antiapoptotic genes and prolonging the 

survival of LSCs 48. CML is a clonal disease characterized by the presence of an 

abnormal BCR-ABL fusion gene that activates multiple pathways involved in cell 

survival, growth promotion, and disease progression. STAP1 contributes to 

inducing proliferation in CML cells 49, making it a potential therapeutic target for 

CML, but not for B-ALL. Interestingly, overexpression of PHBs is associated with 

cancer, and inducing apoptosis by targeting PHBs has anti-tumour effects. 95.  It is 

interesting to further explore the interaction of STAP1 and PHBs influence CML 

cell proliferation and survival. 
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In summary, we utilized both loss- and gain-of-function experiments in mouse and 

cell models to investigate the role of B cell STAP1 on antibody production through 

energy metabolism reprogramming. Given that mouse and human STAP1 proteins 

share a high degree of sequence identity (83%) and similarity (90%) and have 

similar key domain regions, we believe that the findings from our mouse model 

could be extrapolated to humans, providing valuable insights into the function and 

role of STAP1 in antibody production. 

 

 

 

 

 

 

 

 

 

 

 

 



129 

 

6.3 STAP1 is the key to regulating the hepatic homeostasis 

STAP1 is first reported as the fourth causative gene of hypercholesterolemia in 

201426, even though it is mostly expressed in the immune cell but hardly found in 

the liver. The fourth gene as hypercholesterolemia is supposed when some 

hypercholesterolemia patients have some STAP1 variants. It drives many 

researchers to start performing sequencing with hypercholesterolemia patients and 

their families to confirm this fourth gene. Intriguingly, more and more STAP1 

variants are found in hypercholesterolemia patients’ families, when it comes to 

combining the variants with the functional validation studies, many individuals 

carrying these variants are unable to discover a role for STAP1 in regulating plasma 

lipid concentrations 41-43. According to these negative findings, some investigators 

are supposed to exclude STAP1 as familial hypercholesterolemia. 

Apart from the studies based on the sequencing database and clinical analysis, 

some research groups examine the hypothesis that deficiency of STAP1 can cause 

familial hypercholesterolemia using global STAP1-KO mice. Unfortunately, all 

these groups cannot find evidence to prove loss of STAP1 aggravates 

hypercholesterolemia. Moreover, there are also no significant changes in plasma 

lipids on the atherosclerosis plaque development in the transplant of STAP1 
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deficiency bone marrow into LDLR deletion mice44. A crucial limitation of these 

studies is missense STAP1 variants reported in humans can not be recapitulated by 

this loss of function model. In other words, it is hard to identify the STAP1 

mutation intensifies hypercholesterolemia by losing the STAP1 protein function or 

gaining another new function via the protein translated by the missense variants.  

It is worth noting that STAP1 is mainly expressed in immune cells. Some studies 

link STAP1 mutations with cardiovascular disease40, 96. Besides, immune cells had 

been associated with atherosclerosis and familial hypercholesterolemia97. STAP1 

was originally known as the direct substrate of Tec, which is playing significant 

role in the immune system by regulating immune functions35-36, 46. There may be 

some hints to explain how the STAP1 variants affect lipid metabolism via immune 

cell function. 

Therefore, I designed to learn the relationship between STAP1 and 

hypercholesterolemia using the B cell specific over overexpressing STAP1 to test 

whether STAP1 is essential for hepatic homeostasis. But more studies are needed 

to further uncover the STAP1 variants causing hypercholesterolemia. 
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In this study, I found STAP1 was needed for maintaining hepatic homeostasis, but 

the mechanism is still unknown. As STAP1 is mainly expressed in immune cells, 

learning the function of STAP1 in immune cells may be the key to answering the 

question. STAP1 deficiency mice show weaker immune response abilities  due to 

dysfunctional mitochondria providing less energy. Thus, it is essential to make it 

clear whether STAP1 could regulate immune response via its metabolic function, 

which can provide some hints for figuring out the mechanisms behind some 

diseases. And it may also support novel therapeutic targets establishment for the 

treatment of diseases, in whom pathogenesis involved in abnormal B cells.  
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6.4 Future work 

This research project only measured the lipid and glucose parameters in B cell 

specific overexpressing STAP1 mice, it was still a long way to explain the 

phenotype to clarify the association between STAP1 and hepatic homeostasis. 

Therefore, the mechanism behind this still needs to simplify by mRNA sequencing 

or other technology to explore the target gene or signaling to regulate hepatic 

homeostasis. 

To investigate how STAP1 affects the immune response, studying whether STAP1 

can mediate the proliferation or activation of dendritic cells and Th1 cells after 

stimulation is necessary. For further learning, whether the cell-based metabolism 

in STAP1 absence-B cells impairs the immune response, I should try to find more 

evidence to link these two elements. For example, give the energy back to the 

STAP1 absence-B cells to check whether they can secret the same level of the 

antibody as the STAP1 wild-type B cells. Furthermore, the mechanism of how 

STAP1 hinders the mitochondrial complex protein expression is also the key to 

supporting the link between STAP1 and immunometabolism. 
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6.5 Conclusion 

In this study, I found STAP1 was needed for maintaining hepatic homeostasis, but 

the mechanism is still unknown. As STAP1 is mainly expressed in immune cells, 

learning the function of STAP1 in immune cells may be the key to answering the 

question. STAP1 deficiency mice show weaker immune response abilities  due to 

dysfunctional mitochondria providing less energy. Thus, it is essential to make it 

clear whether STAP1 could regulate immune response via its metabolic function, 

which can provide some hints for figuring out the mechanisms behind some 

diseases. And it may also support novel therapeutic targets establishment for the 

treatment of diseases, in whom pathogenesis involved in abnormal B cells.  
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